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ABSTRACT

The city of Seattle, Washington State, lies within the Puget Sound Lowland, an
elongate structural and topographic basin between the Cascade Range and Olympic
Mountains. The area has been impacted by repeated glaciation in the past 2.4 m.y.
and crustal deformation related to the Cascadia subduction zone. The present landscape
largely results from those repeated cycles of glacial scouring and deposition and tectonic
activity, subsequently modified by landsliding, stream erosion and deposition, and
human activity. The last glacier to override the area, the Vashon-age glacier of the
Fraser glaciation, reached the Seattle area ca. 14,500 C yr B.P. (17,400 cal yr B.P.)
and had retreated from the area by ca. 13,650 14¢C yr B.P. (16,400 cal yr B.P.).

The Seattle area sits atop a complex and incomplete succession of glacial and
nonglacial deposits that extends below sea level and overlies an irregular bedrock sur-
face. These subsurface materials show spatial lithologic variability, are truncated by
many unconformities, and are deformed by gentle folds and faults. Sediments that
predate the last glacial-interglacial cycle are exposed where erosion has sliced into
the upland, notably along the shorelines of Puget Sound and Lake Washington, along
the Duwamish River valley, and along Holocene streams.

The city of Seattle straddles the Seattle uplift, the Seattle fault zone, and the Seattle
basin, three major bedrock structures that reflect north-south crustal shortening in the
Puget Lowland. Tertiary bedrock is exposed in isolated locations in south Seattle on the
Seattle uplift, and then it drops to 550 m below ground under the north half of the city in
the Seattle basin. The 6-km-wide Seattle fault zone runs west to east across the south
part of the city. A young strand of the Seattle fault last moved ~1100 yr ago. Seattle has
also been shaken by subduction-zone earthquakes on the Cascadia subduction zone and
deep earthquakes within the subducting plate. Certain postglacial deposits in Seattle are
prone to liquefaction from earthquakes of sufficient size and duration.

The landforms and near-surface deposits that cover much of the Seattle area record
a brief period in the geologic history of the region. Upland till plains in many areas are
cut by recessional meltwater channels and modern river channels. Till plains display
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north-south drumlins with long axes oriented in the ice-flow direction. Glacially over-
ridden deposits underlie the drumlins and most of the uplands, whereas loosely consoli-
dated postglacial deposits fill deep valleys and recessional meltwater channels. Ice-
contact deposits are found in isolated locations across the uplands and along the margins
of the uplands, and outwash deposits line upland recessional channels. Soft organic-rich
deposits fill former lakes and bogs.

A preliminary geologic map of Seattle was published in 1962 that is only now being
replaced by a detailed geologic map. The new map utilizes a data set of 35,000 geotech-
nical boreholes, geomorphic analyses of light detection and ranging (LIDAR), new field
mapping, excavation observations, geochronology, and integration with other geologic
and geophysical information. Findings of the new mapping and recent research include
recognition of Possession- and Whidbey-age deposits in Seattle, recognition that ~50%
of the large drumlins are cored with pre-Vashon deposits and 50% with Vashon deposits,
and that numerous unconformities are present in the subsurface. Paleotopographic sur-
faces display 500 m (1600 feet) of relief. The surficial deposits of Seattle can be grouped
into the following categories to exemplify the distribution of geologic materials across
the city: postglacial deposits 16%, late glacial deposits 12%, Vashon glacial deposits
60%, pre-Vashon deposits 9%, and bedrock 3%. Of these, 49% are considered fine-
grained deposits, 19% are considered intermediate or interbedded deposits, and 32% are
considered coarse-grained deposits. These percentages include only the primary geologic

units and not the overlying fill and colluvial deposits.

Keywords: Seattle, Washington, Puget Lowland. surficial geology, quaternary

geology, geologic map.

INTRODUCTION

The city of Seattle is the largest economic and popu-
lation center of the Pacific Northwest, hosting ~578,000
residents (2006 estimate). More than 3.5 million people, over
half of the population of the state of Washington, live in the
surrounding region (http://www.seattle.gov/oir/datasheet/).
The city covers 367 km?”. 31% of which is covered by water
bodies within the city limits; it ranges in altitude from sea
level to 156 m (520 ft) at the highest point, in West Seattle.

_Seattle’s maritime climate features dry summers and
wet winters, although the average number of days with rain
during the summer is 7.5 d/mo in June through September.
Long-duration, low-to-moderate intensity storms occur fre-
quently from November through April, and annual average
precipitation is ~0.9 m. Rainfall intensities are quite low:
the 100 yr 1 h rainfall intensity, for example, is less than
25 mm/h, a rate that is exceceded by the 2 yr | h rate across
more than half of the rest of the United States (U.S.
Department of Commerce, 1963). As a counterpoint, the
wettest month on record occurred in November 2006,
wherein 39.7 cm (15.63 in.) of rain fell in Seattle, with
8.4 ¢m (3.29 in.) falling on one day; the average rainfall
for November is 15 ¢cm (5.9 in).

Glacial Geomorphic Setting

The city of Seattle lies in the center of an elongate struc-
tural and topographic basin between the Cascade Range and

Olympic Mountains known as the Puget Lowland (Fig. 1).
Marine waterways occupy the center of the basin, the main
trough of which is Puget Sound. The city occupies land
adjacent to Puget Sound and is bounded on the east by
another trough. which is occupied by Lake Washington
(Fig. 2). The south half of the city is divided by a third
trough, the Duwamish valley, which is now filled with allu-
vial sediment (Fig. 3). The troughs are part of a series of
subglacial troughs described by Booth (1994).

The landscape of today was molded by glacial and gla-
ciofluvial scouring and deposition, tectonic folding and
faulting. inundation by volcanic mudflow deposits, modern
processes such as landsliding and stream erosion, and
extensive human modification. Coalescing glaciers ad-
vanced southward into the Seattle area from British
Columbia repeatedly during the Quaternary period, which
represents the past 2.4 m.y. Fluted upland plateaus of till
and sand dominate the landscape, interspersed with cross-
cutting valleys, deep north-south troughs, and numerous
lakes and depressions (Fig. 3). The last ice sheet reached
the Seattle region ca. 14,500 '*C yr B.P. and retreated from
the area by 13.650 '*C yr B.P. (equivalent to 17,400 cal yr
B.P. and 16,400 cal yr B.P.; Porter and Swanson, 1998). The
Seattle area sits atop a complex and incomplete succession
ol interleaved glacial and nonglacial deposits that overlie an
irregular bedrock surface.

Tertiary marine and volcaniclastic bedrock is exposed
in the southeast part of Seattle and in isolated outcrops
at the western tip of West Seattle. Just south of the city
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Figure 1. Location of Seattle, Puget Lowland, and most recent ice limit (shown by hachure marks) in Washington

State (modified from Booth et al., 2004b).

limits, intrusive rock cxtends through the alluvium of the
Duwamish valley. The surface of the bedrock has been
molded into a serics of basins and uplifts by faulting and
folding with 1.1 km (3600 f1) of relief (Jones, 1996).

Tectonic Setting

The Puget Lowland lies within a forearc basin, which
has undergone north-south shortening since late Cenozoic
time (Wells et al., 1998). The crustal shortening has pro-
duced east-west -trending folds and faults, several bed-
rock-cored uplifis and basins (Blakely et al., 2002). and
Holocene seismicity and surface faulting (Bucknam et al.,
1992: Johnson et al.. 1999; Blakely et al., 2002; Nelson et al.,
2003; Sherrod et al., 2004: Kelsey et al., 2004). Seattle spans
part of two of these structures: the Seattle uplift, which
extends south from the south-of-downtown area (SODO)
for ~30 km into the Tacoma area; and the Seattle basin,
which extends north from the SODO area 25 km to the
northern city limit (Fig. 4). Dividing these two features is
the Seattle fault zone, mapped from Hood Canal east across
most of the Puget Lowland. Although discontinuous fault
scarps less than 2 km long show movement on the Seattle
fault 1100 yr ago (Bucknam et al., 1992), most displace-

ments and truncations of strata seen in outcrops in the
Seattle area result from Holocene landsliding, unconformi-
ties, or glacial deformation rather than fault movement
(Booth et al., 2004a).

Previous Work

Several publications provide excellent information about
the geology of the Seattle area. Stark and Mullineaux (1950)
wrote about the glacial geology of the city of Seattle as part
of a master’s thesis. Galster and Laprade (1991) give a thor-
ough description of the engineering and social geologic
aspects of the area and provide ample photographs of geo-
logic materials and engineered works. Theirs is the first
descriptive manuscript focused on all aspects of the geology
of Seattle. Waldron et al. (1962) produced a preliminary
geologic map of the Seattle area at a scale of 1:31,680 that
persisted until 2005, when it was finally superseded by a more
current geologic map of Seattle produced by Troost et al.
(2005). Waldron (1967) also produced a final geologic map
of the Duwamish Head quadrangle at a scale of 1:24,000.
Each of the four U.S. Geological Survey quadrangles that
cover the city will be published at scales of 1:12,000, for
example, the Seattle Northwest quadrant (Booth et al.,
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Figure 2. Map showing location of
Seattle in the Puget Lowland relative
to the arca covered by the last ice
sheet, Vashon stade of the Puget
Lobe, proximity to Mount Rainier,
and positions of ice margins during
formation of two major recessional
lakes. Major active faults shown are
from the U.S. Geological Survey
Quaternary fault database except for
the cluster of faults and lineaments
shown for the Southern Whidbey
Istand fault zone between Lake Wash-
ington and Everett {Sherrod et al.,
2005a, 2005b, 2008). S Chimacum
gpillway, DMF--Devils Mountain
fault zone, HOFZ-Hood Canal fault
zone, LUBC—Lake Creek-Boundary
Creek fault, RP-—Restoration Point,
SFZ-Seattle  fault zone, SMF
Saddle Mountain fault, SPF-—Straw-
berry  Point fault, SWIF-—Southern
Whidbey Island fault zone, TFZ-—
Tacoma fault zone, UPF-—Usalady
Point fault.
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2605). Other geologic maps mclude the aty of Seattle but are
at much smaller scales (Yount and Gower, 1991, Yount et
al., 1983, 1993).

Development of the Quaternary Framework

Criven the predominance of Quaternary deposits, extent
of landscape development dunng the Quaternary period,

and influence of the Quaternary period on the geology of

122°0'0W

Seattle, discussion of the framework s warranted. In the
Seattle area, the Quaternary period includes at least seven
advances of continenial glaciers, multiple mcursions of
tahars, and tectonic deformation. These events have left a
myriad of unconformities, multiple paleotopographic sur-
faces, extensive channels and channel fills, a variety of
lithologies with abundant horizontal and vertical facies
changes, and multiple discontinuities. Recognition of un-
conformities and glacial versus interglacial deposits 18
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Figure 3. Physiographic map of the
Seattle area showing major uplands,
nills, and valleys in green typeface
(features modified from Galster and
Laprade, 1991). Lakes, streams, water-
ways, marine waters, and resesvoirs are
shown in blue. CBD-—central business
district, DC—Dearborn  cut, NH-—
North Hill, NWW-Morth Wind Weir,
PH - Poverty Hill, SODO--south of
downtown area. Denny Hill was re-
moved around 1910 o improve trans-
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impertant for reconstructing the geologic record, correlat-
ing across sites, and trying to project/predict distribution of
seologic units,

The modern landscape is an analog for the paleotopog-
raphy and geomorphic processes active during previous
interglacial periods in the Puget Lowland because of de-
monstrably similar topographic relief prior to the last gla-
ciation (Troost, 2006). Most of the glacial advances into the
Puget Lowland probably had equivalent characteristics
with respect to thermal regime, amount and distribution
of subglacial water, and degree of scouring, which would
result in topographic relief similar to present day. Likewise,

depositional patterns from the last glaciation provide an
analog for previous glaciations, and modern depositional
patterns can serve as an analog for previous interglacial
periods.

With each glaciation, a new set of unconformities was
generated: angular unconformities from deposition against
trough walls and on slopes, and disconformities from depo-
sition on weathered surfaces. Glaciers carved deep troughs,
like in the modern landscape, but not necessarily in the same
places as during previous interglacial periods (Booth, 1994;
Booth et al., 2004b). About 50% of modern hills are cored by
older hills and 50% are composed of deposits from the last
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Figure 40 Gravity map modified from Brocher et al. (2004), show-
ing basing snd nplifts! Using deep seismic-reflection data and grav-
ity surveys, Pratt et al. (1997) hypothesized a “thrust sheet,” with
its base ~20 km below the surface, to describe the observed struc-
tures in the crost below Puget Sound. They recognize a north-
south sequence of basing and uplifts developed on the overriding
sheet, separated fronmethe Olympic Mountains on the west by faulis
and sitfing in an uncertain relationship to the adjacent rocks of
the Cascade Range on the east. Other models propose deeper
thrust sheets or wedge structures bounding the Seattle uplift
{Brocher et al., 2001, 2004).

glaciation, suggesting that the geographic distribution of
hills also varied between climate cycles (Troost, 2006).

The glacial and interglacial sediment sequences consist
of discontinuous stratigraphic units commonly separated
by erosional unconformities. Because of the complexity of
the resulting depositional record, quantitative techniques,
such as chemical analyses and isotopic dating, are necessary
to identify and correlate stratigraphic units because each
glacial and interglacial depositional sequence looks like its
predecessor.

Cuantitative and analytical technigues emploved in-
clude: provenance studies; microfossil studies {pollen and
diatom analyses); absolute dating technigues {optically sti-
mulated thermolummescence, radiocarbon, argon/argony;
and paleomagnetic measurements {including secular vari-
ation).

Differences in lithology in the sand-size fraction ofien
provide reliable indicators of provenance and, hence, glacial
or interglacial origin (Troost, 1999). During glaciation, ice
carrfed clastic material from the mountains of British
Columbia (Fig, 1), During interglaciations, Puget Lowland

Troost and Booth

streams reworked the glacial sediments and introduced com-
positicnally distinet clastic materials derived from the bor-
dering Cascade Range and Olympic Mountains.

GEOLOGIC HISTORY AND LANDSCAPE
DEVELOPMENT

The rocks and unconsolidated deposits of western
Washington record more than 0.25 b.y. of earth history,
The foundation of this history is incompletely displayed
by rocks now exposed in the foothills and uplands of the
North Cascades along the eastern boundary of the Puget
Lowland, ~30-100 km northeast of Seattle. They record
a hustory of oceans, voleanie island arcs, and subduction
zones, mostly of Mesozoic age, but there are also some late
Paleozoic components (which, in western Washington,
are as old as 275 Ma) (Frizzell et al., 1987; Tabor and
Haugerud, 1999; Tabor et al., 2000). None of these rocks
are exposed in the vicinity of Seattle, but their correlatives
may lie beneath a thick Tertiary and Quaternary cover.

Tertiary Period

During the Eocene, from ca. 56 to 34 Ma (Gradstein et
al., 2004), a wide coastal plain and undersea shelf existed
seaward of Washington; the broad deltaic lowlands were
called the Weaver Plain by Mackin and Cary (1965).
Druring this time, a voleanic chain sitting on the Kula and
Farallon plates merged with the North American plate to
form the volcanic underplate of the Olympic Coast range.
The Crescent Basalt, made up of submarine lava forming
the basement rock beneath Puget Sound, is believed to have
formed the core of the Coast Range, having originated far-
ther at sea (Fig. 5).

In the nuddle to late Eocene, some volcanic eruptions
occurred, including in the Seattle area (Orr and Orr, 1996},
and the Crescent Formation in the Olympics was initially
raised. The submarine volcanic platform subsided, creating
a long basin parallel to the margin of western Washington
beginning in latest Eocene time.

During the muddle and late Eocene {ca. 5042 Ma),
large rivers emptied into the 160-240-km-wide subsiding
coastal plain that lay west of the modern Cascade Range
and east of the modern Olympic Mountains {and probably
east of Puget Sound as welly, This ancient river system pro-
duced the sandstone and velcanic rocks of the Puget Group
on the broad coastal plain. Uplift in the Seatte fault zone is
responsible for the prominence of the Meweastle Hills, a fow
kilometers east of Seattle, Abundant plant debris in the
Puget Group provided coal deposits that helped shape the
ninetesnth-century and first half’ of the twentieth-century
economy and history of the region. Rocks correlative to
the Puget Group are now exposed across much of western
Washington, particularly along the eastern boundary of the
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Figure 5. Diagrammatic W- E cross section across western Washington through Seattle, emphasizing the major Tertiary rock units. The
Puget Lowland basin is filled with as much as 9 km of young volcaniclastic and sedimentary rocks and Quaternary deposits. Not to scale.

central Puget Lowland and in east and southeast parts of
Seattle.

Subsequent reorganization of tectonic plates in the
northeastern Pacific Ocean resulted in 4 more easterly con-
vergence vector, subduction, and volcanism along the Cas-
cade arc in earliest Oligocene time (ca. 33 m.y.), followed by
deposition of the marine Blakeley Formation (Fulmer, 1975)
across the central Puget Lowland. In the Seattle area. the
Blakeley Formation accumulated in a shallow-marine shell
environment (Bourgeois, 1999, written commun.), where it
accumulated in deep cold water via turbidity currents
(Fulmer, 1975), as on Bainbridge Island, where the rocks
are particularly well exposed. Eocene rocks were folded
into a series of northwest-trending folds across the state of
Washington called the Calkins Range (Mackin and Cary,
1965).

During the Miocene epoch (23-5.3 Ma), uplift of the
Olympics and Cascades precipitated terrestrial deposition.
Tabor reported reset K-Ar ages in the Crescent Formation
0f 25-17 Ma (Tabor and Cady, 1978), consistent with uplift
of the Olympic Mountains during the Miocene. The Blakely
Harbor Formation, ca. 13-10 Ma, was derived from ero-
sion of the surrounding Olympic and Cascade Range high-
lands (Fulmer, 1975). On Bainbridge Island, the Blakely
Harbor Formation has been fission-track dated at 13.3 +
1.3 Ma (Sherrod et al., 2002).

Uplifting, faulting, and deformation continued during
the Miocene and Pliocene, while the Puget Lowland appar-
ently subsided (Orr and Orr, 1996). A major unconformity
apparently separates Tertiary bedrock from Quaternary
deposits throughout the Puget Lowland. Miocene rocks
are discontinuous, and Pliocene rocks have not yet been
found anywhere in the Puget Lowland.

Quaternary Period

Seven glacial advances have been documented in the
Puget Lowland (Fig. 6), although it is likely that at least a
dozen glaciations have occurred here in the last 2.4 m.y.,
based on the pattern of global marine isotope stages. Little
is known about the exact number and extent of previous
glaciations and interglacial periods. Of the seven documen-
ted glaciations in the Puget Lowland, all have advanced
over Seattle. All but the last have left sporadic evidence,
and some have left evidence only south of the city. Some
general statements can be made about the glaciations and
intervening interglacial periods as follows.

Glaciation

During each glaciation, ice advanced into the lowland
as 4 broad tongue, first called the Puget Lobe by Bretz
(1913). Originating in the mountains of British Columbia,
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Figure 6. Comparison of marine oxygen isotope curve stages (MIS) using the deep-sea oxygen-isotope data for Ocean Drilling Program (ODP)
Site 677 from Shackleton et al. (1990), global magnetic polarity curve (Barendregt, 1995; Cande and Kent, 1995; Mankinnen and Dalrymple,
1979), and ages of climatic intervals in the Puget and Fraser Lowlands. Ages for deposits of the Possession glaciation through Orting glaciation
are from Easterbrook et al. (1981), Easterbrook (1986), Blunt et al. (1987), and Easterbrook (1994). Ages for the Defiance glaciation are from
Troostctal. (2003). Additional ages from deposits of the Puyallup interglaciation are from R.J. Stewart (1999, personal commun.). Ages for the
Olympia nonglacial interval are from Armstrong et al. (1965), Mullineaux et al. (1965), Pessl et al. (1989), and Troost (1999). Ages for the
Cogquitlam stade are from Hicock and Armstrong (1981). Ages for the Vashon stade are from Armstrong et al. (1965) and Porter and Swanson
(1998). Ages for the Everson interstade are from Dethier et al. (1995) and Kovanen and Easterbrook (2001). Ages for the Sumas stade are from
Clague et al. (1997), Kovanen and Easterbrook (2001), and Kovanen (2002). Modified from Booth et al. (2004b).
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ice coalesced to form the Cordilleran Ice Sheet of north-
western North America, of which the Puget Lobe formed
its southwesternmost extent (Fig. 1). Cycles of Cordilleran
Ice Sheét advance and retreat into the Puget Lowland were
typified by the damming of a proglacial lake in the Puget
Sound basin, the spreading of an apron of sandy outwash.
deep subglacial scouring, deposition of till, formation of
large recessional outwash channels and ice-contact terrain
during ice retreat, and (north of the marine limit) deposition
of glaciomarine drift. During ice occupation, subglacial
drainage carved dcep erosional troughs that subsequently
filled with postglacial alluvium and, in parts of the eastern
and southeastern lowland, volcanic debris flows. Preex-
isting hills and proglacial outwash deposits were differenti-
ally eroded to form drumlin fields on the uplands. Till was
deposited extensively but discontinuously over drumlins, on
hillsides. and over deposits that accumulated in proglacial
and subglacial troughs. The sequence of glacial deposition
and erosion is both horizontally and vertically gradational
and time-transgressive.

The onset of glacial periods was marked by a change to
colder climate, lowering of sea level, and increased deposi-
tion and erosion by meltwater. Transitions into and out of
glaciations were locally gradual. With the cooling of the
climate, sea level dropped as global water transformed from
a wet to frozen state and glaciers enlarged. When the ice was
present in the lowland, isostatic adjustments of the crust
caused the land to subside. When the ice melted and global
climate changed, the land rebounded and sea level rose. The
amounts of isostatic adjustment and sea-level change varied
with each glaciation, depending on the weight of the ice and
the degree of climate change.

Interglaciation

Like the glacial record, early to mid-Quaternary inter-
glacial deposits are mostly buried by late Quaternary depos-
its, so we rely on the modern Puget Lowland as an analog
for depositional environments of earlier nonglacial periods.
Areas of nondeposition, soil formation, or minor upland
erosion dominate most of the present-day Puget Lowland.
Significant volumes of sediment are accumulating only in
river valleys, lake basins, and Puget Sound, and colluvium
is accumulating on slopes. Were the present-day Puget
Lowland to be invaded by glacial ice, it would bury a
complex and discontinuous nonglacial stratigraphic record.
Thick sedimentary sequences would pinch out abruptly
against valley walls. Sediment deposited in valleys could
be hundreds of meters lower than coeval upland sediment
or organic-rich paleosols. Thus, the thickness and lateral
continuity of nonglacial sediment of any nonglacial interval
should be highly variable owing to the duration of the inter-
val, subsidence and uplift rates, and the altitude and surface
topography of fill left by the preceding glacial incursion
(Troost, 1999).

Late Quaternary Glacial and Interglacial Cycles

Four named glacial advances passed over Seattle in the
Jast 300,000 yr (Figs. 6 and 7; Table 1): the Defiance gla-
ciation (Troost et al., 2005), named for Point Defiance at
Defiance Park in Tacoma, the Double Bluff and Possession
glaciations, named for deposits on Whidbey Island (Easter-
brook et al., 1967), and the Vashon stade of the Fraser
glaciation, named for deposits on Vashon Island (Willis,
1898).

Intervening interglaciations include the Hamm Creek,
named for ash-rich deposits found along Hamm Creek in
south Seattle (Troost et al., 2005), the Whidbey, named for
deltaic deposits on Whidbey Island (Easterbrook et al.,
1967), and the Olympia, originally named for the nonglacial
deposits typically exposed along the Nisqually River bluffs,
but its type section occurs at Discovery Park in Seattle
(Armstrong et al., 1965; Noble, 1999, personal commun.).

Evidence for the Double Bluff and Possession glacia-
tions having overridden Seattle includes well-dated mea-
sured sections composed of glaciolacustrine deposits and till
in the Tacoma area (Troost et al., 2003) and Possession-age
glaciolacustrine deposits in Seattle (Mahan et al., 2003).
The maximum extent of these glaciers is not known, and it
is likely that end moraines of the Possession glaciation were
obliterated by the Vashon glacier. Remnant moraines 1.2 km
south of the southern Vashon ice margin were attributed to
the Double Bluff glaciation by Lea (1984), and based on
these moraines, the Double Bluff glacier advanced 2-12 km
beyond the extent of the Vashon glacier.

The Whidbey interglaciation lasted from ca. 125 to ca.
80 ka and is correlative with marine oxygen isotope stage
(MIS) 5 (Fig. 6). Based on an evaluation of depositional
environments from Whidbey-age deposits in Seattle and
nearby areas, environments were similar to present day
and included peat bogs, river valleys with floodplains,
low-lying areas, lakes, estuaries, and uplands with steep
slopes. During Whidbey time, reworking and redistribution
of Double BIuff glacial deposits occurred, as did mixing of
glacial deposits with alluvial deposits from streams from the
Washington Cascades. Although there were fluctuations,
sea level during part of MIS 5e was nearly as high as mod-
ern sea level. Streams in the Seattle area would have been
graded to a base level similar to present-day base level—
that of Puget Sound. Indeed, Whidbey-age coarse-grained
deposits have been identified on the basis of optical dating
(Mahan et al., 2003) at the south end of Magnolia Hill near
sea level. If more dating techniques were applied to more
deposits of unknown age around the city, including in the
subsurface, a pattern of paleosurfaces would start to ap-
pear, including one of the top of the Whidbey Formation.

The Olympia nonglacial interval spanned ca. 6015 ka,
the time between the Possession glaciation and the Vashon
glaciation, and it correlates with MIS 3 (Fig. 6; Table 1). In
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many parts of the world, glaciers were still near their max-
imums, so sea level was still significantly lower than today;
however, the Puget Lowland was ice-free (Troost, 1999;
Booth et al., 2004b). As during the Whidbey interglaciation,
rework‘ing and mixing of glacial deposits and Olympia-age
alluvium continued. During the 45,000 yr of the Olympia
nonglacial interval, landscape stability was approached, but
variations in sea level caused instabilities in base levels.

Vashon Stade

The most recent advance and retreat of the Puget Lobe
of the Cordilleran Ice Sheet into the central Puget Lowland
is named the Vashon stade of the Fraser glaciation
(Armstrong et al., 1965). The glacier reached the central
Puget Sound region ca. 14,500 '*C yr B.P. (17,400 cal yr
B.P.), and it had retreated from the area by 13,650 '*C yr
B.P. (16,400 cal yr B.P.) (Porter and Swanson, 1998); at its
maximum, the Seattle area was buried by at least 900 m
(3000 ft) of ice (Booth, 1987).

Although age uncertainties preclude assignment of
older Pleistocene deposits to named glacial intervals, most
near-surface deposits are confidently assigned to the
Vashon stade (Fig. 6). Deposits of the Vashon stade have
a variety of textural characteristics and landform morpho-
logy, owing to rapidly changing depositional environments
caused by the advance and retreat of the ice sheet, and, with
such evidence, the sequence of events can be reconstructed
in detatl. It is described in the following sections. In Seattle,
the Vashon-age deposits consist of proglacial lacustrine
deposits, advance outwash, till, recessional outwash, ice-
contact deposits, and recessional lacustrine deposits.

Proglacial Lakes. As the ice first advanced out of British
Columbia, it blocked the Strait of Juan de Fuca, which now
connects Puget Sound with the Pacific Ocean (Fig. 2).
Laminated silt and clay were deposited in the impounded
lakes that formed in the course of establishing southerly
drainage out of the Puget Lowland; these deposits make
up the Lawton Clay (Mullineaux et al., 1965). For the
Fraser glaciation, they reached an average maximum eleva-
tion near the center of the lowland of ~60 m (200 ft;
Thorson, 1989). Other isolated lakes may have formed
across the lowland due to increased precipitation, reduced
evaporation, or both. The map pattern of this proglacial
lake would likely have resembled that of the modern
Puget Sound, reflecting a subglacial topography inherited
from the previous glacial advance filling troughs to eleva-
tion 60 m (200 ft).

Vashon Advance Outwash Deposition. Subsequent glacial
outwash deposition followed a broadly predictable pattern.
The proglacial lake deposits were covered by sand and
gravel of the advance outwash apron (Booth, 1994) to an
elevation of 120-180 m (400-600 ft). These outwash sedi-

ments completed the filling of the troughs, buried paleohills,
and surrounded bedrock promontories. In areas where the
Lawton Clay is absent, initiation of the Vashon stade is
marked by sandy outwash deposited by streams derived
from the advancing ice sheet or subaqueous debris-flow
deposition.

Vashon Ice Sheet. As the advancing ice overrode the out-
wash apron, subglacial troughs were carved, and till was
deposited by the melt-out of debris at the base of the glacier.
The Vashon glacier deposited till in some areas and eroded
the substrate in other areas. Throughout this period, the
overriding ice compacted the substrate by applying an
effective normal stress equal to the unit-area weight of the
ice minus the hydrostatic pressure of the subglacial water
(Booth, 1991b). Depending on subglacial water conditions,
total ice thickness, and proximity to the ice margin, this
effective normal stress probably varied from zero (i.e.,
near-floating glacier) to nearly the full overburden load
(i.e., fully drained conditions, probably attained only close
to the glacier snout). The effect of till deposition, loading,
and scouring was a sculpted landscape. Even in areas of no
till deposition, the land displays megaflutes from the over-
riding ice (Fig. 8). During the period that the Vashon-age
ice sheet covered the region, a tremendous volume of pres-
surized water was carried by subglacial streams and was
responsible for carving the deep troughs of the modern
Puget Sound (Booth, 1987). Water discharge reached 5 x 10'
m?*/yr from beneath the glacier near the terminus. The valleys
of the Duwamish River, Lake Washington, and Puget Sound
are Vashon-age subglacial troughs that have been infilled since
deglaciation (Figs. 2 and 3).

Recessional Lakes. Around 13,650 '*C yr B.P., the Vashon
glacier began to recede, forming a series of lakes in former
subglacial troughs interconnected by recessional streams.
Based on delta elevations in proglacial lakes (Thorson,
1980), the main trough of Puget Sound was among the first
of the troughs to become ice free. Water was impounded in
a series of proglacial lakes that ultimately coalesced and
inundated much of the southern Puget Lowland because
more than one 1000 m of ice still filled the Strait of Juan
de Fuca and prevented northern drainage to the Pacific
Ocean. Recession of the ice sheet was accompanied by
deposition of sandy outwash along streams, muddy lacus-
trine deposition into ice-dammed lakes analogous to those
formed during the ice advance, and accumulation of ice-
contact deposits.

Glacial Lake Russell. The first of these large, Puget Low-
land basin—filling, and well-documented recessional lakes,
Glacial Lake Russell, formed in the recently abandoned
subglacial troughs (Bretz, 1913; Thorson, 1980; Waitt
and Thorson, 1983). It began as a small lake occupying
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Puget Sound

~Magnolia

. Hill

the southern Puget Sound trough, but as more tributary
troughs became icc free, the lake enlarged in extent until
it reached its maximum when its northern shoreline was
located in the north-central lowland (Fig. 2). Water level
in Glacial Lake Russell was controlled by its outlet eleva-
tion, the Black Lake spillway at 41 m (134 ft) in the Black
Hills near Olympia (Fig. 2). and water from the lake
drained into the Chehalis River some tens of kilometers
to the south (Thorson, 1980). At the latitude of Seattle,
the relict shoreline of Glacial Lake Russell now lies at
~100 m (330 ft), higher than the spillway, because of iso-
static rebound following retreat of the ice. More rebound
occurred in the north than in the south because the ice was
thicker to the north, the load heavier, and consequently
depression of the crust was greater there.

Glacial Lake Bretz. The second major recessional lake.
Glacial Lake Bretz, formed when retreating ice uncovered
a lower-elevation spillway, that of the Chimacum valley
(Haugerud, 2006), on the northeast coast of the Olympic
Peninsula (Fig. 2). This resulted in an abrupt lowering of
water level. The shoreline of Glacial Lake Bretz in the
Seattle area, for example, now lies at ~30 m (100 ft) in
elevation, 70 m below that of Glacial Lake Russell and
coincident with breaks in slope along some of the upland
edges in the arca (Thorson, 1989). Numerous recessional
lacustrine deposits and planar surfaces are also present in
the Seattle area at the elevation of Glacial Lake Bretz at
~30 m. The tops of some recessional deposits arc also coin-

drumlins

Figure 8. Three-dimensional (3-D)
image of shaded-relief digital eleva-
tion mode! from light detection and
ranging (LIDAR) data of north Se-
attle with 8 x vertical exaggeration
showing drumlins and scoured topog-
raphy. View is west-northwest along
the ship canal valley (heavy dashed
line) from Lake Washington to Pu-
get Sound. Note the north-south gla-
cial striations on the drumlins. UW—
University of Washington.

cident with this relict shoreline, suggesting that the deposits
may have originated as fan deltas.

Haugerud (2006) determined that other basinwide lakes
left shoreline features in Puget Lowland. In Seattle, shore-
linc features are present at an elevation of 15 m (50 ft).

Postglacial to Holocene

As the Vashon glacier continued to recede well north of
Seattle, the ice impounding Glacial Lake Bretz retreated
from the Olympic Peninsula and eventually thinned enough
to allow the lake to drain into the rising marine waters of the
Strait of Juan de Fuca and the Pacific Ocean. Isostatic re-
bound of ~60 m (200 ft) and marine incursion occurred
simultaneously, until rebound was largely complete at
around 11,000 '*C yr B.P. (Dethier et al., 1995). The Du-
wamish River valley. a subglacial valley drained of Gla-
cial Lake Bretz, was inundated with marine water. Isostatic
rebound was complete within 1000 yr of ice retreat, while sea
level rose at a slower rate, reflecting the transition from MIS
2 to the Holocene (Booth et al., 2004b).

Following drainage of Glacial Lakes Russell and Bretz,
streams in the area incised through the Vashon Drift and into
the underlying nonglacial and glacial deposits, creating knick-
points in upland streams between ~60 and 75 m (200 and 250 ft)
and 30 and 45 m (100 and 150 ft) in elevation, respectively.

Other recent geologic activity includes soil and peat-bog
formation, widespread mass failure, beach erosion and depo-
sition. stream-channel erosion, extensive alluvial deposition,
accumulation and reworking of volcanic mudflow deposits,
sea-level rise. and tectonic deformation.
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Duwamish Trough. Significant alluvial deposition has oc-
curred since deglaciation in the south part of Seattle (Plate |
[on loose insert or in the GSA Data Repository']). Here,
the Duwamish River occupies a former subglacial trough
that was scoured to as deep as 90 m (300 ft) below modern
sea level, much like the other troughs of Puget Sound
(Dragovich et al., 1994). Reconstruction of the bottom of
the Duwamish trough using boring log data shows many
low- to high-amplitude features, including depressions
61 m (200 ft) deep, ridges 30 m (100 ft) high, and bedrock
knobs and ridges, some extending above the valley fill (Plate
2L [see footnote 1]).

As sea level rose, the late Pleistocene Duwamish valley
rapidly aggraded downstream, and a large delta prograded
northward, forming extensive tide flats. As of 7000 yr ago,
the Duwamish delta was located near the site of the city of
Auburn, ~50 km south of Seattle.

About 5700 yr ago, a massive volcanic mudflow, the
Osceola Mudflow, flowed down the White River drainage
from the slopes of Mount Rainier, spilling into the Green
and Puyallup River drainages. Subsequent reworking of the
voluminous, easily eroded deposits on the flanks of Mount
Rainier and along the upper river valleys resulted in
increased sediment transport and riverine deposition. The
Green River rapidly aggraded and prograded its delta
downstream north past the south end of Lake Washing-
ton, where it joined with that lake’s outlet to form the
Duwamish River. Post-Osceola deposition brought the
river mouth to its modern position at the south edge of
Elliott Bay, and extensive tide flats developed on the
delta platform (Dragovich et al., 1994; Zehfuss, 2005). At
least three lahars contributed to the filling of the Green-
Duwamish valley from Auburn to Elliott Bay between
5600 and 1000 cal yr B.P. (Zehfuss, 2005)

Origin of Puget Sound

There are prominent subparallel troughs incised up to
400 m into the topography surrounding the city of Seattle
(Fig. 2), which today form one of the world’s great estu-
arine systems. These troughs were once thought to result
from ice tongues occupying a preglacial drainage system
(Willis, 1898), preserving or enhancing a topography of
fluvial origin. This scenario is improbable, however, because
impounded proglacial lakes would have floated the ice
tongues and precluded any bed contact or ice erosion.
Incision by subaerial channels is highly unlikely because
the deepest trough bottoms are almost 300 m below the
southern outlet of the Puget Lowland basin, and Holmes et
al. (1988) reported seismic-reflection data that suggest the

'GSA Data Repository Item 2008217 (Plate 1) and DR Item 2008233
(Plate 2) are available at www.geosociety.org/pubs/ft2008.htm, or on
request from editing@geosociety.org, Documents Secretary, GSA, P.O.
Box 9140, Boulder. CO 80301-9140, USA.

troughs were excavated during ice occupation to more than
twice their current depth. Thus, the troughs must have been
gouged out after deposition of the surrounding lowland
(Booth, 1994).

However, the troughs must predate subaerial exposure
of the glacier bed during the ice recession because many of
the eroded troughs are still mantled on their flanks with
basal till (see, for example, Booth, 1991a) and filled with
deposits of recessional-age lakes (Thorson, 1989). Thus, the
troughs were formed primarily (or exclusively) by subgiacial
processes and probably throughout the period of ice occu-
pation. They were carved primarily by subglacial meltwater
(Booth and Hallet, 1993), an inference consistent with many
other Pleistocene glacier-occupied troughs and tunnel val-
leys of similar dimensions and relief elsewhere in the North-
ern Hemisphere.

Tectonic Setting and Other Geologic Hazards

The Seattle area is subject to many geologic hazards:
earthquakes, fault rupture, landslides, volcanic events, com-
pressible soil, flooding, tsunamis, and seiches. Each hazard
carries variable levels of occurrence and probability of
occurrence as well as degree of risk.

Active Tectonic Processes

Throughout the Tertiary and through the present,
Seattle and the Puget Lowland have been affected by major
tectonic stresses related to subduction of the Juan de Fuca
plate, a fragment of the Pacific plate, beneath the North
American plate (Fig. 5). These stresses lead to three earth-
quakes sources that impact the Seattle area: subduction-
zone earthquakes offshore, deep earthquakes within the
Benioff zone, and shallow earthquakes along crustal faults
like the Seattle fault zone.

Seattle Fault Zone. The east-west Seattle fault zone is one
of several active (with a history of Holocene movement)
tectonic structures beneath the Puget Lowland. It separ-
ates the Seattle basin (north) and the Seattle uplift (south),
two of the many structural blocks involved in N-S short-
ening in western Washington (Pratt et al., 1997; Wells et al.,
1998).

The Seattle fault zone passes through Seattle, where its
leading edge is roughly along the Interstate 90 (I-90) cor-
ridor, and it consists of multiple, mostly north-verging fault
strands (Johnson et al., 1999). During a large earthquake
1100 yr ago, land north of the fault subsided by as much as
1 m (3 ft), and land south of the fault was uplifted as much
as 7.m (20 ft) (Bucknam et al., 1992), generating a tsunami
in Puget Sound (Atwater and Moore, 1992). West and east
of Seattle, deposits beneath fault scarps date the most re-
cent fault rupture to ca. A.D. 900-930 (Nelson et al., 2003;
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Sherrod et al.. 2001, 2004). Trenches excavated on these
scarps revealed south-verging faults in all but one location,
that of Vasa Park (Sherrod, 2002).

In Seattle. other evidence for offset along strands of
the Seattle, fault include uplifted beach deposits, offset
strata, and deformed strata. Individual strands of the Se-
attle fault are not shown on the accompanying large-scale
map (Plate 1), but they are shown on Figure 2. The precise
locations of most of the strands are under investigation.
Results from recent mapping suggest landfall of several
strands of the Seattle fault in West Seattle; however these
are yet to be evaluated in depth (Booth et al., 2003). The
leading edge. or deformation front, of the Seattle fault zone
is still under investigation as of the time of this manuscript
preparation.

Earthquakes. Earthquakes are one of the most significant
geologic hazards the Seattle rcgion faces because of the
degree of damage and different effects. According to the
Federal Emergency Management Agency (FEMA), Wash-
ington is ranked second to California in its degree of risk
from damaging carthquakes. Earthquake shaking in the
Seattle area has been known to trigger ground failures,
including: liquefaction, settlement, lateral spreading, delta-
front failures, and subacrial and subaqueous landslides
(Frankel et al.. 2002; Malone ct al.. 2001; Troost et al.,
2001). Bucknam et al. (1992) and Atwater and Moore
(1992) documented that the Scattle fault is capable of pro-
ducing large carthquakes and ground-surface rupture--a
magnitude 7.0 or greater carthquake ~1100 yr ago resulted
in as much as 7 m of uplift at Restoration Point on
Bainbridge Island. creating marine terraces, over 4 m of
uplift at Alki Point, creating an uplifted beach platform,
and 1-1.5 m of subsidence at West Point. This earthquake
also generated a tsunami in Puget Sound. Recent work by
Sherrod (2005), Sherrod et al. (2001), and Nelson et al.
(2003) indicates that known active strands of the Seattle
fault in Bellevue and on Bainbridge Island have produced
surface rupture, and some strands have been reactivated by
multiple earthquake events. Ten Brink et al. (2006) con-
cluded that the surface rupture that occurred 1100 yr ago
on at least two strands of the Seattle fault resulted from a
moment magnitude Mw 7.5 earthquake.

Troost et al. (2005) designated the Seattle fault zone as
a zone, rather than specific lines, because of the uncertainty
in the postulated fault models and the uncertainty in precise
locations of fault strands; however, all of the postulated
models present four or more possible east-west—trending
strands or a large area over which deformation could pos-
sibly occur due to movement on deeper portions of the
Seattle fault. Surface rupture is possible along existing
strands within the Scattle fault zone and less likely along
new faults within the zone.

The estimated probabilities of an earthquake with M > 6.5
occurring on the Seattle fault zone or from a random
shallow-crustal source in the Puget Sound region are
~5% in S0 yr (recurrence interval of 1000 yr) and 15%
in 50 yr, respectively (Stewart, 2005). These probability
estimates have large uncertainties. The probability esti-
mate for a M > 6.5 earthquake on the Seattle fault zone
is based on trenching studies at a small number of loca-
tions as well as a slip rate estimate that has a large uncer-
tainty. The probability estimate of a random shallow
earthquake with M > 6.5 in the Puget Sound region
is based on extrapolation of the rate of observed earth-
quakes with magnitudes 4 and above (Frankel, 2007).

Landslides. Landslides in the Seattle area are discussed in
detail in many manuscripts within this volume, and so they
will not be discussed in detail here. Seattle’s geologic, cli-
matic, and social settings combine to produce areas with
high landsliding susceptibility, such as: highly permeable
deposits over low-permeability deposits that intersect steep
slopes and abundant rainfall to raise pore pressures via
groundwater and springs at the aforementioned contact;
abundant colluvium on slopes and fill at the tops of steep
slopes readily saturated by rain and drains; undercut toes of
slopes as a result of wave action or construction of view
properties; stripped vegetation from slopes and cut slopes
for building; and seismic shaking.

Several types of landslides are common in the Seattle
area, in order of occurrence: mudflows (referred to as “*shal-
low colluvial” or **skin slides”” by Shannon & Wilson, 2000),
deep-seated rotational and translational, debris flows
(referred to as ““groundwater blowout” landslides by Shan-
non & Wilson, 2000), and block fall/topple (referred to as
“high bluff peeloff” landslides by Shannon & Wilson,
2000). A common theme in many of the area’s landslides
is indeed a human component. Shannon & Wilson (2000)
found that 84% of the landslides they inventoried, from a
century’s worth of reports, involved some degree of human
influence. Shannon & Wilson (2000) also found that most of
the reported landslides occurred in January, in accord with
the heavy precipitation months of November, December,
and January.

Some areas of Seattle have been subject to repeated
landslides, including those with steep slopes. a groundwater
perching layer (geologic contact between sandy unit over
fine-grained unit), springs, undercutting at the toe, and pos-
sibly along strands of the Seattle fault. In many areas, land-
slide and mass-wastage deposits are thick enough to
obscure natural hillside morphology (Plate 1 and Plate 2H
[see footnote 1). These deposits are naturally less stable than
in situ deposits. For more information about specific areas
with repeated landslide occurrences, the Shannon & Wilson
(2000) landslide inventory maps are available through the
City of Seattle Public Utilities Web Site.
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Volcanic Events. The southern city limit of Seattle is 79.5 km
{49 mi) from the peak of Mount Rainier; downtown Seattle
is another 12.5 km (8.5 mi). Volcanic events from Mount
Rainier could impact the city in several ways. including ash
fall, sedimentation in the Duwamish waterway, and flood-
ing in the Duwamish waterway. Mount Rainier is particu-
larly prone to lahars because it has a large volume of snow
and glacier ice (more than the combined volume of glacier
ice on the other Cascade volcanoes) available for melting
during an eruption and a large volume of hydrothermally
altered rock. It also stores water beneath its glaciers, which
is sometimes released as outburst floods. Lahars from
Mount Rainier historically have flowed down the White,
Carbon, and Puyallup River valleys (Hoblitt et al., 1998)
into the Green River nearly to Renton (Dragovich et al.,
1994; Vallance and Scott, 1997). The Osceola lahar. 5700 yr
ago, is the best documented and largest (in the last
10,000 yr) of the Mount Rainer lahars. Zehfuss (2005)
found that at least four post-Osceola lahar deposits are
present within Seattle city limits in the Duwamish valley.
However, no primary lahar deposits have been documented
within city limits: the deposits Zehfuss (2005) describes
appear to have been reworked and redeposited by postlahar
floods. The Osceola lahar deposited a layer of sediment (up
to 100 ft thick beneath Sumner) in the Green River valley
beneath the modern towns of Kent and Auburn when the
Green River valley was a deep trough. Deposits from this
event are estimated at 0.89 mi® and covered an area of
~550 km? (212 mi’) (Dragovich et al., 1994). If such a lahar
were to occur today, with the Green River valley aggraded
to near sea level, the extent of primary and secondary sedi-
mentation is hard to predict.

Volcanic ash has also fallen on the Seattle landscape
at several times throughout the Quaternary from several
different, but as-of-yet unknown, source volcanoes, most
likely Cascade arc volcanoes. The Hamm Creek ash, de-
scribed later, is evidence of one such event 200.000 yr
ago (and in 1980, from Mt. St. Helens). Other ash deposits
are present in the Olympia deposits and in nonglacial
deposits tentatively correlated with the Whidbey For-
mation. Although over one hundred tephra samples have
been analyzed, reworking. alteration, and vent antiquity
(no matches in the U.S. Geological Survey database) have
rendered most of the samples of relatively low quality for
chemical comparisons and correlations (Sarna-Wojcicki,
2004).

Compressible and Expandable Soil. Former postglacial bogs
and recessional lake deposits frequently contain compress-
ible deposits of peat and organic-rich silt. These matcrial
types are present in relatively isolated but widespread loca-
tions throughout the city (Plate 2G). Groundwater with-
drawal from thick peat deposits has been known to cause
damaging settlement in overlying and nearby structures in

the Greenwood bog (Shannon & Wilson, 2004). Peat occurs
in bogs and as discontinuous lenses in lacustrine deposits; in
the latter case, mapping of the discrete peat lenses is not
plausible. In Seattle, five types of former bogs are recog-
nized based on their formation: (1) those formed at the
heads of modern streams, (2) those formed at the heads of
recessional streams, (3) those formed in apparently isolated
upland depressions, (4) those formed in the Duwamish
Valley floodplain, and (5) those formed adjacent to Lake
Washington related to the lowering of the lake. Most of
these bogs began at the close of the last glacial period but
are now covered by fill, in some cases 9 m (30 ft) thick. The
thickest (18.3 m [60 ft]) and most continuous peat deposits
are types 4 and 5. However, continuous peat deposits on the
order of 7.6 m (25 ft) thick are present as types | and 2.
Type 3 deposits are the least continuous of the five types,
and they tend to be the thinnest.

Expandable clay in the form of montmorillonite and
vermiculite is present in surficial and subsurface geologic
units. Vashon recessional lacustrine deposits locally con-
tain expandable clay minerals (Smith, 2004), and intergla-
cial paleosols typically contain expandable clay. Near
Steilacoom, damage to a school’s floor was attributed to
cxpandable clay minerals from the alteration of tephra
in Vashon recessional lacustrine deposits. This deposit
normally consists of fine sand. silt, and clay-sized particles
of nonexpandable minerals (Mullinecaux, et al., 1964).
During construction of I-5, Mullineaux (1967) noted the
presence of fat clay at the top of the Olympia beds, the
paleosol marking that unit’s uppermost surface. All inter-
glacial units mapped in the Seattle area contain tephras
and, therefore, the feldspars that alter to expandable clay
minerals.

Mullineaux (1967) and Mullineaux et al. (1964) also
noted that interglacial clays have two origins: detrital and
weathering. In either case, these clays can contain enough
expandable minerals to be a concern for construction.
However, most pre-Vashon deposits have been glacially
overridden and are therefore hard or very dense. If pre-
Vashon deposits are exposed in an excavation or on a slope,
and alteration has occurred, then limited expansion and
slippage could occur.

Tsunamis and Seiches. Tsunamis have been known to oc-
cur in Puget Sound and inundate a small part of Seattle,
and seiches have been documented in Lakes Washington
and Union. Several triggering mechanisms can cause these
different wave types: fault rupture with subaqueous bot-
tom offset, delta-front failure, subaqueous and/or subaerial
landslides, and sciches can also be caused by earthquake
shaking.

Walsh et al. (2003) prepared a map showing the tsu-
nami inundation area in Seattle based on modeling by Titov
ct al. (2003) using the Seattle fault event 1100 yr ago. The
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modeling yielded: wave-amplitude fluctuations at 6 m, a
maximum vertical runup at 10 m, current speeds ranging
from 1.5 to 15 m/s (maximum listed is 30 m/s), and the first
wave landfall 2 min and 20 s after generation.

Numeyous submarine landslides (large block slides,
sediment slumps, and debris flows) are present throughout
Lake Washington and are attributed to large earthquakes
that have occurred in the Puget Sound region about every
300- 500 yr (Karlin et al., 2004). Many of these landslides
are large enough to have displaced enough water 1o have
generated tsunamis, particularly those that involved subaer-
ial and submarine components. Benioff zone (e.g.. 1949,
1965. or 2001 Nisqually) earthquakes have not caused
large block slides in Lake Washington, so it is clear that
the prehistoric earthquakes that triggered these slides had
stronger ground motion than any earthquakes this century.
The 1100-yr-old Seattle fault cvent triggered large land-
slides off of Mercer Island that drowned trees in nearly
upright position (Jacoby et al., 1992; Karlin and Abella,
1992). Many large bays on Lake Washington. such as An-
drews Bay next (o the Bailey Peninsula in Seattle, are the
headscarps of large subaqueous landslides (Karlin et al.,
2004).

Barberopoulou (2006) found that seiche waves on Lake
Union were highest after subduction-zone earthquakes,
where modeled water waves reached heights of 1.2 m
(3.9 ft). Long-amplitude earthquake waves, such as those
that accompanied the Denali carthquake of 2002, also pro-
duced high wave heights, modeled at 0.43 m (1.41 fu).
Benioff zone and Seattle fault earthquakes had the lowest
seiche effects of the four earthquake types studied, with
modeled wave heights of 0.14 m (0.46 ft). Barberopoulou
et al. (2004) documented damage to 20 houseboats in Lake
Union from seiche activity resulting from the 2002 Denali
earthquake. Their analysis of this event showed substan-
tially increased shear and surface-wave amplitudes coinci-
dent with the Seattle sedimentary basin, indicating that the
size of the water waves may have been increased by local
amplification of the seismic waves by the basin.

STRATIGRAPHY AND DEPOSITS IN SEATTLE

Geologic Map of Seattle

A new detailed geologic map (Plate 1; Fig. 9) for the
city of Seattle (Troost et al., 2005) combines new geologic
field mapping with a database of more than 35.000 subsur-
face data points from geotechnical boreholes and test pits
(Booth et al.. 2006). Propertics of each of the map units are
described in Table 2. and additional information about the
stratigraphic record is provided next.

Tertiary Bedrock

The depth to bedrock in the Seattle area varies from
sero at Alki Point to ~550 m (1800 ft) at both the north
and south ends of the map area (Jones, 1996), with a steep
drop at the north end of the Seattle uplift (Plate 2B).

Middle and late Eocene (ca. 5042 Ma) volcaniclastic
rocks of the Puget Group, Tukwila Formation (Plate 2B;
Fig. 8), are exposed in Seattle at Seward Park, along I-5,
and in the bedrock knobs, labeled Poverty Hill and North
Hill (Fig. 3), which protrude above the Duwamish valley fill
(Table 3). The Tukwila Formation is largely a sedimentary
deposit that accumulated near a volcanic center; its lower
part is marine (Nesbitt, 1998).

Oligocene bedrock is most prominently exposed at Alki
Point on the western tip of West Seattle, where the Seattle
fault has raised bedrock at the north edge of the Seattle
uplift up into contact with Quaternary deposits at the south
end of the Seattle basin (Plate 2B). The bedrock had been
previously mapped as the Blakeley Formation of Weaver
(1916a. 1916b) on the basis of foraminiferal and molluscan
assemblages (Waldron, 1967). The Blakeley Formation at
Alki Point is now correlated with the late Zemorian—
Saucesian benthic foraminiferal zone at the Oligocene-
Miocene boundary (E. Nesbitt, 2007, written commun.).
The Blakeley Formation consists of marine sedimentary
and volcaniclastic rocks deposited in a nearshore to shal-
low-marine shelf environment. Blakeley Formation rocks
are best exposed at low tide on the beach immediately south
of Alki Point, and in a knob protruding 15 m (50 ft) above
the uplifted beach terrace, just inland of Alki Point. At Alki
Point. bedrock ranges from steeply dipping to overturned,
and it is gently folded at the north end as it approaches a
strand of the Seattle fault. The thickness of the Blakeley
Formation cannot be accurately measured in the Seattle
area, but more extensive exposures farther east suggest
thicknesses locally may be in excess of 760 m (2500 f1)
(Waldron et al., 1962).

Rocks of the Blakeley Formation are exposed over a
wide area, but in generally poor outcrops, in the southeast-
ern part of Seattle. Outcrops along the base of the Seward
Park peninsula are particularly easily accessed. The pattern
of outcrops also follows the cast-trending trace of the
Seattle fault, reflecting continued uplift of the crustal block
on the south side.

Deep saprolite has developed on the bedrock, often
making the distinction between bedrock and Quaternary
deposits difficult since glacially overridden deposits such
as glaciomarine drift and glaciolacustrine clay are com-
monly stronger and more competent than weathered bed-
rock in the Seattle area. Weathering profiles commonly
extend ten meters into bedrock, rendering the bedrock more
“soil”"-like in behavior. Weathering effects include loss of
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strength through alteration and decomposition of cementa-
tion, fracturing, and sccondary FeO, mineralization.

‘ Quatern'élry‘ Deposits

At least seven invasions of glacial ice and intervening
nonglacial episodes in the Puget Lowland (Fig. 6) have pro-
duced a discontinuous and complicated Quaternary stra-
tigraphic record.

Strata predating the Vashon stade of the Fraser gla-
ciation (Armstrong et al., 1965) are assigned to undivided
pre-Fraser deposits (older than 14 ka), Olympia beds (fol-
lowing the time-stratigraphic nomenclature of Armstrong
etal., 1965) (14 ka to 60 ka), or pre-Olympia deposits (older
than 70 ka). Relatively little is known about the deposits
older than ca. 20,000 yr in the Secattle area because they are
largely buried by Vashon deposits or lie below sea level.
Assignment of formal stratigraphic names is limited for the
pre-Olympia deposits in Seattle because of a paucity of abso-
lute age control and an abundance of unconformities. Pre-
Vashon deposits cover ~97 of the land area of Seattle, and
most of that area is on steep slopes (Plate 2C [see footnote 17).

Pre-Olympia Deposits

Optically stimulated thermoluminescence (OSL), paleo-
magnetic measurcments, and argon/argon dating are effec-
tive tools for subdividing pre-Olympia deposits in the Seattle
area (Hagstrum et al., 2002; Mahan et al., 2003: R. Fleck,
2004. written commun.). Whidbey-age deposits, confirmed at
the south end of Magnolia Hill near sea level, are too limited
in extent to show at map scale. Reverse magnetization of a
unique character correlating with the Blake subchron (Fig. 4)
helps to identify Whidbey-age deposits in the Puget Lowland
(Hagstrum et al., 2002). Possession-age fine-grained glacio-
lacustrine deposits are exposed under 1-5 on the west side of
Beacon Hill. Both of these geologic units were recently con-
firmed in the subsurface using OSL on samples from explor-
atory boreholes for the rapid transit tunnel in the University
of Washington and Capitol Hill areas (D. McCormack and
S. Mahan, 2008, written commun.).

Two other pre-Olympia—age deposits have also been
recognized in Seattle: Hamm Creek ash and a pre-Olympia
estuarine deposit. The informally named Hamm Creek inter-
glaciation is based on ash deposits first identified in south-
west Seattle in three different stream valleys: all named
Hamm Creek (Troost et al., 2005). Argon/argon analyses
on multiple samples yielded an average age of 200,000 +
10.000 (Fleck, 2004, written commun.). The ash layers occur
in a thick nonglacial deposit that has also been identified
using OSL in other areas of the Puget Lowland (Mahan et
al., 2003: Troost et al., 2003). Pre-Olympia estuarine deposits
containing obligate species (E. Nesbitt, 2004, written com-
mun.) have been identified below the Hamm Creek deposits.
No age has been obtained on this unit.
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Olympia Beds

The Olympia nonglacial interval (Armstrong et al.,
1965) is defined as “the climatic episode immediately pre-
ceding the last major glaciation, and represented by non-
glacial strata beneath Vashon Drift.”” The type section is
at Fort Lawton at Discovery Park in Seattle (Fig. 10;
Table 1). Olympia-age deposits accumulated between ca.
65,000 yr B.P. and 15,000 yr B.P. across the Puget Low-
jand, closely approximating the limiting ages for ma-
rine oxygen isotope stage 3. Sea level during the coldest part
of the Olympia nonglacial interval (~40,000 yr ago) was
~65m (213 ft) lower than today (Lambeck et al., 2002),
so the amount of relief on the pre-Vashon topography
was perhaps 500 m (1600 ft) across the Puget Lowland
(Troost, 2006), with narrow channels and ridges and broad
troughs. Many Puget Lowland troughs are ~65 m (200 ft)
deep (Troost, 2006), consistent with the maximum low sea
level during the Olympia nonglacial interval.

Environments represented by deposits of the Olympia
nonglacial interval in the Seattle area include peat bogs,
river valleys with floodplains. low-lying areas, lakes, and
uplands. During at least part of the Olympia interval, the
eastern side of the main trough of Puget Sound hosted
north- and west-flowing streams. Macrofossil and pollen
evidence at the type section (Armstrong ¢t al., 1965) and
on the beach opposite Me Kwa Mooks Park in West Seattle
indicates a freshwater fluvial environment and climate
somewhat cooler than today. The deposit on the beach in
West Seattle consists of interbedded peat and organic silt
(Fig. 11) that can be traced inland for 2 km where it is part
of a thick unit that also contains gravel layers. The folding
seen on the beach likely records movement in the Seattle
fault zone: it could be related to paleolandsliding or glacio-
tectonic deformation.

Olympia-age paleosols have been traced in the Capitol
Hill subsurface for 2 km (Shannon & Wilson, 1999). Other
organic-bearing deposits, older than 40,000 '*C yr B.P., are
exposed just above the Lake Washington shoreline in the
northeast part of Seattle; they may reflect deposition during
the first half of the Olympia nonglacial interval or, alterna-
tively, during an older interglacial interval.

Pre-Fraser Deposits

The designation, ““Pre-Fraser deposits,” is a map unit
used where no age control is available other than that the
deposits are older than Vashon Drift, and that the deposits’
origins are indistinguishable between glacial and nonglacial.
Pre-Fraser deposits may be further subdivided by grain size.

Vashon Stade Deposits

During the Vashon stade of the Fraser glaciation
(Fig. 6). ice advanced over Seattle. The stratigraphic record
of this advance consists of proglacial lacustrine silt and clay,
advance outwash sand and gravel, till, ice-contact deposits,
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South Beach Measured Section
47.657°N 122.425°W
(adapted from Mullineaux et al., 1965)

-UPLAND SURFACE

NN
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Troost and Booth

Vashon advance outwash (Qva)

Interbedded fine and fine to medium sand,
locally interbedded with silt in the lower part

60

of the unit; includes scattered pockets of pebble
gravel and locally abundant fragments of clay
el and peat. Gray, dense to very dense, cross-
e bedded to horizontally bedded

Figure 10. Measured section of the
Esperance Sand and Lawton Clay

Elevation, meters

Lawton Clay (Qvic)

Member of the Vashon Drift at Dis-
covery Park (modified from Mulli-
neaux et al., 1965).

Clay, interbedded with silt. Gray, hard, laminated
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Olympia beds (Qob)

Interbedded sand, clayey silt, and silty clay;
scattered detrital organic material (wood, peat,

and plant fibers), pine and spruce pollen, and
fossils of the freshwater bivaive Anodonta

o ‘ oregonensis). Slightly to highly oxidized,

pinkish brown to orange. Very dense and hard.

Horizontally bedded with local cross-beds.

W-1186 18,100+ 700 “Cyr B.P.

W-1091 20,350 + 650 “C yr B.P.
W-1181 22,400 + 800 “C yr B.P.

R cl si fs ms cs gr

and recessional deposits including outwash sand and gravel
and lacustrine silt and clay (Plate 2D-2G). The Vashon ad-
vance outwash and proglacial lacustrine deposits were for-
mally named as the Esperance Sand Member of the Vashon
Drift and the Lawton Clay Member of the Vashon Drift by
Mullineaux et al. (1965). The type scction is at Fort Lawton
at Discovery Park (Fig. 10; Table 1). The Lawton Clay was
originally called the Pilchuck Clay Member of the Vashon
Drift by Newcomb (1952). Vashon till was named for excel-
lent exposures of till on Vashon Island, ~10 km west and
southwest of Seattle (Fig. 7; Table 1).

Elevations at the top of the Lawton Clay are generally
~60 m (200 ft) above sea level and show little north-to-south

cl clay

si silt

fs  fine sand

ms medium sand
cs coarse sand
gr gravel

variation since isostatic adjustments probably postdate most
of the interval of deposition. Given this elevation, only the
pre-Vashon-age valleys would have been inundated with
water and therefore received this deposition. During ice ad-
vance, however, other upland lakes were also filling with sedi-
ment. Thus, time-correlative lacustrine deposits have been
found at many elevations. Where Lawton Clay is encountered
at high elevation (i.e., >60 m), and it is part of a main valley
fill deposit, then tectonic uplift may have been involved.
Deposition of Lawton Clay marks a period of tran-
sitton from interglacial to glacial climate and hence a
change in vegetation. Wood debris is present but not com-
mon in the basc of the Lawton Clay. The mineral vivianite is
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Figure 11. Annotated photograph of doubly plunging syncline on
Boulder near center of syncline is 1.5 m high. This site is 1.5 km sout

frehte peat ed

low-tide beach across from Me Kwa Mooks Park in West Seattle.
h of Alki Point and the northern edge of the Seattle uplift. Multiple

folds are visible in 0.75 km of beach outcrop in the Olympia beds, which have been radiocarbon dated at 23,000-28,000 yr old. View is to
southwest across Puget Sound. AMS —accelerator mass spectrometry.

also present, which is a secondary mineral resulting from
the decay of organic matter in the presence of phosphate.
Often, this chalky mineral (white, oxidizing to blue) is all
that remains of organic matter. Another characteristic of
the Lawton Clay, and other glaciolacustrine deposits, is the
presence of calcareous concretions.

The term Esperance Sand was first used to describe the
sand below the Vashon till in Snohomish County as having
both an advance outwash origin and perhaps an older, pre-
Vashon source (Newcomb, 1952). The term Esperance Sand
was further defined to mean the Vashon advance outwash,
the formal name first given to a distinctive sandy facies
exposed in the cliffs of Fort Lawton (Mullincaux et al.,
1965). This glaciofluvial deposit prograded in front of the
advancing Vashon-age ice sheet, filling the lowland valleys
and covering all but the bedrock promontories in the Puget
Lowland (Booth, 1994). Outcrops of the Esperance Sand
display evidence of braided and high-energy streams, deltas,
and lacustrine environments. Deep channels cut into the
underlying Lawton Clay (or older deposits) filled with ad-
vance outwash are present throughout Seattle, and they do
not always coincide with the locations of previous channels
or of modern valleys.

The advance outwash is predominantly permeable,
clean. uniform sand. It is also the most voluminous deposit
in Seattle. Where it rests on fine-grained material, ground-
water accumulates, often emerging from hillsides in the
form of springs and seeps.

Sandy advance outwash underlies most of the area,
ranging in thickness from a few meters to 60 m (200 ft).
Thick advance outwash is present under ~50% of the hills
in Seattle, and elsewhere Vashon deposits drape pre-existing
hills (Troost, 2006). Advance sand is now recognized at the

ground surface across ~17% of the land surface of the city
(Plate 2D [see footnote 1]), which is substantially more than
the 11% mapped by Waldron et al. (1962).

Vashon till, formed at the base of the Puget Lobe,
is predominantly a massive matrix-supported mixture of
gravel, sand, and silt. Cobbles and boulders are present
scattered throughout the till; however, boulders more than
3m (10 ft) in diameter are uncommon. Till is present at
the surface over ~40% of the city, commonly draping
the topography. and even extending to below sea level.
Based on >20,000 borings that penetrate the Vashon till,
thickness varies from 1 to 30 m (3-100 ft) thick, averaging
~10 m.

The distribution of till across the landscape is neither
regular nor continuous, even in drumlinized terrain (Troost
et al.. 2005): rather. it displays wide variations in thickness
and has broad areas with no apparent deposition at all.
Such patterns are well displayed across the geologic map
of Seattle, particularly in areas of northwest and west
Seattle. The surface underlain by till is locally fluted, with
elongated hills displaying a prominent, north-south orienta-
tion. However. the surface underlain by Vashon advance
outwash is also locally fluted, so this is not a reliable pre-
dictor of the presence of till, but it is a good indication of the
type of outwash present, advance or recessional. The long
axes of these drumlins and fluted topography record the ice-
flow direction (Fig. 8).

Vashon till mantles the landscape and drapes the
underlying topography, following slopes down to (and
below) sea level, as seen in the west-central and east-central
parts of the city. It rests both conformably and unconform-
ably on the underlying outwash and unconformably on the
pre-Vashon topography (Plate 2D-2E).
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Where present at the surface, the till provides a low-
permeability cover to underlying aquifers, reducing re-
charge but also offering some protection from surface
contaminants. Abundant discontinuities within the till
can increase its permeability by several orders of mag-
nitude, however, allowing faster transmission of water
and contaminants than the unfractured till matrix. De-
pending on subglacial conditions, the discontinuities may
consist of intercalated sand and silt layers, joints, and/or
bedding. Vashon till commonly contains sand lenses and
fractures; outcrops of till without sand lenses and frac-
tures are rare. Voids, reported by consultants and exca-
vating contractors at 2-8 m in diameter, are uncommon
in the till and presumably came from the melting of
buried blocks of ice. W. Laprade (2004, personal commun.)
reported that on the lee sides of drumlins in Seattle, Vashon
till contains an abundance of sand bodies (Troost et al.,
2004).

Subhorizontal to vertical joints are common in the
Vashon till. Many primary and secondary processes create
joints in till, including isostatic loading and unloading, gla-
ciotectonic deformation, subglacial shearing, dewatering,
frost-cracking and weathering, tectonic deformation, and
stress release from adjacent landsliding (McGown and Der-
byshire, 1977).

Ice-contact and recessional deposits are common in
Seattle, constituting 12% of the map area (Plate 2F).
Many of the recessional deposits occupy channels that are
interconnected, particularly in the southeast part of Seattle.
These interconnected channels also tie into former glacial
lake elevations and often contain peat deposits where lakes
have evolved to bogs. Rainier Valley in southeast Seattle is a
good example of a former recessional lake channel that is
filled with 18 m (60 ft) of soft silt and clay and contains
isolated peat deposits. Kettle lakes occupy depressions once
filled with blocks of ice; Green and Haller Lakes are good
exémples (Plate 2F).

The origin of the northwest-trending ship canal valley
(Fig. 8) is unknown. However, its orientation parallels that
of many other northwest-trending valleys, beach cliffs, and
stream bends. This northwest strike is perpendicular to the
direction of the subducting Juan de Fuca plate, consistent
with the northwest-trending folds in the Eocene bedrock,
and parallel to the Southern Whidbey Island fault zoné and
other major faults that cross Washington State, suggesting
that bedrock structure may be reflected at the ground sur-
face. More significantly, the natural segment of the ship
canal aligns with the ice limit during the maximum extent
of Lake Russell (Fig. 2). Depressions (Fig. 8) line the valley
bencath the postglacial fill, suggesting that these depres-
sions were scoured subglacially or as part of a subglacial
trough during ice occupation. Other valleys in Seattle
exhibit these same types of depressions.

Holocene Deposits

Since deglaciation, deposition includes alluvium, beach
deposits, lake deposits, peat, topsoil development, collu-
vium, landslide debris, and artificial fill (Plate 2F-2H).
On the upland surface, soil formation has proceeded slowly
but with locally profound hydrologic consequences. The
upper meter or so beneath an undisturbed surface usually
consists of a poorly to well-developed A horizon underlain
by silty weathered parent material. Unweathered Vashon
till absorbs water only very slowly; in contrast, the meter
or so of soil that has developed on the till since deglaciation
has high infiltration capacities and a large capacity to store
and slowly release subsurface runoff.

Colluvium. A few centimeters to several meters thick, collu-
vium covers nearly all of the slopes in Seattle. Colluvium is
derived from creep and weathering; hence, it is a mixture of
local materials. Colluvium and mass-wasting deposits are
widespread, though seldom thick or continuous enough to
map. However, where repeated landsliding has obscured the
underlying geology and topography and discrete landslides
are hard to differentiate, colluvium has been mapped
(Plate 1, overprint pattern). This material is often unstable
on steep slopes during repeated rainfall episodes.

Landslide Debris. Small landslides (<8 m across) are com-
mon on steep slopes; they consist of slumps and earth flows
caused chiefly by wetting/saturation from heavy rainfall,
surface erosion during long periods of rain, and (or) spring
sapping. The large landslides that are the primary subject
of this volume are found preferentially where subglacial
erosion or wave erosion, stream erosion, or human activity
has created steep slopes. They are enhanced wherever per-
meable deposits, most commonly Vashon advance out-
wash, overlie less permeable deposits that perch ground-
water (Tubbs, 1974). They are also more common where
groundwater flow is localized at the face of steep slopes,
which is the topic of another chapter in this volume.
Where landslides are young enough that debris and distinct
morphology can be outlined on a map, the deposits are
mapped using an overprint pattern (Plate 1). Landslide
debris is also potentially unstable when it rests on a steep
slope and becomes saturated. In many areas of Seattle,
landslide deposits are known to exceed 20 m in thickness.

Artificial Fill. The landscape of Seattle has been signifi-
cantly impacted by placement of fill and excavation during
the early part of the century. Galster and Laprade (1991)
presented an excellent description of the major fill and land
modification events that have taken place in Seattle. For
that reason, only a brief summary will be described here.
The geologic map (Plate 1) shows different types of modi-
fied land as overprints, allowing the underlying geologic
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unit to be seen (Figs. 9A and 9B). Most of the land surface
of Seattle has been altered in some way, if only for houses,
fandscaping, and streets. This ubiquitous but small amount
of modified land is not mapped. even though it is enough to
mask fault scarps.

Several scales of filling. landfilling, excavation, grading,
and regrading are present in Seattle (Plate 2H). The “‘mega-
scale events” took place from 1878 through the 1930s. and
these include: regrading, and sluicing away of, Denny Hill,
reclamation of the Duwamish tide flats, fill placement for
the railroads. excavation for the Lake Washington ship
canal, straightening of the Duwamish River into the Du-
wamish waterway by the U.S. Army Corps of Engi-
neers, excavation of the Montlake cut and ship canal, and
sluicing of the Dearborn cut (Morse, 1989). The *‘large-
scale events™” took place in the early to mid-1900s. and these
include the construction of I-5 (19601966 inside city limits)
and 1-90, and many of the downtown buildings and shop-
ping centers. Many “medium-scale events” took place
throughout the 1970s for development of the city; these
include the formation of landfills, and the placement of fil
over bogs and soft ground to build shopping centers, parks,
and schools. Many “small scale-events” include filling of
the upper ends of gullies and ravines to provide more build-
able land and extend yards and roads.

Prior to the excavation of the Montlake cut and the Lake
Washington ship canal (Fig. 3). connecting Lake Washing-
ton to Lake Union, the clevations of the lakes were 9.1 m
(30 ft) and 6.4 m (21 f). respectively (Chrzastowski, 1983).
When this project was completed by the U.S. Army Corps
of Engineers in 1916, the level of Lake Washington was
lowered by 3 m (10 f). Several arcas of bogs and soft
ground were exposed when the lake was lowered, including
Matthews Beach, Magnusson Park. south of University
Village, Foster Island, Genesce Park. Atlantic City Park,
and Lakeridge. Construction debris and other garbage were
dumped on some of these low-lying arcas, in particular, the
area south of University Village and the Genesee playfields
area.

Approximate reconstructions of Denny Hill and the
north end of Beacon Hill (Plate 2K) can be made by evalu-
ating construction records from the regrade activities,
including sluicing and excavations (Morse, 1989; Beaton,
1914: Morse, 1928). These reconstructions show that Just
over 33 m (107 ft) were removed at the highest point
of Denny Hill. which was south of Blanchard and 4th
Avenue. In all. an arca of 62 city blocks was affected. and
4.5 million m* (6 million yd”) of drift were removed by pick
and shovel. sluicing, and electric shovel (Galster and
Laprade, 1991). Beacon Hill was originally continuous with
First Hill at about elevation 52 m (170 ft) (Plate 2K) prior
to the Beacon cut in 1907 -1912, which was accomplished by
sluicing material into the Duwamish tide flats to reclaim the
tideland. The cut is ~27 m (90 ft) deep, exploiting an ori-
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ginal low area along the hilltop, and it connects Rainier
valley with the downtown and waterfront area, the original
goal of then-city engineer R.H. Thomson.

Morse (1989) provided a summary of methods, con-
tractors, politics, and geographic changes that occurred as
4 result of these and other monumental regrade projects in
the city of Seattle. According to Morse (1989), ravines along
Westlake and Fairview Avenues were filled in 1907 and
1908 in an effort to make the city more transportation
friendly; combined, this required more than 88,000 m®
(115,000 yd*) of material. Material removed during the re-
grades was placed in several areas: offshore in Elliott Bay
(as much as 23m [75 ft] thick: Morse, 1989), in the tide
flats to reclaim the land (up to 12 m [40 ft] thick), on
the waterfront to create land (up to 9 m [30 ft] thick), and
along city streets to improve street grade (6 m [20 ft] com-
mon).

Much of the fill that was placed prior to the 1970s was
not monitored for quality of materials or degree of compac-
tion and therefore is of variable density and composition.
Often, garbage and construction debris was used to fill
ravines. Fill thickness and composition vary across the city.
The presence of fill and fill/grading type are shown as over-
prints on the geologic map (Plate 1). Generally, fill is
thicker in young valleys and on young geologic landforms
where fill has been added to make an otherwise less suitable
foundation material more suitable. Several landfills were
also mapped based on identification of garbage in the bore-
hole data.

FINDINGS OF THE NEW MAPPING

The following is a summary of the major findings
resulting from the new geologic mapping and interpreta-
tions of the geology of Seattle.

Glacial Channels

The Duwamish River valley is a former subglacial
trough and as such has an irregularly shaped bottom with
depressions and ridges (Plate 2L [see footnote 1]). It filled
postglacially with a combination of reworked outwash then
with estuarine sediment from the north and alluvial sedi-
ment from the south, topped with reworked lahar deposits.
Other large glacial channels have depressions lining their
bottoms. for example, the northwest-southeast ship canal
valley. These depressions make estimating the depth to gla-
cially overridden material difficult when the depth can vary
by as much as 30 m (100 ft) in short horizontal distances.

Channels similar to those present on the modern land-
scape are known to occur in the subsurface, often in seem-
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ingly random locations. For example, Shannon & Wilson
(1999) found that a northwest-trending Vashon advance
outwash sand-filled channel cuts through the north end of
Capitol Hill. It rests upon a pre-Vashon sand-filled channel.
The ground surface at the top of the hill belies the presence
of these stacked channels.

Paleotopography and Unconformities

The modern topography is a good analog for the general
characteristics of the paleotopography of previous intergla-
cial periods—not every hill and valley has remained fixed in
space, but the general organization of topographic elements
and relief appear to be consistent. Multiple unconformities
exist i the subsurface due to multiple dynamic periods of
glacial occupation and long interglacial periods. The amount
of relief on any of the paleotopographic surfaces could be as
much as 500 m (1600 ft), a scale that is similar to that of the
modern landscape. Steep angular unconformities should be
expected, and they are well-documented in the subsurface
and at outcrops throughout Seattle. Half of the hills in
Seattle have thick Vashon-aged deposits and half are stmply
draped by thin Vashon-aged deposits.

Deposits

The sequence of glacial deposits is predictable, but long
intervals of geologic time are commonly unrepresented by
deposits in any given exposure or subsurface exploration.
Lateral facies changes are common, and the locations are
not predictable, except at the scale of the entire lowland
itself. The distribution of till across the landscape and in
the subsurface is neither predictable nor continuous. The
spatial distribution of interglacial deposits is particularly
problematic because we typically have no prior knowledge
of the paleotopography.

Thick channel deposits are common in the subsurface:
former subglacial troughs have been typically filled with silt
and clay from subsequent proglacial lakes or by alluvial or
volcanic silt, sand, and lahars; ice-recessional channels can
be filled with coarse gravel and cobbles, gravel, sand, or silt.
Every ravine, lake basin, stream and river channel, glacial
flute, and subglacial trough will be filled during subsequent
glaciations, giving rise to numerous buried “channels.” Like-
wise, paleohills are common in the subsurface, but they may be
cored with coarse-grained advance outwash or fine-grained
proglacial lacustrine deposits of a previous glaciation, with a
variety of interglacial deposits, or with a mix of deposits.

Some of the hills in Seattle are almost entirely cored by
outwash sand, while others are cored by overconsolidated
silt/clay; these differences are likely to affect earthquake-
shaking amplification.

Distribution of Surficial Map Units

Across the surface of Seattle, beneath the fill, landslide
debris, and colluvium, the distribution of geologic materials
is as follows, based on the mapping by Troost et al. (2005):
Holocene deposits 16%, Vashon deposits 72%, pre-Vashon
deposits 9%, bedrock 3%. This differs in distribution from
the 1962 map by Waldron et al. in several ways (Table 4).
The most striking difference is that more pre-Vashon depos-
its were identified on the 2005 map by some 3000%.

One way to quantify the differences between the two
maps is to compare the distribution within the Vashon
deposits. More recessional and advance outwash and less
till and Lawton Clay were mapped on the 2005 map than on
the 1962 map. This difference in less till and more outwash
is a common finding with the new era of geologic mapping.

Another way to quantify the differences between the two
maps is to compare the distribution by lithologic parameters,
such as the percentage of glacially overridden material
(GOM), and also grain size (Table 4). As would be expected
given the previous statement about outwash and till, more
sandy material and less fine-grained material is mapped on
the 2005 map (Plate 2M). With respect to non-overconsoli-
dated deposits, the new map depicts 122% more recessional
and postglacial deposits than the 1962 map (Plate 2F).

New Map Units

Several new geologic units have been identified in the
Seattle area as a result of renewed interest in geologic map-
ping in the region and, hence, resources for geochronology.
Both the Whidbey Formation and the Possession Drift have
been confirmed in the Seattle area. In addition, a new geo-
logic unit was identified, the Hamm Creek interglacial unit
at ca. 200,000 yr. Somewhat younger than this, there is an
estuarine deposit of an unknown age with obligate estuarine
shells. Certainly, other named geologic units are present in
the subsurface.

CONCLUSIONS AND IMPLICATIONS

Seattle has a rich geologic history complete with an
active tectonic setting, active crustal faults, and multiple
glaciations, all of which have left a variety of deposits at
the surface and in the subsurface.

The distribution of Quaternary deposits in Seattle at a
regional or local scale is controlled by unconformities and
discontinuities, and their locations cannot be predicted
without direct observation. Neither deductive nor inductive
reasoning gives much basis to make predictions in the
absence of site-specific data. About 50% of the hills in the
Puget Lowland are cored with pre-Vashon-age deposits,
and 50% are cored with Vashon-age deposits. In such an
environment, there is no substitute for site-specific data.
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TABLE 4. COMPARISON OF DISTRIBUTION OF GEOLOGIC MATERIALS BETWEEN 2005 AND 1962 GEOLOGIC MAPS OF SEATTLE”

1962 map %*

Comment

Unit ' 2005 map %! Difference %5

Holocene depasits 16 94 17
Vashon deposits 72 90 80
Pre-Vashon deposits 9 3000 0.3
Bedrock 3 111 27
Qur + Qui 12 200 6
Qvt 41 73 56
Qva 17 147 11.6
Qvic 25 38 6.5
Non-GOM 28 122 23
GOM 72 94 77
Fine-grained deposits 49 78 63
Intermediate/interbedded 19 559 3.4
Coarse-grained deposits 32 128 25
Unknown grain size - na 8.5
m 19.7 232 8.5
Qls 5.3 3786 0.14
Qmw 3.6 3600 -

Postglacial deposits, includes 8.5% mapped as modified land on the
1962 map

Qur—Vashon recessional outwash; Qvi—Vashon ice-contact
deposits
Qvt—Vashon till
Qva—Vashon advance outwash, aka Esperance Sand
Qvlc—Lawton Clay

Non-GOM—not overridden/compacted by the Vashon glacier
GOM—glacially overridden material

Includes bedrock

Includes the area mapped as modified land on the 1962 map

M—modified land; all fill (af) and modified land types were combined
for this category; these are mapped as overprints on the 2005 map
Qls—1landslide debris or landslide, mapped as a geologic unit on the
1962 map but as an overprint on the 2005 map
QOmw—mass-wastage deposits, mapped as an overprint on the
2005 map

*Troost et al.
tAs a percentage of land area, exclusive of area covered by lakes.
$Difference from 1962 to 2005 map in percent.

#As a percentage of land area, exclusive of area covered by lakes.

(2005), Geologic Map of Seattle, and Waldron et al. (1962), Preliminary Geologic Map of Seattle.

Our knowledge of the geology of Seattle has expanded
exponentially in the last decade for several reasons: im-
provements in tcchnology. unprecedented expenditures on
geologic mapping and hazards investigations, collaboration
between rescarchers and consultants, and data sharing.
Data sharing substantially improves new geologic mapping
and our collective understanding of the geology of a region.

Many questions remain about the geology of Seattle.
More absolute ages are needed, as are simple techniques
for identifying glacial versus nonglacial deposits. Research
is ongoing into to the geomorphic, tectonic, stratigraphic,
and chronologic situation of the Seattle area and the Puget
Lowland.
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