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INTRODUCTION

ABSTRACT

The Oakville and Rainbow Falls quadrangles straddle Lewis, Thurston, and Grays Harbor Counties west of
Washington’s economically vital Interstate 5. This new map supports private and public resource management with
insights into geologic deposits, structures, and hazards. Field- and lidar-informed mapping improves identification
of landslides and other deposits. Fault architecture is interpreted from field observations, new gravity data, and,
for most faults, modeling of magnetic and gravity anomalies. Abundant landslides in sedimentary rocks between
the Doty and Scammon Creek faults mostly mask bedding orientations. New detrital zircon U-Pb analyses support
stratigraphic revisions, notably including: (1) recognition of Miocene sedimentary rocks along the western map edge
and (2) the combination of the Eocene nearshore Skookumchuck and marine McIntosh Formations into a single
marine-to-deltaic unit. New geochemical analyses support mapping basalt as Crescent Formation in the Black Hills
and near the confluence of Independence Creek and the Chehalis River; basalt in the Rainbow Falls quadrangle
is the Sentinel Bluffs Member of the Grande Ronde Basalt (Columbia River Basalt Group). Geochemical traits of
volcaniclastic pebbles in Wilkes Formation sampled near the western map edge and Astoria(?) Formation sampled
near the eastern map edge suggest derivation from a mix of Crescent Formation and younger alkaline forearc
lavas, both exposed west of the map area. Glacial outwash from the Vashon Stade of the Fraser Glaciation, and at
least one earlier Cordilleran ice incursion, raised the Chehalis River valley floor in the Oakville quadrangle and
caused aggradation in tributary valleys. The outwash and younger alluvium provide ample gravel resources and a
productive aquifer that is sensitive to contamination.

The principal land uses in the Oakville and Rainbow Falls
quadrangles are forestry in the hills and agriculture in the valleys.
The main population centers are located along the Chehalis
River valley in the Oakville quadrangle. These include the city
of Oakville and unincorporated residential areas southeast of
Oakville, including the Chehalis Reservation.

This map has greatly benefitted from prior, smaller-scale
mapping which focused on coal resource potential (Snavely and
others, 1958), water resources (Wallace and Molenaar, 1961;
Weigle and Foxworthy, 1962; Noble and Wallace, 1966), and
geology (Pease and Hoover, 1957; Logan, 1987; Walsh and
others, 1987; Wells and Sawlan, 2014).

Our mapping efforts focused on characterization of geologic
hazards, including potentially active crustal faults as well as

the role the area might play in the ongoing seismotectonics of
the region. Mapping also improved identification of landslide
areas. New stratigraphic insights led to a combination of the
Skookumchuck and McIntosh Formations into a single map
unit, and we newly recognized Miocene sedimentary bedrock
along the western side of the map area. We further assessed
subsurface geology and mapped distributions and locations of
possible aggregate resources.

GEOLOGIC OVERVIEW

The entire map area is drained by the Chehalis River, which
runs east across most of the Rainbow Falls quadrangle near the
southern map edge before exiting to the south. It then reenters
the map area farther north to meander west across the Oakville
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quadrangle. The principal tributaries in the map area include,
from north to south: Black River, Independence River, Lincoln
Creek, and Bunker Creek.

The oldest exposed rocks in the map area are lower Eocene
Crescent Formation basalt of the Siletzia terrane (Wells and
others, 2014; Eddy and others, 2017), which was accreted to North
America during the early Eocene (Eddy and others, 2016, 2017).
In the map area, Crescent Formation is exposed in the Black
Hills near the northern map edge and in the southern center of
the Oakville quadrangle near the confluence of Independence
Creek and the Chehalis River.

Sedimentary rocks within the map area document a
transition from mostly marine early Eocene to mostly terrestrial
later Eocene conditions, interpreted from transitions in the fossil
record and sedimentary characteristics. The Lincoln Creek
Formation documents a return to marine conditions from the
latest Eocene through earliest Miocene. Miocene rocks document
another transition from marine to terrestrial conditions, with
early deposition of the marine Astoria(?) Formation followed by
mostly terrestrial deposition of the Wilkes Formation.

Alpine glaciation of the Cascade Range produced Pliocene
to Pleistocene outwash gravel that was deposited in lowlands
west of the Cascade Range and is now found in some eastern
sections of the map area.

The lower reaches of valleys are filled with Quaternary
sediments, including: nonglacial alluvium, outwash from at least
two incursions of Cordilleran ice masses that moved south into
the Puget Lowland northeast of the map area, and alpine glacial
and nonglacial sediments derived from the Cascade Range.
These deposits fill the main stems and larger tributary valleys
of the Chehalis and Black Rivers and Independence, Lincoln,
and Bunker Creeks.

Fault-bounded uplift of the Black Hills and Lincoln Creek
blocks (Fig. M1) has exposed Eocene rocks. Late Eocene and
younger deposits are exposed mostly in adjacent basins. Apparent
onlapping of younger Eocene sedimentary rocks onto older
Eocene volcanic rocks implies Eocene paleo-topography that
suggests the uplifted blocks and basins formed at least partly
during the Eocene. The present structural setting has been
interpreted mainly in the regional context of Miocene—present
clockwise block rotation (Beck, 1984; Wells and others, 1998;
Lewis and others, 2003; Wells and McCaffrey, 2013), which has
led to north—south shortening in and near the map area (Wells
and others, 1998; Johnson and others, 2004; McCaffrey and
others, 2013).

METHODS
Geologic Mapping

We identified units from field observations in the Oakville and
north half of the Rainbow Falls quadrangle in the summer and
fall of 2019, and in the south half of the Rainbow Falls quadrangle
in the summer and falls of 2018 and 2019. We collected field data
and constructed preliminary field-based maps using ArcMap
and ArcCollector. Most outcrops were small and weathered
so measured features (bedding, joints, or shears) could not be
traced beyond individual outcrops. We refined the field mapping
through analysis of well and boring records, geotechnical reports,

geophysical data, petrographic review of thin sections, prior
geologic mapping and studies, aerial orthophotos, and geomorphic
features identified from lidar. We used a lidar-based digital
elevation model (DEM) with a 2-m grid resolution to estimate
site elevations and derive hillshade images, contours, and other
products. Edge mismatches with the adjacent Rochester and
Adna quadrangles (Polenz and others, 2019; Sadowski and
others, 2019) are intentional and are based on insights from our
latest mapping endeavors. We used the geologic time scale of
the United States Geological Survey (USGS) Geologic Names
Committee (2010). Where that scale lacked Epoch subdivisions,
we referred to Walker and Geissman (2009).

Geophysics

We supplemented Lau and others’ (2018) isostatic gravity map
with new gravity stations where existing data were relatively
sparse or particular questions warranted a denser data set (for
example, along previously mapped but not well understood faults).
We applied a horizontal gradient filter to the isostatic gravity
grid and used an algorithm to select linear maxima (“max spots”;
Fig. M1). Washington Geologicl Survey (WGS) geophysicists
used these new gravity data, recent USGS aeromagnetic data
(Blakely and others, 2020), new WGS ground magnetic data,
and 120 recent WGS rock density measurements to develop a
potential field geophysical map for the map area (Fig. M1). We
also modeled gravity and magnetic potential field profiles along
lines A—A' to D—D’ near the map area (Anderson and others,
2019) and E-E' within the map area (Fig. M1). These geophysical
data and analyses supplemented our interpretations.

DESCRIPTION OF MAP UNITS

Holocene to Pleistocene
Nonglacial Deposits

af Artificial fill (Holocene)—Cobbles, pebbles, sand,
silt, clay, and boulders, all in various amounts,
engineered and non-engineered; placed to raise
roadbeds and other surfaces. Excludes small or
shallow fills (less than 5 ft deep) such as most
road-related deposits.

ml Modified land (Holocene)—Locally derived soil,
cobbles, pebbles, sand, silt, clay, and boulders, all in
various amounts, reworked by excavation and (or)
redistribution that modified topography; includes
gravel pits and other developments. Excludes small
or shallow reworking such as most residential site
preparation and road-related modifications with
excavations or deposits less than 5 ft deep or thick.

Qls Landslide deposits (Holocene to Pleistocene)—
Sand, silt, clay, pebbles, cobbles, and boulders,
all in various amounts, derived from units
upslope; weathering varied; particles angular
to rounded; typically loose, unsorted, and jum-
bled; locally stratified in blocks; mostly mapped
from landforms expressed in lidar (for example,
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hummocky terrain, deranged and disrupted drain-
ages, disrupted or irregular slopes, tilted benches
in hillsides, concave upper and convex lower slope
forms); common in all sedimentary rock units but
pervasive in those of Eocene age.

Peat (Holocene to Pleistocene)—Peat, gyttja, muck, silt,
clay, and sand in wetland areas and other flat-bottomed
depressions, commonly crescent shaped in relict alluvial
channels; mostly mapped from landforms expressed
in lidar (for example, hummocky terrain, deranged
and disrupted drainages, disrupted or irregular
slopes, tilted benches in hillsides; concave upper and
convex lower slope forms) coupled with water-loving
vegetation and (or) wet conditions revealed in aerial
true color and infrared photos and lidar.

Alluvium (Holocene to Pleistocene)—Floodplain
and channel sediments of pebbles, cobbles, boulders,
sand, silt, clay, and peat, all in various amounts;
gray to pale gray and brown to pale brown, weathers
brown, orange, red, and yellow; generally fresh to
mildly weathered but locally supplemented with
proximally derived, weathered particles; loose;
mostly well-rounded and moderately to well-sorted;
lithologically varied, especially in the shared
floodplain of the Chehalis and Black Rivers within
the Oakville quadrangle where glacial outwash
and the Chehalis River have contributed distally
sourced rocks. In the Chehalis River valley between
Rochester and Oakville, well records constrain total
alluvial thickness, but that may include units Qa,
Qoa, Qgo, and Qpog. Total alluvial thickness is 117
ft above shale bedrock at well W11 in the center of
the valley near the eastern map edge, and Qa is likely
only part of that. A 113-ft surface elevation at that
location indicates that alluvium extends to slightly
below contemporary mean sea level (msl). At least
161 ft of alluvium reported by Sinclair and Hirshey
(1992) in a different well about 1.4 mi north of well
W11 indicates a base of alluvium close to 40 ft below
msl. The base of alluvium below msl implies that
either the lower part is glacial outwash (deposited
when sea level was lower), or the valley floor has
been lowered (by tectonics or isostasy) since the
onset of alluvial deposition. The alluvium in this
part of the Chehalis River valley forms a highly
permeable and productive, generally unconfined
aquifer. These traits render the aquifer sensitive to
pollution and the surface prone to drought.

Unit Qoa includes alluvial deposits that appear
to be no longer receiving sediment. Bretz (1913)
contended that well records indicate at least 75 ft
of Chehalis valley floor aggradation by Vashon
proglacial outwash at Centralia a few miles east of
the map area; he suggested that tributary valleys
responded by ponding and aggrading with locally
derived sediment. Many benches along the sides of

Lincoln Creek Valley, and a few in Independence
Valley, rest about 1025 ft above the modern valley
floor, just like outwash terraces in the Chehalis
River valley rise about 10-25 ft above the adjacent
valley floor (Fig. 1). In addition, slope breaks at a
similar height above the valley floor commonly
separate relatively smooth and gentle, lower slopes
from steeper and mostly rougher slopes above.
These patterns suggest terraces that appear to
support Bretz’s inference of tributary ponding and
aggradation, and the benches are tentatively mapped
as (queried) unit Qoay.

Unit Qoa2 identifies a set of older, more
elevated benches on the south side of Independence
Valley. Observed exposures of unit Qoa2 revealed
clay soil with isolated, small fragments (<1 cm) of
locally derived sedimentary rock—consistent with
strongly weathered alluvium, but an alluvial origin
remains speculative, and all polygons of unit Qoa2
are therefore queried. The clayey soil development
in unit Qoa2 indicates that the deposits are older
than Qoa1, and probably older than most or all of
undivided unit Qoa. Undivided unit Qoa is mapped
where relict alluvial deposits have not been tied to
either age grouping.

Qaf Alluvial fan (Holocene to Pleistocene)—Silt,

Qoaf sand, and gravel, all in various amounts, in broad,
concentric lobes where narrow drainages spill out
onto a broader, flatter valley floor; gray to brown;
loose; subangular to rounded; moderately to poorly
sorted; stratified to unstratified. Mostly mapped
from fan-shaped landforms expressed in lidar. Unit
Qoaf identifies relict deposits that no longer receive
sediment.

Pleistocene Glacial Sediments

LATE PLEISTOCENE CONTINENTAL
GLACIAL DEPOSITS

The Cordilleran ice sheet entered the Puget Lowland from the
north during the late Wisconsinan Vashon stade (marine oxygen
isotope stage 2, MIS!) and earlier glaciations. The Puget lobe
at the southern tip of the ice reached its southern terminus a
few miles cast of the map area (Upham, 1904; Bretz, 1911;
Lea, 1984; Polenz and others, 2018, 2019) during the Vashon
and at least one earlier ice advance. Outwash (glacial meltwater

I MIS: global marine oxygen isotope stage curve, where
even-numbered stages are used as a proxy for timing and
intensity of global glacial periods (Morrison, 1991). For
discussion of corresponding Cordilleran ice sheet advances
into the Puget Lowland, see Booth and others (2004), Troost
and Booth (2008), Polenz and others (2013, 2015), and Troost
(2016). For timing of the MIS 2 ice advance into the map area
at the southern limit of the Vashon glaciation, we refer to
Polenz and others’ (2015) fig. 3 and discussion, although the
southern tip of their fig. 3 should have been extended south of
Olympia to the Vashon ice limit south of Scatter Creek.
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transported alluvium) is the only drift in the map area. Wallace
and Molenaar’s (1961) reference to “Till (?)” in a well record
0.25 mi west of Helsing Junction at or near the east edge of the
Oakville quadrangle probably refers to a debris flow deposit,
such as has been suggested in association with Vashon outwash
east of the map area (Pringle and Goldstein, 2002; Parker and
others, 2008; Pringle and Goldstein, Centralia College and Univ.
of Puget Sound, respectively, written commun., 2018).

Field observations of outwash in the map area support the
expectation that it resembles outwash documented in greater
detail east of the map area, where deposits from successive
Cordilleran ice advances (hereafter “northern-sourced” drift)
largely resemble each other in lithology and structure. The
provenance of the northern-sourced drift is mainly northwest
Washington, British Columbia, and the Cascade Range (Polenz
and others, 2019).

The Vashon-age Puget ice lobe was divided at its southern
end into a western (Olympia) and eastern (Yelm) lobe (Bretz,
1913; Noble and Wallace, 1966; Walsh and Logan, 2005). Polenz
and others (2019) inferred similar lobes for earlier ice advances
and documented that clast assemblages associated with the
Olympia lobe contain 30—60 percent basalt and 15-35 percent
intermediate igneous and granitoid rocks, 5-25 percent quartz
and chert, and 2—-13 percent metamorphic rocks, whereas clast
assemblages associated with the Yelm lobe tend to contain more
intermediate igneous rocks (22—46%) at the expense of quartz,
chert, basalt, and metamorphic rocks. Polenz and others (2019)
further documented that the older drift is generally more weath-
ered than Vashon drift, and that weathering of clasts within the
older deposits is more varied than in Vashon drift—except where
waterlogging or burial impeded weathering.

Qgo Vashon proglacial outwash, undivided—Pebble
gravel, locally cobbly; less commonly pebbly sand
or sand; well-sorted and clast-supported, locally
with matrix and interbeds of silt and sand; localized
diamictons not observed but suggested by a well
record at or near the eastern map edge (Wallace
and Molenaar, 1961) and observations east of the
map area (Pringle and Goldstein, 2002; Parker and
others, 2008; Polenz and others, 2018; Pringle and
Goldstein, Centralia College and Univ. of Puget
Sound, respectively, written commun., 2018); gray
to pale gray, or mildly weathered to pale brown,
brown, or variegated with iron stains; loose and
commonly cohesionless; well-rounded to sub-
rounded; moderately to well-sorted; faintly bedded
or lacking bedding; lithologically diverse (see Late
Pleistocene continental glacial deposits above).

Unit Qgo forms inselbergs of relict alluvium
that typically rise 10-25 ft above the younger
alluvium of the surrounding Chehalis River valley
floor (Fig. 3). They record an interlude of proglacial
valley floor aggradation that also ponded tributary
valleys (Bretz, 1913). Unit thickness exceeds 25 ft
based on that terrace height. Within the Oakville
quadrangle, well records on the eastern map edge
(S2 and two nearby wells interpreted by Sinclair

Qpog

and Hirshey, 1992; well W11) and near the western
map edge (well W7) suggest similar thicknesses of
alluvium (~120-160 ft) across the Chehalis River
valley. But not all of this alluvium is Qgo, it also
includes alluvial unit Qa and may include unit Qpo.

Unit Qgo forms flat to gently undulating
surfaces, and together with units Qa and Qpog
hosts a productive aquifer that is highly permeable,
very well drained, generally unconfined, and thus
sensitive to pollution; these traits also leave the
surface prone to drought. Unit Qgo probably forms
most of this aquifer because when the advancing
Cordilleran ice first dammed the Strait of Juan
de Fuca, thereby routing meltwater south into
the Chehalis River valley, the Puget Lowland
formed a proglacial sediment trap (Booth, 1994).
Consequently, meltwater that entered the Chehalis
River basin initially carried no bedload. Meanwhile,
global sea level during the glaciation was lower
than present-day sea level, and the voluminous,
sediment-starved meltwater therefore had
considerable erosive power in the Chehalis River
valley and may have scoured the valley to below
contemporary mean sea level (see also unit Qa).
The fact that unit Qgo later aggraded to above the
post-glacially active valley floor suggests that unit
Qgo constitutes most of the alluvium in the valley.

A lack of channel meander landforms in unit
Qgo (easily missed in the field but clearly expressed
in Figure 1) coupled with mostly pebbly exposures
on the Qgo surfaces suggests that unit Qgo was
deposited in a braided(?) geomorphic setting that
differs from the modern flood plain and meandering
channel environment. We suggest that this braided
outwash deposition was coupled, at least episodi-
cally, with much greater than modern discharge
volumes that may, at times, have filled the width of
the valley. That inference is supported by: bouldery
outwash gravels in well records and some exposures
in and east of the map area, the large volume of
Cordilleran ice that filled the Puget Lowland, and
episodic and historic observations of cataclysmic
proglacial meltwater floods (jokulhlaups) elsewhere
on earth. There is also ample evidence for similar
or larger proglacial floods in the geologic record,
including the Missoula floods in Washington state,
and other paleohydrologic arguments based mostly
on evidence east of the map area.

The age of unit Qgo corresponds to the Vashon
ice advance into the Puget Lowland between about
18 and 15.3 ka (see discussion and fig. 3 in Polenz
and others, 2015). Unit Qgo may include advance
outwash lower in the subsurface; the upper part
corresponds to the glacial maximum and recession.

Pre-Vashon outwash gravel—Pebble gravel and
sand, in most exposures weathered to saprolite
or clayey soil with only faint evidence of former
pebble content; pale gray; weathers medium to pale
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STUDY AREA EXTENT.

Figure 1. Lidar-based relative elevation model of the Chehalis River valley across the Oakville quadrangle. White lines on both sides mark quadrangle
edges. Color ramp shows low elevations (and water) in dark blue and progressively more elevated areas in light blue to pale greenish blue, then
yellow and red. Open circles (for example, W9) are water wells shown on the map. Red diamond is an approximate water well location (likely just
outside the map area) referenced in the text as significant site S2. Vashon outwash deposits are revealed as elevated (yellow to red) relict terraces
(inselbergs) above the surrounding valley floor. Note that these lack the otherwise abundant meander bends of active and relict channels across
the combined flood plain of the Chehalis and Black Rivers.

brown, tan and light orange; moderately to strongly
weathered in all observed exposures; loose to
moderately compact; clasts rounded, sand matrix
locally subangular; moderately to well-sorted;
lithologically diverse and northern-sourced from the
Olympia and Yelm ice lobes, with lithologic trends
similar to those in unit Qgo (see Late Pleistocene
continental glacial deposits above). Unit Qpog is
mapped in terraces along the southwestern base of
the Black Hills at Oakville based on prior mapping
(Logan, 1987; Walsh and others, 1987), the presence
of high grade metamorphic clasts that favor northern
provenance, weathering, and its elevation above unit
Qgo (Fig. 1). Based on well records and drill cuttings
cast of the map area (Polenz and others, 2018, 2019),
the unit is inferred underground in the Chehalis
River valley between Gate and Oakville. Together
with units Qgo and Qa, unit Qpog forms a highly
permeable and productive, generally unconfined
aquifer. These traits also render the aquifer sensitive
to pollution and the surface prone to drought.

The age of unit Qpog is constrained by clast
weathering, which Bretz (1913) noted in pre-Vashon

outwash near Oakville (likely near or west of
significant site S1) as “somewhat softened on the
surface” but “firm within”, consistent with our
own observations, although we observed more
varied weathering across multiple sites. Polenz
and others (2017) referred to luminescence age data
and weathering in suggesting a Possession drift
age (MIS3) for comparably (?) weathered clasts in
outwash about 4.5 mi northeast of the map area, in
contrast to clearly older drift noted by Polenz and
others (2019) 4.3 and 5.9 mi east of the map area.
These data suggest that unit Qpog in the subsurface
includes deposits from two or more pre-Vashon
glaciations that Polenz and others (2019) suggest
are likely <1 Ma old.

ALPINE GLACIAL DEPOSITS

Qapolh

Logan Hill Formation (Pleistocene)—Sandy
pebble gravel and sand, deeply weathered in all
exposures to clay, fine sand, or silt, except for
some quartz clasts; multicolored, red to reddish
brown, brown and yellowish brown; strongly
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weathered to rotten except for some quartz; mildly to
moderately compact, poorly indurated; clasts mostly
well-rounded and equant to oblate, with imbrication
weakly suggested in some exposures outside the map
area (Polenz and others, 2019); matrix rounded to
subangular. Observed clasts and sand are mostly
quartz. Exposures east of the map area revealed
abundant intermediate to felsic igneous rocks
and smaller amounts of mafic igneous rocks,
metamorphic rocks, and quartz (Polenz and
others, 2019; Sadowski and others, 2019). The high
quartz content observed in the map area suggests
that less resistant lithologies have weathered out
of the near-surface exposures here. Unit Qapolh
is approximately 50—80 ft thick on Michigan Hill
based on well records and slope exposures east
of the map area (Polenz and others, 2019). Unit
may reach 130 ft thick south of the Doty fault,
based on mapped extent, and up to 170 ft thick
east thereof (Sadowski and others, 2019). The unit
unconformably overlies bedrock. U-Pb analysis
of detrital zircons from age site GD85 about 50 ft
below the hilltop surface on Michigan Hill yielded
an age of <2.9 +£0.6 Ma, consistent with U-Pb ages
elsewhere (Polenz and others, 2019; Sadowski and
others, 2018, 2019). The Logan Hill Formation has
been interpreted as Cascade Range-sourced, alpine
glacial outwash (Snavely and others, 1958), and our
tentative assessment is that all available U-Pb age
spectra are consistent with that provenance. However,
the two Michigan Hill samples (age site GD85 of this
study and age site GD6 of Polenz and others, 2019)
contain few middle Eocene through Miocene zircons,
unlike samples farther south (Sadowski and others,
2018, 2019). This suggests that the unit at Michigan
Hill has a different mix of sediment sources. It may,
for instance, be derived at least partly from a more
northern watershed. One sample ~13.5 mi southeast
of the map area yielded a <0.84 +0.38 Ma age (WGS
unpublished data, sample 18LH1P), indicating that
at least south of the map area, some deposits mapped
as this unit are much younger than 2.9 +£0.6 Ma.

Quaternary to Eocene
Continental Deposits

QEcf
QECfs

Terrestrial weathering clay—Clay and (or) silt in
saprolite or soil developed mostly from basalt of the
Crescent Formation (where mapped as unit QEcf)
or mostly from siltstone of unit Enf (where mapped
as unit QEcfs); locally includes corestones of basalt
in QEcf or sedimentary rock in QEcfs; unit QEcf
colored mostly orange brown to reddish brown and
medium brown, commonly with strongly weathered
to rotten corestones of greenish gray to black basalt;
unit QEcfs colored mostly pale yellowish brown to
brown, commonly with chips (usually <2 cm) of pale
gray or pale yellow siltstone; loose and soft near sur-
face but stiff in some exposures; homogeneous except

where saprolite preserves primary structure; >44
percent halloysite and 15-26 percent goethite where
basalt based, and >60 percent smectite (nontronite)
in sedimentary rock-based facies (based on X-ray
diffraction analyses of clays from the unit north-
east of the map area, Polenz and others, 2017). We
observed 20 ft of unit thickness 400—500 ft southeast
of geochemistry site G2; exposures northeast of the
map area suggest the unit is commonly >30 ft thick
(Polenz and others, 2017). The unit is mapped where
it fully conceals bedrock in the Black Hills in the
northern portion of the map area; its sedimentary
unit QEcfs was identified near the northeast end of
the map area and southwest of U-Pb age site GDS].
Unit age for both units is constrained to less than its
parent material and thought to be slightly younger for
unit QEcfs because the sedimentary rock exposures
we observed seem to onlap and post-date the basalt.
Related considerations are further discussed by
Polenz and others (2017) in the context of weathered
exposures of McIntosh Formation northeast of the
map area (in this map, the McIntosh Formation is
largely equivalent to unit Enf and its weathering
products within unit QEcfs).

Tertiary Volcanic and
Sedimentary Bedrock

MCW

Wilkes Formation (middle to late Miocene)—
Siltstone, locally overlain by and may be interbedded
with basalt-clastic, cobbly pebble conglomerate;
white to pale yellow, pale gray, and pale brown,
weathers pale yellow with orange to reddish brown
iron staining; clasts dark, medium, or pale gray, with
thick, reddish brown, orange and gray to greenish
gray weathering rinds; soil pale to strong brown and
yellowish brown, grayish brown and reddish brown,
matrix locally pale gray; poorly lithified; clasts
rounded, but where observed, rounding is partly from
weathering; well-sorted in siltstone, locally with thin
sandstone interbeds; poorly sorted in conglomerate;
siltstone planar-bedded and hackly, with strong,
bedding-parallel platy partings; 3-ft-thick gravel
facies at and near age site GD88 apparently lacks
bedding but is concordant with underlying siltstone;
siltstone-quartz feldspathic, usually with trace
amounts of muscovite and dark opaque minerals;
conglomerate facies clasts nearly all porphyritic to
aphanitic basalt, but also include a few more felsic
igneous or quartzitic rocks. Unit thickness south of
the Doty fault is about 630 ft, based on Cross Section
A—A' The unit is likely thinner but is essentially
of unconstrained thickness farther north along the
western map edge near age site GD88. Unit Mcw is
mapped between the Doty fault and the Chehalis
River valley in the south half of the Rainbow Falls
quadrangle, and between the north and south forks
of Lincoln Creek near the western map edge. The
combination of planar-bedded siltstone and gravel
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facies within the map area, and abundant carbonized
plant matter observed elsewhere (Roberts, 1958;
Snavely and others, 1958; Sadowski and others,
2019), suggests that the depositional setting ranged
from terrestrial to deltaic or marine. Conglomerate
clast lithologies suggest derivation from a mix of
lavas exposed in the Doty Hills west of the map
area: Crescent Formation and alkaline forearc lavas
(AFL—see Whole Rock Geochemistry Results and
Discussion). The age of the unit is <11.2 +1.3 Ma at
age site GD8&S (see Tables DSIA and DSIC), and
Sadowski and others (2019) reported ages for the
unit just east of the map area including <13.6 +1.9,
<13.4£1.0, and <6.2 £1 Ma, and they correlated the
unit to the Wilkes Formation of Roberts (1958) and
the nonmarine unit of Snavely and others (1958).

Sentinel Bluffs member of the Grande Ronde
Basalt of the Columbia River Basalt Group
(middle Miocene)—Aphanitic, vesicular basaltic
andesite; dark to light gray where fresh; yellowish
gray, medium brown exteriors where moderately
weathered; hard and crystalline; commonly blocky
with columnar-jointed colonnade and lesser entab-
lature; sometimes structureless, rarely with platy
zones and (or) flow-top breccia, and lacking observed
pillows within the map area; contains equant vesicles
(<7 mm) and zeolite-filled amygdules. Sentinel
Bluffs member basalt in the map area appears to
be laterally continuous with exposures east of the
map area, where geochemical analyses of major and
trace elements have been used to assign tholeiitic,
basaltic andesites to the McCoy Canyon(?) flow of
the Sentinel Bluffs member of the Grande Ronde
Basalt (Reidel, 2005; Sadowski and others, 2019).
Less than 180 ft of unit thickness is suggested by
outcrop patterns and combined modeling of gravity
and aeromagnetic data, except where thrust stacking
locally thickens the unit (Cross Section A—A’). Just
south of the Doty fault zone, well W33 intersected
102 ft of the unit; north of the southern thrust strand
of the fault zone, well W34 intersected 75 ft. The
unit was observed south of and between strands of
the Doty fault. Whereas observed exposures in the
map area are limited to flows that may have been
deposited subaerially, subaqueous deposition is
suggested west of the map area by weak palagonitic
pillows ~6.1 mi west of the map area on the west
side of the Doty uplift, and by weak palagonitic
pillows and weathered peperitic structures ~9.3 mi
west-southwest of the southwest corner of the map.
Unit Mvgs is sandwiched by Astoria(?) Formation
in the Chehalis River syncline and conformably
overlies Astoria(?) Formation farther north and
south (Cross Section A—A"). Deposition of unit Mvgs
partly baked the underlying Astoria(?) Formation
marine sandstone.

Mma

Astoria(?) Formation (early to middle Miocene)—
Marine siltstone and very coarse to very fine
grained sandstone; rare pebbles locally observed
in soil underlain by the formation; locally includes
volcaniclastic conglomerate and detrital carbonized
wood (Polenz and others, 2019); pale yellow to pale
brown, light gray to olive green, orange and light
orange, with red, orange, and brown iron stains;
moderately or heavily weathered in all observed
exposures, commonly forming pale, dark, or red-
dish brown or gray soil; mostly poorly lithified;
sand fraction rounded to subrounded; particles
in soil developed from Astoria(?) Formation less
rounded than in nearby exposures of Logan Hill
Formation; poorly sorted in siltstone, moderately
to well-sorted in sandstone; bedding not directly
observed at Michigan Hill, but preferentially ori-
ented mica flakes suggest bedding in some siltstone
exposures; Rainbow Falls quadrangle exposures
reveal thick to very thick beds, locally with siltstone
interbeds and locally with wavy cross-bedding;
mostly quartz and feldspar, with a diverse range of
less common minerals, some of which are described
next. Siltstone contains trace amounts to <I percent
mica and trace amounts of dark opaque minerals.
Sandstone contains trace amounts to 2 percent mica,
in some exposures including gray mica (lepidolite?)
not normally noted in Lincoln Creek Formation or
Eocene sedimentary rocks in the map area, and trace
amounts to 7 percent dark opaque minerals. Previous
workers identified a relative abundance of heavy
minerals as a distinguishing feature of the Astoria(?)
Formation compared to older sedimentary rocks
(Snavely and others, 1958; Polenz and others, 2019).
Soils developed from the unit appear to contain a
lithologically more diverse sand fraction than soils
of nearby Logan Hill Formation exposures.

The Astoria(?) Formation was mapped on
Michigan Hill in the Oakville quadrangle, where the
mapped extent of the unit suggests about 200 ft of
unit thickness. The Astoria(?) Formation at Michigan
Hill is overlain by the Logan Hill Formation, and
it both rests on and crops out laterally adjacent
to the Lincoln Creek Formation. In the Rainbow
Falls quadrangle, the Astoria(?) Formation is
mapped between strands of the Doty fault, where
Astoria(?) Formation is upsection of the Lincoln
Creek Formation and downsection of the Columbia
River Basalt. Along the lower hillslopes of valleys
south of the Doty fault, Astoria(?) Formation rests
upsection of the Lincoln Creek Formation, straddles
Columbia River Basalt, and is downsection of the
Wilkes Formation. Cross section A—A’ suggests
more than 800 ft of unit thickness south of the Doty
fault. In the Rochester quadrangle east of the map
area, Polenz and others (2019) inferred from field
relations and age control data that the Astoria(?)
and Lincoln Creek Formations may be separated by
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an unconformity. They further noted that different
zircon spectra suggest these formations are derived,
at least partly, from difference sources, and that
basaltic pebbles within the Astoria(?) Formation
along and east of the eastern edge of the Oakville
quadrangle are derived from Middle Eocene volcanic
rocks of Grays River of Phillips and others (1989;
refer to Polenz and others, 2019, geochemistry sites
G30-@G38). This finding is now superseded by the
discovery of the Doty Hills basalt lavas west of
the Rainbow Falls and Oakville quadrangles. The
lavas provide a much better chemical match for the
basalt clasts in the Astoria Formation at the eastern
edge of the Oakville quadrangle and those in the
younger Miocene Wilkes Formation on the west
side of the Rainbow Falls quadrangle (see Whole
Rock Geochemistry Results and Discussion). The
paleogeographic extent, abundance, and distribution
of the Doty Hills basalt remain mostly unknown;
inferences about provenance of reworked Doty Hills
basalt clasts therefore remain speculative. However,
the presence of the chemically similar clasts in both
Astoria(?) and Wilkes Formation within the map
area suggests that terrestrial sediment from the
Doty Hills (west of the map area) contributed to the
map area throughout much of the Miocene and at
present. The Astoria(?) Formation text references
are followed by a question mark because the type
section in Oregon (Howe, 1926; Beaulieu, 1971) has
been obliterated by development such that correlation
to it is no longer testable.

Lincoln Creek Formation (late Eocene to earliest
Miocene)—Marine siltstone and fine-grained sand-
stone; locally tuffaceous or fossiliferous; pale gray
to pale yellowish gray, pale yellow and pale greenish
gray, weathers pale yellowish brown and pale orange
with common orange to deep red mottled surfaces;
moderately to poorly lithified except in well-lithified,
commonly fossiliferous calcareous concretions;
locally hackly and spheroidally weathered; sandstone
grains subangular to subrounded and well-sorted;
siltstone mostly lacks bedding; sandstone ranges
from not bedded to bedded. Most exposures contain
<l percent each of mica and dark opaque minerals,
but dark opaque minerals locally comprise up to 5
percent. A 1,600 ft unit thickness is suggested by
a cross section near the eastern map edge beneath
Michigan Hill (Polenz and others, 2019), where
exposures suggest that the upper 300 ft of section
are equivalent to the tuffaceous siltstone facies
of Snavely and others’ (1958) Lincoln Formation.
Outcrop patterns and well records suggest a few
hundred foot unit thickness in the southwestern
Black Hills north of Oakville. In the vicinity of the
Doty fault, we estimate about 850 ft unit thickness
(Cross Section A—A”). The Lincoln Creek Formation
is exposed in the southwestern Black Hills and on
Michigan Hill northeast of the Scammon Creek

En
Enf
Ens

fault. The unit is also mapped in the south central
portion of the Rainbow Falls quadrangle. We suspect
that the Lincoln Creek Formation unconformably
onlaps Crescent Formation basalt throughout the
southwestern Black Hills, as suggested by Beikman
and others (1967). The Lincoln Creek Formation
is generally older than the Astoria(?) Formation,
but at the eastern map edge on Michigan Hill,
detrital zircon U-Pb data suggest similar ages
for both units—which in this area appear to be
partly laterally adjacent and partly separated by an
unconformity (Polenz and others, 2019). Fossils
indicate a late Eocene age for the base of the forma-
tion north of Oakville (Van Winkle, 1918; Weaver and
Palmer, 1922; Weaver, 1937, 1943; Armentrout, 1973;
unpublished records, Burke Museum of Natural
History and Culture, Seattle, WA). A <30.3 £1.1 Ma
U-Pb age on detrital zircons at age site GD82
suggests an early Oligocene age for collocated
shallow marine fossils (age site GDS5). Pease
and Hoover’s (1957) assertion that the formation
ranges to Miocene age is confirmed by fossils and a
<20.3 £1.7 Ma U-Pb age from the type section near
the eastern map edge (Polenz and others, 2019).

Nearshore, deltaic, and marine turbiditic
sedimentary rocks (middle to late Eocene)—
Undivided unit En includes micaceous siltstone
and sandstone, locally claystone and coal seams;
mapped as subunit Enf where mostly siltstone;
mapped as subunit Ens where mostly sandstone;
sandstone pale olive gray to pale blueish gray
and pale brown, and weathering pale yellow, pale
yellowish brown, and reddish brown with common
orange oxidation banding; olive gray to pale greenish
gray, pale olive brown, pale gray, and pale yellow in
siltstone and claystone, and weathering tan, yellow,
orange, brown, and reddish brown. All textures of
the unit are commonly crumbly and friable, hackly,
or spheroidally weathered and rarely more than
moderately lithified. Sandstone is fine-grained, sub-
rounded to rounded or subangular, and moderately
sorted to well-sorted—in most exposures better
sorted than the siltstone. All textures of the unit are
unbedded to well-bedded with faint, thin, planar
or gently undulating beds and laminae commonly
expressed only by preferential bedding-parallel
mica flakes and (or) fissile partings. Siltstone locally
contains interbeds or lenses of medium to coarse
grained sandstone with rip-up clasts of the siltstone.
All textures of the unit are quartz-feldspathic and
commonly tuffaceous. Most exposures of siltstone
contain <I percent each of muscovite mica and dark
opaque particles, and most exposures of sandstone
contain traces to 3 percent of muscovite mica and
traces to 2 percent of dark opaque particles. In both
sandstone and siltstone, mica is more abundant than
dark opaque particles, and fewer than 6 percent of
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the samples revealed a few flakes of golden mica
(phlogopite?). Five to 10 percent pale to dark gray
particles observed in some sandstone exposures
appear to be mostly felsic to intermediate volcanic
lithic fragments.

Relief between Oakville and Independence
Valley suggests about 600 ft exposed unit thickness,
but abundant landslides render bedding orientations
and section thickness estimates questionable. Cross
Section A—A’ suggests about 4,500 ft unit thickness
at the south end and about 3,000 ft at the northeast
end of the section—inferred mostly from combined
modeling of gravity and magnetic anomalies (partly
informed by well records outside the map area).

Unit En is widely exposed on the Lincoln
Creek uplift between the Scammon Creek and
Doty faults, where siltstone subunit Enf forms most
exposures. However, sandstone subunit Ens forms
most exposures between the Chehalis River and
Independence valleys within the Lincoln Creek
uplift. Subunit Ens is also widely mapped between
strands of the Doty fault. Snavely and others (1958)
identified coal within subunit Ens at and near well
W16 just southwest of the Scammon Creek fault as
the Tono No. 1 coal bed (low in the Skookumchuck
Formation). Siltstone unit Enf appears to onlap
Crescent Formation basalt in the southern Black
Hills, although no contact relations were observed.

We interpret the undivided unit En as the
sedimentary record of a long-lasting Eocene marine
delta system such as envisioned by Buckovic
(1979) and Sadowski and others (2018), wherein
subunit Enf is mostly siltstone of marine origin and
subunit Ens is mostly sandstone that ranges from
shallow marine deltaic to freshwater settings. Unit
En broadly corresponds to deposits mapped by
Logan (1987) as McIntosh Formation in the Black
Hills east of Oakville and Lincoln Creek Formation
north of Oakville, and as Skookumchuck Formation
elsewhere in the map area. Except where Lincoln
Creek Formation is mapped north of Oakville,
the geographic distribution of siltstone (unit Enf)
observed in this study largely coincides with Pease
and Hoover’s (1957) mapping of McIntosh Formation.
We mapped sandstone unit Ens largely where Pease
and Hoover (1957) and Snavely and others (1958)
mapped Skookumchuck Formation. We combined
both formations into unit En because we identified
no consistently mappable difference in outcrop or
chronometric age-control data; the youngest single
zircons from nine ‘Mclntosh Formation® samples
range from <47.6 Ma to <39.5 Ma (Polenz and others,
2017, 2018; Sadowski and others, 2019; age sites
GD&8l, 84, 89, 90, and 91 from this study, see Table
DSI1A) and those in two ‘Skookumchuck Formation’
samples range from <43.4 Ma to <40.7 Ma (Polenz
and others, 2019; age site GD87 from this study).
Shell macrofossils are common in unit En. Most

Em

are poorly preserved, and fossil samples from this
study yielded no biostratigraphic constraints, but
a few yielded paleoenvironmental constraints that
confirm the depositional settings in unit En ranged
from freshwater to marine (Table DS2). Bivalve
molds at age site GD40 (subunit Ens, U-Pb age site
GD87) and a leaf imprint at age site GD38 (subunit
Enf) suggest unit En is correlated with the Cowlitz
Formation as mapped southeast of the map area by
Henriksen (1956) and Roberts (1958).

Marine sedimentary rocks (Eocene)—
Volcaniclastic lapilli tuff breccias interbedded with
basaltic sandstone and siltstone; medium to dark
gray and black, weathers light to medium gray,
olive, light orange to red, and, uncommonly, white
(in matrix clay); moderately compact, moderately to
heavily indurated; locally well cemented; sandstone
moderately to well-sorted, breccias poorly sorted
with faint, medium to very thick planar beds;
sandstone beds thin and planar, with meter-scale
interbeds of thickly laminated to thinly planar-
bedded mudstone and siltstone; clast lithologies
exclusively basaltic; sandstone mostly basaltic lithic,
with minor plagioclase and unidentified red grains,
<l percent white mica and trace amounts of quartz.
The rock is unstructured at outcrop scale, does not
resemble other observed exposures, and appears to
be submarine resedimented hyaloclastite. Isolated
bivalve shell fragments at significant site S3 (sec. 25,
T14N R5W, lat. 46.6768, long. -123.2461) confirm
a sedimentary depositional setting.

Unit Em is found along the western map
edge just north of the Doty fault and may be up to
500 m thick. We interpret unit Em as proximally
volcaniclastic based on its overwhelmingly basaltic
content of clasts and sand-sized lithic fragments,
and the presence of abundant lapilli. The planar
bedding in sandstone, siltstone, and mudstone are
interpreted as marine. Due to limited exposure in
the map area (especially poor where queried west of
age site GDI1), the unit is described mostly based on
observations in the Doty Hills west of the map area,
where it rests on Crescent Formation. Crescent basalt
exposures in the Doty Hills west of the map area
suggest that unit Em is at least partly derived from
Crescent basalt. However, geochemical data from
a volcanic clast collected from the same(?) unit at
geochemistry site G40 (2,200 ft west of the map area,
sec. 24, TIAN R5W; -123.26001, 46.68662) resembles
younger Eocene alkaline forearc lavas (AFL—see
Whole Rock Geochemistry Results and Discussion),
which are exposed beneath sedimentary rocks at the
base of the Lincoln Creek Formation on the west side
of the Doty Hills. A mix of geochemically similar
AFL-derived clasts and Crescent Formation-derived
clasts (geochemistry sites G28-G37) is present in
the Wilkes Formation pebble conglomerate that
rests concordantly on planar-bedded siltstone 3 mi
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farther north at age site GD88. This suggests that
some sedimentary rocks along the western map
edge that resemble—and may include—deposits
in unit Em may be younger than recognized from
available exposures and field relations. However,
based on the limited available exposures, unit Em
appears concordant and in sharp contact with the
underlying Crescent Formation and conformable (and
interfingering?) with overlying Eocene nearshore
sedimentary rocks (unit En).

Crescent Formation (early Eocene)—Plagioclase-
pyroxene tholeiitic basalt (previously reported to
include local, minor sedimentary interbeds by
Pease and Hoover [1957] at age site GDI16 [sec. 27,
T16N, R4W] and elsewhere in the Black Hills by
Logan, 1987); black to dark gray, commonly with
greenish tint, weathers grayish green and medium
brown to orange; mostly aphanitic but ranging to
phaneritic; locally brecciated; poorly to well-developed
columns revealed in most quarries are rarely apparent
elsewhere and suggest minimum flow thicknesses of
20-60 ft; pervasively chloritically altered; commonly
contains amygdules of zeolite, chlorite, calcite, or
quartz. The Crescent Formation is exposed mostly
along streams in the Black Hills and southwest of
the Scammon Creek fault.

Contact relations with downsection and
upsection units are mostly unexposed in the map area.
The Crescent Formation is part of the Siletzia terrane
(Wells and others, 2014; Eddy and others, 2017) and
appears to form much of the dense, igneous basement
rocks beneath the map area. The sedimentary rocks
we observed near Crescent Formation basalt rest
on and mostly appear to onlap the basalt, but the
contact relations usually are unexposed. A localized
exposure of seemingly sheared conglomerate (lapilli
tuff?) with basalt clasts and calcite-cemented matrix
at geochemistry site G11 is in sharp, planar contact
with upsection Lincoln Creek Formation(?) siltstone
(geochemistry sample G10); this conglomerate may
be part of the Crescent Formation but could also be
younger. North of Oakville, fossils, and U-Pb ages
from age sites GD82 and GD83, identify onlapping
sedimentary rocks as the Lincoln Creek Formation.
South of Oakville, and farther east in the Black
Hills, sedimentary rocks may be concordant or
onlapping and are more commonly tuffaceous than
would be typical within the Crescent Formation;
U-PDb ages at site GD81 northeast of Oakville and
northeast of the map area (Polenz and others, 2017)
support association with the McIntosh Formation
(here included with unit En), as does U-Pb age site
GD84 southwest of Oakville.

Two approximately located paleomagnetic
measurement locations in the map area document
magnetically reversed Crescent Formation basalt
(M1, M3), a third (M2) documents normally
magnetized basalt (Globerman, 1981). Radiometric

ages constrain the Crescent Formation in the southern
Black Hills to between ~55 and 47.4 £0.2 Ma (Polenz
and others, 2017; Eddy and others, 2017, Wells and
others, 2014). Ulatisian- or lower Narizian-age fossils
from the southern Black Hills are consistent with
this age range (Polenz and others, 2017).

WHOLE ROCK GEOCHEMISTRY
RESULTS AND DISCUSSION

A total of 46 samples were selected for whole rock major and
trace element analysis. Represented within those are 13 Crescent
Formation lavas (including two corestones), 11 volcanic clasts
from conglomerate beds, and 21 sedimentary rocks that are
mainly siltstones and sandstones.

All of the Crescent Formation samples classify as tholeiitic
basalts (Fig. 2), display limited chemical variation (for example,
47.5-50.9 wt. % SiO,, 5.7-7.3 wt. % MgO), and overlap in
composition with Crescent lavas analyzed during previous WGS
quadrangle mapping projects (Polenz and others, 2012a,b, 2014,
2017; Contreras and others, 2012). In the Littlerock quadrangle
(northeast adjacent to the map area), Polenz and others (2017)
were able to divide Crescent samples into a more-enriched group
and a less-enriched group, a distinction attributed to chemical
differences in their mantle source regions. All Crescent Formation
samples from this mapping project belong to the more-enriched
group, which Polenz and others (2017) associated with the Willapa
Hills and Black Hills. This more enriched group is marked by
higher contents of TiO, and La/Yb(N), and lower contents of
Y/Nb and Zr/Nb. The less-enriched lavas from the Littlerock
quadrangle instead resemble lavas found on the Olympic Peninsula
(Polenz and others, 2017), with lower contents of TiO, and La/
YDb(N), and higher contents of Y/Nb and Zr/Nb.

The ten volcanic clasts collected from a pebbly conglomerate
layer in the Wilkes Formation can be divided into two geochem-
ically distinct groups (Table 1). Group 1 consists of five tholeiitic
basalt clasts (geochemistry samples G29, G31, G33, G36, G37)
that closely resemble Crescent Formation lavas (Figs. 2 and 3;
Table 1) and one tholeiitic andesite clast (geochemistry sample
(32) that appears to be a Crescent basalt differentiate. The latter
sample is highly enriched in incompatible elements (for example,
Zr, Th, Ba) and depleted in compatible elements (for example, Cr,
V), consistent with it being the product of extensive fractional
crystallization. The four Group 2 clasts in Table 1 (geochemistry
samples G28, G30, G34, G35) are alkaline basalts characterized
by low SiO, contents coupled with high MgO contents and
high levels of incompatible elements (for example, Rb, Nb).
Another rock of similar composition (geochemistry sample G40)
was collected from soil 2.6 mi farther southwest (46.68659°N,
-123.26004°W—2,200 ft west of the map area). The Group 2
clasts may be sourced from geochemically similar, scattered,
small volume mafic lavas, such as the Pe Ell Volcanics (Henriksen,
1956) that erupted in the Cascadia forearc after the accretion of
Siletzia and have been termed alkaline forearc lavas (AFL) by
Organ and others (2019) (Fig. 3). In particular, Group 2 clasts
are nearly identical in composition to the late Eocene(?) ‘Doty
Hills basalts’ (Table 1), a subset of AFLs sampled from small
exposures in the Doty Hills west of the map area (for example,
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Table 1. Chemical characteristics of clasts from this mapping project (Groups 1 and 2) compared to potential source rocks. Major oxides in weight
percent, trace elements in parts per million. Averages are reported with 1 sigma standard deviation (in parentheses). AFL and Doty Hills data
are from Organ (2020); Crescent data compiled from Contreras and others (2012), Polenz and others (2012a,b, 2014, 2017). Note the similarities
between Group 1 clasts and Crescent Formation basalts and between Group 2 clasts and the Doty Hills basalts. See Table DS1A for more details.

Group 1 Clasts (n=5) Avg. Crescent (n=42) Group 2 Clasts (n=5) Avg. AFL (n=12) Avg. Doty Hills (n=6)
Si0: 48.0-49.2 48.3(1.2) 46.0-46.4 48.8 (3.5) 45.6 (0.7)
TiO: 26-28 2.3 (0.5) 31-4.2 2.5(0.7) 3.2(0.4)
MgO 5.0-6.0 6.7 (0.7) 5.1-10.6 5.9 (3.3) 8.6 (2.4)
Nb 16-18 13 (4) 52-53 43 (11) 52 (29)
Rb 2-8 3(2) 14-25 14 (11) 20 (0.7)
La/Yb 2.6-3.6 3(0.6) 9.1-121 8.4 (0.6) 12.2 (5.3)
Sr/Y 4-5 9 (4) 18-23 13 (3) 40 (13)
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Figure 2. Total alkalis vs. SiOz volcanic classification plot (Le Bas and others, 1986). Known Crescent Formation samples are shown as blue circles.
Group 1 clasts (green triangles) and Group 2 clasts (yellow triangles) are detrital clasts sampled from the Wilkes Formation. Note the overlap between
Crescent samples and Group 1 clasts and the alkaline nature of Group 2 clasts.
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Figure 3. MORB-normalized spidergram (Sun and McDonough, 1989) illustrating similarities between Group 1 clasts and Crescent Formation
basalts, and between Group 2 clasts and AFL samples. The Group 1 clast with highest concentrations of most elements is the andesite (G32), which
shows depletions in P and Ti resulting from apatite and Fe-Ti oxide fractionation. Average Crescent and AFL data from sources listed in Table 1.

WGS unpublished data from field site CB-534 at SW1/4, sec. 26,
TISN R6W, 46.762634, -123.401669). The La/Yb (N) ratios >10
in the Group 2 and Doty Hills samples indicate these rocks were
derived from a garnet bearing mantle source region, a deeper
mantle source than the Crescent basalts, whereas the elevated Sr/Y
ratios in the same samples suggest they formed from magmas
that had undergone little if any feldspar fractionation; in this
context, scattered values for St/Y are unsurprising. However,
the geographic extent of the Doty Hills basalt outcrops (or the
broader umbrella category of AFLs) is not well known and it is
therefore not possible at present to conclusively attribute clasts
from the map area to a specific source area. Additional clasts with
the distinctive geochemical traits of Group 2 have been reported
in the Astoria(?) Formation along the eastern map edge, where
Polenz and others (2019) speculated about possible derivation
from volcanics of Grays River (see Polenz and others, 2019,
geochemistry samples G30—G38). However, Polenz and others
(2019) did not know of the chemically more similar Doty Hills
basalt and its outcrops west of the map area.

Available sedimentary rock geochemistry did not yield data
that would have helped with unit characterizations.

DESCRIPTION OF STRUCTURES

Discrete domains of geophysical anomalies and topographic
scarps and lineaments suggest that the map area straddles several
structural domains. Uplift of Eocene Crescent Formation basalt
and underlying mafic igneous basement rocks clearly separate
the Black Hills north of the Rochester fault and the Lincoln
Creek uplift between the Scammon Creek and Doty faults from
adjacent basins. The Black Hills and Lincoln Creek uplifts (BH
and LCU in Fig. M1) are geophysically expressed by gravity
highs due to near-surface Crescent basalt and underlying dense
(peridotitic?) basement. Gravity lows in the adjacent basins (Fig.
M1) result from low-density sediments above the basalt (Cross
Section A—A").

Apparent onlapping of younger Eocene sedimen-
tary rocks onto older Eocene volcanic rocks (Pease and
Hoover, 1957) implies Eocene paleo-topography that sug-
gests the uplifted blocks and basins formed at least partly
during the Eocene. Deformation of Eocene and younger
sedimentary rocks implies additional, more recent activity. We
interpret the structures in the map area as potentially active in
the context of Miocene—present, north—south compression within
the forearc of the seismically active Cascadia subduction zone
(Johnson and others, 2004; McCaffrey and others, 2013; Wells and
McCaffrey, 2013), consistent with recent mapping nearby (Polenz
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and others, 2017, 2018, 2019; Sadowski and others, 2018, 2019;
Anderson and others, 2018, 2019). This north—south compression
is also apparent both from long-term paleomagnetic rotations
and ongoing crustal motions inferred from GPS measurements.
Recorded seismicity is minimal beneath the map area, and the
mapped structures have so far yielded no documented post-glacial
record of activity.

The Scammon Creek fault marks the southwestern edge of
the Rochester basin (Fig. M1). In, and especially east, southeast,
and north of this basin, Polenz and others (2018) presented (in
their fig. M2) a zone of linear, northwest-trending aecromagnetic
anomalies that parallel and in some cases coincide with topo-
graphic lineaments also noted by Sadowski and others (2018,
2019). Several northwest-striking faults are aligned with these
anomalies and lineaments east of the Rainbow Falls—Oakville
map area (Snavely and others, 1958, Polenz and others, 2018,
2019; Sadowski and others 2018, 2019). Farther north in the
Puget Lowland, detailed study of a comparable zone of linear,
northwest-trending aeromagnetic anomalies and topographic
lineaments led Sherrod and others (2008) to recognize a broad
zone of deformation riddled with fault strands. This suggests
unmapped northwest-striking faults northeast of the Scammon
Creek fault in and near the map area. A queried fault of uncertain
origin in the Black Hills near the northeast corner of the map is
aligned with this fabric and may be best interpreted in that context.

Near the northwest map corner at the northern Oakville
trough (see "NOT" label in Fig. M1) and northeast of and east
of the trough, strong, southwest-trending, southeast-side-up
scarps and lineaments and moderate but systematic, similarly
oriented aeromagnetic lineaments (in filtered magnetic data not
shown in this publication) suggest basalt flow surfaces, or maybe
unmapped structures. A south-southeast-striking fault mapped
by Pease and Hoover (1957) at the eastern edge of the northern
Oakville trough intersects this fabric; we modified this fault to
better align it with landforms and lithologic contacts that each
suggest multiple strands. The postulated fault helps explain a
gravity low and trough in the basalt surface west of the fault
("NOT" label in Fig. M1), where more than 300-ft-thick Lincoln
Creek Formation sedimentary rocks rest on the basalt. The fault
is queried because without faulting, Eocene fluvial incision into
Crescent basalt might carve a valley. But the several-hundred-foot
basin depth and localized extent of the trough favor fault offset
or folding. Modeling of gravity and magnetic data rules out
east-dipping reverse or thrust offset and suggests west-side-down
offset and a west-dipping or vertical fault surface. A tear in the
hanging wall of the Rochester fault might have triggered such
faulting. The sedimentary rocks may conceal the fault, and offset
would likely have commenced, and may have ended, before or
during their deposition.

The Lincoln Creek uplift has been defined mainly east of
the map area (Snavely and others, 1958; Lasmanis and Hall, 1985;
Sadowski and others, 2019) but also appears to extend west of
the map area into the Doty Hills (Anderson and others, 2018).
A distinct gravity high between the Scammon Creek and Doty
faults could not be geophysically modeled without shallow mafic
igneous bedrock within this uplift (Fig. M1; Cross Section A—A'").
Simultaneous modeling of gravity and acromagnetic anomalies
along the geophysical model lines in Figure M1 further reveals

that some of the basalt is reversely magnetized. Globerman
(1981) confirmed the existence of reversely magnetized basalt in
Crescent Formation at site M3 near the north end of the Lincoln
Creek uplift and a mix of normally and reversely magnetized
measurements farther north in the Black Hills.

Within about 3 mi southwest of the Scammon Creek fault,
streams, scarps, and lineaments are oriented mostly parallel or
perpendicular to the Scammon Creek fault. West thereof, the
emergence of east-trending lineaments, scarps and streams,
Miocene sedimentary rocks near the western map edge, and
greater relief in the Doty Hills farther west suggest a distinct
domain. However, gravity and acromagnetic data do not reveal
a clear structural boundary across this part of the Lincoln Creek
uplift.

The southern half of the Rainbow Falls quadrangle is
marked by the exposure of mostly Miocene sedimentary rocks
and Columbia River Basalt within the Chehalis River syncline,
internally offset and sharply separated from the Lincoln Creek
uplift by the east-striking, north-side-up Doty fault zone.

Abundant landslides and thick soils in the map area very
likely reduced recognition of structures, especially folds. This
is particularly problematic in the Eocene sedimentary rock
exposures within the Lincoln Creek uplift, where we suspect
that some structural data are compromised by unrecognized
landslide activity. We analyzed structural trends in this area
in three ways: based on the displayed measurements, a more
selective subset of our most trusted measurements, and a more
expansive set that additionally includes data not shown on the
published map but included in the corresponding GIS data. None
of these reviews led to clear structural trends north of the Doty
fault. This suggests that many structural measurements that
appeared credible in the field are compromised. The mapped
structures are consequently based mostly on stratigraphic offsets
inferred from biostratigraphic records and (or) chronometric
age control, regional structural trends, outcrop distributions,
and interpretations of geophysical data. Named structures are
discussed below.

Named Faults
ROCHESTER FAULT

The existence of the concealed Rochester fault along the southern
edge of the Black Hills is supported by steep potential field
gradients with gravity and aeromagnetic highs to the north
(Bromery, 1962; Washington Public Power Supply System,
1974; “Southern Black Hills fault” in Lau and others, 2018). An
east-northeast-trending, steep gravity gradient (RF in Fig. M1)
marks the boundary between high gravity in the Black Hills uplift
and low gravity in the Rochester basin. We believe that Polenz
and others’ (2019) conclusion east of the map area—that this
contrast requires basaltic bedrock south of the Black Hills to drop
to a greater depth beneath the Chehalis River valley than can be
explained by erosion—similarly applies to the map area. Combined
modeling of gravity and aeromagnetic potential field data
suggests a gently north-dipping fault plane with about 1 km of
north-side-up slip. This is consistent with ongoing north—south
shortening (Johnson and others, 2004; McCaffrey and others,
2013). Fault offset also explains exposures of middle to late
Eocene sedimentary rocks of unit Enf in the Black Hills north
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of the fault, in contrast to Oligocene and younger deposits on
Michigan Hill south of the fault, consistent with the findings of
Polenz and others (2019) east of the map area.

SCAMMON CREEK FAULT

The southeast-striking Scammon Creek fault (Snavely and
others, 1958) crosses the map area from Oakville to the southeast
corner of the Oakville quadrangle. The fault alignment shown
is a synthesis of field observations southeast of Independence
Creek, interpretations of gravity and magnetic potential fields
along the full mapped length, and combined modeling of gravity
and magnetic anomalies across the southeastern map edge and
the Chehalis River valley. Exposure of Eocene rocks southwest
of the fault and younger rocks northeast of it suggests relative
southwest-side-up offset. Reverse offset on a 75 degree south-
west-dipping fault plane was documented in a trench, the location
of which we could only approximately determine on the hill
south of the Chehalis River crossing (Fig. M1). From this trench,
Washington Public Power Supply System (1974) concluded that
the fault has not ruptured the trench site in at least 83,000 years.
Polenz and others (2019) suggested that the fault may bifurcate
near the eastern map edge, based on a split into two gravity
gradients near a left step of the fault just east of the map area,
consistent with transpression. Analysis of gravity and magnetic
anomalies in the map area suggests that the queried strands
southwest of the main strand have minor vertical offset. They
are supported, however, by a faint, northwest-trending fabric
of scarps and lineaments, field-observed changes in bedding
dips across some strands, and slightly higher contents of dark,
opaque minerals and less muscovite northeast of some strands.
They may be evidence of a flower structure or conjugate faults
with normal offset that accommodate extension in a hanging
wall anticline.

DOTY FAULT

The Doty fault zone is an east-striking cluster of
interconnected fault strands stretching from the Doty Hills across
the map area (Pease and Hoover, 1957; Snavely and others, 1958;
Sadowski and others, 2018, 2019). Anderson and others (2019)
estimated a fault length >25 mi, and more recent mapping
estimated a length of about 48 mi (WGS unpublished data). Two
previously mapped strands cross the south half of the Rainbow Falls
quadrangle; a newly mapped third strand farther south is discussed
below. Cross Section A—A’ indicates kilometer-scale, north-
side-up slip across the fault zone. The geometry of the strands is
constrained by a synthesis of attitude measurements, potential
field geophysics modeling, and truncation of bedrock units.
Among these, the well-expressed (ridge-forming) Grande Ronde
Basalt (unit Mvgs) is best suited for assessing deformation. At the
surface, the northern strand juxtaposes north-striking Eocene
siltstone of unit Enf against east-striking (south dipping) Eocene
sandstone of unit Ens. About 1.75 mi west of Cross Section A—A’,
this strand is truncated by a northeast-striking cross fault. The
second strand, about 1 mi south of the northern strand, is well
defined by juxtaposition of older Eocene sedimentary rocks on
the north side against Miocene sediments on the south side of the
fault. This strand is further constrained by abrupt termination
of folded Grande Ronde Basalt in three locations: twice where

the basalt north of the fault strand is folded into a southeast
plunging syncline, and once near the western map edge, where
the fault offsets overturned basalt on the south side of the fault.
West of there, Pease and Hoover (1957) mapped the Doty fault
as a single strand to its terminus at the western margin of the
Doty uplift, 5.5 mi west of the map area.

Both fault strands described above are understood to be
steeply north dipping (50—-80°), north-side-up, oblique-slip
reverse faults. Their dip range resembles the 45—70 degree north
dip range von Dassow and others (2019) reported for the entire
Doty fault zone, and it is constrained by contact relationships,
geophysical modeling of gravity and magnetic potential-field
data, and observations of subsidiary fault and fracture planes
interpreted to be part of the fault zone. Gravity and magnetic
potential-field modeling has produced similar results in three
cross sections along the Doty fault zone (Cross Section A—A', and
model lines A, C, and E in Fig. M1; Anderson and others, 2019;
Sadowski and others, 2019; Reedy and others, 2019). Gravity
and magnetic potential-field modeling along cross-section A—A'
also required a small amount of dense, magnetic rock (the only
realistic candidate is volcanic rock) in the shallow subsurface at
the northern strand of the Doty fault, which led to the inference
of a small, queried blind, south-dipping fault within the hanging
wall there. Surface observations constraining the fault trace and
stratigraphic offsets are consistent with a steep, north-dipping
reverse fault. Grande Ronde Basalt in the footwall south of the
Doty fault near the western map edge is overturned, consistent
with a north-dipping reverse fault. Folding of the Grande Ronde
Basalt into a southeast-plunging syncline indicates northeast—
southwest compression and (or) rotation of the fault bounded
block between Doty fault strands in T14N at Cross Section A—A’
which, paired with observations of fault slickensides elsewhere,
indicates a moderate, lateral component of motion on the Doty
fault zone. We interpret this component as left-lateral based on
the conclusion that the Doty fault zone is kinematically linked
to the north-striking, east-side-up Fall River fault that extends
north from the western terminus of the Doty fault zone (Anderson
and others, 2019; Reedy and others, 2019).

A newly mapped fault that we tentatively interpet as part of
the Doty fault zone strikes east-northeast across Grande Ronde
Basalt from the southwestern map corner to the Chehalis River.
The surface trace of this fault is constrained by deflections of
channels along a shallowly dipping slope within the Grande
Ronde Basalt, and a small scarp-like ridge along that slope.
Electrical resistivity data collected across the structure within
the Rainbow Falls quadrangle is consistent with gently north
dipping, north-side-up displacement of a high resistivity body
(Grande Ronde Basalt) over a low resistivity unit (Astoria(?)
Formation sandstone). The fault was first identified from gravity
and magnetic potential-field modeling west of the Rainbow Falls
quadrangle (Anderson and others, 2019) and is confirmed in
gravity and magnetic potential-field modeling along Cross Section
A—A' These models indicate a shallowly north dipping thrust
fault that may dip as gently as 10 degrees. Thus this fault projects
north into the Doty fault and is therefore tentatively interpreted
as part of the Doty fault zone. The surface expression of the
fault diminishes to the east where it projects into the Chehalis
River valley. A poorly constrained eastern terminus of this fault
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is inferred near the Chehalis River because the structure is not
observed farther east.

Named Folds
CENTRALIA SYNCLINE

The southeast-trending Centralia syncline of Snavely and others
(1958) is broadly expressed as the fault-bounded, downthrown
Rochester basin east of the Scammon Creek fault (Fig. M1).
A gravity trough (Fig. M1) and the spatial distribution of map
units define the basin, with younger units in the basin flanked
by Eocene rocks outside the basin. Bedding data within the
basin locally suggest the Centralia syncline as an asymmetric
fold near the eastern map edge (modified from Snavely and
others, 1958)—a relatively small feature within the broader,
southeast-deepening Rochester basin.

CHEHALIS RIVER SYNCLINE

The east—west trending Chehalis River syncline runs along
and likely controls the morphology of the upper Chehalis River
valley. The syncline is asymmetric, with a gently to steeply
dipping and locally overturned northern limb that is truncated
by the Doty fault.

The hinge of the structure is constrained to the north side
of the valley, where it is expressed in gently dipping Miocene
sediments of the Wilkes and Astoria(?) Formations, which form
a bench along the upper Chehalis River valley margin.

The southern limb of the Chehalis River syncline is revealed
by a broad, shallowly north-dipping panel of Grande Ronde Basalt
(unit Mvgs) that approximates a dip-panel, dipping generally
10-20 degrees north. South of this, gently to moderately dipping,
progressively older stratigraphy is exposed, leading to the crest
of the Willapa Hills which exposes Crescent basalt (Wells and
Sawlan, 2014).

Unnamed Structures

e A queried, east striking fault 2 mi north of the Doty fault
was extended from the adjacent Adna quadrangle into
the map area based mainly on a south-side-down gravity
trough that terminates 2,000—4,000 ft west of the map edge.

e Crescent basalt exposure southwest of the Scammon Creek
fault is interpreted as evidence of a hanging wall anticline.

e A syncline in the Black Hills north of Oakville is retained
from Pease and Hoover (1957) because it is consistent with
nearby spatial bedrock unit distribution, a local gravity
trough, and Lincoln Creek Formation bedding orientation
data; a northwestern extension of the syncline that Pease and
Hoover showed beyond the map area is omitted because none
of the above data extend there; a possible relationship to the
older(?) south-striking fault east of it remains unresolved.

SUGGESTIONS FOR FURTHER STUDY

e Post-Eocene sedimentary rocks along and near the
western map edge—Post-Eocene sedimentary rocks
are identified at Miocene age site GD88 but may also
extend farther south, and north to age site GD86, where a

small population of zircons yielded an inconclusive age.
Focused mapping of post-Eocene sedimentary rocks near
the western map edge may improve understanding of the
history, tectonic development, and internal structure of the
Lincoln Creek uplift and would contribute to understanding
the tectonics of southwest Washington.

e Sediment sources and age of unit Em—Unit Em is
more indurated and basalt lithic-rich than other Eocene
sedimentary rocks in the map area. Analyses of the
chemistry (and ages?) of rocks within the unit could improve
assessment of its age and provenance.

e Timing of Black Hills faulting—At geochemistry site G8
(sec. 22, TI6N R4W), columnar basalt hosts a 12-cm-wide
gap oriented 315/88 and filled with banded veins and
siltstone matrix with basalt breccia(?), consistent with
sigma 3 extension relative to a collocated fault. The vein
banding suggests episodic vein growth. Age analysis of
the vein material might date fault activity in this part of
the Black Hills, where timing of fault activity is mostly
unconstrained.

e Origin of scarps in the Black Hills—Sharp, straight,
mostly north to northeast-trending scarps are visible in
lidar and in the field at the southern edge of the Black
Hills (secs. 28, 29, and 33, TI6N R4W). Some resemble
joint orientations and cross both ridges and drainages. No
similar features have been noted elsewhere in the Black
Hills. The origin of these scarps merits investigation.

Structural Attitudes in the
Lincoln Creek Uplift

The Lincoln Creek uplift within the map area disrupts what
appears to be a regionally contiguous northwest-trending fold
farther northwest and southeast. West of the map area, dips are
systematically east-down. Somewhere in the western part of the
map area, that seems to end and sedimentary rock exposures go
from Miocene at the western map edge to Eocene farther east,
north, and south; currently available acromagnetic and gravity
data reveal no clear boundary for interpreting this. We measured
bedding, joints, and shears in the Lincoln Creek uplift and these
data yielded no clear patterns of deformation, though some
were probably influenced by unrecognized landslide effects.
All this points to one or more unresolved structural conditions,
and recognition of structurally coherent trends would likely be
of some regional significance. A systematic effort to measure
structural orientations in stream channels, including measurement
of undisturbed bedding, joints, and shears, might yet improve
structural insights.
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