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<40.5 ±3.6 Ma (GD1)
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Table M1. Summary of U-Pb ages from the Adna quadrangle. The reported age for each U-Pb sample is from the single, 
youngest zircon. See Data Supplement for detailed analytical results and biostratigraphic ages. 

 

 Unit symbolSample Longitude / Latitude Result 

GD1 Emm - 123.063075  46.714199 ≤40.5 ±3.6 Ma

GD2 Emm - 123.116988  46.700936
 

≤38.5 ±4.2 Ma

GD3 …Emlc - 123.116489  46.671725
 

≤30.4 ±5.2 Ma

GD4 „ma - 123.009804  46.670417 ≤20.6 ±1.2 Ma

GD5 „ma - 123.098160  46.622645 ≤14.8 ±3.5 Ma 

GD6 „ma - 123.069137  46.744856 ≤15.3 ±1.7 Ma

GD7 „cw - 123.119564  46.638206
 

≤13.6 ±1.9 Ma

GD8 „cw - 123.097538  46.653895
 

≤13.4 ±1.0 Ma

GD9 „cw - 123.062424  46.634080 ≤6.2 ±1.0 Ma

GD10 Qapolh - 123.020693  46.692116 ≤1.6 ±0.5 Ma

A M

F

Tholeiitic Series

Calc−alkaline Series

●
●● ●

●

●

Pi
cr

ob
as

al
t

Ba
sa

lt

Ba
sa

lti
c

an
de

si
te

An
de

si
te

D
ac

ite

Rhyolite

Trachyte
Trachydacite

Trachy−
andesite

Basaltic
trachy−
andesite

Trachy−
basalt

Tephrite
Basanite

Phono−
tephrite

Tephri−
phonolite

Phonolite

Foidite

Alka
lin

e

Subalkaline/Tholeiitic

Ultrabasic Basic Intermediate Acid

SiO2

N
a 2

O
+

K 2
O

40 50 60 70 80

0

5

10

15

●●

●

●

●●

Grande Ronde
basalt

Seifert No. 1 borehole
samples

Lincoln Creek
Formation clasts
and volcanic
sandstones

●

●A.

B.

G
ra

vi
ty

 (m
G

al
) 

0

10

20

30

M
ag

ne
tic

s 
(n

T)
 

0

250

500

observed calculated

0 15,000 30,000
Distance (ft) VE =1

D
ep

th
 (f

t) 

10,000

5,000

0
flight path WA State No. 1BHV029 Seifert No. 1

45,000

ni dneb
noitces

ssorc

Ensk
Emm

Ensk Emm

Qa

„cw
„ma + …Emlc

„vgs

Evc

…Emlc

Emm

Ensk

Qapolh

Evc

Evc

Emm

? ? ?

?

?

(W10)(W10) (HC4)(HC4) (HC5)(HC5)

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

! !!

!
!

!

!

!

!

!

!

!

!

!

!

! !

!

!

!

!
!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!
!
!

!
!
!
!
!

!
!
!
!

!
!
!
!

!
!

!

!
!
!
!

!

!
!
!

!
!
!
!

!

!

!

!

!

!

!

! !

!

!
!

!

! ! !

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

! !

! !

!

!

!

!

!
! !

!
!
!
!

!
!

!
!
!
!
!
!
!
!

!

!
!
!

!
!
!

!
!

!

!

!

!

!

!
!
!

!
!

!

!
!

!
!
!
!

!
!

!

!

!

!

!

!

!

!
!

!
!

!

!

!
!

!

!

!

!
!
!

!
!
!
!
!
!

!

!

!

!

!
!

!

!!
!!!

!
!!

!
!

!

!

!

!!
!!

!!

!

! !

!

!!!

!!
!
!
!
!

!

!

!
!

!

!

!

!!
!

!

!

!!!
!

!
!

!

!

!!
!

!

!

!

!
!!

!
!

!
!

!
!
!
!
!

!

!

!

!
!
!

!
!
!
!
!
!!

!
!

!

!
!
!

!
!

!

!
!

!

!
!
!

-10

20
30

40

0

10

LCU
SCF

KF

DF

CB

LCF

LCU

CB

RBRB

DF

SCF

KFLCF

LCU–LINCOLN CREEK UPLIFTCB–CHEHALIS BASIN

RB–ROCHESTER BASIN
DF–DOTY FAULT

SCF–SCAMMON CREEK FAULT
KF–KOPIAH FAULT

LCF–LINCOLN CREEK FAULT

12
3°

11
'1

8"
W

46°46'08"N

12
2°

55
'5

7"
W

46°36'31"N

ADNA
QUADRANGLE

ADNA
QUADRANGLE

AdnaAdna

ChehalisChehalis

CentraliaCentralia

Fords
Prairie
Fords
PrairieGalvinGalvin

isostatic
gravity
(mgal)

40

30

20

10

0

-10

H
IG

H
LO

W

gr
av

ity
 m

ax
 s

po
t

gravity
station

!

S

N

Figure M1. Geophysical mapping for the Adna quadrangle. A. Isostatic gravity grid with 1 mGal contours on a lidar 
bare-earth hillshade. Gravity stations are shown as gray dots. Gravity max spots are shown as partially transparent white 
circles, where relative size of the circle is proportional to the magnitude of the gravity gradient. B. 2D geophysical model of 
the Adna cross section. The structural model in the bottom panel predicts the gravitational and magnetic anomalies shown 
by the black lines in the upper two panels. Observed magnetic and gravity anomalies (dots) are restricted to locations where 
there is adequate constraint on the gravity data from field measurements. Diameter of the central dots in the gravity 
observations represents error. Aeromagnetic observation error is less than the size of the central dots. In the bottom panel, 
“flight path” indicates the elevation of the airplane during the survey. This figure shows two separate models, joined at the 
center (marked ‘bend’). See map above for location. Geologic mapping observations and wells constrain near-surface 
geometries. Small variabilities in the magnetism of the Crescent Formation are not shown. A small lens of highly magnetic, 
likely volcanic, material was modeled in the McIntosh Formation at the northern end of the profile to fit the aeromagnetic 
data. 

Figure M2.  A. Total alkali silica volcanic classification plot (Le Bas and others, 1986) showing Seifert borehole samples (red 
circles), Grande Ronde basalt (orange triangles), and clasts and volcanic sandstone of the Lincoln Creek Formation (black 
circles). B. AFM diagram (Irvine and Baragar, 1971) showing that all volcanic rock samples from the Adna quadrangle 
classify as tholeiitic.

Figure M3. Well section for the Seifert No.1 Well.
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ABSTRACT
New 1:24,000-scale geologic mapping of the Adna quadrangle in southwest Washington focuses on improving 
geologic understanding of natural hazards that may pose a risk to people and infrastructure, including a 
proposed flood-retention structure near Pe Ell. Potential hazards include: (1) landslides due to ground instability 
and (2) seismicity associated with the Doty–Salzer Creek fault system.

New mapping and geophysical data refine previous work by characterizing geologic structures in greater 
detail, refining fault locations, and updating structural interpretations. West- and northwest-striking oblique 
reverse faults in the quadrangle may be capable of producing damaging earthquakes. Newly acquired gravity 
and ground-magnetic geophysical data constrain the locations of fault strands and strongly support 4,000 to 
6,000 ft of structural relief on the Lincoln Creek uplift in the north-central map area. 

Radiometric dating (U-Pb) of detrital zircons refines the stratigraphic framework for southwest Washing-
ton. Analyses reveal new maximum depositional ages for the Lincoln Creek Formation 
(<30.4 ±5.2 Ma), the Astoria(?) Formation (<14.8 ±3.5 Ma and <15.3 ±1.7 Ma), the Wilkes Formation 
(<6.2 ±1.0 Ma, <13.4 ±1.0 Ma, and <13.6 ±1.9 Ma), and the Logan Hill Formation (<1.6 ±0.5 Ma). U-Pb age 
spectra of detrital zircons identify marine rocks as the Eocene McIntosh Formation (<40.5 ±3.6 Ma and 
<38.5 ±4.2 Ma).

INTRODUCTION
The Adna 7.5-minute quadrangle is located in Lewis County, Washington, west of Centralia and Chehalis and 
within the southwest Washington coast range between the Willapa Hills, Black Hills, and Doty Hills. Uplands 
in the map area—the Lincoln Creek uplift of Snavely and others (1958)—contain widespread and actively 
managed timber resources. The lowlands of the Chehalis Basin are developed for residential and agricultural 
uses. The Chehalis River flows east through the map area and north into the Puget Lowland. Undeveloped 
energy resources include small coal deposits ranked from lignite to subbituminous C (Snavely and 
others, 1958) and small natural gas shows from several oil and gas exploration wells drilled from 1926 to 
1972. Columbia River Basalt was mined in a few small, inactive quarries in the southern half of the Adna 
quadrangle. 

The primary purpose of this study is to assess the Doty fault and associated geologic structures that may 
pose a seismic hazard to a proposed flood-retention structure near Pe Ell, about 5 mi to the southwest of the 
quadrangle. This work supplements recent investigations by Anderson and others (2018) and Lau and 
others (2018). This mapping will also assist with landslide hazard assessment, forestry, and mining.

We report results for more than 200 samples processed for clast counts (24 sites, Table DS1), biostrati-
graphic age constraints from macrofossils and microfossils (53 sites, Table DS2), major and trace-element 
geochemistry (57 sites, Table DS3A–B), U-Pb analyses of detrital zircons (10 sites, Table M1, Table DS4), 
and petrographic thin sections (75 sites). We refine and revise prior structural interpretations in or near the 
map area (Pease and Hoover, 1957; Snavely and others, 1958; Sadowski and others, 2018), and present 
significant modifications to the locations, extents, fault displacements, and dip directions of major structures.

GEOLOGIC OVERVIEW
The map area is located where the Puget Lowland meets the Willapa Hills in the forearc of the Cascadia 
subduction zone, which has repeatedly produced large-magnitude earthquakes in southwest Washington 
(Clague, 1997). The Cascadia forearc has been experiencing ongoing oblique subduction with concomitant 
clockwise rotation (Wells and McCaffrey, 2013) and north–south shortening (Wells and others, 1998). 
Deformation is accommodated by west- and northwest-striking faults and folds with kilometer-scale lengths 
(Bowman and Czajkowski, 2019).

Basin-bounding faults—the Doty and Scammon Creek faults—flank the Lincoln Creek uplift in the map 
area. The faults also interact with other faults within and outside the map area—the Salzer Creek and Kopiah 
faults, respectively. The Chehalis River and Centralia synclines flank the Lincoln Creek uplift, which 
encompasses the Chehalis anticline. Numerous similarly oriented faults farther north in the Puget Lowland 
exhibit recent seismic activity (Johnson and others, 2004; McCaffrey and others, 2013), which raises the 
possibility that faults in the map area could be active as well.

Regional Paleogene and Neogene bedrock units reveal changes in depositional environment from 
offshore marine to nearshore deltaic and back to marine, followed by emplacement of subaerial lava flows 
with subsequent continental fluvial deposition of sedimentary rocks. Pleistocene glaciofluvial alpine outwash 
was later deposited on bedrock surfaces. These strata are separated by regional unconformities that are 
exposed in the map area. These unconformity-bound strata reflect a progression of regional tectonic events 
that produced subsidence and uplift during the Cenozoic (Armentrout, 1987).

Bedrock units are as follows (in order from oldest to youngest): McIntosh Formation, Skookumchuck 
Formation, Lincoln Creek Formation, Astoria(?) Formation, Grande Ronde Basalt (GRB) of the Columbia 
River Basalt Group (CRBG), Wilkes Formation, and Logan Hill Formation (Pease and Hoover, 1957; 
Roberts, 1958; Snavely and others, 1958, 1959; Payne, 1998). The total thickness of these rocks is more than 
10,000 ft. Underlying these strata, unexposed basement rocks of the Crescent Formation were observed in the 
Seifert No.1 well (site HC5, Fig. M3) and represent the Siletzia terrane (Wells and others, 2014).

GEOPHYSICS
Potential fields geophysics—gravity and magnetics—reveal zones of variation in density or magnetic 
properties, respectively. New potential fields geophysical data were collected using a LaCoste 
Romberg model G-908 gravimeter and a G-859 Cesium vapor portable magnetometer. Data resolution 
is at 1–2 km (3,281–6,562 ft) grid spacing with profile lines at 250 m (820 ft) spacing. A horizontal-
gradient filter applied to the isostatic gravity grid helps identify gravitational gradients, commonly 
associated with contacts or with faults, where stronger gradients may imply larger fault displacements. 
More than 150 density measurements from samples collected throughout the region constrain our modeling 
parameters for gravity data. Aeromagnetic data (R. Blakely, USGS, written commun., 2016) and ground-mag-
netic data identify magnetic anomalies related to volcanic formations and highlight lineaments possibly 
related to faults. 

In southwest Washington, gravity highs generally represent high-density Crescent Formation basalt 
exposed or located close to the surface. The Lincoln Creek uplift (LCU in Fig. M1A) is a gravity high in the 
northern half of the quadrangle. Gravity lows result from deeper Crescent basalts overlain by thick, low-den-
sity sediments. A northwest-trending gravity low known as the Rochester basin (RB in Fig. M1A) is northeast 
of the Lincoln Creek uplift and is bounded by gravity gradients associated with the Kopiah and Scammon 
Creek faults. Another significant gravity low known as the Chehalis basin (CB in Fig. M1A) is south of the 
Doty fault. This low extends laterally to the southeast and west of the Adna quadrangle, and is co-located 
with the Chehalis River syncline.

Geophysical gradients calculated from newly collected potential fields data aid location and characteri-
zation of the Doty, Scammon Creek, and Lincoln Creek faults and associated smaller, transverse faults 
(Anderson and others, 2018; Lau and others, 2018)(Fig. M1B). The strongest and widest gravity gradient 
trends westward through and beyond the map area and is spatially correlated with the mapped location of the 
Doty fault (DF in Fig. M1A). Gravity change across this gradient indicates a relative north-side-up motion. 
The strength of the gradient indicates large vertical separation along the fault, and its width may suggest a 
fault zone rather than a single continuous fault. 

A subtle gravity gradient is associated with the Salzer Creek fault, which suggests the fault is a subsidi-
ary strand in the Doty fault zone, with much less vertical offset in the map area. A northwest-trending gravity 
gradient associated with the Scammon Creek fault (SCF in Fig. M1A) extends from the Doty fault to the 
Rochester fault of Polenz and others (2019) and indicates a relative southwest-side-up motion. Running from 
north to south, this continuous, steep gradient splits into two gradients near the northern map boundary, 
indicating separate fault strands, each with significant offset. We separate the previously unmapped northern 
strand and formally name it the Lincoln Creek fault. Isostatic gravity indicates the presence of multiple, 
subtle northeast-trending gradients within the Lincoln Creek uplift (LCU in Fig. M1A), that align with 
mapped transverse faults. 

Offset of the Crescent Formation as inferred from geologic and modeled geophysical cross sections 
suggests slips of about 4,000 and 1,000 ft for the Doty and Salzer Creek faults, respectively (Anderson and 
others, 2018; Lau and others, 2018). Similarly, estimates for slip on the Scammon and Lincoln Creek faults 
are about 2,000 and 1,500 ft, respectively. Preliminary modeling also strongly suggests variations in the 
thickness of concealed Miocene strata, as well as deformation of these strata, particularly the Wilkes Forma-
tion and underlying GRB. Modeling shows an increase in thickness of strata from south to north within the 
Chehalis River syncline. Paleotopography does not explain such a large change in thickness—tectonism is a 
more likely explanation. Accordingly, three concealed folds are inferred solely from geophysical data to the 
south of the Doty fault, and we speculate that these three concealed folds were produced by concealed, 
south-verging splay faults associated with the Doty fault. The development of accommodation space in the 
Miocene may have permitted the development of growth strata in the footwall of the Doty fault. 

STRUCTURES 
The Lincoln Creek uplift is the largest structural feature in the map area. The uplift has older rocks in its core 
and is bounded by faults with large displacements near laterally extensive folds. Faults in the Adna quadran-
gle fit into a regional-scale pattern (Bowman and Czajkowski, 2019; Wells and others, 2017) of west- and 
northwest-striking faults, where west-striking faults accommodate north–south compression with possible 
oblique slip, and northwest-striking faults accommodate dextral reverse slip in the modern stress regime. 

The Doty and Scammon Creek faults are two large displacement, west- or northwest-striking, high-an-
gle, reverse faults with components of inferred sinistral or dextral oblique slip, respectively. They bound the 
Lincoln Creek uplift and produce the structural high. The Salzer Creek and Lincoln Creek faults are subparal-
lel and synthetic to uplift-flanking faults. New, higher-resolution geophysical data in this report correct the 
dip direction of the Salzer Creek fault of Sadowski and others (2018) to be north-dipping. The Salzer Creek 
fault has only about a quarter of the displacement of the Doty fault, whereas the Lincoln Creek fault has 
displacement near equivalent to the Scammon Creek fault. Geophysical evidence from gravity data suggests a 
~1.5 mi-wide step between dextral reverse faults, where deformation may have transferred from the Lincoln 
Creek fault to the Scammon Creek fault. This deformation may have produced a zone of progressively 
shallower uplifted basement to the southwest, in the configuration of a flower structure.

Within the uplift, smaller north–northeast-striking, steeply(?) dipping transverse faults with oblique 
slip—inferred from field relationships and geophysical modeling—may terminate against larger faults. 
Displacement on transverse faults is inferred to be minimal (<1,000 ft) based on patterns of map units. The 
Sponenbergh Creek fault was modified from Snavely and others (1958), who mapped the fault without 
naming it, and is identified by offset along the upper contact of Skookumchuck Formation across Sponenber-
gh Creek. This transverse fault has northwest-up offset (Polenz and others, 2019) with sinistral(?) oblique 
slip. Transverse faults tend to align with similarly oriented drainage patterns within the uplift.

Two laterally extensive pairs of folds are sub-parallel to uplift-bounding faults. The Doty fault parallels a 
west-trending monocline identified from seismic reflection profiles (W. Stephenson, USGS, written 
commun., 2017) and the west-plunging Chehalis River syncline. The Scammon Creek fault parallels the 
southeast-plunging Chehalis anticline and the west-plunging Centralia syncline, which decreases in plunge to 
the northwest. The Chehalis River and Centralia synclines are broad footwall synclines, suggesting that these 
folds—and their anticlinal neighbors in their respective hanging walls—are fault-related folds. Thickened 
Miocene strata in the Chehalis River syncline suggest that folding may have contributed to the development 
of accommodation space generated by larger faults.

MODERN ACTIVITY 
The lack of recorded seismicity along structures in the map area from the Pacific Northwest Seismic Network 
documents modern inactivity. Evidence favoring recent activity is inconclusive and relies on numerous 
escarpments of unclear origins within landslides. These escarpments may be related to mass-wasting events 
or faulting. Therefore, ongoing fault activity is neither inferred nor ruled out. Paleoseismic trenching at a 
significant site (S2) across an escarpment in Miocene(?) rocks is recommended to evaluate activity and 
amount of slip on the Doty fault.

The timing of the Lincoln Creek uplift—and with it the activity on the Doty fault—is based on a U-Pb 
age (site GD9) and geophysically inferred thickness variations of the Wilkes Formation on the north limb of 
the Chehalis River syncline. Uplift may have continued until at least the late Miocene. Alternately, the two 
blind reverse faults could dip south and sole into a low-angle thrust (décollement) and not the Doty fault. 
Either scenario may satisfy geophysical modeling constraints.

DESCRIPTION OF MAP UNITS
Quaternary 
HOLOCENE TO PLEISTOCENE NONGLACIAL DEPOSITS

  Artificial fill—Rubble of cobbles, pebbles, sand, and boulders in varied amounts and rock types 
(mostly basalt); poorly sorted and unconsolidated; used for raising roadbeds, trails, railroads, and 
other infrastructure.

  Modified land—Rubble of cobbles, pebbles, sand, and boulders in varied amounts and rock 
types; locally sourced but redistributed to modify topography; includes some industrial, agricultur-
al, and residential zones; excludes local roads, individual homes, golf courses, farms, and harvest-
ed timber lands. Also excludes some pits where underlying units can be readily identified, fill 
areas appear minor, excavation exposes the same unit as the surrounding surface, or exposure of 
underlying units was deemed likely to be permanent. Mapping of alluvial and glacial Quaternary 
units takes priority over delineating modified land.

  Landslide deposits—Diamicton; colors vary from light to medium brown with shades of gray; 
weathering is varied; generally loose, unconsolidated to poorly compacted; angular to rounded 
sand, silt, clay, cobbles, pebbles, and diamicton formed as a result of slope failure of bedrock; 
unsorted and chaotically mixed; no internal structure; unit thicknesses vary and can range in the 
tens of feet. These deposits can be identified by their hummocky topography, cracks, wet seeps, 
and curvilinear head scarps. Landslides and landslide complexes are widespread along hillslopes 
north of the Doty fault, within the Lincoln Creek uplift. A mass-wasting overlay is used to 
delineate more ambiguous landforms with landslide-like characteristics. More than 350 landslides 
cover 23% of the map area, and approximately 30% of the map area exhibits some degree of 
ground instability, including mass wasting. This instability is probably due to unit Ensk being 
weathered or poorly cemented, or because ash in that unit has altered to clay. Absence of mapped 
landslides or mass-wasting features does not imply stability, the absence of a hazard, nor the 
absence of a landslide deposit. The age, timing, and re-activation of these features are unknown, 
and the level of activity should be evaluated on a site-by-site basis with field visits by a profes-
sional geologist.

  Peat—Organic and organic-rich sediment; includes peat, gyttja, muck, silt, and clay; typically in 
closed depressions; mapped in wetland areas and distinctly flat-bottomed depressions; also 
mapped on the basis of spectral analysis of Landsat data and (or) evaluation of infrared and color 
aerial photos. The thickness of most peat deposits is largely unassessed and unknown. Peat 
deposits are more common near and along the northern tributaries to the Chehalis River, typically 
within alluvium and related to ponding of stagnant water.

  Alluvium—Stream channel deposits, flood plains, and older terrace deposits; pebbles, cobbles, 
sand, silt, clay, peat, and boulders in various amounts along stream channels and on flood plains; 
color ranges from light tannish gray to dark brown, depending on the amount and source of 
fine-grained materials; fresh to lightly weathered except where streams have incorporated older 
deposits, resulting in a bimodal weathering distribution; not compacted and not cemented; 
typically well rounded and moderately to well sorted; lithology of the clasts varies based on the 
deposits the stream flows through; clasts are primarily extrusive volcanic rocks, metamorphic 
rocks, chert, and granite; alluvium is 50 to 80 ft thick based on well logs (wells W6, W7, W8, 
W19, W22, W23, W24) and an interpreted seismic reflection profile along Deep Creek Road 
(W. Stephenson, USGS, written commun., 2018). Mapped as unit Qa where the youngest, lowest-
lying alluvium is active. Mapped as unit Qoa where older alluvial terraces (5–15 ft thick) reside 
more than 5 ft above the younger alluvial surface. Ages are roughly constrained to Quaternary. 

  Alluvial fan—Sand, silt, clay, pebbles, and cobbles in varied amounts; gray to brown; loose; 
subangular to rounded; moderately to poorly sorted; stratified to unstratified; derived largely from 
sedimentary bedrock. Most instances of the unit are inferred from distinctive lobate landforms 
where streams emerge from a confined valley; especially common along Deep Creek.

PLEISTOCENE TO PLIOCENE GLACIAL SEDIMENTS

The Puget lobe of the cordilleran ice sheet extended southward to within a few miles of the northern edge of 
the map area during the Vashon Stade of the late Wisconsinan Fraser Glaciation. Outwash deposits 
(unit Qgog) from this and earlier glaciations contain appreciable percentages of intrusive igneous and 
metamorphic rocks (termed “northern-sourced” drift). Farther south, at elevations above Vashon deposits, 
glacial sediments exhibit severe weathering and clast compositions containing abundant percentages of 
andesite from the Cascade Range (“Cascade-sourced” drift)(Table DS1). These deposits therefore likely 
represent pre-Vashon drift interpreted as outwash from earlier alpine glaciation(s) in the Cascade Range 
(unit Qapolh). 

Continental Drift

  Vashon recessional outwash, gravel—Cascade- and northern-sourced, sandy to silty, pebble to 
cobble gravel; medium to dark gray, medium to light brown, and maroon where iron stained; 
lightly weathered with most weathering rinds <2 mm thick; loose; may be lightly cemented; 
cobble- to pebble-sized clasts in a medium- to coarse-grained sand matrix; well rounded to 
subrounded; moderately sorted; lithic clasts are a diverse mix of outwash primarily from the 
Cascade Range, with lesser amounts of northern-sourced clasts, including about 40% intermediate 
to felsic volcanic rocks, 26% intermediate to felsic intrusive rocks, 12% mafic igneous rocks, 
12% metamorphic rocks, 10% quartz, and rare chert. Well data in Fords Prairie suggests unit 
thicknesses of 20 to 44 ft (well W28). The unit flatly covers Fords Prairie. A subtle, fan-shaped 
topographic pattern north of the Chehalis River was used to delineate the outwash deposit. The 
southern maximum ice extent of the Puget lobe is mapped in the adjacent quadrangles to the north 
and northeast (Polenz and others, 2017; 2018; 2019). Sand and gravel deposits from this glaciation 
record recessional outwash from the southernmost extent of the Vashon ice advance. 

Alpine Drift

  Logan Hill Formation (Pleistocene)—Pre-Vashon, Cascade-sourced, alpine glaciofluvial 
outwash of volcanic cobbles and pebbles in a matrix of sandy, silty clay; multicolored, reddish 
brown, medium to light brown, and purplish light gray to medium gray; moderately to severely 
weathered and rotten; crumbles easily, easy to scrape or cut with a knife; poorly to moderately 
compacted, poorly indurated, poorly cemented; pebble- to cobble-sized clasts in a cohesive, 
clayified, sandy to silty matrix; clasts are rounded to subrounded with oblate to equant shapes; 
generally matrix supported; locally clast supported; moderately to poorly sorted; structureless, 
unstratified; clasts generally include <50% intermediate to felsic volcanic rocks, 25% mafic 
igneous rocks, <20% metamorphic rocks, and 5% or more quartz and chert; unit includes 
sand-sized grains that are generally quartz rich and mica poor; unit thickness varies from about 
170 ft thick south of the Doty fault, to about 55 ft thick in the central map area on the east flank of 
the uplift, to 90 ft thick on Cook Hill, and to less than 100 ft thick on the south side of Michigan 
Hill in the northern map area (wells W25, W26); deposits are restricted to a few elevated terrac-
es—between 330 ft and 520 ft elevation—south of the Doty fault and on Cook and Michigan 
Hills, where they unconformably mantle bedrock topography. The sorting and grain size of the 
unit suggest it was deposited in a braided channel paleoenvironment. The basal contact of the 
Logan Hill Formation is commonly concealed by landslide deposits, suggesting that the base of 
this highly weathered, clayified rock unit forms a favorable slide plane for mass transport 
(Sadowski and others, 2018). On the northwestern edge of Cook Hill, a petrified tree was excavat-
ed circa 2010(?) at significant site S1 (P. Pringle, Centralia College, written commun., 2019) from 
either Miocene or Pleistocene rocks. A 30°N dip of bedding at this site represents either rapid 
Pleistocene deformation or tilted Miocene stratigraphy with a thin veneer of Logan Hill Forma-
tion. The latter explanation is preferred because site photos show gravel above sandstone in 
excavation. Age is roughly Pleistocene based on the youngest population of zircons 
(U-Pb site GD10), and unit has age spectra similar to age spectra for Miocene deposits, which 
suggests reworking. Unit is best exposed at clast count sites C7, C8, C12, C13, C16/GD10, C17, 
and C22. 

Tertiary Volcanic and Sedimentary Bedrock

Evidence of submarine eruption and subsequent accretion of the Siletzia terrane is not recorded at the surface 
in the map area. Rocks of the Crescent Formation that represent the Siletzia terrane are geochemically 
identified below ~2,900 ft depth in the Seifert No.1 Well (HC5) within the Lincoln Creek uplift. Eocene 
deposition of marine sediments related to the McIntosh Formation mudstones may interfinger (Pease and 
Hoover, 1957) or be otherwise unconformable with Crescent Formation basalts at about 50 Ma to 42 Ma 
(Wells and others, 2014). U-Pb analyses of detrital zircons at the freshest localities were able to identify the 
McIntosh Formation by the dearth of Proterozoic zircons, whereas younger units have a clear Proterozoic 
signal. 

Post-McIntosh deposition of the Skookumchuck sandstone suggests that the depositional environment 
gradually changed from offshore marine to nearshore deltaic in the middle to late Eocene. The depositional 
environment changed again around the earliest Oligocene, from deltaic to marine as reflected by the 
Cascade-derived sediments related to the Lincoln Creek Formation. 

Miocene rocks in the map area reflect a regional transition from marine to terrestrial depositional 
environment around 14–16 Ma. Prior to this age, marine rocks of the Astoria(?) Formation were deposited in 
the Chehalis basin until the terrestrial eruptions of the Columbia River Basalt Group (CRBG). The Grande 
Ronde Basalt (GRB) is the most voluminous CRBG unit, with an eruptive volume of 150,100 km3 
(72.3% of the total volume of the CRBG)(Reidel, 2015). The GRB contains members that can be differentiat-
ed based on whole-rock and trace-element geochemistry. The depositional environment is inferred to be 
continental, with subaerial fluvial deposition of the Wilkes Formation in the map area following emplace-
ment of the CRBG. 

  Wilkes Formation (middle to late Miocene)—Volcaniclastic and tuffaceous, pebbly to clayey 
sandstone to siltstone and localized sandy conglomerate; where fine sandstone to siltstone 
(U-Pb sites GD7 and GD9), unit is buff to light gray to blue gray; fresh to mildly weathered with 
iron oxide staining and liesegang banding; well cemented where fresh, friable where mildly 
weathered; semi-consolidated to moderately indurated; moderately to well compacted; subangular 
to subrounded; moderately to very well sorted; cross stratified with siltstone laminations and 
<1.0 in.-thick ash beds now altered to bentonite; common carbonaceous laminations; siltstone 
laminations contain abundant leaf imprints and plant fragments with lesser amounts of petrified 
wood; subhorizontal to gently dipping bedding suggests angular unconformity with underlying, 
more steeply dipping strata. Distinguishing textures include sparse, <0.25 in. patches of light-col-
ored, weathered pumice that generate a distinctive ‘frothy’ texture in places (geochemistry site G16) 
and a stiff, gray, unctuous, waxy, crayon-like texture elsewhere (clast count site C2); mica content 
(0–30%, 0.2–2.0 mm).

  Where conglomeratic (U-Pb site GD8), deposits are tan, moderately to strongly weathered; mildly 
cemented; rounded; well sorted; clast-supported. Cobbles and pebbles consist primarily of 
basalt (50–85%) with significant carnelian (5–20%)—a translucent, red variety of chalcedony, 
colloquially called ‘Adna agate’ (Table DS1). The unit is less weathered than the Logan Hill 
Formation but otherwise similar (Table DS1). 

  Unit thickness is 500–1,000 ft locally in the footwall of the Doty fault. Exposures are most 
common south of the Doty fault in the Chehalis River syncline. Unit was likely deposited in a 
continental depositional environment that was fluvial and nonmarine, perhaps a forested lowland 
paleoenvironment periodically inundated with Cascade-sourced lahars (Yancey and others, 2013). 
The unit unconformably overlies the CRBG. Single youngest detrital zircons and spectra show 
ages ranging from middle (GD7 and GD8) through late (GD9) Miocene, and therefore we 
correlate this unit with the Wilkes Formation of Roberts (1958) and the nonmarine unit of 
Snavely and others (1958). The younger locality matches age spectra from the Centralia quadran-
gle (Sadowski and others, 2018) and also matches late Miocene flora and a tephra 40Ar/39Ar age 
(6.1 ±0.1 Ma)(Yancey and others, 2013). Shallow water wells with high salt content—unsuitable 
for agriculture or residential uses—withdrawing from the Wilkes Formation are inconsistently 
found proximal to where Cross Section A–A′ intersects the Chehalis River valley (for example, 
well W29). The origin of these discontinuous brackish aquifers may be related to water–rock 
interactions or pockets of connate water. The unit is best exposed at U-Pb age sites GD7, GD8, 
and GD9. Geochemistry and clast count sites G24 and C24 are outside of the map area in the 
Wilkes Hills type locality to the southeast. 

  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 where moderately weathered; well indurated and crystalline; generally structure-
less with rare platy zones; commonly blocky with columnar-jointed colonnade with lesser entabla-
ture, rare flow-top breccia, and no observed pillows; contains equant vesicles (<7 mm), and 
zeolite-filled amygdules; geochemistry results from major and trace element analyses show 
tholeiitic, basaltic andesites with nearly identical compositions (Table DS3), identifying the 
McCoy Canyon(?) flow of the Sentinel Bluffs member of GRB (A. Steiner, Wash. State Univ., 
written commun., 2019)(sites G1, G3, G9, G17)(Table DS3, Fig. M2A, B); modest compositional 
differences between these samples and fresher GRB, including their Al2O3, K2O, and Fe2O3 
contents, are likely due to weathering (sites G4 and G8). Weathering of the samples is also 
supported by rare earth element (REE) enrichment and negative Ce anomalies. Unit thickness is as 
much as 110 ft based on well data (wells W1–4, W30–42). Preliminary geophysical modeling 
suggests as much as 600 ft of basalt in the Chehalis River syncline (Fig. M1), but it is unclear if 
that larger thickness of basalt is composed entirely of the Sentinel Bluffs member. Distribution is 
limited and best exposed at Bunker Quarry on the southern map boundary. Unit conformably 
overlies the Astoria(?) Formation and baked the underlying marine sandstone beneath geochemis-
try site G1. Unit is also well exposed at geochemistry sites G1, G3, G4, G8, G9, and G17. Mapped 
as unit „vbgr in the Centralia quadrangle (Sadowski and others, 2018).

  Astoria(?) Formation (early to middle Miocene)—Quartzose to feldspathic sandstone to 
siltstone; light to medium gray where fresh; weathers light brown; moderately to strongly weath-
ered; moderately compacted; weakly to moderately cemented; moderately to poorly indurated; 
fine- to medium-grained sand to silt; subrounded to subangular; moderately to well sorted; 
common siltstone and (or) altered tephra laminations; common interbeds of mildly to well 
cemented, subrounded to rounded, moderately sorted, basaltic sandstones and conglomerates 
(significant sites S17–23, U-Pb site GD6) and systematically found near and above the contact 
with the Skookumchuck Formation; quartz and feldspar abundant, with distinctive, lithic 
fragments that are light green to greenish yellow and medium to dark gray, very fine to medium 
grained, with minor light purple tuff or pumice fragments 2 mm–2 cm in length, trace amounts of 
bronzy phlogopite (or biotite?)(<1%); unit thickness is 650–1,000 ft. The unit is mapped only in 
the footwalls of major faults and underlies the CRBG on both limbs of the Chehalis River 
syncline. Where devoid of useful biostratigraphic constraints (Table DS2), the Oligocene and 
Miocene marine sedimentary rocks are similar looking at the best exposures, and nearly identical 
at common, poorer exposures. The contact relationship is therefore possibly conformable. The 
question mark after ‘Astoria’ denotes probable correlation with the now non-existent type section 
of the Astoria Formation mapped south of the Columbia River (Howe, 1926; Snavely and 
others, 1958; Beaulieu, 1971). Age is no older than middle Miocene based on the youngest single 
detrital zircon from U-Pb sites GD4 and GD5. Middle Miocene marine rocks underlying this 
member likely contain foraminiferal faunal zone Siphogenerina kleinpelli (Saucesian)
(Logan, 1987). The unit is best exposed at sites G2, GD4, GD5, G10, and G57.

  Tuffaceous siltstone of the Lincoln Creek Formation (latest Eocene to earliest 
Miocene?)—Tuffaceous siltstone; olive gray, light to medium greenish gray, light bluish gray 
where fresh, buff to tan, light to medium brown and yellowish orange where weathered; moderate-
ly to strongly weathered; well compacted; moderately indurated and cemented where fresh, but 
commonly friable and clayey; very fine sand to silt; subangular; well sorted; structureless to 
hackly with rare, fossiliferous, calcareous medium- to thickly-bedded horizons; common interbeds 
of basaltic sandstone and siltstone have multi-colored (medium to dark brown, light to medium 
gray, reddish orange, pink, maroon, light purple, and white-cream) micro-vesicular sand grains 
with sub-millimeter, crust-like coatings (significant sites S5–S16); basaltic sandstone and siltstone 
are systematically found near and above the contact with the Skookumchuck Formation; diagnos-
tically tuffaceous with common pumice and multi-colored scoria fragments with bubble walls 
(<0.2 mm) and generally mica poor (<2%); geochemistry of a volcanic clast (site G51) shows 
calc-alkaline andesitic affinity, pointing to a Cascade-arc sediment source. Basaltic sandstone 
samples classify as basaltic andesite to dacite (55.7–65.9 wt.% SiO2), but their widely varying 
Al2O3 (15.7–29.5 wt.%) and K2O (0.05–1.83 wt.%) contents (Fig. M2A), in addition to variable 
trace element contents and high REE enrichment, indicate the original igneous chemistry has been 
disturbed. However, samples G23, G51, G53, and G55 display depletions in Ta and Nb (both 
generally immobile elements) that are characteristic of subduction-related magmas. These 
compositions strongly suggest a Cascade source, and preclude their derivation from the Crescent 
Formation or CRBG. The unit is at least 1,200 ft thick and may be as thick as 4,000 ft. It flanks 
the Lincoln Creek uplift and is modeled to be thicker in the footwall of the Doty fault, where 
thickening is interpreted as growth strata. The unit suggests deposition in a lower shoreface to 
offshore marine depositional environment. Conversely, if thinning in the hanging wall is true, then 
thickness differences may reflect a paleogeographic change from marine deposition to subaerial 
erosion related to faulting. The unit conformably(?) overlies the Skookumchuck Formation and 
may grade into the overlying Astoria(?) Formation. The age of the unit is no older than Oligocene 
based on U-Pb analyses of detrital zircons (Table DS4, site GD3) in the map area, yet extends to 
the Miocene in the Michigan Hill type section. An Oligocene–Miocene molluscan mold Cyclocar-
dium subtenta (site GD15) was identified along strike and about 40 ft downsection of an Oligo-
cene U-Pb analysis from site GD3. The unit is best exposed on Cook Hill (age sites GD40, GD54, 
and GD60), on the southern tip of Michigan Hill (age sites GD61–63), near a transverse fault 
(geochemistry site G26), and at sites GD3, GD14, GD15, and GD19. The volcaniclastic siltstone 
unit …Emlcv of Sadowski and others (2018) is rare, and only found on the eastern map edge. It is 
therefore grouped with unit …Emlc in this map.

  Skookumchuck Formation, undivided (middle to late Eocene)—Micaceous and carbonaceous 
sandstone to siltstone; medium gray to medium brown where fresh, orangish brown where 
weathered; where carbonaceous, color is bluish gray with dark gray to black coal beds; highly 
friable; moderately to strongly weathered with common weathering-derived clay and limonite; 
spheroidal weathering rare; moderately compacted; weakly to moderately cemented; poorly to 
mildly indurated; medium to very fine grained sand to silt; subangular to subrounded; moderately 
to well sorted; faintly laminated; uncommon trough crossbedding; iron staining abundant along 
and across bedding planes; common ash layers (2.00–2.25 in. thick) altered to bentonitic clay 
lenses; <1-ft-thick, 10°S dipping coal seam identified at significant site S4; coal beds exposed on 
the flanks of the Lincoln Creek uplift (Snavely and others, 1958) and more common farther east of 
Centralia; feldspathic with diagnostic mica (typically 2–6% but as high as 12%, <0.3 mm, 
muscovite>biotite, preferentially flattened parallel to bedding planes), traces of pyrite associated 
with coal macerals, and rare lithic fragments; macrofossils uncommon; unit thickness is >880 ft 
(well HC5, Fig. M4) typically 2,200 to 3,000 ft; unit extensive within the Lincoln Creek uplift; 
highly susceptible to mass wasting; nearshore, lower delta front to lower delta plain facies 
(Buckovic, 1979; Payne, 1998) with progressive westward progradation and thinning. 

  A conformable and gradational contact with the underlying Eocene McIntosh Formation is 
obscured by landslide deposits, whereas overlying contacts with Oligocene and Miocene rocks are 
readily located. The unit matches descriptions of McIntosh Formation members (units Tmuss and 
Tmu) in Payne (1998) which means that there may be more McIntosh Formation and less Skoo-
kumchuck Formation than currently mapped in the Lincoln Creek uplift. The abandoned Colum-
bia Collieries coal mine is at significant site S3 and other mines were mapped in previous studies 
(for example, Snavely and others, 1958). Coal-bearing strata are not subdivided into unit Enskc of 
Sadowski and others (2018) but are instead grouped within unit Ensk in this map. The unit is best 
exposed at geochemistry and age sites G22, GD23, G25, G33, G36, G37, and G48.

  Glauconitic sandstone (middle to late Eocene)—Micaceous and glauconitic 
sandstone; essentially texturally and compositionally equivalent to the undivided 
Skookumchuck Formation and contains medium-grained sand with diagnostic and 
abundant, fine- to medium-grained glauconitic pellets (coprolites) that are greenish 
brown, resinous, semi-transparent, friable, and locally concentrated in tubular burrows 
scattered throughout outcrop; rarely carbonaceous and tuffaceous; unit thickness less 
than a few hundred feet and commonly pinches out; irregularly distributed within the 
Skookumchuck Formation; unit best exposed at sites G27 and G28.

  McIntosh Formation (middle Eocene)—Lithic-rich mudstone to sandstone; dark greenish gray 
where fresh to dark orangish brown where weathered; moderately weathered; moderately to 
strongly compacted; moderately indurated; moderately to well cemented; clay granules to silt and 
clay; rounded to subangular; moderately to poorly sorted; structureless with spheroidal weathering 
to very thickly bedded with interbedded mudstone and sandstone; fossiliferous with macrofossils 
and microfossils (Table DS2); diagnostically rich in lithic fragments composed primarily of basalt, 
otherwise tuffaceous(?) with minimal mica; thickness <3,500 ft but may be greater outside map 
area; crops out irregularly at the lowest stratigraphic and structural intervals in core of uplift and 
within a major anticline; prodelta depositional environment; gradational contact with overlying 
Skookumchuck Formation commonly obscured by landslides; middle Eocene or younger based on 
maximum depositional age (youngest single zircon grain for detrital samples)(U-Pb sites GD1 
and GD2); matches description of lower McIntosh Formation mudstones mapped by Payne (1998); 
best exposed at sites GD1, GD2, GD26, G30, and G56.

  Volcanic rocks of the Crescent Formation (Eocene)(cross section only)—Aphanitic basalt to 
andesite; dark gray to dark forest green; fresh and observed from core numbers 18 and 21 recov-
ered from Seifert No.1 well (HC5) at 3,142–3,148 ft depth (G45) and 3,690–3,697 ft depth (G47), 
respectively; dense, hard, crystalline rock with soft pockets of soft green chloritic or serpentina-
ceous(?) material; aphyric to medium grained; euhedral. The two recovered well samples (sites 
G45 and G47) classify as tholeiitic basalts (47.6–48.1 wt.% SiO2, 7.3–7.5 wt.% MgO). Both 
samples show close compositional similarities to Crescent Formation basalts analyzed during 
recent mapping (Contreras and others, 2012; Polenz and others, 2012a, 2012b, 2014, 2017) and 
differ mainly in being slightly more primitive and having notably higher Ba (235–294 ppm 
vs. 12–176 ppm). Basal contact is not exposed and unit thickness is unconstrained. Contact 
relationship with McIntosh Formation could be invasive, interfingering, or unconformable. The 
unit is identified in Seifert No. 1 cores deeper than 3,140 ft. 
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GEOLOGIC SYMBOLS

  Mass-wasting landforms (overlay pattern)—Landforms that suggest mass movement on unstable 
slopes, but evidence for landslide deposits is inconclusive. 

Contact—Solid where location accurate; long-dashed where approximate; 
short-dashed where inferred; dotted where concealed; queried where identity or 
existence questionable

Gradational contact—Location accurate; queried where identity or existence 
questionable

Fault, unknown offset—Short-dashed where inferred; dotted where concealed; 
queried where identity or existence questionable

Reverse fault—Long-dashed where approximate; dotted where concealed; 
rectangles on upthrown block

Oblique-slip fault, reverse left-lateral offset—Solid where location accurate; 
short-dashed where inferred; dotted where concealed; queried where identity or 
existence questionable; relative motion shown by arrows; rectangles on upthrown 
block

High-angle dip-slip fault—Short-dashed where inferred; dotted where concealed; 
relative vertical motion shown by U and D; queried where identity or existence 
questionable

Oblique-slip fault, high-angle right-lateral offset—Long-dashed where 
approximate; short-dashed where inferred; dotted where concealed; relative 
horizontal motion shown by arrows, relative vertical motion shown by U and D; 
queried where identity or existence questionable

Oblique-slip fault, high-angle left-lateral offset—Location concealed; relative 
horizontal motion shown by arrows, relative vertical motion shown by U and D; 
queried where identity or existence questionable

Anticline—Long-dashed where approximate; short-dashed where inferred; dotted 
where concealed; queried where identity or existence questionable; arrow on line 
indicates plunge direction

Syncline—Long-dashed where approximate; short-dashed where inferred; dotted 
where concealed; queried where identity or existence questionable; arrow on line 
indicates plunge direction

Monocline, synclinal bend—Short-dashed where inferred; dotted where 
concealed; arrows show direction of dip; shorter arrow on steeper limb; queried 
where identity or existence questionable

Monocline, anticlinal bend—Short-dashed where inferred; dotted where 
concealed; arrows show direction of dip; shorter arrow on steeper limb; queried 
where identity or existence questionable

Cross section line

Perennial stream

Intermittent stream

Fluvial terrace—Solid where location accurate; short-dashed where inferred; hachures 
point down slope

Scarp of unknown origin—Identity or existence certain, location accurate; hachures point 
down slope

Inclined bedding—Showing strike and dip; black symbols indicate data collected by Washington 
Geological Survey (WGS); red symbols indicate data compiled from Snavely and others (1958)

Approximate orientation of inclined bedding in unconsolidated deposits or bedrock—Showing 
approximate strike and dip; black symbols indicate surface data collected by WGS; blue symbols 
indicate subsurface data compiled or derived from mining records

Inclined bedding, where top of beds is known from local features—Showing strike and dip

Small, minor inclined joint—Showing strike and dip

Inclined flow banding, lamination, layering, or foliation in igneous rock—Showing strike and dip

Shear—Showing strike and dip

Spring—Line angle indicates downslope direction

Age site, fossil

Age site, U-Pb, uranium-lead

Geochemistry sample location

Water well

Significant site

Geologic unit too small to show as a polygon at map scale

Drill hole for hydrocarbon exploration

Drill hole or test pit

Clast count sample


