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Abstract

The Muckleshoot basin of Western Washington state extends from the western base of
the Cascades to approximately 10 km east of the Puget Sound. Mapped traces of the Tacoma and
White River fault systems, to the west and southeast, respectively, stop abruptly at the basin
margins, where sediments cover the underlying structures recorded in deeper strata. This
research presents new crustal models based on analyses of gravity and magnetic data and
explores possible connectivity of mapped faults to the east and west of the basin. As discussed
in previous studies, the Muckleshoot basin appears to be segmented into two smaller basins by a
northwest-southeast-trending gravity high that runs roughly parallel to the trend of the White
River fault. Gravity and magnetic anomaly maps created in this study support the existence of
the two sub-basins and explore any structural control over the location of the two. Two-
dimensional cross-sectional models indicate the sub-basins are approximately 20 km wide and
have Eocene-aged sediments buried up to roughly eight to nine km below the surface.
Deformation of Quaternary sediments suggests that the basin is actively deforming today as a
consequence of plate subduction to the west. Pseudo-three-dimensional models constructed from
three intersecting profiles extracted from the gravity and magnetic data indicate that the White
River fault bends slightly to the west, aligning with a splay of the Tacoma fault. This geometry
is consistent with north-directed compression and clockwise rotation postulated from geodetic
models. The geometry revealed in the models raises the potential for an interacting fault system

in which rupture along one segment could trigger or advance failure on another.
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1. INTRODUCTION

The Pacific Northwest (northern California, Oregon, Washington, and British Columbia)
is widely known for its active tectonism and magmatism. This region, known as the Cascadia
convergent margin, results from the oblique subduction of the Juan de Fuca plate beneath North
America (Figure 1) (Blakely et al., 2011). Geodetic models suggest that this oblique motion is
responsible for clockwise rotation (1°/Ma) and north-south compression as Washington collides
with a slower-moving Canadian buttress (Blakely et al., 2011; Wells et al., 1998; McCaffery et
al., 2013). Networks of faults and folds form in the northern extents of the Cascadian forearc in
response to variable distribution of the regional north-south strain (Mazzotti et al., 2002;
McCaffrey et al., 2013) (Figure 2). Recent studies have shown Holocene earthquakes, estimated
to be a magnitude 7 or greater, have occurred along these faults (Bucknam et al., 1992; Kelsey et
al., 2012). Thus, understanding the size, structure and location of active faults is key to assessing

the area’s earthquake potential.
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T=Tacoma. Other abbreviations defined in Sherrod et al. (2008).



This project constrains the location and geometry of the faults in the Muckleshoot basin,
which lies within the Puget Sound Lowland in the Pacific Northwest. Recent gravity and
magnetic studies of the basin suggest that the White River fault, an active, steeply dipping thrust
fault, mapped on the western margin of the Muckleshoot basin, may connect to other major
active faults in the Puget Sound region (Figure 2) (Blakely et al. 2011; Taylor, 2013). The
results of those studies, however, were inconclusive on whether the White River fault is
connected with any of the major faults to the east of the basin. Such a connection would have
significant implications for hazard estimates in terms of the length and size of these seismogenic
structures and the maximum magnitudes that could be generated by faulting. Typical of the
forearc basins within the Cascadia forearc, rock units beneath the Muckleshoot basin that could
potentially contain evidence of fracture and folding are buried under younger sediments. In
addition, Pleistocene-aged glacial deposits, as well as dense vegetation blanket surficial features

making it essential to employ different methods to evaluate those structures.

This project (1) improves structural and geophysical models of the Muckleshoot basin
and its relation to faults mapped outside the basin (Tacoma fault, White River fault, and Seattle
fault), and (2) explores the depositional history of the Muckleshoot basin and how it relates to
fault geometry and movement. This project’s results have significance for estimating seismic
hazard by helping to constrain geologic models of fault configurations near the highly populated
Tacoma-Seattle area and provide insight on future tectonic models of strain accommodation in

the Cascadia subduction zone and active margin.



2. GEOLOGIC BACKGROUND

Muckleshoot basin

The Muckleshoot basin is located south of Seattle and east of Tacoma (Figure 2). It
extends from the Puget Lowlands, near the city of Tacoma, to the foothills of the Cascade
Mountains. It was described by vanWagoner et al. (2002) as being 7 to 9 km deep based on
seismic and tomography data. Although there are no faults and folds that are exposed in the
sedimentary basin, recent geophysical studies suggest the possibility of structures located
beneath it. Any basement deformation could easily be hidden by thick deposits of Pleistocene
and younger sediments that cover the basin.

The stratigraphy of Muckleshoot basin can be described generally as consisting of 6
separate units (Table 1)(Figure 3). In west-central Washington, east of the Olympic Mountains,
the Crescent Formation forms the basement below the Puget Lowland. The entire Pacific
Northwest is underlain by numerous large, Paleocene to late Eocene aged, volcanic extrusions
known as the Coast Range volcanic province (CRVP). The Crescent Formation consists of
marine basaltic rocks, interbedded with sedimentary rocks at the top of the formation. Overlying
the Crescent Formation is the Late Eocene to early Oligocene Puget Group Formation. The Puget
Group is subdivided into two units, differing by sediment type. The upper Puget Group
sediments are mostly volcanic in origin whereas the lower Puget Group is composed of non-
marine sedimentary rocks. The Ohanapecosh Formation is exposed on the eastern margin of the
basin, overlying the Puget Group and consists of Oligocene volcaniclastics and flood basalts.
The glacial and post-glacial strata represent the youngest layer in the basin. The glacial and post-

glacial strata consist of clay, silt, and sand derived from rivers and Pleistocene glacial deposits.
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The glacial and post-glacial strata vary in properties and are subdivided into three units for this
study. The basal glacial unit is sand, pebbles and cobbles derived from interglacial and Pliocene

deposits and is higher in density values than the upper two post-glacial sediments.



Table 1. Stratigraphy of the Muckleshoot Basin (Johnson et al., 2004; Finn, 1991)

Unit Period Time Interval Tectonic Setting Protolith
Pleistocene - . , . Post-glacial clay, silt and sand derived from rivers
Sedimentary basin, fluvial . . . .
= Holocene and erosion of Pleistocene glacial deposits.
14
Glacial and Post Glacial g
Strata § Pleistocene - Sedimentary basin, fluvial, | Vashon Drift glacial and interglacial deposits (till,
o Holocene glaciation silt, sand and terrace gravel and stratified drift)
Ohanapecosh Formation Oligocene Flood basalts Volcaniclastic deposits and flood basalts
Eocene
o Non-marine to marginal Intertongued volcanics and non-marine to
Puget Group ] . . . .
oo marine marginal marine sedimentary rocks.
Q Eocene
1
o
Marine basaltic rocks that form the basement in
the study area. Tend to be dense and magnetic.
Crescent Formation Eocene Marine Y g

Interbedded basalt and sedimentary rocks at top
of formation.
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Figure 3. Surficial geologic map of Muckleshoot basin. Geologic map modified from Washington DNR
(2013).



Basin Depositional History

The Crescent Formation is the most voluminous of the Coast Range volcanic sequence
and is known to be as much as 16 km thick (Babcock et al., 1992). It is composed of
predominantly pillowed to massive flows and flow breccias, massive coarse-grained sills or
sheet-flows interspersed throughout. The upper portion of the Crescent Formation is interbedded
with sedimentary units such as sandstone, siltstone and conglomerate (Babcock et al., 1992).
Initial interpretations of the CRVP were documented as an accreted seamount chain extruded on
an oceanic plate. Although the origin of the Crescent volcanics is still uncertain, recent evidence
has shown that the massive extrusions were a result of rifting in the forearc during plate

subduction about 60 Ma (Babcock et al., 1992).

Overlying the volcanic basement Crescent Formation lays the non-marine to marginal
marine, Eocene aged, Puget Group. The Puget Group is a thick sequence of arkosic and volcanic
rocks that outcrop throughout most of west-central Washington (Buckovic, 1979). The thickness
of the Puget sequence in west-central Washington exceeds 2700 m and is divisible into
formational units were marine and volcanic units are present. The majority of the Puget Group
in the Puget Lowland consists of an extensive facies of nonmarine sandstone, siltstone, mudstone
and coal (Figure 4 and 5). In some areas, although much less exposed, the Puget Group consists
of marginal marine and marine facies of alternating sandstone, siltstone, mudstone and coal
sequences interpreted as channel deposits of a delta plain facies (Buckovic, 1979) (Figures 4 and

5).



Figure 4. Photograph of Puget Group exposure along the White River.

10



Figure 5. Photograph of outcropping sandstone of the Puget Group
sequence.
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The Puget deltaic system formed as the result of rapid basin subsidence and high rates of
sedimentation along a low-energy marine interface. The Puget Delta was a bird-foot complex
system similar to the modern day Mississippi delta. Most of the delta’s sediments, comprised of
arkosic material, derived from a granitic source terrain of moderate relief (>1200 m), and were
transported across a broad, low lying continental platform to the delta (Buckovic, 1979).
Simultaneously, during the Eocene, a westward shift of plate subduction caused a widespread
volcanism increase in the Pacific Northwest. The increase in volcanism appears to have had no
affect on the mode and rate of deposition in the delta, however, the significant changes to the
distribution and thicknesses of the Puget sequence did occur. Within the Puget Group, volcanic
sediment sequences are intertongued which resulted in the Puget Group being modeled into two
units slightly varying in density and magnetic susceptibility. In the early Oligocene, volcanic
sediments derived from a major volcanic high east of the Puget delta buried the Puget Deltaic

systems in west-central Washington (Buckovic, 1979).

Repeated Pleistocene glaciation in the Puget Lowland is apparent due to the interbedding
of glacial drift and nonglacial deposits mapped in the area (Figure 6). These glacial and
interglacial deposits indicate that the area was glaciated at least 6 times during the Pleistocene
(Mullineaux, 1970). These deposits are roughly 400 m thick in the southern Puget Lowland,
near Tacoma. The most recent glacial advance in the Puget Lowland was the Puget lobe of the
Cordilleran Ice Sheet, a continental glacier that originated in British Columbia (Figure 7).
Culminating ~15,000 B.P., the Puget lobe moved southward from British Columbia into and
across the Puget Lowland. The drift sheets associated with the Puget lobe are recognized as

having a northern origin because of the rocks and minerals they contain. Most of these rocks

12



found in these drift sheets are typical of the mountains of British Columbia and northern
Washington, and are not native to the Cascade Range drained by rivers that flow into the Puget

Lowland (Mullineaux, 1970).
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Figure 6. Photograph of semi-cemented rounded cobbles and pebbles typical of a Glacial till
deposit within the Muckleshoot basin.
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Active Faults of the Puget Lowland

A system of east west and northwest striking crustal faults cross the Puget Lowland
accommodating the compression caused by the collision with the slower moving Canada buttress
(Wells et al., 1998). Most of the faults have shown activity within the Holocene and are
associated with the structural basins and uplifts seen in gravity, magnetic and seismic data
(Blakely et al., 2011). Four Holocene faults within the study area are of great importance to this

study: the Seattle fault zone, Tacoma fault, White River fault and Green River fault (Figure 3).

The Seattle fault zone consists of multiple east-trending, north-verging thrust faults.
Motion on the fault zone has displaced Eocene volcanic and sedimentary bedrock northward
relative to the deep, sediment-filled Seattle basin to the north (Johnson et al., 1994; Blakely et
al., 2002). Johnson et al. (1994) postulated that the Seattle fault zone has been active from 40 Ma
to the present and represents an east-trending compressional zone that transfers strain from right-

lateral faults located southeast and northwest of the Seattle fault zone.

The Tacoma fault is an active south-verging reverse fault that extends from the western
edge of the Muckleshoot basin westward beneath the waters of the Puget Sound (Blakely et al.,
2007). The Tacoma fault controls the boundary between the Tacoma basin to the south and the
Seattle uplift to the north. However, gravity data and seismic tomography do not show strong
evidence to suggest the Tacoma basin extends more than a few km east of Puget Sound (e.g.
Pratt et al., 1997; Brocher et al., 2001; VanWagoner et al., 2002; Johnson et al., 2004).
Aeromagnetic data show a west-northwest trending lineament that appears to follow the Tacoma
fault; however, this anomaly continues eastward into the Muckleshoot basin, where both the

White River fault and Tacoma fault disappear (Blakely et al., 2007) (Figure 3).
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In 2007, Liberty et al. collected new land-based seismic data along the eastern margin of
the Muckleshoot basin. He and his team integrated the new reflection data with seismic
tomography, gravity and magnetic data to characterize the basin subsurface and locate any faults
associated with the Tacoma fault zone (Figure 8 and 9). Their study showed evidence of both
north-south and east-west shortening of the basin as well as a segmentation dividing the basin
into two sub-basins. However, no structures or faults associated with the Tacoma fault zone

were identified.
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The west-northwest trending White River fault was interpreted by Tabor et al. (2000) as a
steep, south-dipping normal fault. More recent work suggests that it is a steep reverse fault
dipping to the south (Box et al., 2003). The White River fault can be traced from east of the
Cascade Range to the Puget Lowland, where it juxtaposes the early Miocene Fifes Peak
Formation against the Oligocene Ohanapecosh Formation (Figure 9) (Tabor et al. 2000). Gravity
data of the Muckleshoot basin show a basement high that appears to line up with the projection
of the White River fault into the basin (Liberty, 2007; Blakely et al., 2011).

Blakely et al. (2011) and Reidel and Campbell (1989) argue that based on magnetic
anomalies, the WRF appears to cut through the Cascade Mountains and merge with the
Umtanum Ridge fault northeast of Cleman Mountain, north of Naches, Washington. If the
Tacoma fault merges with the WRF beneath the Muckleshoot basin, the WRF Zone extends from
just east of the Olympic Mountains to Umtanum Ridge, totaling over 185km (Blakely et al.,
2011).

The Green River fault is located just north of the WRF and is interpreted to be a similar
steep, south-dipping reverse fault (Blakely et al., 2011). The fault follows along the Green River
eastward into the Cascade Mountains and westward into the Muckleshoot basin. Like the WRF,
the Green River fault is unable to be traced on the surface within the study area due to the

quaternary cover of the Puget Lowland.
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Figure 10. Geologic map showing juxtaposition of bedrock units
separated by White River fault zone. White dotted line is splay of
Clearwater River fault discussed in Blakely et al., 2007. Modified

from Blakely et al. (2007).
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3. METHODOLOGY

Gravity and Magnetic Data Collection

New gravity data used in this study was collected within the Muckleshoot basin study
area and were merged into the area’s existing gravity database (Dater, 1999; Taylor, 2013)
(Figure 11). Refer to Taylor (2013) for further details about the acquisition and mergence of

gravity data.

The Magnetic data used in this study were acquired from the USGS in spreadsheet form
that contained total field anomaly (TFA) values and location coordinates for each measurement
(Blakely et al., 1995). Once the magnetic data was acquired, it was reduced to pole to recalculate
the data as if the inducing magnetic field had a 90° inclination. This makes the assumption that

the rocks units in the study area are all magnetized parallel to the earth’s magnetic field.

Magnetic Susceptibility Data

Several exposed outcrops of the upper Puget Group were located on geologic maps prior
to field reconnaissance that would allow magnetic susceptibility readings to be easily obtained.
Measurements were taken on exposed surfaces of the targeted geologic units, then recorded and
documented. Magnetic susceptibilities of exposed geologic units were measured using a
Terraplus KT-10 v2 Magnetic Susceptibility/Conductivity Meter to improve curve matching

during the modeling process and provide realistic estimates for specific formations.
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Figure 11. Locations of gravity sites/stations in the Muckleshoot study area. The top map
shows the existing measurements before fieldwork began (red dots) superimposed on an
area made up of 15 (1:24000) USGS topographic maps. The bottom map shows both the
existing locations and new locations (blue dots) acquired during fieldwork in Taylor,
(2013).
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Ancillary Data

In addition to gravity and magnetic data, other supporting data, such as well-log data,
geologic maps, and field measured magnetic susceptibilities of exposed rock types were
compiled for the current study. Well-log data were used to constrain the lithologies of the upper
few kilometers, and seismic data were used to constrain the deeper crust. Geologic maps were
utilized to locate major geological boundaries along the modeled profile lines. Physical
properties of the subsurface rocks were used to produce the gravity and magnetic starting

models.

Data Processing

Gravity and magnetic data were gathered and organized separately in preparation for
modeling. Geosoft’s Oasis Montaj™ software was used for processing the data. This software
offers many tools for data manipulation, including data reduction, filtering, mapping, and
gridding. Oasis Montaj™ is designed to work with Geosoft’s GM-SY S® profile modeling
software. GM-SYS® assists in building and constraining two-dimensional models at depth. The
program uses variables such as depth, thickness, density, and susceptibility to define rock units
and structures. It is crucial to reduce the gravity anomaly map to a common datum so that
Bouguer anomalies can be more confidently interpreted to reveal subsurface bodies of
exploration interest. All data gravity data within this study were corrected using standard

methods and calculated with a reduction density of 2.67 g/cm?.
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Data Modeling

Gravity and magnetic cross-sectional models were constructed along three transects (A-
A, B-B’, and C-C’) from the regional data set and crustal models were built along those transects
(Figures 12). Locations of these transects were chosen so that they cross parallel to the potential
field gradient to minimize three-dimensional effects. The location of each transect was

specifically placed to target the White River Fault, Tacoma Fault, and other features of interest.
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Figure 12 Gravity (CBA) map of the Muckleshoot study area with profile locations. Solid blue
lines=faults. Abbreviations: WRF=White River fault, GRF=Green River fault.
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Crustal models along the three transects were developed using Geosoft’s Oasis Montaj
and GM-SY'S software. The GM-SYS software calculates both gravity and the magnetic values
for a geologic model. Forward modeling, which was used for this study, provides an option for
joint inversion of the gravity and the magnetic data. Two-dimensional modeling only considers
the gravity effect produced by the bodies directly below the line, whereas Oasis Montaj’s 2.5
dimensional modeling expands the theoretical calculation to include the effects of the bodies

perpendicular to the line.

Rock units or layers in the model are represented by polygons. Each layer was assigned
density and susceptibility properties based on the major rock types assumed to be present. The
ranges of density and magnetic susceptibility values can be found in Table 2. Initial models
assumed simple parallel boundaries, which were then modified by incorporating information
from published geologic cross-sections, seismic data interpretations (if available), and seismic
velocity profiles. Once the basic geologic cross-section had been constructed and properties were
entered, polygons were manipulated to adjust the calculated gravity and magnetic curves until a
satisfactory match to the data was achieved. Geologic features, such as faults, were added to the

model to compensate for strong dips in the observed magnetic curve signature.
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Table 2 Block symbols, densities, magnetic susceptibilities and lithologies listed for each subsurface unit
(Johnson et al. 2004; Babcock et al. 1992; Buckovic, 1979; Mullineaux, 1970).

Modeled deled rock
Body symbol| Unit name rock density Mo e.e”roc Rock description
. susceptibility (SI)
(g/cm’)

1820 0.00001-0.00003 Clay, silt, and sand derived from rivers

G1 and erosion of Pleistocene deposits.
Glacial and
Post Glacial | 1.9-2.0 0.00001-0.00004 | Clay, silt, and sand derived from rivers
G2 Strata and erosion of Pleistocene deposits.

transitional and interglacial deposits
2.0-2.2 0.00002-0.00007

G3
o1 2.2-2.6 0.00007-0.0002 | Volcanoclastic deposits and flood basalts
Puget Group i} : ) )
Volcanics and non-marine sedimentary
2.6-2.8 0.00007-0.0002 i
rocks.
P2
Marine basaltic rocks that are dense and
Cresent . . .
Formation 3 0.00003 magnetic. Sedimentary rocks are inter-
Cr bedded at the top of the formation.
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4., RESULTS

Muckleshoot Basin Gravity Maps

A complete Bouguer anomaly map was initially produced by combining all old and new
measurements into a color shaded grid map (Figure 13). The CBA map is used to help identify
broad feature of basin structure and extent. All observed CBA gravity values were calculated
with a reduction density of 2.67 g/cm?®and are shown as negative. Values range from -28 mGal
(high) to -104 mGal (low). The lowest anomaly values are observed within the center of the
study area and middle of the basin. This low coincides with the portion of the basin where the
most amount of sediment has been deposited. There are gravity highs on both edges of the map
and these are thought to mark the approximate outer extent of the basin sediments. A ridge-like

gravity high trends northwest through the basin, segmenting the basin into two gravity lows.

Muckleshoot Basin Magnetic Maps

Figure 14 contains a map of magnetic data showing the TFA. The lowest magnetic TFA
values (-2316 nT) are observed in the south and east sections of the map. The highest TFA
values (520 nT) are shown along the western edge and in several areas in the southeastern corner
of the map. White rectangles in the southeast corner are artifacts caused by gaps in data
coverage. Within the basin margins, there is a general trend of northwest-southeast striking
anomalies. These anomalies are oriented along the same trajectory as the mapped WRF and
GREF fault lineations. A large magnetic high on the western side of the map corresponds to a
gravity high on the CBA map. This magnetic high denotes the western extent of the
Muckleshoot basin. As in gravity anomaly maps, these sharp contrasting anomaly values are

typical of thrust faults juxtaposing two units with different magnetic susceptibilities.
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47.5°N

47.25°N

Figure 13. Gravity (CBA) map of the Muckleshoot study area. Black dots=station locations. Solid
blue lines=faults. Abbreviations: WRF=White River fault, GRF=Green River fault
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Figure 14. Magnetic (TFA) map of the Muckleshoot study area. White rectangles in the southeast
corner are artifacts caused by gaps in data coverage. White arrows= Northwest-southeast trending
anomalies. Solid blue lines=faults. Abbreviations: WRF=White River fault, GRF=Green River fault.
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Vertical Derivative Maps

A vertical derivative convolution filter was applied to both the gravity and magnetic
maps to further highlight the locations of structures within the study area. A vertical derivative
filter emphasizes boundaries with high gravity and magnetic gradients and in turn, accentuates

features like fault contacts (Blakely et al., 2011; Grausch et al., 2013).

Values on the gravity derivative map range from -0.0150 mGal/km (low) to 0.0100
mGal/km (high) (Figure 15). Steep gradients often mark basin boundaries or two juxtaposed
units with contrasting densities. This juxtaposition is often caused by a fault-induced offset
(Graush et al., 2013; Blakely et al., 2011). A steep gradient appears in the northwest corner of
this map possibly corresponding with the northern boundary of the Seattle uplift and the location
of the Seattle fault zone. At the southeastern corner of the map a very steep gradient is visible
likely coinciding with the location of the White River fault where it is juxtaposes the less dense
Fifes Peak formation with the Ohanapecosh flood basalts. The typical gravity low associated
with the Muckleshoot basin is very noticeable on the vertical derivative map. Within the gravity
low basin, several gravity high “mounds” trending in a northwest-southeast direction. These
small, but steep gradients align with the northwest trending gravity high ridge segmenting the

basin seen in the CBA map (Figure 13).
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A vertical derivative filter was applied to the TFA map to provide evidence of fault
locations within the basin (Figure 16). Differences in data coverage cause the appearance of the
same white anomalies along with slight rippling in the immediate surrounding areas. Values
range from -9.4 nT/km (low) to 1.9 nT/km (high). The western margin of the Muckleshoot basin
is outlined by a high gradient. Two strong magnetic gradient changes appear along strike with
the mapped locations of the WRF and GRF. Sharp contrasts values (steep gradients) form linear
features that align with previously mapped locations of the faults. A steep east-west trending
gradient is noticed in the far northwest corner of the map, which aligns with the projection of the
well-known Seattle fault zone. The eastern boundary of the Muckleshoot basin is defined by the
contact of the Ohanapecosh Formation on the east with the quaternary sediments infilling the

basin.
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Figure 15. Gravity (CBA) map of the Muckleshoot study area with vertical derivative filter
applied. Solid blue lines=faults. Abbreviations: WRF=White River fault, GRF=Green River fault
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122.25°E

Figure 16. Magnetic (TFA) map of the Muckleshoot study area with vertical derivative filter
applied. Solid blue lines=faults. Abbreviations: WRF=White River fault, GRF=Green River
fault.
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Gravity and Magnetic Profiles

Three gravity and magnetic profiles (A-A’, B-B’, and C-C’) were constructed to model
the subsurface of the Muckleshoot basin (Figure 17). Four factors were considered in choosing
the profile locations: (1) the density of gravity and magnetic data coverage, (2) the magnetic and
gravity gradient (profiles were positioned parallel to the gradient to minimize three-dimensional
effects), (3the postulated locations of previously mapped faults on the basin margins, and (4) the

need for a three-dimensional model constrained by intersecting profiles.

Line A-A’is oriented northeast-southwest and crosses the gravity low associated with the
Muckleshoot basin south of the gravity high segmentation seen on the CBA map. The entire
length of the profile is 23.56 km and is positioned across the projected trace of the White River
fault. Line B-B’ is oriented east-west and crosses the north of the gravity high that segments
within the basin. Profile B-B’ is 25.66 km and was positioned to intersect the projected trend of
the Green River fault into the basin. Profile C-C’ is oriented north-south crossing the
Muckleshoot basin. The location of C-C’ was chosen to follow a dense transect of ground
measurements and to provide a tie with the other two profiles. Profile C-C’ is 21.5 km and
crosses the gravity high in the center of the basin. All three cross-sections extend 9 km below the
surface. Surface contacts of rock units in and outside of the modeled cross-sections were used to
constrain boundaries between polygons and the location of structures, such as faults and folds

(Figure 16) (Washington State DGER, 2014).
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Figure 17. Gravity (CBA) map of the Muckleshoot study area with profile
locations. Solid blue lines=faults. Abbreviations: WRF=White River fault,
GRF=Green River fault.
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Figure 18. Surface geologic map of study area with profile locations. Qgd=quaternary glacial
sediment. Qvt=Quaternary volcanic sediment. Tvt=Tertiary volcanic unit. Geologic map modified
from Washington DNR (2013).
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Figure 19. Gravity and magnetic profile A-A’. Abbreviations: G1=Glacial and post-glacial
strata 1, G2=Glacial and post glacial strata 2, G3=Glacial and post glacial strata 3, P1= Puget
Group 1, P2= Puget Group 2, CR= Crescent Formation, red lines = fault locations, red X=
movement away from observer, red circle=movement towards observer.
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Figure 20. Gravity and magnetic profile B-B’. Abbreviations: G1=Glacial and post-glacial strata 1,
G2=Glacial and post-glacial strata 2, G3=Glacial and post-glacial strata 3, P1= Puget Group 1, P2=
Puget Group 2, CR= Crescent Formation, red lines=fault locations.
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Figure 21 Gravity and magnetic profile C-C’. Abbreviations: G1=Glacial and post-glacial strata 1,
G2=Glacial and post-glacial strata 2, G3=Glacial and post-glacial strata 3, P1= Puget Group 1, P2= Puget
Group 2, CR= Crescent Formation, red lines= fault locations.
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Gravity and Magnetic Model: A-A’Profile

Gravity and magnetic data for profile A-A’ are modeled by 6 subsurface bodies (Figure
19). Well data is extremely sparse and only extends to roughly 3 km in depth thus provide only
constraints to the uppermost, younger sedimentary units. Gravity highs (-70.1 mGal on the west
and -72.2 mGal to the east) are seen at both ends of the profile transect and correspond to
bedrock exposures seen at the basin margins. The observed gravity is the lowest (-99.74 mGal)
in the center of the curve representing the center of the basin. All the values contained within A-

A are negative.

The observed magnetic curve for A-A’ is much more complex than the gravity curve,
reflecting undulations associated with shorter-wavelength features. From the eastern end of the
observed magnetic values decrease from -73.5 nT to -197.25 nT in the central portion of the
cross-section. A small rise (up to -178 nT) in the magnetic curve occurs right at 6 km in the
model, followed by a decrease to -200 nT, and then rapidly increases up to -116.5 nT. This
steep, sharp increase in the observed magnetic values occur near the center of the basin, at the
same location where the lowest anomaly values occur on the observed gravity curve. The
observed magnetic curve continues to increase, undulating as it approaches the end of the profile.
At roughly 20 km, a steep, but small increase from -94.1 nT to -38.28 nT in the magnetic values
occurs. This “spike” in the magnetic curve coincides with a mapped exposure of the Tertiary
Puget Group. The Franklin fault crosses the profile at the western edge of the exposed Puget
group body. The Franklin fault is a strike-slip fault with about 1,000 feet of right lateral
displacement (Vine, 1969). The Puget Group is mostly non-marine to marginal marine volcanic
sedimentary rocks that underlie the young glacial sediments. In several locations, however, the

Puget Group rock unit crops out along river cuts and eastern margin of the Muckleshoot basin.
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The upper, Quaternary, glacial and post-glacial units are shown up to 3 km thick below
profile A-A’. These glacial sediments are subdivided into three units, each with slightly varying
densities and magnetic susceptibilities (Table 2). The two Puget Group units, both Tertiary, non-
marine volcanic sedimentary rock formations, are roughly 3 km thick at the center of the basin.
Near the eastern margin of the basin, however, the Puget Group is 5 to 6 km thick and crops out
at the surface. The entire basin is modeled as approximately 7.5 km thick and is underlain by

the dense, marine basalts of the Crescent Formation.

The most noticeable feature within the observed magnetic curve in A-A' is the small
bump followed by a steep increase in values around the 6 km mark on the profile. To
accommodate this change, a south-verging thrust fault offsetting all six units within the basin
was included at the peak of the magnetic high at the 10 km mark along the profile. This

accommaodation places the Puget Group units closer to the surface along the fault plane.

Gravity and Magnetic Model: B-B’ Profile

Profile B-B’, located in the northern portion of the basin, shows an observed gravity
curve quite similar to A-A’. The observed gravity curve in B-B’ displays a concave up shape
with the gravity highs being on the two ends of the profile and the lowest values being in the
center (Figure 20). The observed gravity is the highest (-62.13 mGal) at the western end of the
profile. The lowest values (-96.6 mGal) coincide with the center of the basin. All observed

gravity values along the curve are negative.

The western end of B-B' records a magnetic value of -114.15 nT and decreases as the

eastward along the profile towards the center of the basin. At about the midway point of the

43



profile (~12 km), a small spike occurs in the observed magnetics, which is then followed by a
trough and then a steep, rapid increase from -170.21 nT to -99.6 nT. This steep change in the
curve shares a pronounced similarity to that seen in the A-A’ profile. The increase in magnetics
occurs at the same location at which the gravity curve shows the lowest measured readings along
the profile. The observed magnetic curve slowly increases to -81.60 nT near the 20 km mark,
but then dramatically decreases at the eastern extent of the profile to -207.45 nT. The profile
does not cross any exposed geologic units at the surface other than the Quaternary sediments that

cover the study area.

Similar to A-A’, the subsurface for B-B’ was modeled as having six geologic units, five
of which make up the sedimentary basin. The three glacial and post-glacial sedimentary units
reach a maximum combined thickness of 3 km, thinning towards the basin margins. The Puget
Group Formation is divided into two separate units to account for the difference in sediment type
Table 1). The top of the Puget Group beneath profile B-B’ is found between 2 to 3 km depth and
reaches a maximum thickness of 4 km near this eastern part of the basin. The basin sediments
reach a depth of approximately 7.5 km and are underlain by the Crescent Formation, which

forms the basement.

At roughly the 15 km mark along the profile, the observed magnetic curve indicates a
small rise followed by a slight dip and then a steep increase of more than 50 nT. This signature
is very similar to that was observed along profile of A-A’. To accommodate this change, a steep,
south-verging thrust fault was placed into the subsurface, offsetting all units within the basin. A
small splay of the main fault offsets the upper two quaternary glacial units, which compensated

for the small rise in magnetics to the west of the main fault signature.
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Gravity and Magnetic Model: C-C’ Profile

Gravity and magnetic profile C-C' is oriented from north to south through the central part
of the basin and intersects profiles A-A’ and B-B' near the midpoint of each (Figure 19). C-C’
was placed directly onto a north-south transect of gravity measurement locations collected along
a north-south oriented highway (Figure 16). This transect is slightly west of the central gravity

low and slightly perpendicular to the gradient near the northern portion of the profile.

The observed gravity curve for the north end of C-C’ shows a slight dip in gravity, which
correlates with the western edge of the northern sub-basin. The observed gravity curve increases
to the south and reaches a peak of -84 mGal directly above the gravity high seen subdividing the
basin in Figure 16. As the profile reaches the southern sub-basin, the gravity curve decreases to a
minimum of -100 mGal before it begins to rise as it approaches the southern boundary of the

basin.

The observed magnetics data for C-C’ show two significant features of particular interest.
The first feature occurs around 5 km from the north end of the profile where the magnetic values
reach a low of -210 nT before steeply increasing to -160 nT. The observed curve continues to
increase and peaks at -130 nT, near the center of the profile line. This peak is located just south
of the gravity high ridge seen in the CBA map in map view (Figure 14). The observed magnetic
values decrease over the next several kilometers along the profile, with a few small undulations
in the curve. Around 17 km, near the intersection of profile A-A’, a steep increase (-170 nT to -
140 nT) in magnetics values occur. Both of the steep increases along the profile are very similar

in shape indicating that they are a similar structure or feature. Both of these jumps in magnetic
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values also occur near the two east-west profiles A-A’ and B-B’. Both A-A’ and B-B' showed

similar steep increases in the observed magnetic curve near their intersections with C-C'.

C-C’ crosses through both sub-basins, which are imaged in profiles A-A’ and B-B’. The
subsurface structure modeled in the two east-west profiles achieved minimal error percentages
for the observed and calculated gravity and magnetic data curve matches. Due to this, the north
and south side of C-C’ were modeled to show similar depths and thicknesses of the six
subsurface units as they were in the previous two profiles. The Quaternary glacial sediment units
are roughly 3 km thick in both the northern and southern sub-basin. The Puget Group unit depth
is relatively consistent with a depth to top varying from 2.5 to 3 km and a maximum thickness of
4 km. The Crescent formation sits just over 7 km below the surface and is relatively horizontal

across the length of the profile.

The observed magnetic curve for C-C’ contains similar characteristics to those seen in
profiles A-A’ and B-B’, where the two thrust faults occur. This suggests that the thrust faults
modeled in the two east-west profiles also intersect C-C’ affecting the curve in a similar fashion.
Within C-C’, the northern most thrust fault offsets all 6 units and records roughly 1 km of offset.
The southern most thrust fault observable along A-A’ also offsets all 6 subsurface units but is

showing 1.5 km of vertical displacement.
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5. DISCUSSION

Muckleshoot basin

The new three intersecting profiles modeled in this study provide insight into the
Muckleshoot basin and illuminate several previously identified structures within and adjacent to
the basin. The Muckleshoot basin was identified in earlier work as a broad, isolated gravity low
east of the Puget Sound, with a northwest-trending gravity high “saddle” subdividing the basin
into two sub-basins. Gravity maps prepared for this study identify the basin boundaries defined
by a sharp contrast in high and low anomaly values (Figure 11 and 13). The dimensions of the
basin are approximately 40 km north - south and 20 km east to west. The total area of the
northern sub-basin is roughly 250 km? while the sub-basin to the south is 450 km?. Subsurface
models indicate the northern sub-basin sediments are 7.65 km deep before contacting the
Crescent Formation basement rock. The models display sediments reaching 7.10 km within the

sub-basin to the south.

The Complete Bouguer anomaly map (Figure 11) shows a northwest-trending, gravity
high lineation that subdivides basin into two. Gravity profile C-C’ intersects this lineation from
north to south within the basin boundaries. Although the observed gravity curve does reach its
maximum anomaly value at the location at which the profile intersects the gravity high, there is
no observed peak noticeable within the gravity curve to indicate a subsurface feature. The
observed magnetic data in profile C-C’ has a pronounced peak near the gravity high ridge seen in
map view. Based on the modeling results, this magnetic high could possibly be caused by a
lithology change beneath the surface rather than a fault. The observed peak of the magnetic
curve at the center of the sub-basins differs from the crests and troughs seen where faults are

believed to cross the profile lines.
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In the late Eocene, the Puget Lowland was dominated by a deltaic system depositing
sediments into, at that time, the Pacific coastal plain. The massive delta system, known as a
bird-foot complex, consisted thick sequences of localized topset interdistributary deposits and
large multistory distributary channel deposits oriented perpendicular to the depositional strike.
(Buckovic, 1979). During the early Oligocene, volcanism began to rapidly increase in the region
due a shift in the subduction of the Farallon plate beneath North America. This increase in
volcanism began to quickly deposit much more volcanic-rich sediments on top of the Eocene
Puget Delta, completely covering what was in place (Buckovic, 1979). The general northwest-
southeast trend of magnetic anomalies seen in the TFA map could be dictated by volcanic-rich
Upper Puget Group Formation sediments deposited in channels or lobes of a deltaic fan. The
sediments within this unit could cause a magnetic high due to the percentage of mafic minerals

within the sediments deposited.

Observed gravity anomaly values at the base of each sub-basin are within 2 mGal (-99.28
mGal in southern sub-basin and -97.38 mGal in the northern). Depth to basement is 0.5 km
deeper in the northern sub-basin. In a recent seismic reflection study, the Tacoma basin, west of
the Muckleshoot, was observed as having low velocity rocks deeper in the northern portion as
well (vanWagoner et al. 2002). This trend of asymmetric-shaped basins in the area is likely due

to the regional north-south compression as Washington collides with the Canadian buttress.
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White River Fault

Gravity and magnetic profiles A-A’ and C-C’ show evidence of some sort of structure
beneath the surface causing the observed magnetic curves to rapidly increase over a short
distance along the profile. This jump in magnetics occurs along profile A-A' relatively close to
the projected intersection with the White River fault following its current mapped trajectory into
the basin (Figures 20, 21, and 22). To the southeast of the basin, the White River fault has been
mapped as a steep, south-verging thrust fault that appears to be on strike with the active Tacoma
fault, also a south-verging thrust fault (Brocher et al., 2001; Pratt et al., 1997). The shape of this
anomaly could be attributed to: (1) a higher magnetic susceptibility unit to the east brought
closer to the surface along a more vertical fault plane, or (2) a lower angle thrust fault that
doubles the vertical section on the northside. Both scenarios would cause a magnetic high on the
thrusted hanging wall side of the reverse fault. Previous studies have shown that the WRF
southeast of the Muckleshoot is steeply dipping (Box et al., 2003), therefore the first scenario
may be more consistent with this observation; however, fault dips often vary along strike.
(Blakely et al., 2007) conducted a gravity and magnetic survey southeast of the basin focusing on
the WRF and zones of alteration associated with the fault zone. They consistently found that
magnetic anomaly values decrease from north to south across the WRF. Profiles A-A’ and C-C’
show a magnetic high on the east and northeast side as would be suspected with the WRF

crossing in a northwest-southeast trend.
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Figure 22. TFA magnetic map with modeled fault locations plotted. Solid black lines=fault
trajectories based on models in this study. Dashed black lines=inferred fault locations. Solid blue
lines=faults. Abbreviations: WRF=White River fault, GRF=Green River fault.
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Figure 23. Vertical derivative magnetic map with modeled fault locations plotted. Solid
black lines=fault locations based on models in this study. Dashed black lines=inferred
fault locations. Solid blue lines=faults. Abbreviations: SFZ=Seattle fault zone,
TFZ=Tacoma fault zoneWRF=White River fault, GRF=Green River fault.
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The same variation in the magnetic curve appears in the observed magnetics within
profile C-C’. This magnetic high anomaly occurs along C-C' at the intersection with profile A-

A'. This magnetic high observed on both profiles (A-A’ and C-C’) is likely the WRF

West of the profiles, the geometry of the WRF is still uncertain; however, the models
indicate that the WRF bends slightly west, aligning with a splay of the Tacoma fault (Figures 21,
22, and 23). Additional work on the western margin of Muckleshoot basin could provide the last

piece of evidence that the two faults are, in fact, connected.

Green River Fault

The observed magnetic data along profile B-B’ depicts a similar crest and trough shape as
seen in A-A’. This feature correlates with the strike of the Green River fault, mapped east of the
basin. Like the WRF, the GRF is a steep, south-verging reverse fault that is unable to be traced
through the surficial Quaternary sediments covering the basin. Because both faults mimic the
same sense of movement and dip angle, the expression of the GRF in the observed magnetics as
it intersects profile B-B' should look very similar to what is seen as the WRF crosses A-A’
(Figures 20, 21, 22). Figures 17 and 18 show how similar the curves look in each modeled
profile. The GRF can be seen crossing profile C-C’ as well, slightly north of where it crosses B-

B’.

To the east of the basin, the GRF is mapped along the surface for approximately 20 km
but is discontinuous within the Miocene-aged Fifes Peak Formation (Blakely et al., 2007). The
similarity of the GRF to the WRF suggests that the two are may be related. One possibility is

that the GRF is a step fault parallel to the WRF. Another possible scenario is that the Tacoma

52



fault and WREF are genetically related, creating one extensive fault zone, and the GRF is a splay

branching off of the primary fault system.

An Interactive Fault System

Blakely et al. (2011) and Reidel and Campbell (1989) argue that based on magnetic
anomalies, the WRF appears to cut through the Cascade Mountains and merge with the
Umtanum Ridge fault northeast of Cleman Mountain, north of Naches, Washington. If their
hypotheses are correct, the WRF is connected to a fault zone that stretches for roughly 100 km
into central Washington. Models within this study suggest that the WRF crosses the
Muckleshoot basin and aligns with the Tacoma fault. If the WRF and Tacoma fault do, in fact,
merge as one extensive fault zone, the fault system would exceed 185 km in length, stretching

from the Olympic Mountains to Umtanum Ridge (Figure 10a).

A fault zone of these dimensions would dramatically affect seismic hazard assessment
calculations for the Tacoma-Seattle metropolitan area. If each fault is segmented, movement
from one section along the fault zone could trigger subsequent ruptures along the fault at great

distances.
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6. CONCLUSIONS

Gravity and magnetic data analyzed in this study delineates the boundaries of the
Muckleshoot basin as 40 km long and 20 km wide, reaching a maximum depth of 7.65 km. The
basin is segmented by a northwest-southeast trending gravity high into two sub-basins.
Subsurface models show the northern sub-basin is 0.5 km deeper than the sub-basin to the south,
but is roughly 200 km? smaller in total area. Although this gravity high is a prominent feature in
both the CBA and the vertical derivative gravity maps, it does not appear as a distinctive feature
in the magnetic data. This suggests that the gravity high is associated with deep structure.
Gravity and magnetic models do not conclude that either the WRF or GRF is associated with the

gravity high segmentation.

Results from the gravity and magnetic modeling of the Muckleshoot basin indicate that
the WRF does cross the southern portion of the basin, then bends westward and aligns with the
Tacoma fault. Similarly, the GRF crosses the northern portion of the basin, exhibiting the same
south-verging reverse sense of movement as the WRF. Both faults show a sense of movement
consistent with that of the Tacoma fault zone raising the possibility that these faults zones are
genetically related. Subsurface models indicate that both the WRF and GRF offset all 6
lithological units within the Muckleshoot basin, including Holocene-aged post-glacial
sedimentary units. This suggests that both faults are currently active and in agreement with

previous studies.
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Future work should focus on the western side of the Muckleshoot basin to determine the
geometry of the projected WRF as it approaches the Tacoma fault system to the west.
Additional data, such as new seismic surveys or acquisition of existing industry data would
provide greater insight into these relations. Although the GRF has been identified in previous

work, this study suggests that it deserves more attention as a potential seismogenic structure.
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