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ABSTRACT: Large Igneous Provinces (LIPs) have been implicated in some of the largest environmental perturbations to have
affected the Earth through geological time. Yet the impact of LIP development on drainage and ecosystem development in the
immediate vicinity of these provinces are still poorly constrained to date. Based on a detailed, integrative facies scheme we
characterize the interaction between volcanism and fluvial, lacustrine, and wetland environments in the Miocene Columbia
River Flood Basalt Province (CRBP) LIP exposed in central Washington State, USA. The facies scheme proposed here
comprises a detailed description and interpretation of siliciclastic, bioclastic (diatomite), volcaniclastic, and paleosol facies and
subfacies intercalated with lavas of the Columbia River Basalt Group (CRBG). Facies and facies associations of individual
interbeds are further correlated to reconstruct changes in sedimentary settings and topography of lava fields during deposition.
Field observations and facies analysis help to explain the effects of flood-basalt volcanism on drainage-system development. We
propose a generic model of lava–drainage interplay and distribution of sedimentary settings in flood-basalt provinces, which will
contribute to our understanding of sedimentological, environmental, and volcanic processes in the CRBP. Hydrocarbon
exploration in volcanic terrains requires detailed information on the distribution and development of sedimentary settings. This
model will help to better predict the character and distribution of sedimentary bodies and potential hydrocarbon reservoirs in
volcanic terrains.

INTRODUCTION

Studies of Large Igneous Provinces (LIPs) such as the Miocene
Columbia River Flood Basalt Province (CRBP) have focused primarily
on understanding volcanic stratigraphy, volumes and timing of lava-flow
development, and the geochemical evolution of magma sources with time
(Baksi 1988; Reidel et al. 1989; A.D. Smith 1992; Self et al. 1996; Hooper
2000; Jerram and Widdowson 2005; Hooper et al. 2007). Sedimentolog-
ical research has focused mainly on intra-basaltic drainage reconstruc-
tion, and the distribution of interbeds and sedimentary facies (Fecht et al.
1987; G.A. Smith 1988a, 1988b).

This study aims to integrate and correlate sedimentological and flood-
basalt processes in the CRBP, and to characterize how sedimentary
settings change in response to lava-flow emplacement. For this, a generic
integrative facies scheme including clastic sedimentary rocks associated
with paleosols, and pyroclastic, volcaniclastic, and hyaloclastic rocks is
presented. Based on the facies scheme a range of lava–sediment and lava–
environment interaction scenarios are characterized and the influence of
volcanism on the drainage-system evolution is discussed.

This study will help to better understand sedimentological and
environmental changes in the immediate vicinity of LIP volcanism.
Volcanic terrains are becoming areas of increased interest for hydrocar-
bon exploration such as the Faroe–Shetland Basin (Helland-Hansen
2009; Hardwick et al. 2012; Schofield and Jolley 2013), the Cretaceous
Paraná–Etendeka Province in Brazil and offshore Namibia (Jerram et al.
1999; Scherer 2000; Waichel et al. 2008). This requires adequate models
describing the distribution and dimensions of potential reservoirs in lava

fields. Excellent exposure in the Yakima Fold Belt and southern Palouse
Subprovinces of the CRBP, Washington State, USA (Fig. 1), allows
detailed study into both volcanic and sedimentary systems along with
their interrelationships.

GEOLOGICAL SETTING

The CRBP is located in the back-arc basin of the Cascade Range
(Fig. 1). The Cascade Range is part of the Cordilleran Orogen, which
formed as a result of incremental accretion of subduction complexes
associated with arc magmatism along the western margin of North
America since the mid-Early Triassic (Priest 1990; A.D. Smith 1992;
Dickinson 2004; Hooper et al. 2007). Prior to CRBP volcanism, the area
was subject to early Paleogene to early Miocene alluvial and lacustrine
deposition and the emplacement of andesitic to rhyolitic lava flows
(Campbell 1989).

From late early Miocene times, flood basalt and rhyolitic to andesitic
volcanism occurred west of the Cascade Range, including the Oregon
Plateau, CRBP, and the Snake River Plain (Fig. 1, Rytuba and McKee
1984; Reidel et al. 1989; Tolan et al. 1989; Pierce and Morgan 1992; Camp
and Ross 2004; Barry et al. 2010; Barry et al. 2013; Reidel et al. 2013).
Flood-basalt flows of the Oregon Plateau and the CRBP are assigned to
the Columbia River Flood Basalt Group (CRBG), which commenced on
the Oregon Plateau at 16.72 6 0.21 Ma (40Ar/39Ar after Jarboe et al.
2008) with the eruption of the Steens Basalt. From late early Miocene
to early late Miocene the locus of volcanic activity migrated from
southeastern Oregon (Steens Basalt) through northeastern Oregon
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(Imnaha and Grande Ronde basalts) to southeastern Washington
(Grande Ronde, Wanapum and Saddle Mountains basalts) along the
Chief Joseph Dike Swarm (Tolan et al. 1989; Camp 1995). A second
northward migration trend exists along the Monument Dike Swarm
(Picture Gorge and Prineville basalts, Camp and Ross 2004). The
eruptions of the Steens, Picture Gorge, Prineville, Imnaha, and Grande
Ronde basalts mark the main phase of flood basalt volcanism (Tolan
et al. 1989), and were followed by eruption of the less voluminous
Wanapum and Saddle Mountain Basalts from fissures of the Chief
Joseph Dike Swarm (Swanson et al. 1979; Camp and Ross 2004). The
basalt flows are intercalated with fluvial and lacustrine sedimentary rocks
and paleosols of the Ellensburg Formation (Fig. 2; Mackin 1961;
Schmincke 1967b; Fecht et al. 1987; G.A. Smith 1988a, 1988b; G.A.
Smith et al. 1989).

THE ELLENSBURG FORMATION

The Ellensburg Formation comprises the sedimentary interbeds in the
western and central part of the CRBP, which were deposited during
phases of volcanic quiescence (Swanson et al. 1979). The Ellensburg
Formation is divided into several members according to their strati-
graphic position (Mackin 1961; Schmincke 1964, 1967b; Reidel and Fecht
1981; Fecht et al. 1987; G.A. Smith 1987, 1988a; G.A. Smith et al. 1989).

Despite the revised nomenclature of Swanson et al. (1979), the
stratigraphy and nomenclature of the Ellensburg Formation still remains
unclear in some aspects (e.g., G.A. Smith 1987; G.A. Smith 1988a; Tolan
et al. 2002). For instance, some interbeds, which were deposited on a
certain basalt flow and thus assigned to a certain member, may be
deposited on top of an older basalt flow elsewhere, where the next
younger flow has not been emplaced. This is the case for some exposures
of the Squaw Creek, Quincy, Selah, and Rattlesnake Ridge members. At
some localities a precise distinction between some of the members is
impossible, as the sedimentation phase covers the time period of two or
more lava-flow emplacements. Another problem occurs with the
distinction of the syn-CRBG and post-CRBG sedimentation in that
sediments which are not overlain by basalt show a gradual transition into
post-CRBG stratigraphy (e.g., Fecht et al. 1987; Smith G.A. 1988a; G.A.

Smith et al. 1989). This study concentrates on those sedimentary units,
which can be correlated with the underlying and overlying basalt.

Intra-Grande Ronde Basalt Sediments

The oldest interbed that has been recorded in this study occurs between
the R2 and N2 flow units of the Grande Ronde Basalt (Jolley et al. 2008),
which is hereafter referred to as the ‘‘Douglas Creek Member’’ according
to its type locality in the valley of the Douglas Creek at the Wagon Road
locality (WR, Fig. 3). Other interbeds are exposed between lava flows of
the N2 unit. The interbed thickness ranges from c. 4 to 10 m and consists
of siliciclastic and volcaniclastic fluvial sediments (Jolly et al. 2008; this
study).

Vantage Member

Interbeds between the Grande Ronde Basalt and the Frenchman
Springs Member of the Wanapum Basalt are assigned to the Vantage
Member (Mackin 1961; Swanson et al. 1979). This member is up to c.
30 m thick and marks the first significant hiatus between eruptions in the
CRBG, which lasted for c. 200,000 years (Beeson et al. 1989; Barry et al.
2010). This member includes the deposition of siliciclastic and volcani-
clastic sediments in fluvial and lacustrine environments associated with
the formation of paleosols and lahars (Schmincke 1967b; Fecht et al.
1987; G.A. Smith 1988a).

Squaw Creek and Quincy Member

Interbeds situated between the Frenchman Springs Member and Roza
Member lavas are assigned to the Squaw Creek Member (Mackin 1961;
G.A. Smith 1988a). The thickness of the Squaw Creek Member ranges
from 0.5 to 35 m and is characterized by mainly siliciclastic and
diatomaceous lacustrine deposits associated with fluvial sediments
exposed at the eastern margin of the Frenchman Springs lava field
(Mackin 1961; G.A. Smith 1988a; this study). Interbeds which lie
between the lavas of the Roza and the Priest Rapids members are
assigned to the Quincy Member (Mackin 1961; Swanson et al. 1979).
Exposures of the Quincy Member are rare, but at some localities the

FIG. 1.—Areal extent of the CRBP (in light
gray), modified after Reidel et al. (2013), and
study area in dark gray. Migration of the Oregon
High Lava Plains rhyolitic magmatism and the
Snake River hotspot track with ages given in
Ma, based on Camp and Ross (2004) and Reidel
et al. (2013). Stars mark the location of Cascade
Range volcanoes.
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FIG. 2.—Studied sites of sedimentary inter-
beds in the CRBP according to the stratigraphic
position. See abbreviations and GPS coordinates
for interbed sites in Table 1.

FIG. 3.—Stratigraphy and eruption volumes
of the Columbia River Basalt Group including
interbeds of the Ellensburg Formation (dotted
areas), adapted from Swanson et al. (1979),
Tolan et al. (1989), Hooper (2000), Camp et al.
(2003), and Martins et al. (2013). Isotopic age
data based on 40Ar/39Ar dating from Jarboe
et al. (2008), Barry et al. (2010), and Barry et al.
(2013). Ages for epochs are taken from Hilgen
et al. (2012).
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Squaw Creek and Quincy Member may form one interbed where the
Roza Member was not emplaced. Where the Quincy Member forms an
individual interbed its thickness ranges from c. 0.5 m to 3 m and the
interbeds consists of volcaniclastic, siliciclastic or diatomaceous lacus-
trine sediments (Swanson et al. 1979; G.A. Smith 1988a; G.A. Smith
et al. 1989; this study).

Selah Member

The Selah Member comprises interbeds which were deposited between
the Priest Rapids and the Pomona Basalts (Mackin 1961; Schmincke
1964, 1967b; Smith G.A. 1988a), and between the Esquatzel and Pomona
basalts (Reidel and Fecht 1981). The Selah Member is sometimes referred
to as the Beverly Member (e.g., Reidel 1988). The interbed thickness
ranges from c. 35 to 49 m, and the member comprises siliciclastic and
volcaniclastic sediments deposited in fluvial and lacustrine settings
(Schmincke 1967b; G.A. Smith 1988a; this study).

Rattlesnake Ridge Member

The youngest studied interbeds are assigned to the Rattlesnake Ridge
Member, which lies between the Pomona and the Elephant Mountain
Member basalts (G.A. Smith 1988b). The Rattlesnake Ridge Member
consists of fluvial sediments up to 42 m thick associated with lacustrine
sediments , 3 m thick (Schmincke 1967b; Fecht et al. 1987; G.A. Smith
1988a; this study).

Other Members

Field studies revealed the presence of interbeds between flows of the
Frenchman Springs Basalt, including Ginkgo–Sand Hollow and Palouse
Falls–Silver flow contacts, as well as interbeds in the Priest Rapids
Member (Byron Interbed; Hagood 1985). These interbeds are rarely
exposed and are characterized by fluvial and lacustrine deposits c. 0.5 to
3.5 m thick.

TABLE 1.—Summary of studied interbed sites including assigned abbreviations (5Abbr.), GPS coordinates, number of examined sections, and
section thicknesses.

Member Location Abbr. GPS (Lat./Long.) Logs Thickness, m

Douglas Creek Wagon Road WR 47.464500 2119.873483 3 15.3
Yakima Canyon YC 46.735517 2120.450867 1 9.9

Vantage Central Ferry CF 46.650950 2117.806750 1 3.3
Dodge D 46.525483 2117.804617 1 3
Edgemont 1 ED1 46.887883 2120.432400 1 6
Edgemont 3 ED3 46.882183 2120.424383 1 30
Pleasant Valley PV 45.836750 2120.527633 2 9.8
Ryegrass Coulee RC 46.939700 2120.053450 2 5.7
Umtanum 1 U1 46.912700 2120.505967 2 23.8
Vantage V 46.951433 2119.992000 2 7.7
Windust W 46.551633 2118.554550 3 3.4

Squaw Creek and Quincy Goodnoe Hill GH 45.757050 2120.453667 1 3.3
Hoctor Road HR 45.779883 2120.502367 1 9
Old Vantage Highway OVH 47.029483 2119.963683 5 3.1
Roosevelt 1 R1 45.770750 2120.182267 1 3
Stan Coffine Lake SCL 47.144767 2119.924817 1 1.5
Silica Road SR 47.051317 2119.966733 4 11.7
Trinidad T 47.240128 2119.986671 4 3.7
Umtanum 2 U2 46.914483 2120.507283 1 6
Caliche Lakes CL 47.021283 2119.942917 4 12.5
Estes E 46.650517 2118.516717 1 2.2
Sulphur S 46.632183 2118.639167 1 0.4

Selah Ayers Road AR 46.064583 2118.956550 1 1.8
Burbank Creek BC 46.732917 2120.384750 1 31.1
Chapman Creek CC 45.768017 2120.339733 1 0.7
Jericho J 46.822800 2119.818183 1 19.8
Mattawa (lower part) MA 46.777583 2119.913317 2 34
Plymouth Road PRD 1 45.998400 2119.350467 2 2
Roosevelt 3 R3 45.774417 2120.172583 1 36.5

Rattlesnake Ridge Alderdale Road AD 46.096817 2120.020250 1 8.1
Bert James Road BJ 46.199933 2119.713433 1 9.2
Mabton M 46.141133 2120.025567 1 15.1
Mabton-Bickleton Road MB 46.112853 2120.054531 1 4.1
Mattawa (upper part) MA 46.777583 2119.913317 2 31
Old Inland Empire OIE 46.274217 2119.577117 1 8
Plymouth Road PRD 2 45.998400 2119.350467 2 2.3
Prosser P 46.221867 2119.691783 1 41
Riverland RL 46.547200 2119.833467 1 18.5
Sellars Road SRD 46.127350 2119.845400 1 6.1
Toppenish Ridge TR 46.282000 2120.501467 1 25
Wallula Junction WJ 46.058100 2118.919933 1 23
Webber Canyon WC 46.185883 2119.457467 1 1.1

Other interbeds Edgemont 2 ED2 46.882183 2120.424383 2 13
Palouse Falls PF 46.665983 2118.224233 3 1.5
Pleasant Valley PV 45.836750 2120.527633 2 10
Roosevelt 2 R2 45.773767 2120.174383 1 0.5

Total 44 75 517.7
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TABLE 2.—Facies scheme for the Yakima Fold Belt and Palouse Subprovinces.

Facies Description Interpretation

1. Mudstone
Sheets or lenticular beds of massive to paraellel-laminated

siliciclastic brown to gray clay and silt, intercalated with
peat, fine-grained sandstone and diatomite; may be rich
in fossil plant debris and rootlets.

Deposition from suspension in fluvial overbank or lacustrine and
wetland settings.

2. Sandstone

Cross-laminated Lenticular beds of planar or trough cross-laminated fine- to
medium-grained sandstone, trough set height , 4 cm;
creamy, light brown or gray-colored, contains ichnofacies
locally.

Result of migrating sinuou-scrested to straight-crested ripples in relatively
weak currents, common towards the tops of sandy bedforms like
dunes, point bars, plane beds. Climbing-ripple lamination records high
rates of sediment accumulation and flow velocity.

Cross-bedded (pebbly) Lenticular beds of tabular or trough cross-bedded medium- to
coarse-grained (gravelly to pebbly) sandstone, trough set
height . 4 cm; creamy, light brown or gray-colored,
contains ichnofacies locally.

Tabular sets of cross-beds record migration of straight-crested
dunes. Trough sets are formed by migrating sinuous-crested
dunes. Pebbly layers often at erosional surfaces of channel bases,
bars, or dunes.

Planar-bedded Lenticular beds of planar-bedded fine- to coarse-grained
sandstone, contains locally rootlets and fossil plant debris,
pebbly in places; contains ichnofacies locally.

Planar beds of sand may occur at any level in the channel, but tend
to be more common towards the top as the result of plane-bed
transport in a lower flow regime. Micaceous fine- to medium-
grained sand commonly referred to plane beds deposited during
the upper flow regime.

Structureless Beds of structureless, pebbly fine- to coarse-grained
sandstones, may contain ichnofacies locally.

Commonly record of slumping and sliding of bank cuts or over
steepended bar foresets, or due to intense bioturbation.

3. Conglomerate

Cross-stratified Lenticular beds of monomictic or polymictic pebble to cobble
conglomerate, predominantly matrix-supported, sandy
matrix, imbrication, interbedded with thin sand-rich units.

Deposition of gravel bars, commonly interbedded with the
sandstone subfacies and massive or horizontally bedded
conglomerates.

Planar-bedded Sheet-like beds of planar-bedded or low-angle-stratified
conglomerates. Texture and composition equivalent to the
cross-stratified conglomerate subfacies.

Deposition within in-channel gravel sheets, or at the initial phase of gravel-
bar deposition during or immediately after floods. Clast pavements are
common between sandy bars due to increase in flow stage.

Structureless Sheets or lenticular beds of structureless, less sorted
predominantly matrix-supported pebble conglomerate;
appears as polymictic or monomictic conglomerate.

Deposition of bed load as fluvial gravel lags on channel floors or on
tops of gravel-bars; conglomerates of intraformational clasts are
often associated with erosional surfaces related to channel
migration or crevasse splays.

4. Sedimentary Breccia Sheeted thin beds of unsorted pebble monomictic breccia,
matrix-supported predominantly.

Deposition of a fan-delta as a result of landslides or debris flows
entering a water standing body or a river. Layers of larger
intraformational clasts are the result of sliding or falling from the
cut bank.

5. Diatomite Structureless beds of white to yellowish diatomite,
associated with chert lenses, locally interbedded
with mud-rich sediments.

Settling of diatoms and diatomaceous mud from suspension in a
lake of high nutrient level and limited input of siliciclastic
material.

6. Paleosol

Vertic Horizons of gray-brownish claystone and mudstone,
shrinkage features are 1–3 cm wide, and up to c. 12 cm long,
often graded boundaries to adjacent sedimentary units.

Initial soil formation characterized by alternating shrinking and
swelling during periods of wet and dry seasons.

Saprolite Red horizons of basaltic regolith, grading into
saprolite ferralic horizons in places.

Soil formation from deeply weathered basalt, suggesting long
weathering phases and stable environmental conditions.

7. Pyroclastic

Primary pyroclastic deposits Structureless or planar-bedded or laminated tephra, composed
of fine- to coarse grained felsic (or rarely basaltic) ash.

Deposition of vitric ash from pyroclastic fallout processes related to
explosive volcanism.

Resedimented syn-eruptive
volcaniclastic deposits

Structureless, horizontally or cross-laminated of fine to coarse
tephra, composed of felsic or basaltic ash.

Pyroclasts are reworked syn-eruptively by falling into a lake or a
river (resedimented syn-eruptive mudstone and sandstone)

Agglutinate Structureless to inclined (lenticular) beds of , 0.5 m of
pyroclastic rocks, grain size ash to bombs and blocks; may
be intercalated with siliciclastic sediment or diatomite.

Spatter-cone deposits of typically strombolian eruptions of scoria,
pumice, ash, lapilli, blocks, and bombs, which may occur in any
sedimentary environment.

8. Hyaloclastite

Stratified hyaloclastite Sand- to pebble-sized basaltic glassy fragments in a basaltic
glassy or palagonite matrix, forming lenticular or sheet-like
inclined beds 0.5–1.5 m thick.

Resedimentation of non-explosive, fracturing of quenched lava or
intrusions in a subaqueous, subglacial environment (lake, river,
ocean) or wet, unconsolidated sediment.

Peperite Intermingling of basaltic lava and sediment forming regularly
shaped, flame-, sheet-like, pod-like or lobe-like lava-enclosing
bodies 0.5–6 m thick.

Result of lava intruding and mingling with unconsolidated, wet or
hot volcaniclastic sediment.
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METHODOLOGY

A total of 44 localities were investigated in the present study, of which
two localities are identified as the Douglas Creek Member, 10 as the
Vantage Member, 10 as the Squaw Creek and Quincy members
combined, 7 as the Selah Member, and 14 as the Rattlesnake Ridge
Member. Four studied localities show very localized occurrence and are
not assigned to a specific member (Fig. 3).

In total, 75 sedimentary sections with a combined thickness of 517.7 m
were logged (Table 1). Depending on the lateral extent of the exposure,
between one and five representative sections were logged at each location.
At each locality sediment composition, sedimentary structures, grain size,
and fossil content were recorded with the logs also including a description
of the geochemical and physical characteristics of the underlying and
overlying basalt flows. The stratigraphic positions of interbeds were
verified using X-ray fluorescence chemical composition of the adjacent
basalt flows in combination with field correlations and detailed geological
maps.

Geochemical Analysis of Basalt Flows

A total of 58 basalt samples were processed for X-ray fluorescence
(XRF) analysis at the Peter Hooper Geoanalytical Lab at the Washington
State University, Pullman, Washinton (see Supplemental Material).
Samples were dried at 105uC and crushed to 0.5–1 cm large chips for
tungsten-carbide (WC) ring mills, or mini-chipped to 2 mm chips for later
grinding using an agate mill. The samples were ground for two minutes
and fused twice in carbon crucibles at 1000uC for 50 minutes each. The
samples were treated with tetraborate flux to reduce melting temperature.
Loss of ignition (LOI) was measured based on the recorded sample
weight before and after heating at 900uC for 16 hours.

FACIES SCHEME OF THE ELLENSBURG FORMATION AND ASSOCIATED

VOLCANIC ROCKS

Early studies regarding facies schemes of the Ellensburg Formation
were undertaken by G.A. Smith (1988a) who distinguished five
sedimentary facies, including the sandstone, fine-grained facies, conglom-
erate, debris-flow, hyperconcentrated flood-flow, and primary pyroclastic
facies. The facies scheme presented below expands this facies range by
including paleosol facies and lithofacies resulting from lava–sediment or
lava–water interaction. Based on composition, grain size, and sedimen-
tary structures, 7 distinctive main facies and 14 subfacies are recognized
(see summary in Table 2).

Mudstone Facies

Description.—The mudstone facies comprises thin sheets or lenticular
beds of moderate gray to dark gray, light brown, yellowish gray to light red
siliciclastic clay and silt. In places, the mudstone may include volcanic ash,
and be interbedded with thin layers of cross-laminated fine-grained
sandstone, diatomite, and diatom-rich mud. Bed thicknesses range from
0.5 to 8 cm (Fig. 4A). The mudstones may be either structureless or planar
to wavy laminated. Where the mudstone is sandy it can display trough
cross-laminae or less commonly climbing-ripple lamination with individual
laminae having a thickness of 0.1–0.8 cm. Units of structureless mud can
reach thicknesses of up to 3 m. Some individual units show periodic
laminae , 1–5 mm thick. Additionally, the mudstone facies may contain
rootlets, fossil wood debris, and vertical mud-filled burrows up to 8 cm

deep and up to 2 cm wide, which display downwards tapering. The
mudstone is associated with up to 20 cm thick layers of very organic-rich,
peaty soft mud in places such as the Palouse Falls, Trinidad, and Stan
Coffin Lake interbed sites. The mudstone facies is common in any member.

Interpretation.—The mudstone facies reflects settling of fines from
suspension in fluvial overbank or lacustrine settings. In particular,
siliciclastic mudstone interbedded with diatomite and diatom-rich
mudstone suggests lacustrine deposition. The dark brown to black color
of some mudstones indicates the preservation of organic matter in water-
logged and reduced conditions, which enables the formation of thin peat
layers in some places. Red colors indicate iron oxidization related to good
drainage and oxidizing conditions.

Sandstone Facies

The sandstone facies includes arenites and arkosic sandstones and
sandstones which contain less than c. 10% volcaniclastic particles. Based
on sedimentary structures the sandstone facies is further subdivided into
four subfacies: 1) cross-laminated sandstone, 2) cross-bedded (pebbly)
sandstone, 3) planar-bedded, and 4) structureless (pebbly) sandstone.
This facies is a common feature in any member.

Cross-Laminated Sandstone

Description.—The cross-laminated sandstone subfacies comprises c. 0.1
to 3.5 m thick lenticular beds of fine- to medium-grained arkosic sandstone,
interbedded with thin layers of siltstone. Lenticular beds pinch out over
distances of a few decimeters to meters. The sandstone is trough cross-
laminated with rare ripple cross-lamination displaying set heights less than
5 cm and foreset lamination ranging from 0.2 to 1.5 cm (Fig. 4B).
Individual beds contain ash, mica (mainly muscovite), or sparse granules of
subangular to rounded basalt, quartz, pumice, granite, and volcanic rocks
of intermediate composition. Additionally, the sandstone is characterized
by occasional mud- or silt-rich units, fossil plant debris, rootlets, and traces
of subvertical to horizontal, sand-filled single-tube burrows up to 10 cm in
height and 3 cm across. This subfacies may also include injection structures
of sand, which are c. 15 cm in width and up to c. 2 m in height. Interbedding
of cross-bedded pebbly and planar-bedded sandstone subfacies is common.

Interpretation.—The sedimentary structures and grain size indicate
current ripples which are common towards bar tops or which are
superimposed on fluvial dunes. Additionally, they occur during waning-
stage floods in overbank settings (see mudstone facies). Tabular cross-
lamination records straight-crested ripples of relatively weak currents,
while with rising flow velocity, crests transform into sinuous lines
indicated by trough cross-lamination (e.g., H.D. Smith 1970; Miall 1977;
Cant and Walker 1978). The climbing-ripple lamination indicates high
rates of sediment supply (Stear 1985).

Cross-Bedded (Pebbly) Sandstone

Description.—This subfacies is characterized by sheet-like to lenticular
beds of trough cross-bedded and tabular cross-bedded medium- to
coarse-grained arkosic sandstone and micaceous sandstone (Fig. 4C).
Individual cross-bedded sandstone units are between 0.5 and 3.5 m thick
and include sets of trough cross beds, which are 5 to 40 cm thick with

r
FIG. 4.—Range of facies in the central and western part of the Columbia Basin. See Table 1 for sample location abbreviations. A) T, mudstone facies , B) BJ, cross-

laminated sandstone subfacies, C) MA, cross-bedded sandstone subfacies, D) BC, planar-bedded sandstone subfacies, E) J, structureless (pebbly) sandstone subfacies
(strl.sst.) and sedimentary breccia facies (breccia), F) R3, cross-stratified (cr.strat.cgl) and planar-bedded (pl.bed.cgl) conglomerate subfacies.
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foreset laminae of 1–2.5 cm thickness. Lenticular beds pinch out over
distances of a few decimeters to several tens of meters. This subfacies
comprises granules and pebbles of basalt, pumice, quartz, dacite,
andesite, granite, gneiss, chert, and rarely sedimentary intraformational
clasts of mudstone. Additionally, the sandstones feature grading, small-
scale slumping, plant debris, rootlets, as well as spherical sandstone
concretions (calcareous cement). Common trace fossils are subvertical to
horizontal, sand-filled vertebrate single tubes similar in size to the
burrows in the cross-laminated sandstone subfacies. The cross-bedded
pebbly sandstone subfacies is often interbedded with the cross-laminated
and planar-bedded sandstone subfacies.

Interpretation.—The cross-bedded sandstone subfacies is the result of
migrating dunes in fluvial channels. Tabular cross-bedding generally
indicates straight-crested to slightly sinuous-crested dunes, whereas
trough cross-bedding is caused by more complex dune shapes due to
increasing flow velocity and associated eddies (e.g., McCabe 1977; Ramos
et al. 1986). Vertical changes into planar-bedded sandstone suggest
transitions to upper-stage flow conditions (e.g., Bridge 2003).

Planar-Bedded Sandstone

Description.—This subfacies consists of beds of parallel-bedded fine- to
coarse-grained micaceous, arkosic, and volcaniclastic sandstone. The
sandstone units are 0.4 to 3 m thick, with individual beds ranging in
thickness from 5 to 15 cm (Fig. 4D). The subfacies is further composed of
granules and pebbles of basalt, pumice, quartz, dacite, andesite, and less
frequently granite, gneiss, chert, siltstone, and mudstone. The sandstone
is intercalated with beds of siltstone and mudstone. Additionally, this
subfacies includes fossil plant debris, rootlets, and traces similar in shape
and size to the burrows in the cross-laminated sandstone subfacies.
Individual beds grade vertically into siltstone or mudstone.

Interpretation.—Planar-bedded sandstone commonly forms in fluvial
channels or proximal overbank areas during sheet-flood events. In
channel settings they often occur towards the bar tops. In general, fine- to
medium-grained planar-bedded sandstone may indicate upper-flow-stage
plane beds, while micaceous coarse-grained sandstone suggests the
formation of plane beds in lower-stage flow conditions (e.g., Stear
1985; Ramos et al. 1986; Fielding 2006).

FIG. 6.—Range of facies in the central and western part of the CRBP. See Table 1 for sample location abbreviations. A) PV, peperite facies displaying large detached
lobe of intruded basalt in interbed, B) ED2, stratified hyaloclastite facies, C) CL, agglutinate facies forming spatter deposits.

r
FIG. 5.—Range of facies in the central and western part of the CRBP. See Table 1 for sample location abbreviations. A) D, structureless conglomerate (strl.cgl), B) R1,

diatomite facies, C) MB, vertic subfacies, D) W, saprolite subfacies, E) BJ, primary pyroclastic subfacies, F) J, resedimented syn-eruptive volcaniclastic subfacies.
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Structureless (Pebbly) Sandstone

Description.—This subfacies comprises 0.1 to 0.5 m thick, sheet-like or
lenticular beds of structureless fine- to coarse-grained arkosic and
micaceous sandstone. Lenticular beds commonly pinch out over distances
of a few decimeters to a few meters (Fig. 4E). Generally, the structureless
sandstones contain granules or pebbles of basalt and intraformational
siltstones and claystones. Individual beds may contain mud-rich units,
rootlets, and vertebrate burrows similar in shape and size to the burrows
in the cross-laminated sandstone subfacies.

Interpretation.—The packages of (pebbly) structureless sandstone are
probably caused by slumping and sliding from bank cuts or over
steepened bars and dunes. They may also occur towards the base of a bar
or dune as a result of initial rapid deposition from suspension during
floods (Collinson 1969; McCabe 1977); however, sedimentary structures
may also have been disrupted by bioturbation.

Conglomerate Facies

The conglomerate facies is subdivided into the cross-stratified, planar-
bedded, and structureless conglomerate subfacies based on sedimentary

structures. The conglomerates are often intercalated with the sandstone
facies and are particularly common from the Vantage Member onwards.

Cross-Stratified Conglomerate

Description.—This subfacies is characterized by cross-stratified con-
glomerates interbedded with units of horizontal, low-angle inclined, and
trough-cross stratified sandstone. The conglomerates occur in predom-
inantly lenticular beds, which range in thickness from a few centimeters
(clast-size thickness) to 2.5 m and pinch out over a distance of decimeters
to tens of meters. The internal bedding thicknesses are c. 5 to 20 cm.
Trough-cross bedding occurs in units of fine-grained conglomerates (clast
size 5 granules to medium pebbles) and is characterized by set heights of
a few centimeters to 30 cm with foreset laminae 0.5 to 1.5 cm thick
(Fig. 4F). The conglomerates are composed of granules to cobbles of
basalt, pumice, quartz, chert, dacite, andesite, granite, rhyolite, gneiss,
and less frequently fragments of metasedimentary rocks. The clasts are
subangular to well-rounded and show variable sphericity. The sorting
varies from moderate to good. The conglomerates are dominated by
matrix-supported textures, although clast-supported layers do exist. The
matrix is composed of silty fine-grained sandstone to gravelly coarse-
grained sandstone. Additionally, some units feature clast imbrication and

FIG. 7.—Facies associations in the Yakima Fold Belt and Palouse subprovinces based on the occurrence of facies. See Table 1 for sample location abbreviations. A)
ED3, sand-dominated channel, B) PV, sand-dominated channel, C) MA, gravel-dominated channel, D) WR, overbank, E) T, wetland, F) MA, perennial lake, G) R1,
diatomite lake, H) W, saprolite. EMt, Elephant Mountain Member.
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flute casts eroded into underlying mudstone beds. Individual beds show
grading into finer-grained conglomerates or sandstone.

Interpretation.—Deposition of the cross-stratified conglomerate sub-
facies records downstream and lateral accretion of fluvial gravel bars. The
conglomerates may pass laterally into structureless or planar-bedded
conglomerates, or into sandy channel fills. Sand-rich conglomerate units
reflect a drop in flow competence (e.g., Ramos and Sopeña 1983; Steel
and Thompson 1983; S.A. Smith 1990). A reduction in flow transport
capacity would reduce the pebble movement and move the active flow to
lateral or cross-bar channels (Ramos and Sopeña 1983).

Planar-Bedded Conglomerate

Description.—This subfacies includes conglomerates with horizontal
bedding and low-angle (, 10u) stratification. The conglomerates build up
sheet-like beds, which are either laterally extensive or pinch out over distances
of decimeters to meters. The thicknesses of individual beds range from a few
centimeters (single clast thickness) up to c. 50 cm. The composition and
texture are very similar to the cross-stratified conglomerate subfacies, and
both subfacies may grade laterally and vertically into each other (Fig. 4F).

Interpretation.—This subfacies was deposited as in-channel gravel
sheets, which commonly reflect multiple depositional events. Horizontal
bedding or low-angle stratification also occurs at the bases of gravel bars
during or immediately after floods or high flow stages (e.g., Nemec and
Steel 1984). Clast-thick layers of gravel (clast pavements) interbedded with
packages of trough cross-bedding are likely to be the result of flow increase
on tops of fluvial dunes and bars (e.g., Ramos and Sopeña 1983).

Structureless Conglomerate

Description.—This subfacies comprises structureless sheets or lenticular
beds of reddish to brown-gray-colored conglomerates. Bed thicknesses
range from a few centimeters to 1 m with lenses pinching out over a
distance of centimeters to decimeters. The subfacies consist of angular to
rounded granule- to cobble-size clasts of basalt, pumice, andesite, dacite,

granite, gneiss, quartz, and intraformational mudstone (Fig. 5A). The
sphericity varies considerably, while the sorting is low to moderate and a
matrix-supported texture is common. The matrix comprises silty, partially
mica-rich, fine- to coarse-grained sandstone.

Interpretation.—Structureless conglomerates are common as channel-
filling gravel sheets, or they can occur as the result of rapid deposition
following catastrophic floods, slumping or sliding from bank cuts (e.g.,
Ramos and Sopeña 1983; Collinson 1996); however, they may also be
associated with deposition in crevasse channels.

Sedimentary Breccia Facies

Description.—This facies comprises sheet-like and lenticular beds c. 0.2
to 1.3 m thick, which pinch out over a distance of , 10 m. The breccia is
monomictic and consists of very angular to angular granules to small
cobbles of either basalt or siltstone. The texture is commonly unsorted and
structureless (Fig. 4E). The matrix is composed of gray siltstone to muddy
sandstone, and may contain fossil plant debris. This facies occurs in any
member.

Interpretation.—The formation of the sedimentary breccia is commonly
related to a proximal ephemeral fluvial channel setting. However, at some
places, this facies may also be the result of sliding, slumping, or falling of
intraformational cut-bank material or basalt clasts delivered from a
proximal source into lacustrine or fluvial environments to form local fan-
delta deposits or thin units of pavement gravel.

Diatomite Facies

Description.—This facies consists of structureless white to pale yellow
beds of diatomite 0.1 to 3 m thick, which are intercalated with thin layers
or nodules of chert and silicified wood fragments (Fig. 5B). The diatomite
beds are interbedded with or grade into beds of the mudstone, siltstone,
or sandstone facies, and may be intercalated with the agglutinate
subfacies in places. The diatomite facies is a typical feature in the Squaw
Creek and Quincy members.

TABLE 3.— Identified facies associations in the Yakima Fold Belt and Palouse Subprovinces. See Table 2 for description and interpretation of individual
facies and subfacies.

Facies Association Description Geomorphic Setting

1. Sand-dominated channel Dominated by the sandstone facies, with minor proportions
of the conglomerate facies and mudstone facies. Deposition
as multistory and single sediment bodies, mostly asymmetric
filling. Commonly associated with the overbank and gravel-
dominated channel facies association.

Common bedforms are superimposed dunes and ripples forming
sandy mid-channel and point bars, lateral migration of one or
several channels in a relatively well developed flood plain
including crevasse splays and abandoned channels.

2. Gravel-dominated channel Composition of the conglomerate facies predominantly,
with minor amounts of the cross-laminated, cross-bedded
(pebbly), planar-bedded sandstone subfacies and mudstone
facies. Deposition mostly as asymmetrically filled multistory
sediment bodies.

Network of mid-channel gravel bars, point bars, gravel sheets and
gravelly to sandy channels. Extent of an overbank setting
variable. Both lateral and vertical accretion within lower pebbly
bar units, while lateral accretion dominates towards fine-grained
bar tops.

3. Overbank Sheet-like deposition of the mudstone facies and subsequently
thin beds of the structureless, cross-laminated sandstone and
structureless conglomerate subfacies.

Fluvial overbank environment of variable dimensions and
thicknesses, normally associated with the sand-dominated-
channel facies association.

4. Wetland Interbedding of the mudstone facies and planar-bedded and
structureless sandstone subfacies.

Deposition in wetland, very shallow lakes or and swamp
environments, (temporary) connection to fluvial systems likely.

5. Perennial lake Dominated by the mudstone facies, and locally by the
resedimented syn-eruptive volcaniclastic subfacies.

Clastic lakes in overbank settings (e.g., oxbow lakes or remaining
water after flooding), or the result of damming of river channels.

6. Diatomite lake Mainly composed of the diatomite facies with minor amounts
of the mudstone facies.

Settling of diatoms in mostly isolated lakes.

7. Saprolite Composed of the saprolite subfacies, existence only proximal
to vent systems.

Soil formation in proximal setting characterized by stable
environmental conditions and long weathering phases.
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Interpretation.—Deposition occurred through the accumulation of
diatom frustules onto a fresh-water lake floor. The absence or very
limited content of siliciclastic material suggests a lake which was isolated
from fluvial input. The scoriaceous basalt clasts and bombs indicate the
deposition of spatter on or close to the lake shore (see below).

Paleosol Facies

In the paleosol facies the vertic and the saprolite subfacies are
distinguished. The vertic subfacies is particularly common during the
Selah and Rattlesnake Ridge Member times, while the saprolite subfacies
is restricted to interbeds in the Wanapum Basalt.

Vertic Subfacies

Description.—The vertic subfacies incudes horizons of clay-rich,
structureless (sandy) mud up to 40 cm thick, which is characterized by
shrinkage cracks forming vertical to subvertical columns of 1 to 3 cm
width and up to 12 cm in height. The mud columns may be covered by a
thin red layer of oxidized iron and show gradational transitions into the
overlying and underlying sedimentary beds (Fig. 5C). Occasionally, thin
rootlets are preserved. The vertic subfacies indicates initial soil-forming
processes as a result of alternating shrinking and swelling forming cracks
in the soil. This is commonly associated with alternating wet and dry
seasons (World Reference Base for Soil Resources 2006).

Saprolite Subfacies

Description.—The saprolite subfacies describes basalt flow tops, which
are deeply weathered and form 1 to 3.3 m thick units of red to red-brown
regolith (C horizon) on top of the basaltic bedrock. The regolith grades into
up to a 0.5–1 m thick horizon of saprolite (B horizon), which comprises a
structureless mixture of orange to red clay-rich sand and granule- to
cobble-size basaltic clasts. In some places the saprolite is overlain by a
ferralic horizon a few centimeters to 0.5 m thick (A horizon), which
occasionally includes plant debris and thin rootlets (Fig. 5D). The saprolite
facies records relatively long periods of time during which intense
weathering took place, and occurs in areas that formed topographic highs
relative to adjacent areas with less frequent deposition of lava flows.

Pyroclastic Facies

Based on transport and depositional processes, the pyroclastic facies is
divided into subfacies of primary pyroclastic deposits, resedimented syn-
eruptive volcaniclastic deposits, and agglutinates. The pyroclastic facies is
intercalated with units of the mudstone, sandstone, and diatomite facies
and occurs in any stratigraphic member.

Subfacies of Primary Pyroclastic Deposits

Description.—This subfacies is composed of beds of fine to coarse vitric
ash 0.25 to 2.5 m thick, of predominantly felsic composition. The tuff is
characterized by units of structureless to planar-bedded ash (bed
thickness , 10 cm), which is often interbedded with sandstones or
mudstones (Fig. 5E).

Interpretation.—These deposits are the result of pyroclastic fallout
(McPhie et al. 1993; Nash and Perkins 2012) generated by extra-basinal

explosive volcanism in the Cascade Range and from the Yellowstone hot
spot (G.A. Smith 1988b). Where reworked by flowing or standing water,
the tephra is assigned to the subfacies of resedimented syn-eruptive
volcaniclastic deposits (see below).

Subfacies of Resedimented Syn-Eruptive Volcaniclastic Deposits

Description.—This subfacies describes units (up to 20 m) of vitric felsic
fine to coarse ash mixed with varying amounts of quartz and feldspar
particles. These units are characterized by wave-ripple cross lamination,
trough cross lamination, planar lamination (laminae , 0.1 to 0.5 cm
thick), to planar bedding (individual beds , 10 cm thick), or structureless
textures (Fig. 5F). Units of wave ripple cross lamination contain layers of
accretionary lapilli, which display cores of coarse ash surrounded by fine-
grained ash (rim-type; e.g., McPhie et al. 1993).

Interpretation.—This subfacies is the result of resedimentation and
reworking of syn-eruptive pyroclasts in a subaqueous environment.
According to McPhie et al. (1993) syn-eruptive resedimentation is commonly
related to fallout deposits, pyroclastic flows, and surges entering marine
waters, lakes, or rivers immediately during and after the eruption. In the
CRBP, ash particles may have fallen into rivers or lakes through fallout and
become resedimented by fluvial flow (e.g., Schmincke 1967a; G.A. Smith
1988b), density flows, or settling out of suspension (e.g., McPhie et al. 1993).

Agglutinate Subfacies

Description.—The agglutinate facies is composed of scoriaceous
basaltic pyroclasts which form granule- to boulder-size bombs and
blocks. These pyroclasts are commonly elongate and flattened parallel to
bedding, and may be welded together. Occasionally, the bombs and
blocks are associated with beds of ash or lapilli, which range in thickness
from a few centimeters to several decimeters. The agglutinate facies forms
structureless packages or is bedded with individual thicknesses of a few
decimeters to c. 0.5 m (Fig. 6C). This facies is preserved at interbed sites
including Caliche Lakes (Fig. 7), Pleasant Valley, and Edgemont 1.

Interpretation.—Agglutinates are spatter deposits of typically strom-
bolian eruptions of scoria, pumice, ash, lapilli, blocks, and bombs
(McPhie et al. 1993). The pyroclastic deposits likely erupted from vents
generally over a period of weeks to months (Schmincke 2010), or from
fractures in the solid crust of an advancing lava flow. Fluvial retransport
and redeposition is a common process, such as at the Wagon Road
locality. Agglutinate and spatter deposits may also be intermingled and
interbedded with clastic sediments such as at the Caliche Lakes locality.
This interbed site comprises a section of slightly inclined basaltic scoria,
which is partially welded together, and which is surrounded by a matrix of
palagonite. The pyroclastic deposits include basaltic bombs and blocks
overlain by thin layers of ash and accretionary lapilli, which are further
intercalated with layers of mud and diatomite. Mackin (1961) and
Schmincke (1967a) interpreted these deposits as Roza Member-derived
peperite generated while the lava invaded the diatomite interbed. However,
this interpretation does not explain the presence of pyroclastic deposits.
Both the Roza and Priest Rapids vent and dike systems are located in
eastern Washington State and western Idaho (Swanson et al. 1979; Tolan et
al. 1989; Brown et al. 2014), and spatter and agglutinate deposits of the
Roza Member are known from various vent locations east of the Caliche

r
FIG. 8.—Spatter deposits at the Caliche Lake (CL) locality. A) View of spatter deposits and agglutinate overlain by volcanic ash, B) close-up view of agglutinate

including bombs and blocks, C) sketch overlay of Part A illustrating the bedding of spatter deposits intercalated with lacustrine sediments. Grain size of spatter deposits
suggests a setting proximal to a volcanic vent.
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Lakes site (e.g., Brown et al. 2014). Nevertheless, the presence of spatter
deposits indicates a setting located proximal to vent activity, which most
likely occurred isolated and outside the main vent system.

Hyaloclastite Facies

The hyaloclastite facies is divided into stratified hyaloclastite and
peperite, of which the former is common in interbeds from the Grande
Ronde and Wanapum Basalt times, while the latter is also preserved in
interbeds in the Saddle Mountains Basalt.

Peperite (Peperitic Hyaloclastite) Subfacies

Description.—Peperite is a mixture of basaltic fragments from disinte-
grated lava, glassy groundmass, and intermingled sediment of the mudstone
or sandstone facies and occurs as irregularly shaped, flame-, sheet-, and pod-
or lobe-like bodies around coherent lava bodies. The thickness of peperite
sheets varies from centimeters to a few meters, while flame-, pod-, or lobe-

like bodies may be 0.5–6 m thick. The basaltic fragments have a dark gray
color and a microcrystalline to glassy texture. The glassy fragments and
groundmass may be weathered to palagonite (Fig. 6A).

Interpretation.—Peperite forms as a result of lava interacting and mingling
with unconsolidated, often wet sediment or hot volcaniclastic deposits (White
et al. 2000; Skilling et al. 2002). It occurs at the base of a lava flow that
overflows or burrows into unconsolidated sediments (Schmincke 1967a), or
along the margin of dikes, sills, or intruding lava lobes in bodies of sediment
(McPhie et al. 1993). The contacts are often characterized by complex
interpenetration of lava and sediment. In the CRBP, peperite formation
typically involves the interaction of basalt with siltstones and sandstones.

Stratified Hyaloclastite Subfacies

Description.—Stratified hyaloclastites comprise sand- to pebble-size
angular glassy, basaltic fragments lying in a matrix of basaltic glass and

r
FIG. 9.—Correlation of facies associations during Grande Ronde Basalt time (N2 unit) based on sedimentary sections examined in this study. Note that the N2 unit is

not further differentiated. Yakima Canyon and Wagon Road sites are situated at the R2–N2 contact but are not bounded by the same lava flows. Drainage system appears
as individual localized channels.

FIG. 10.—Correlation of facies associations and environmental settings during Vantage Member time based on sedimentary sections examined in this study. The main
drainage system is located along the western margin of the lava field and is replaced by localized channels associated with saprolite formation in the more elevated areas in
the central and eastern part of the lava field.
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palagonite. Hyaloclastite forms lenticular or sheet-like inclined beds,
which have a thickness of 0.5–1.5 m and which may be normally graded.
This subfacies is commonly associated with the formation of pillow lava,
or contains fragments of pillow basalt. Lenticular beds pinch out over a
distance of several meters. The contacts between individual beds are
generally sharp and regular (Fig. 6B).

Interpretation.—Hyaloclastites are formed by fracturing and disinte-
gration of lava as it is quenched on contact with water. Quench
fragmentation is a common process where subaerial lavas flow into water
(Waters 1960; Moore et al. 1973; Kokelaar 1986), into wet, unconsoli-
dated sediment (Skilling et al. 2002), and where lava erupted subglacially
(Smellie and Skilling 1994; Smellie and Hole 1997; Skilling 2009; Smellie
et al. 2011), or subaqueously (Kano et al. 1991; Skilling 2002).
Hyaloclastites are commonly associated and intercalated with coherent
lava and pillow basalt, which together may form foresets of prograding
lava-fed deltas (Jones and Nelson 1970; Moore et al. 1973; Tolan and
Beeson 1984; Skilling 2002; Stevenson et al. 2012; Watton et al. 2013).
Slope failure caused by oversteepening, fluidization and/or liquefaction,
erosion, or water undercutting may also lead to the gravitational
downslope transport and resedimentation of in situ hyaloclastites as
stratified reworked hyaloclastite (McPhie et al. 1993; Skilling 2002).

In the study area (Vantage area and Edgemont 2 locality), lava-fed deltas
are preserved in fluvial channel settings indicating numerous pahoehoe lava
flows lava flows entering a river channel and forming a complex of coherent
lavas, hyaloclastites, peperites, agglutinate, and sedimentary bodies. Short
periods of volcanic quiescence allowed the river to reoccupy the channel and
to form new interbed deposits prior to subsequent eruption phases. The
evolution and morphology of lava-fed deltas and hyaloclastite lobe fronts
are influenced by various factors including lava-flow parameters (volume,
effusion rate, composition, flow frequency), topography, water depth, and
tidal or wave activity (Skilling 2002; Watton et al. 2013).

FACIES ASSOCIATIONS

Based on the occurrence of the facies presented above, seven facies
associations are identified (see summary in Table 3).

Sand-Dominated Channel Facies Association

The sand-dominated channel facies association is common throughout
the stratigraphy except for the Quincy Member. The association is
composed of the sandstone facies, with minor proportions of the
conglomerate, mudstone, and hyaloclastite facies. The facies association
forms multistory or single-story bodies (e.g., Friend et al. 1979; Gibling
2006), commonly associated with overbank deposits (Fig. 8A, B).
Common bedforms are sand-dominated bars composed of superimposed
dunes and current ripples characterized by both lateral and downstream
accretion.

Gravel-Dominated Channel Facies Association

The gravel-dominated channel facies association is mainly exposed in
the Vantage, Rattlesnake Ridge, and Selah members, with only minor
proportions present in the Squaw Creek Member. It includes the
conglomerate, cross-laminated, cross-bedded (pebbly) sandstone, and
planar-bedded sandstone subfacies and mudstone facies (Fig. 8C). The
gravel-dominated channel facies represents multistory gravel bodies and

in some cases single bodies. This facies is commonly associated with the
sand-dominated facies association. The channel-like, sheet-like, or
lenticular beds of interbedded conglomerate and sandstone facies suggests
a network of mid-channel gravel bars, point bars, gravel sheets, and one
or several channels of intermediate to high sinuosity (e.g., Bridge 2003).

Overbank Facies Association

The overbank facies association is associated with both the gravel- and
sand-dominated facies and includes the mudstone facies associated with
structureless, cross-laminated sandstone subfacies and pyroclastic facies
(Fig. 8D). Layers of intraformational pebbly clasts indicate deposition in
a crevasse channel. Deposition took place by rapid deposition after floods
or during falling flow stage (current-ripple formation). The association
with crevasse splays is common, as seen by the interbedded nature of
mudstones and cross-laminated sandstones. Occasional formation of
vertic horizons indicates fluctuations in groundwater level and periodic
desiccation.

Wetland Facies Association

According to Zoltai (1979) wetlands are defined as ‘‘…areas where wet
soils are prevalent, having a water table near or above the mineral soil for
the most part of the thawed season, supporting a hydrophilic vegetation,’’
and which can be classified as bogs, fens, marshes, and swamps depending
on hydrological conditions, pH level, nutrient status, and biomass
production. The wetland facies association is concentrated in the eastern
(proximal to vent system) and northwestern part in the Vantage and
Squaw Creek members. It includes mainly the siliciclastic and diatoma-
ceous mudstone subfacies, rarely intercalated with thin beds of the
planar-bedded or structureless sandstone subfacies (Fig. 8E). Diatomite
packages suggest limited input or only periodic siliciclastic input by small
creeks or surface water runoff.

Perennial Lake Facies Association

The perennial lake facies association is widely spread over the lava
field, and is exposed throughout the Ellensburg Formation except in the
Grande Ronde and Vantage Member interbeds. This association
comprises the mudstone and pyroclastic facies (Fig. 8F). They commonly
indicate deposition in shallow lakes and lacustrine settings, which are
associated with fluvial systems such as overbank swamps or oxbow
channels.

Diatomite Lake Facies Association

This facies association is restricted to the Squaw Creek and Quincy
members and includes the diatomite and mudstone facies (Fig. 8G). It is
formed by settling of fresh-water diatoms on to the lake floor. Such lake
deposits composed of relatively clean diatomite indicate an environment
that had no or only very limited connection to a river and thus represent
isolated systems (Armstrong and Brasier 2005).

Saprolite Facies Association

The saprolite facies association is a relic of ferralsol formation and is
limited to the eastern part of the study area, where it formed mainly
during Vantage to Quincy Member times (Fig. 8H). Saprolites and
ferralsols formed in the more elevated parts of the CRBP, which are

r
FIG. 11.—Correlation of facies associations and environmental settings during Squaw Creek and Quincy Member time based on sedimentary sections examined in this

study. The environment is dominated by a variety of lacustrine and wetland settings, while the main drainage system has shifted to the very western margin of the
lava field.
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characterized by less frequent deposition of lava flows. Long hiatuses of
lava-flow emplacement provided sufficient time for weathering of lava
surfaces and soil formation from basaltic bed rock.

CORRELATION OF FACIES ASSOCIATIONS AND DISTRIBUTION OF

SEDIMENTARY SETTINGS

Field observation and the assessment of intra-basaltic sedimentary
facies and associated volcanic rocks and paleosols allow the correlation of
facies associations on a lava-field-wide scale. These correlations are used
to reconstruct the topography and lateral distribution of intra-basaltic
sedimentary settings for each stratigraphic interval, including 1) Grande
Ronde Basalt, 2) Vantage, 3) Squaw Creek and Quincy, and 4) Selah and
Rattlesnake Ridge Member times.

Grande Ronde Basalt Time

This period covers interbeds of the Douglas Creek Member and
interbeds which occur between lava flows of the N2 unit. The interbeds
are between 6 and 10 m thick, and comprise the sand-dominated channel
facies association interbedded with sediment of the overbank facies
association (Fig. 9). The sparse exposure of sedimentary interbeds implies
little interbed development due to high volcanic eruption rate and
eruption volumes. The main drainage was concentrated along the
northwestern margin of the Grande Ronde Basalt lava field and
comprised a network of isolated channels separated by topographic
highs with source areas located outside the CRBP (extrabasinal).
Localities such as Edgemont 2 and 3 indicate that fluvial deposition
resumed at the same place following lava emplacement into the fluvial
system.

Vantage Member Time

The Vantage Member comprises fluvial environments dominating the
northwestern margin of the underlying Grande Ronde Basalt lava field,
and saprolite facies occurring east of the Pasco Basin. The relatively high
density of fluvial interbed sites between the Vantage and Umtanum
localities suggest an established drainage system consisting of a wide
network of channels and overbank settings forming a total thickness of 6–
30 m. The composition of the sand- and gravel-dominated channel facies
suggests an extrabasinal source area. Topographic relief to the east of the
Pasco Basin prevented the fluvial system progressing further. This area is
dominated by the development of intra-basaltic saprolite and ferralsol
horizons occasionally associated with small, intrabasinal basalt-gravel-
dominated fluvial channels draining the elevated lava surface more
proximal to the volcanic center (Fig. 10).

Squaw Creek and Quincy Member Time

Interbeds of the Squaw Creek and Quincy members formed an
environment dominated by diatomite lakes, perennial lakes, and
wetlands, which were either connected to fluvial systems or formed
isolated accumulations. The emplacement of the Frenchman Springs
Basalt forced rivers back to the western margin of the lava field, and the
drainage system did not become re-established to its former extent
during Vantage Member time. Fluvial interbeds show thicknesses of up
to 35 m and contain packages of the sand-dominated facies association
intercalated with gravel bars and overbank deposits. Diatomite lakes,
perennial lakes, and wetlands are concentrated along the margin of the

Frenchman Springs Basalt lava field, or occur in the middle of the lava
field, where they are connected to a fluvial system (Goodnoe Hill). Their
thickness ranges from a few centimeters to 4 m. Interbed sites located
proximal to the volcanic center of both the Frenchman Springs and the
Roza basalts are characterized by saprolite formation occasionally
associated with the formation of shallow perennial lakes. These
environments formed in the more elevated lava surfaces and were
isolated from the major drainage system in the western part of the lava
field (Fig. 11).

Selah and Rattlesnake Ridge Member Time

This time period is characterized by re-establishment of a river-
dominated environment that covered the Yakima Fold Belt Subprovince
(Fig. 12) with source areas located outside of the CRBP. The occurrence
of fluvial channel deposits at most interbed sites suggests an extensive,
interconnected drainage system. The Selah Member interbeds comprise
a relatively high proportion of the gravel-dominated channel facies
associations, while the Rattlesnake Ridge Member contains extensive
floodplain deposits. Outside the Pomona Basalt lava field, the Selah
Member may continue into the Rattlesnake Ridge Member, forming a
single interbed (Mattawa and Jericho localities) up to c. 50 m thick.
Occasional formation of . 10 m thick lacustrine beds interbedded with
fluvial deposits is interpreted to record river damming by lava flows and
lake formation (Mattawa and Jericho localities, see also Mackin 1961).
The Selah and Rattlesnake Ridge Member time was further characterized
by events of volcanic ash fallout, with ash beds having thicknesses of up
to c. 0.5 m.

INTERPLAY BETWEEN LAVA-FLOW EMPLACEMENT AND

DRAINAGE-SYSTEM DEVELOPMENT

Based on field observations, the correlation of sedimentary and
volcanic facies and lava-flow emplacement patterns, further implications
regarding the interplay between flood-basalt volcanism and the
surrounding environment can be drawn. We propose a model for lava-
drainage interaction that summarizes and explains lava-drainage inter-
play and the distribution of associated environmental settings in a LIP.

Intra-basaltic drainage in a flood-basalt province is controlled and
modified by various factors. Together with tectonic activity (e.g., G.A.
Smith 1988), the distribution and development of intra-basaltic drainage
is strongly influenced by topography created by the preceding lava flow
(Reidel et al. 2013; Schofield and Jolley 2013). Lava-flow distribution is
largely controlled by surface topography, created either by surface
drainage flowing around topographic highs, by tectonic activity, or by
separate inflation of individual lava flows (Camp 1981; Beeson et al. 1989;
Tolan et al. 2009; Schofield and Jolley 2013).

Channelized or intra-canyon lava flows are most likely generated by
occupation of pre-existing topographic lows (e.g., Beeson et al. 1989)
(Fig. 13A), while sheet-like lava flows indicate low, relatively flat
topographic relief (Fig. 13B). Pre-existing drainage systems with source
areas outside the newly emplaced lava field are likely to become dammed
at the lava-field margin, as recorded at the Mattawa and Jericho interbed
sites. If surrounding topography prevents the drainage system from
flowing around the lava field, it will breach the lava dam eventually and
either form a new pathway, or reoccupy the former pathway (Fig. 13A).
The potential preservation of pre-existing topography during lava-flow
emplacement plays a key role in the likelihood of either lateral shifting or

r
FIG. 12.—Correlation of facies associations and environmental settings during Selah and Rattlesnake Ridge Member time based on sedimentary sections examined in

this study. The fence diagrams illustrate an established drainage network that covers wide areas of the Yakima Fold Belt Subprovince, and which is restricted to incised
channels in the more elevated area east of the Pasco Basin.
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pathway reoccupation. For instance, deep and wide topographic lows
such as river valleys are likely to be preserved during lava-flow
emplacement and thus promote re-establishment of a drainage system
along its former pathway. This is illustrated in the Pleasant Valley and
Edgemont 2 and 3 interbed sites, which formed during phases of high
eruption rate (Grande Ronde till Frenchman Springs Basalt), and the
Roosevelt 1 to 3 sites, which formed after the phase of high eruption
volumes (post Frenchman Springs Basalt). This implies that fluvial
reoccupation is a common scenario in flood basalt provinces and may
occur during phases of high eruption rates and volumes. Reoccupation of
the former fluvial pathway further indicates that eruption of lava does not
necessarily divert or modify an existing drainage network (e.g., Schofield
and Jolley 2013). Units of coherent lava and hyaloclastites interbedded
with sedimentary beds as recorded at the Edgemont 2 and 3 localities
suggest that fluvial systems persist during continued lava eruption, or
become re-established in a short time period following lava-flow
emplacement.

Compound lava flows are likely to create new topography which affects
the distribution of the drainage system (e.g., Beeson et al. 1989; Schofield
and Jolley 2013). Fluvial systems are subject to lateral shifting and
occupation of new pathways around recently inflated lava flows. The
more elevated lava-flow surfaces may be subject to intense weathering
forming thick horizons of ferralsol or saprolite as recorded at the Windust
and Central Ferry sites (Fig. 13C). Lateral shifting is recorded at interbed
sites which formed during phases of high eruption volumes and eruption
rates, such as the Vantage and Wagon Road sites of the Vantage and
Douglas Creek members. Phases of less voluminous eruptions and longer
volcanic hiatuses are characterized by topography created by drainage,
and by patterns of intra-canyon or channelized lava flow emplacement.

DISCUSSION

The variation and distribution of facies and sedimentary settings in the
CRBP shows that complex interrelationships exist between topography,
depositional systems and volcanic activity. This study identified 17 facies,
including siliciclastic, volcaniclastic, bioclastic, and volcanic rocks as well
as paleosols, which occur in the Yakima Fold Belt and Palouse
subprovinces. These facies could be further grouped in to seven facies
associations describing a variety of fluvial and lacustrine environments
along with the formation of ferralsols. The integration of sedimentary

and volcanic rocks as well as soil types provides a comprehensive facies
scheme which is an important approach to take in volcanic terrains such
as the CRBP where sedimentary and volcanic facies coexist.

The distribution of intra-lava facies and sedimentary settings is largely
controlled by topography, length of volcanic hiatus, and tectonic activity.
Topography in a LIP is created either by erosion and incision through
drainage or by emplacement and separate inflation of lava flows. In
addition, though, the emplacement patterns of lava flows are also dependent
on the existing topography along with eruption-site location and eruption
volume. Three major patterns of lava-flow emplacement can be identified in
the CRBP: sheet-like, compound and intra-canyon or channelized flow
patterns (e.g., Beeson et al. 1989), (Fig. 13). Sheet-like emplacement reflects
low topographic relief, while intra-canyon flows occupy existing valleys and
other topographic lows. Compound flows are characterized by multiple
inflations of small lava lobes at lower effusion rates. Tectonic activity plays
an additional key role in creating relief over longer time intervals.

The length of volcanic hiatus associated with the locus of lava-flow
deposition determines the amount of incision through drainage and
intensity of lava surface weathering. For instance, the elevated areas east
of the Pasco Basin were less frequently subject to lava-flow emplacement
and thus are likely to develop deeply weathered lava-flow surfaces and
ferralsol horizons.

The less elevated area in the Pasco Basin and the Yakima Fold Belt
Subprovince provided accommodation space for large fluvial systems to
become established during sustained volcanic hiatuses. These areas are
dominated by aggradational systems rather than by incisional systems,
and the development and distribution of fluvial environments is closely
linked to patterns of lava flow emplacement.

Lacustrine and wetland facies are often associated with fluvial
environments such as oxbow lakes, water-saturated flood plains, and
dammed channels through lava-flow emplacement. They may also form
settings isolated from rivers, such as the majority of diatomite lakes and
interbed sites located in the more elevated areas east of the Pasco Basin.

Excellent exposure quality of both sedimentary and volcanic forma-
tions has allowed the development of a generic model to explain lava-
drainage interplay in the CRBP, with complex lava-sediment interrela-
tionships, whose features may vary over distances of a few meters.
Detailed information on both environmental and lava-flow parameters,
as well as location, volume, style, and frequency of volcanic eruptions
are essential when assessing intra-lava drainage development and

FIG. 13.—Schematic model of lava-drainage
interaction scenarios and associated lava-flow
emplacement patterns. A) Emplacement of
channelized flows in pre-existing topographic
lows (e.g., valleys), B) sheet-like-lava emplace-
ment and fluvial reoccupation along former
pathway, and C) sheet-like-lava emplacement
and compound flows creating new topography
and causing lateral shifting of the
drainage system.
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distribution of sedimentary bodies. For instance, scenarios of lava-
drainage interplay such as reoccupation of the former fluvial pathway,
damming of channels, or formation of lava-fed deltas may be difficult to
predict with certainty. Nevertheless, detailed and integrative studies of
both sedimentological and volcanic parameters allow valuable implica-
tions about drainage development and facies distribution in flood-basalt
provinces to be drawn. In addition, these aspects become important in
hydrocarbon exploration in LIPs. Interdisciplinary studies which
provide comprehensive models of lava-drainage interplay and drainage
development help to better predict distribution and dimensions of
potential hydrocarbon reservoirs in volcanic terrains such as the Faroe–
Shetland Basin in the North Atlantic Igneous Province (Helland-Hansen
2009; Hardwick et al. 2012; Schofield and Jolley 2013).

The integration of climatic, vegetational and ecological data will help
to refine the model proposed above in future research. In addition, the
model needs to be tested on and compared with continental LIPs, which
will differ in terms of volcanic evolution and parameters, such as
geological setting and climate. This will help to improve our understand-
ing of sedimentary, environmental, and volcanic processes in LIPs, as well
as modifying the model in relation to individual LIP parameters.

CONCLUSIONS

N The distribution of facies and sedimentary settings in LIPs is greatly
influenced by flood-basalt volcanic activity and lava-flow emplace-
ment patterns. Existing topography created by either lava deposition
or incision through drainage controls pathway and extent of lava-
flows. Nonvolcanic factors such as tectonic activity, climate, and
source area modify drainage patterns and development.

N Although voluminous eruptions of lava are likely to change
topography and to modify or shift existing sedimentary settings, the
re-establishment of fluvial, lacustrine, and wetland environments after
cessation of volcanic activity is common.

N The hiatus in volcanic activity plays another key role in the
establishment and dimension of a fluvial system. Sustained periods
of volcanic hiatus such as the Vantage Member time (c. 200,000 years)
provide sufficient time for a wide drainage network to become
established. Nevertheless, phases of high eruption rates may enable
more localized drainage to quickly (re-)establish and to form
sedimentary interbeds of smaller dimensions.

N Modelling of distribution and dimensions of sedimentary systems in
LIPs require information on both volcanic and sedimentological
parameters. The location of the volcanic eruption sites and potential
topographic changes through both tectonic and volcanic activity are
essential factors in terms of drainage development. The integration of
ecological and climatic data will help to further improve existing
models and drainage reconstructions.
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SUPPLEMENTAL MATERIAL

The dataset with the XRF composition of underlying and overlying
basalt flows in the Yakima Fold Belt and Palouse Subprovinces is available
from the JSR Data Archive: http://sepm.org/pages.aspx?pageid5229.
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