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Preliminary Geologic Map of the Stearns Butte 7.5 Quadrangle, Crook County, Oregon
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MAP SYMBOLS

Contact - approximately located

Fault - Dashed where approximately located; dotted where concealed;

ball and bar on downthrown side
46
Inclined bedding - showing strike and dip, measured or estimated

IR 4
Location of radiometric age-date determination - see Table 2

Crooked River caldera margin concealed beneath younger deposits;
ball and bar on downthrown side

INTRODUCTION

The Stearns Butte 7.5' quadrangle resides on the southern margin of the Lower
Crooked River basin (LCRB), near the junction of the High Cascades, High Lava Plains, and Blue
Mountains geomorphic provinces. The quadrangle encompasses juniper- and sage-covered high
desert terrain that ranges in elevation from 1287 m (4222 ft) above the head of Devils Canyon on
the southeast to 884 m (2900 ft) in the Crooked River canyon on the north. Previous work done
in the map area is restricted to a 1:250,000 scale map compiled by Swanson (1969). The geology
in the quadrangle is dominated by Neogene rocks of the Deschutes Formation (Td) and the
Prineville basalt (Tcp). Neogene strata unconformably overly variably deformed Paleogene
volcanic rocks correlated to the John Day (Tj) and Clarno (Tc) formations.

Late Miocene to Pliocene strata in the Stearns Butte quadrangle correlate with the
Deschutes Formation as defined by Farooqui and others (1981) and Smith (1986a,b). The
Deschutes Formation type section near Madras is characterized by a sedimentary and tuff
dominated succession, with subordinate basalt flows, largely derived from the adjacent Cascade
Range between 7.4 Ma to 4.0 Ma. By contrast, correlative strata in the LCRB are dominated by
olivine-phyric basalt flows and contain an overall paucity of sedimentary rocks; a majority of the
section lies stratigraphically beneath the late Miocene (7.05 Ma; Streck, 1994) Rattlesnake ash-
flow tuff (Tmr). The formation ranges in age from 8.76 Ma to 3.56 Ma in the LCRB. Deschutes
Formation basalt flows were erupted locally from at least 8 vents within the LCRB and, based on
stratigraphic relations and chemical affinity, form 12 mappable flow packages. The flows are
typically open-textured, distinctly olivine-phyric, and characterized by average (n = 46) major
element compositions of 49.9 weight percent SiO,, 16.1 weight percent Al,O,, 1.6 weight percent
TiO,, 11.3 weight percent FeO*, and 7.3 weight percent MgO (McClaughry and Ferns 2007b). The
thickest accumulation of Deschutes basalt in the Stearns Butte 7.5' quadrangle is exposed in the
modern Crooked River canyon, where flows are juxtaposed against or fill channels incised into
the middle Miocene (15.7 Ma; Smith, 1986a) Prineville basalt of Tolan and others (1989) and
Hooper and others (1993). The Prineville basalt consists of iron-rich basaltic andesites with
elevated concentrations of phosphorus (1.25-2.02 weight percent P,0O,) and barium (1695-3202
ppm Ba) (Ferns and McClaughry, 2006 a,b; McClaughry and Ferns, 2006 a,b). Exposures of the
Prineville basalt reach a maximum composite thickness of 210 m within the present Crooked
River canyon near the Bowman Dam type section. The section thins abruptly away from the
Crooked River; flows exposed in highlands in the north part of the Stearns Butte quadrangle form
thin, shoe-string exposures that are interbedded with and burrow into underlying Oligocene(?) to
middle Miocene sedimentary rocks.

Map patterns, combined with stratigraphic relations in the canyon imply: 1) Neogene
basalt flow distribution was strongly controlled by paleotopography and ancestral channel(s) of
the Crooked River, and 2) the Crooked River has held the same general geographic position
since at least the middle Miocene. Locally palagonitic vent facies within the local Deschutes
Formation and the well-exposed Bowman maar complex at Prineville Reservoir also indicate that
vents interacted with water at or near the surface during eruptions.

Neogene strata unconformably overly an Oligocene caldera and older tuff stratigraphy,
temporally equivalent to large ash flow sheets exposed in the John Day Formation of eastern
Oregon. The Crooked River caldera, centered near Prineville along the northern margin of the
High Lava Plains, is a northeast trending volcano-tectonic depression, measuring ~34 km in
length by ~24 km across (McClaughry and Ferns 2006a, b, c; McClaughry and Ferns, 2007a).
The preserved core of the caldera consists of a > 300 m thick section of early Oligocene zeolitized
pumice-lithic tuff (Tjt) inset into a dissected Eocene section of overlapping andesite and dacite
porphyry domes and flows. Two, densely welded, pumice and glass shard-rich, outflow tuff
cooling units (Tjtg, Tjto) can be traced south of the caldera margin to Prineville Reservoir. Outflow
sheets rest unconfomably upon an older, tilted section, of early Oligocene ash flow tuffs (Tjta and
Tjte; 32.1 Ma) and an alkali basalt flow dated at 30.1 Ma (Tjba) (Evans and Brown, 1981; Fiebel-
korn and others, 1983; Robinson and others, 1990).

Although situated near the northern boundary of the tectonically active High Lava
Plains (~50 km northeast of Newberry Volcano), rocks in the quadrangle remarkably lack
evidence of structural disruption. Older strata of the John Day and Clarno formations, exposed in
the southeast corner of the Stearns Butte 7.5' quadrangle and adjacent Eagle Rock 7.5'
quadrangle (McClaughry and Ferns, 2007c) are locally faulted and warped along a northeast
trending axis. The overlying middle Miocene Prineville basalt and oldest flow package of the
Deschutes Formation (Tdbq) are only locally faulted. Cliff-forming Deschutes Formation basalt
flows situated above the 7.05 Ma Rattlesnake ash-flow tuff in the Crooked River canyon show no
evidence of faulting or tilting.

This map depicts a preliminary stratigraphic assessment for the Stearns Butte 7.5'
quadrangle and provides a framework for further geologic and geohydrologic analysis of the
Lower Crooked River basin. The map is released as an interim open-file report and has not yet
been peer reviewed. The United States Government is authorized to reproduce and distribute
reprints for governmental use. Geologic data were collected at the 1:24,000 scale combining new
mapping with published and unpublished data from air photos, orthophotoquads, and digital
shaded relief images derived from USGS 10 m DEM (Digital Elevation Model) grids. Geochemical
samples were prepared and analyzed by x-ray fluorescence (XRF) at Franklin and Marshall
College, Lancaster, PA. Results of chemical analyses shown in Table 1 have been normalized on
a volatile-free basis and recalculated with total iron expressed as FeO*. Descriptive rock unit
names are based upon analyses plotted on the total alkalis versus silica diagram (TAS) of Le Bas
and others (1986) and Le Maitre and others (1989). The radiometric age-date sample was
prepared and analyzed by the College of Oceanic and Atmospheric Sciences, Oregon State
University, Corvallis, Oregon. Magnetostratigraphy of Deschutes Formation basalts was
determined in the field using a handheld fluxgate digital magnetometer with +0.5% accuracy of
full scale of the magnetic field. Subsurface geology shown in cross section incorporates
stratigraphic analysis of available Oregon Water Resources Department water-well drill records.

EXPLANATION

Upper Cenozoic surficial and valley-fill deposits

Alluvium (Holocene and late Pleistocene) — Gravel, sand, and silt deposited in active
stream channels and on adjoining flood plains. Includes gravel and channel sand deposited in
active or recently active channels and overbank fines deposited on the modern flood plain of the
Crooked River.

Landslide deposits. (Holocene and Pleistocene) — Unconsolidated, clast-supported
deposits of interlocking, basalt, boulder-dominated breccia deposited along the length of the
Crooked River canyon. Landslides are deposited by gravity-driven mass-wasting processes and
originate from over-steepened, tension-cracked cliff-faces that calve and topple or rotate
listrically along fractured columnar joint margins. Upper surfaces of QlIs deposits form hummocks
and ridges incised by drainages that locally contain Qls debris remobilized and deposited by
sediment-gravity flows. Older slides have vegetated and soil-mantled upper surfaces; more
recent deposits lack vegetation and soil and in places may be confused for tumuli capped
intracanyon flows. Clast size in the deposits averages 1-3 m across; the maximum intact
landslide blocks may exceed 300 m across. Crackle- and jigsaw-breccia fabrics are common in
clasts. Thickness is highly varied; maximum thickness is several tens of meters.

Terrace deposits (Pleistocene) — Abandoned terraces of the Crooked River composed of
well-sorted gravel, sand, and silt. Maximum thickness of the unit is approximately 20 m. Equiva-
lent in part to unit Qs of Swanson (1969).

FEET
5000

Tdsg

4000

3000

2000

1000

?John Day/Clarno Formation undifferentiated?
SEALEVEL

inferred caldera
margin

:

r ?John Day/Clarno Formation undifferentiated?

Tdsg

Dry Creek

No vertical exaggeration

Titg

No vertical exaggeration

Millions of years1

Location of whole-rock XRF geochemical analysis sample - see Table 1

Tdbm2

Tdbdc

Tdbsr

Tertiary volcanic and sedimentary rocks

Deschutes Formation

Td (Pliocene and late Miocene) — Interbedded lava flows and sedimentary rocks. Equivalent to

the Deschutes Formation of Farooqui and others (1981) and Smith (1986a) and subdivided into:

Plateau mantling sand and gravel (Pliocene and late Miocene?) — Degraded,
unconsolidated sand and gravel capping middle to late Miocene to Pliocene plateau-forming
basalts. The sand component is fine-to medium-grained, well-sorted, and consists of angular to
subround grains of clear feldspar (70 percent), amphibole (15 percent), white pumice (10
percent), quartz (3 percent), and magnetite (2 percent). Gravel consists of surface-armoring
lag-deposits and in-situ reworked upper surfaces of basalt lava flows. The highstand for unit
Tdsg is estimated to be approximately 1098 m (3600 ft) in elevation based on distinctive sand

and gravel strand lines observed on the flanks of Powell Buttes (Ferns and McClaughry, 2006b).

Basalt of Stearns Ranch (Pliocene and/or late Miocene?) — Gray, open-textured,
diktytaxitic, vesicular, medium-grained, holocrystalline, olivine- and clinopyroxene-phyric basalt.
The basalt caps the NW-SE trending plateau in the central portion of the quadrangle. The low-
lying, hummocky flow surface extends from the mouth of Dry Creek to the probable source vent
southeast of the Dry Creek Reservoirs. The basalt of Stearns Butte also includes a texturally and
chemically similar outlier exposed at the head of Rocky Canyon in the southern part of the
quadrangle. The basalt is characterized in the field by distinct red-weathering, massive- to
columnar-jointing, and layered vesicular zones. Vesicles are commonly filled by either
botryoidal-shaped masses of opaline quartz or white to pink, branch-shaped zeolite. In thin
section, the basalt contains subhedral, equant, iddingsite-rimmed olivine and clinopyroxene
phenocryts up to 0.5 mm across and sparse, anhedral plagioclase laths up to 1 mm long. Pheno-
crysts are enclosed in a fine- to medium-grained groundmass of equigranular plagioclase laths
and intergranular olivine. Poikilophitic to subophitic orthopyroxene and clinopyroxene (>1 mm)
domains in the groundmass enclose plagioclase and olivine crystals. The basalt is composed of
~ 1 percent phenocrysts, 54 percent groundmass, 30 percent ophitic and subophitic domains,
and 15 percent open texture. On the basis of chemical analysis, the unit is characterized as a
high alumina basalt with 48.46-48.98 weight percent SiO,, 16.09-17.27 weight percent ALO,,
1.35-1.76 weight percent TiO,, 11.82-12.31 weight percent FeO, and 0.32-0.47 weight percent
K,O (Samples 1, 2, 4 and 13; Table 1; Figure 1). The basalt of Stearns Ranch is considered to
be the youngest Deschutes Formation basalt in the quadrangle on the basis of stratigraphic
position above the basalt of Swartz Canyon near Stearns Dam and at Rocky Canyon. Normal
magnetic polarity.

Basalt of Swartz Canyon (late Miocene?) — Dark gray, closed- to weakly open-textured,
fine- to medium-grained, hypocrystalline, olivine- and plagioclase-phyric basalt and basaltic
andesite. The flow forms a low-lying, hummocky flow surface in the southeast part of the
quadrangle; it crops out along the western rim of Swartz Canyon and forms the plateau along
the Crooked River canyon near Stearns Dam. In outcrop, the basalt is characterized by vesicles
that are filled by either botryoidal-shaped masses of opaline quartz or white to pink, branch-
shaped zeolite. In thin section, the basalt contains euhedral, blocky to lath-shaped plagioclase
phenocrysts up to 2 mm in length and anhedral to subhedral, equant olivine phenocrysts up to
1.3 mm that are enclosed in a fine-grained groundmass of inequigranular, crudely aligned
plagioclase laths, intergranular olivine, and intersertal glass. Subophitic domains of clinopyrox-
ene up to 2 mm long have embedded plagioclase laths. The basalt is composed of ~ 1 perecnt
phenocrysts, 70 percent groundmass, 14 percent subophitic domains, 14 percent glass, and 1
percent open-texture. Chemically, the flow is basalt or basaltic andesite with 51.87-53.25
weight percent SiO,, 16.15-16.50 weight percent Al,O,, 1.52-1.59 weight percent TiO,, and
0.91-1.07 weight percent K,O (Sample 9; Table 1; Figure 1) (Ferns and McClaughry, 2006b).
The basalt of Swartz Canyon rests on the Rattlesnake ash-flow tuff near Stearns Dam and is
considered to be younger than the basalt of Meyers Butte based on stratigraphic position and
magnetic polarity. Flows display both reversed and normal magnetic polarity.

Sedimentary rocks (late Miocene) — Brown volcaniclastic sandstone, siltstone, and
conglomerate in the Deschutes Formation. Sedimentary rocks are laterally discontinuous,
interfinger with lava flows, are weakly consolidated and are poorly exposed weathering, to form
soil-mantled hillslopes. Based on water well logs, the unit largely consists of sandstone and
conglomerate. Sedimentary rocks overly the Rattlesnake ash-flow tuff in Swartz Canyon and are
considered to be correlative to the Deschutes Formation as defined by Farooqui and others
(1981). The composite sedimentary section may be as much as 120 m thick in the quadrangle.

Basalt of Meyers Butte (late Miocene) — Olivine-phyric basalt flows in the Deschutes
Formation. Subdivided, on the basis of stratigraphic position and, locally, the presence of
sedimentary interbeds into:

Basalt of Meyers Butte, upper flow succession (late Miocene) — Dark gray, open-
textured, diktytaxitic, vesicular, medium-grained, holocrystalline, sparsely olivine-microphyric
basalt flows that cap the west side of the Crooked River canyon north of the mouth of Dry Creek.
Cliff exposures in the canyon are marked by overlapping flow lobes of massive to columnar-
jointed basalt capped by rounded tumuli that pinch and swell along strike. Individual flow lobes
have well-defined outer vesicular margins that grade inward to a massive crystalline core.
Locally, the flow retains hollow lava tubes (< 2 m wide) and vesicle cylinders (< 0.03 m wide). In
thin section, the basalt contains sparse, anhedral to subhedral, subequant, iddingsite-rimmed,
olivine microphenocrysts (~ 0.3 mm across) that are enclosed in a fine-grained, moderately
trachytic groundmass of equigranular plagioclase laths and intergranular olivine. The ground-
mass contains abundant subophitic clinopyroxene (up to 2.5 mm across) domains that have
embedded plagioclase laths. The basalt is composed of ~ 1 percent olivine microphenocrysts,
64 percent groundmass crystals, 15 percent subophitic domains, and 20 percent open-texture.
Chemically, unit Tdbmz2 is a high-alumina basalt with moderate titanium and potassium contents,
with 49.13-50.04 weight percent SiO,, 16.36-17.06 weight percent Al,O,, 1.38-1.51 weight
percent TiO,, and 0.35-0.60 weight percent K,O (McClaughry and Ferns, 2006a; Ferns and
McClaughry, 2006a). The basalt displays reversed magnetic polarity and directly overlies the
Rattlesnake ash-flow tuff. The upper flow has a radiometric age of 5.42 + 0.11 Ma based on a
sample in the Huston Lake 7.5' quadrangle (Ferns and McClaughry, 2006a).

Basalt of Meyers Butte, lower flow succession (late Miocene) — Gray, open-textured
diktytaxitic, vesicular, medium-grained, hypocrystalline, plagioclase- and olivine-phyric basalt
resting directly beneath Tdbm2 in the west wall of the Crooked River canyon. Locally, includes a
palagonite breccia at the flow base that is more than 20 m thick, composed of sub-angular, black
glassy basalt blocks, bombs, and pillows (McClaughry and Ferns, 2006a). In thin section, the
basalt contains seriate-textured, anhedral to subhedral, subequant, iddingsite-rimmed, olivine
phenocrysts and microphenocrysts up to 1 mm across and sparse etched plagioclase pheno-
crysts up to 1.9 mm across that are enclosed in a fine-grained groundmass of equigranular
plagioclase, intergranular olivine, and sparse intersertal glass. The groundmass contains
abundant subophitic clinopyroxene domains (2 mm long) that have embedded plagioclase laths.
The basalt is composed of ~3 percent phenocrysts, 75 percent groundmass crystals, 2 percent
glass, and 20 percent open-texture. Chemically, the unit is indistinguishable from the overlying
Tdbmz2 flow, with 49.23-50.21 weight percent SiO,, 16.15-16.23 weight percent Al,O,, 1.43-1.67
weight percent TiO,, and 0.43-0.72 weight percent K,O (McClaughry and Ferns, 2006a; Ferns
and McClaughry, 2006a). The basalt displays reversed magnetic polarity. The lower flow
package rests directly on the basalt of White Deer Ranch near Stearns Dam, but stratigraphic
relations with the Rattlesnake ash-flow tuff are not exposed.

Basalt of White Deer Ranch (late Miocene) — Gray to dark gray, open-textured, diktytax-
itic, vesicular, medium-grained, hypocrystalline, aphyric to olivine-phyric basalt flows. The flows
are exposed along the canyon wall of the Crooked River from the mouth of Swartz Canyon north
to the city of Prineville; they form the plateau cap at Ochoco Wayside State Park on the west
side of the Crooked River and south of the city of Prineville along the east side of the Crooked
River. In thin section, the basalt contains seriate textured anhedral to subhedral, subequant,
olivine phenocrysts (iddingsite-rimmed) up to 3 mm across and sparse subhedral plagioclase
phenocrysts up to 2 mm that are enclosed in a fine-grained groundmass of equigranular plagio-
clase, intergranular olivine, and intersertal glass. Intergranular olivine have been pervasively
altered to iddingsite. Poikilophitic to subophitic domains in the groundmass contain clinopyrox-
ene (augite) up to 1.3 mm long that enclose euhedral plagioclase laths; rare hyalophitic olivine.
The basalt is ~ 5 percent olivine phenocrysts, 50 percent groundmass, 2 percent subophitic to
ophitic domains, 25 percent glass, and 23 percent open texture. Chemically, White Deer flows
are basalt with relatively high amounts of titanium, with 47.68-48.81 weight percent SiO,,
15.07-15.85 weight percent Al,O,, 1.79-2.17 weight percent TiO,, and 0.33-0.61 weight percent
K,O (Sample 3; Table 1; Figure 1) (McClaughry and Ferns 2006a). A late Miocene age is based
on stratigraphic position beneath the Rattlesnake ash-flow tuff in the Crooked River canyon.
White Deer basalt flows underly unit Tbdm1 on the west side of the Crooked River, at White
Deer Ranch. Includes normal and reversed magnetic polarity flows. Equivalent in part to unit
QTb of Swanson (1969).

Basalt of Rocky Canyon (late Miocene) — Dark gray, open-textured, diktytaxitic, vesicu-
lar, medium-grained, hypocrystalline to hyalopilitic, variably trachytic, olivine-, clinopyroxene,
and plagioclase-phyric basalt flows. The bench-forming basalt has a hummocky flow-surface
that caps the plateau in the southern part of the quadrangle. The flow also forms the western wall
of the canyon of the Crooked River between the mouth of Rocky Canyon and the Hoffman Dam
spillway. In thin section, the basalt contains subhedral, equant olivine phenocrysts (iddingsite-
rimmed) and clinopyroxene phenocryts up to 1 mm across, and sparse, anhedral plagioclase
laths up to 1.5 mm long. Phenocrysts are enclosed in a fine- to medium-grained groundmass of
equigranular plagioclase laths, intergranular olivine, and intersertal glass. Poikilophitic to
subophitic clinopyroxene domains ( >1 mm long) enclose euhedral plagioclase laths and subhe-
dral, equant olivine crystals. The basalt is composed of ~ 1-5% phenocrysts, 50-60 percent-
groundmass, 0-20 percent ophitic and subophitic domains, and 25% open space. Some portions
of the flow may contain as much as 20-30% intersertal glass. Chemically, Rocky Canyon flows
are basalt with relatively high amounts of titanium, with 47.71-48.26 weight percent SiO,, 15.32-
15.85 weight percent Al,O,, 2.00-2.08 weight percent TiO,, 13.91-14.03 weight percent FeO*,
and 0.49-0.54 weight percent K,O (Samples 8, 14 and 16; Table 1; Figure 1). A late Miocene age
is based on stratigraphic position beneath the basalt of Swartz Canyon; the basalt of Rocky
Canyon also onlaps a southeast dipping section of the basalt of Quail Valley Ranch. Stratigraphic
relations with the Rattlesnake ash-flow tuff are not exposed. Reverse magnetic polarity.

Basalt of Devils Canyon (late Miocene) — Dark gray, open-textured, diktytaxitic, vesicu-
lar, medium-grained, holocrystalline, olivine- and plagioclase-phyric basalt flows. The basalt is
red-gray weathering, massive to columnar jointed, locally has well-defined vesicular zones, and
has a welded "a’a flow surface near Devils Canyon. Flows form a vent-flanking apron and are
exposed as a cliff-forming bench in the southern part of the quadrangle. The basalt is directly
juxtaposed against an older Prineville basalt paleocanyon wall in Devils Canyon and at the
mouth of Swartz Canyon. In thin section, the basalt contains seriate-textured, anhedral to
subhedral, subequant, pervasively altered (iddingsite) olivine phenocrysts that range from 2-4
mm across and sparse plagioclase laths up to 1 mm in length. Phenocrysts are enclosed in a
fine-grained groundmass of equigranular plagioclase laths and intergranular olivine. Poikilo-
phitic to subophitic clinopyroxene domains up to 0.8 mm long enclose euhedral plagioclase. The
basalt is composed of ~ 5 percent phenocrysts, 55 percent groundmass, 15 percent ophitic and
subophitic domains, and 25 percent open texture. On the basis of chemical analysis, the unit is
a high alumina basalt with moderate titanium and potassium contents, with 50.01-50.59 weight
percent SiO,, 15.97-16.92 weight percent ALO,, 1.04-1.37 weight percent TiO,, and 0.50-0.63
weight percent K,O (Samples 5, 15 and 17; Table 1; Figure 1). The basalt of Devils Canyon is
herein correlated to the chemically equivalent basalt of Dry Creek exposed at the mouth of Dry
Creek in the Powell Buttes 7.5' quadrangle (Ferns and McClaughry 2006b). A late Miocene age
is based on stratigraphic position beneath the basalt of of White Deer Ranch. Both normal and
reverse magnetic polarity flows are present.

Tdv

Tdbh

Basalt vents (late Miocene? to Pliocene) — Gray, olivine-phyric basalt flows exposed in
shield-shaped vents in the southeast part of the quadrangle. The basalt flows are massive to
columnar jointed and have a vesicular exterior; the flow cores are massive and non-vesicular.
The vent on the south of Devils Canyon is nearly identical in chemical composition to the basalt
of Devils Canyon, with 50.75 weight percent SiO,, 15.73 weight percent Al,O,, 1.33 weight
percent TiO,, and 0.47 weight percent K,O (Sample 18; Table 1; Figure 1). In thin section, Devils
Canyon vent basalt is vesicular, fine-to medium-grained, seriate-textured, and olivine-, plagio-
clase-, and clinopyroxene-phyric. Subhedral to euhedral plagioclase, subhedral clinopyroxene,
and anhedral to subhedral, equant phenocrysts of olivine up to 2 mm across are enclosed in a
closed-textured, fine-grained groundmass composed of inequigranular plagioclase intergranular
olivine, and intersertal glass. Sparse subophitic clinopyroxene domains. The basalt is composed
of 20 percent phenocrysts, 45 percent groundmass, 10 percent glass, and 25 percent vesicles.
Vent rocks north of Devils Canyon are nearly identical in chemical composition to the basalt of
Stearns Ranch, with 48.43 weight percent SiO,, 16.11 weight percent Al,O,, 1.79 weight percent
TiO,, 12.53 weight percent FeO, and 0.55 weight percent K,O (Sample 11; Table 1; Figure 1). In
thin section, Stearns Ranch vent basalt is open-textured, diktytaxitic, medium-grained, and
olivine- and plagioclase-phyric. Anhedral to subhedral, iddingsite-rimmed equant olivine pheno-
crysts up to 0.9 mm across and blocky to lath-shaped, plagioclase phenocrysts up to 0.7 mm
across are enclosed in a groundmass composed of inequigranular plagioclase, intergranular
olivine, and intersertal glass. The basalt is composed of 5 percent phenocrysts, 65 percent
groundmass, 10 percent glass, and 20 percent open space.

Vent pyroclastic rocks (Pliocene and/or late Miocene?) — Unconsolidated, stratified
to massive, moderately to well-sorted red and black cinders and volcanic bombs associated with
the basalt vent south of Devils Canyon. The scoria pile is dissected by vent flows of the basalt of
Devils Canyon.

Basalt feeder dikes (Pliocene and/or late Miocene?) — Erosionally resistant, vertical,
N8OPE trending, olivine-phyric basalt dike exposed to the southeast of the Devils Canyon basalt
vent. Dike margins are marked by welded spatter. The feeder dike inferred in cross section for
the basalt vent north of Devils Canyon is not exposed in the field.

Basalt of Hoffman Dam (late Miocene) — Dark gray to gray, open-textured, diktytaxitic,
medium-grained, open-textured, hypocrystalline, olivine- and plagioclase-phyric basalt flows.
The basalt forms a thick succession of massive to columnar jointed intracanyon flows that are
juxtaposed against and onlap the Prineville basalt near Hoffman Dam. Well-developed columns
in the basalt are oriented perpendicular to the contact along paleocanyon margins. Near
Hoffman Dam, the flow succession may be > 180 m thick. In thin section, the basalt contains
subhedral to anhedral olivine phenocrysts up to 3.5 mm across and plagioclase phenocrysts up
to 0.5 mm long that are enclosed in a fine- to medium-grained, equigranular groundmass of
plagioclase, intergranular olivine, and sparse intersertal glass. Subophitic domains of clinopyrox-
ene up to 1 mm across partially enclose plagioclase crystals. The basalt is composed of ~2
percent phenocrysts, 65 percent groundmass, 18 percent subophitic domains, and 15 percent
open texture. Chemically, the unit is a high-alumina basalt with 47.55-47.67 weight percent SiO,,
15.57-15.80 weight percent ALO,, 1.94-1.97 weight percent TiO,, 13.61-13.91 weight percent
FeO*, and 0.38-0.40 weight percent K,O (Samples 10 and 12; Table 1; Figure 1). A late Miocene
age is based on stratigraphic position beneath the basalt of Stearns Ranch. Stratigraphic
relations with the Rattlesnake ash-flow tuff are not exposed. Reverse magnetic polarity.

Basalt of Quail Valley Ranch (late Miocene) — Gray, open-textured, diktytaxitic, medium-
to coarse-grained, holocrystalline, glomeroporphyritic, plagioclase-, clinopyroxene-, and olivine-
phyric basalt. The southeast dipping basalt is juxtaposed against the Prineville basalt on the
west side of the Crooked River canyon between the mouth of Swartz Canyon and Hoffman Dam.
The basalt is red-weathering, columnar-jointed, and forms a surface marked by distinct pressure
ridges containing arcuate pahoehoe flow textures. In thin section, the basalt consists of
glomerocrysts of plagioclase, olivine, and clinopyroxene that exceed 10 mm across and discreet
subhedral to euhedral plagioclase, anhedral clinopyroxene, and subhedral, equant olivine
phenocrysts. Glomerocrysts and phenocrysts are enclosed in an equigranular, fine-grained
groundmass of plagioclase microlites and intergranular olivine and clinopyroxene. The basalt is
composed of 40 percent phenocrysts and glomerocrysts, 40 percent groundmass, and 20
percent open-texture. Chemically, the unit is a high alumina basalt with moderate titanium and
potassium contents, with 49.78-50.17 weight percent SiO,, 17.86-18.00 weight percent AL, O,
0.98-1.03 weight percent TiO,, and 0.41-0.47 weight percent K,O (Samples 6 and 7; Table 1;
Figure 1). The basalt of Quail Valley Ranch is late Miocene age on the basis of a “°Ar/**Ar (whole
rock) radiometric age date determination of 8.76 + 0.24 Ma (Table 2).

Rattlesnake Ash-flow Tuff (late Miocene) — Rust orange, pumice-tuff that forms a
distinct, ledge-forming marker bed exposed in the Crooked River canyon from Swartz
Canyon north to Stearns Dam. Considered equivalent to the Rattlesnake ash-flow tuff of
Walker (1979). The tuff is matrix-supported and typically massively bedded; well-
developed coarse-tail grading of both pumice and lithics occurs in Swartz Canyon. In thin
section, the tuff is vitroclastic, partially welded, and feldpsar-phyric. The tuff has a pheno-
cryst assemblage that consists of subhedral to euhedral, zoned, potassium feldpsar,
subhedral plagioclase laths, and anhedral orthopyroxene (?) phenocrysts. Devitrified,
flattened pumice fragments up to 6 mm across and subangular, brown, feldpsar-phyric
lithic fragments up to 3 mm across are supported in a devitrified glass shard matrix. The
original vitroclastic texture is retained but is overprinted by very fine elongated crystals
forming axiolitic structures. The tuff consists of ~15 percent feldspar phenocrysts, 1
percent orthopyroxene phenocrysts, 15 percent lithic fragments, 15 percent flattened
pumice, and 55 percent devitrified, glass-shard matrix. Chemically, the Rattlesnake tuff is
rhyolitic with 75.14 weight percent SiO,, 12.23 weight percent ALO,, 3.24 weight percent
Na,O, and 5.19 weight percent K,O (Ferns and McClaughry, 2006b). The tuff rests
between reversed polarity Deschutes Formation basalt flows (Tdbw and Tdbs) in the
Crooked River canyon. A late Miocene age is based on 7.05 + 0.1 Ma “Ar/**Ar age
(Streck, 1994). Reversed magnetic polarity (Smith 1986a). Thickness up to 15 m.
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Prineville Basalt (middle Miocene) — Dark gray to black, fine-grained, aphyric and
sparsely plagioclase-phyric, iron-rich basalt and basaltic andesite lava flows. The basalt
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flows are equivalent to the Prineville basalt as defined by Tolan and others (1989) and
Hooper and others (1993). The Prineville basalt forms the high plateau of the quadrangle
that stretches from Stearns Butte south to the Crooked River canyon. It forms the canyon
walls of the modern Crooked River between the Hoffman Dam spillway and Bowman Dam
at the mouth of Prineville Reservoir. Outcrop exposures are massive to columnar-jointed
with lesser amounts of spheroidal weathering; pillow basalt predominates along Juniper
Canyon road and where the basalt directly overlies sedimentary rocks of unit Tmos. In
thin section the basalt is hypocrystalline, with 60 percent crystals, and 40 percent glass,
with a hyalopilitic groundmass texture made up of glass, plagioclase laths, clinopyroxene
grains, and abundant opaque mineral grains. The basalt contains < 2 percent olivine
microphenocrysts. Chemical analyses from adjacent quadrangles (Ferns and
McClaughry, 2006b; McClaughry and Ferns, 2006a,b) indicate that these basalt flows are
chemically similar to the Bowman Dam type flows defined by Hooper and others (1993).
The basalt is characterized by low amounts of alumina (13.15-15.22 weight percent AL,O,)
and high concentrations of iron (9.01-13.71 weight percent FeO*) phosphorus (1.25-2.02
weight percent P,O,) and barium (1695-3202 ppm Ba). A middle Miocene age is based on
a radiomentric age of 15.7 + 0.1 Ma (*°Ar/**Ar; Smith, 1986a) on the basal flow at Pelton
Dam in the Deschutes Basin and intertonguing relationships between reversed magnetic
polarity Bowman Dam type flows and R2 Grande Ronde Basalt flows north of the
Deschutes Basin (Hooper and others, 1993). According to Hooper and others (1993)
lower Bowman Dam type flows display reversed magnetic polarity while the capping
Bowman Dam type flow displays normal magnetic polarity.

Tuffaceous sedimentary rocks (middle Miocene to late Oligocene?) —
Exposures of unit Tmos are limited within the Stearns Butte quadrangle to small, poorly
preserved interbeds within or strata at the base of the Prineville basalt. The unit descrip-
tion given is synthesized from exposures in the adjacent Powell Buttes and Eagle Rock
7.5" quadrangles (Ferns and McClaughry 2006b; McClaughry and Ferns, 2007c). Unit
Tmos consists of moderately indurated deposits of white to tan, massive sandstone,
brown to tan tuffaceous siltstone, white to dark gray, stratified, plane-parallel to massively
bedded volcaniclastic sandstone, black, well-sorted, clast-supported cobble conglomer-
ate composed of clasts of rhyolite and Prineville basalt, and massively bedded white
pumice-crystal-lithic tuff. Minor matrix-supported, cobble to boulder conglomerate is
present near the top of the section. Well-exposed sections in the Eagle Rock 7.5'
quadrangle are characterized by massive bedding, cut- and fill-relations, channel forms,
rip-up fragments, and locally abundant burrow traces. Where the unit is directly overlain
by the Prineville basalt, the basalt burrows into or intertongues with sedimentary strata.
This contact is typically marked by basalt pillows and intermixed yellow-orange palago-
nite, diatomite, and tuffaceous siltstone. An interbedded dacite tuff in the Eagle Rock 7.5'
quadrangle is characterized by 69.71 weight percent SiO,, 16.38 weight percent Al,O,,
and 5.23 weight percent FeO*. The tuff has relatively high amounts of barium (588 ppm
Ba) and low amounts of niobium (14.8 ppm Nb) (McClaughry and Ferns, 2007c). A middle
Miocene age for the upper part of the unit is based on conformable intertonguing relation-
ships with the Prineville basalt. Previously, these rocks were considered to be the upper
part of the John Day Formation. However, the base of unit Tmos overlies John Day age
strata with distinct angular unconformity in the Eagle Rock 7.5' quadrangle. Herein unit
Tmos is tentatively considered to be correlative to the Simtustus (Smith, 1986c) and
Mascall (Merriam, 1901) Formations.

John Day Formation

Tj (Oligocene) — Succession of interbedded welded ash tuffs, subaerial tuffaceous sedimentary
deposits, and basaltic lava flows. Equivalent to the John Day Formation of Marsh (1875),
Merriam (1901), and Robinson and others (1990) and subdivided into:

Welded tuff of O’Neil Creek (Oligocene) (Cross section only) — Gray to pink and
white, welded, rhyolite lithic-pumice tuff exposed along O'Neil Creek in the Eagle Rock 7.5'
guadrangle (McClaughry and Ferns, 2007c). The unit forms a single cooling unit as much as
120 m thick, where it rests directly upon the underlying tuff of Gravy Gulch (Tjtg). Based on
geochemistry, petrology, and stratigraphic position, the tuff of O’Neil Creek is considered to be
the upper of two cooling units that represent outflow facies from the Crooked River caldera
(McClaughry and Ferns, 2006a, b, c; 2007a,c). An Oligocene age is based upon stratigraphic
position and correlation with intracaldera-fill tuff (Tjt).

Welded tuff of Gravy Gulch (Oligocene) (Cross section only) — Pink-red to gray,
moderately indurated, non-welded to rheomorphic, pumice-lithic tuff exposed on the east end of
Combs Flat and south of Antelope Creek in the Eagle Rock 7.5' quadrangle (McClaughry and
Ferns, 2007c). Based on geochemistry, petrology, and location, the tuff of Gravy Guich is consid-
ered to be the lower of two cooling units that represent outflow facies of the Crooked River
caldera (McClaughry and Ferns, 2006a, b, c; 2007a,c). An Oligocene age is based upon
stratigraphic position and correlation with intracaldera-fill tuff (Tjt). The unit has an irregular
distribution and variable thickness.

Pumice-lithic tuff of the Crooked River Caldera (Oligocene) (Cross section only)
— Gray to green, matrix-supported, indurated to friable, pumice-lithic tuff exposed in the Prineville
7.5' quadrangle (McClaughry and Ferns, 2006a). Based on water-well drill records, unit Tjt is
more than 335 m thick in the vicinity of Prineville. The unit is interpreted as intracaldera fill facies
to the Crooked River caldera and is correlative with the tuff of Smith Rock of Robinson and
Stensland (1979). An Oligocene age is based upon stratigraphic position.
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Tuffaceous sandstone and siltstone (Oligocene) — Green, maroon, to yellow-brown,
claystone and tuffaceous siltstone. The unit is exposed in excavations and along incised
drainages in the southeast corner of the quadrangle. Bedded claystone at this locality is
oriented N25°E, 45°NW, and rests conformably upon the basaltic andesite of unit Tjba.
Outcrops degrade to angular chips and expanded, popcorn-weathered clays. The unit includes
all sedimentary rocks that locally, conformably overlie the basaltic andesite of unit Tjba and that
are interbedded with tuff facies of the Crooked River caldera. Sedimentary units are correlative
with unit Tjs exposed above unit Tjt in the Prineville 7.5' quadrangle (McClaughry and Ferns,
2006a). An early to late Oligocene age is based on stratigraphic position.

Basaltic andesite (early Oligocene) — Gray to dark gray, platy to massive, fine-grained,
pilotaxitic, trachytic, aphyric basaltic andesite. The unit weathers to brown and green-brown and
has a red-weathered basal flow breccia. Altered basaltic andesite exposed along Juniper
Canyon Road (sec. 20, T.16 S., R. 17 E., Eagle Rock 7.5' quadrangle) is gray to purple, platy,
and pervasively sheared; fractures are filled by calcite. In thin section, the basaltic andesite
consists of euhedral plagioclase microlites that are aligned in 2 distinct, acute (~60°) flow
domains. Plagioclase crystals are separated by euhedral to anhedral pale green groundmass
clinopyryoxene needles <0.1 mm across and sparse olivine. Chemically, the flow is an iron-rich
basaltic andesite with 55.39 weight percent SiO,, 14.16 weight percent Al,O,, 13.56 weight
percent FeO*; 2.00 weight percent TiO,; and 1.60 weight percent K,O (McClaughry and Ferns,
2007d). Petrographic and chemical characteristics are similar to the middle Miocene Prineville
basalt, but the flow is distinguished from the Prineville basalt on the basis of stratigraphic
position and decreased barium contents (374 ppm Ba). Unit Tjba may be correlative with a
basaltic andesite dated at 30.1 + 1.1 Ma recovered from a geothermal test well west of Powell
Buttes (Evans and Brown, 1981). The unit may also be stratigraphically equivalent to the chemi-
cally similar member B basaltic andesite of Smith and others (1998) exposed north of the tuff of
Smith Rock near Gray Butte (unit Tcl of Robinson and Stensland, 1979). Robinson and others
(1990) report a radiometric age date of 30.8 + 0.5 Ma (whole rock) for this basaltic andesite
(also see Fiebelkorn and others, 1983). Locally, the unit conformably overlies unit Tjta.

Welded tuff of Antelope Creek (early Oligocene) — Dark purple to pink-gray, densely
welded, ash tuff. The cliff-forming tuff is typically massive, but is locally banded by contorted
flow foliations. The lower part of the tuff is marked by open lithophysal cavities and a densely
welded base. Pumice and phenocrysts are sparse. Where present, pumice are generally
flattened, forming distinct fiamme. In thin-section, the tuff contains rounded, porphyritic to
coarse-grained rock fragments up to 2 mm across and blocky sanidine phenocrysts up to 2 mm
across set in a completely devitrified glass shard matrix. Based on geochemical analyses, the
unitis a rhyolite tuff, with 73.21 - 77.64 weight percent SiO,, 11.48 — 11.61 weight percent Al,O,,
and 2.92 - 5.23 weight percent K,0 (McClaughry and Ferns, 2007¢). The tuff contains relatively
high levels of barium (878 — 936 ppm Ba) and zirconium (425 —-535 ppm Zr). Conformably
overlies reworked pumice-lithic tuff of unit Tjtt and the tuff of Eagle Rock (Tjte). Thickness of the
Antelope Creek tuff is ~30 m.

Welded tuff of Eagle Rock (early Oligocene) (Cross section only) — Yellow-white
to gray, densely welded, sparsely feldspar-phyric, pumice-lithic tuff (McClaughry and Ferns,
2007c). Conformably overlies a pumice-lithic tuff in unit Tjtt. Equivalent in part to unit Tjw of
Swanson (1969). Robinson and others (1990) report a radiometric age of 32.1 + 0.7 Ma (K/Ar)
for the lower ash flow tuff of the southern facies exposed between the city of Prineville and
Prineville Reservoir. The tuff ranges from 10 to 50 m thick, apparently thickening along strike to
west.

Tuff and tuffaceous sandstone (early Oligocene) — Based on observations in the
Eagle Rock 7.5' quadrangle, unit Tjtt consists of tan and gray to green, 0.5-1 m thick beds of
massive, fine- to medium-grained, non-welded tuff, stratified tuffaceous sandstone and
siltstone, lenses of pebble breccia, and massive beds of pumice-rich conglomerate
(McClaughry and Ferns, 2007c). The unit locally includes thin (1 m thick) zones of dark gray
welded tuff marked by flattened pumice clasts and thin layers (<0.005 m thick) of vitric
sandstone. Near the head of Owl Creek (sec. 22, T. 16 S., R. 17 E., Eagle Rock 7.5' quadrangle)
the volcaniclastic section is capped by a distinct, buff-colored, 10 m thick, massive, non-welded
pumice-tuff. Feathered pumice fragments are up to 0.05 m across. Angular black obsidian
fragments are abundant. Lithic fragments are sparse. Based on geochemical analysis, the tuff
is rhyolitic, with 77.69 weight percent SiO,, 12.38 weight percent Al,O,, 1.00 weight percent
FeO*, and 3.42 weight percent K,O (McClaughry and Ferns, 2007c). The tuff contains relatively
high levels of barium (683 ppm Ba), zirconium (350 ppm Zr), and niobium (44 ppm Nb). The unit
includes all tuff and volcaniclastic sedimentary rocks that are conformably interbedded with the
welded tuffs of unit Tjto and Tjte and that lie stratigraphically beneath the basaltic andesite of
unit Tjba. An early Oligocene age is based upon stratigraphic position. Unconformably overlies
rocks of the Clarno Formation.

Clarno Formation

Tc (Eocene) - Andesite to dacite lava flows, intrusions, and volcaniclastic rocks. Equivalent to
the Clarno Formation of Merriam (1901) and Walker and Robinson (1990).

Andesite and dacite porphyry (Eocene) (Cross section only, B-B') — Red-
weathering, coarse-grained, platy to columnar jointed, feldspar-phyric, andesite and dacite
porphyry exposed in the Eagle Rock 7.5' quadrangle (McClaughry and Ferns, 2007c). Includes
clast- and matrix-supported, monolithologic breccia and bulbous masses of feldspar-phyric,
glassy, black vitrophyre.
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Table 1. Whole-rock XRF (x-ray fluorescence) analyses for Deschutes Formation basalts, Stearns Butte 7.5 Quadrangle, Crook County, Oregon.

Map Field and UT™Mm Elev. Lithology Map |Oxides (wt. percent) Trace elements (parts per million)
no. laboratory no. coordinates (ft) unit SiO, AlLO; TiO, FeO* MnO CaO MgO K,0O Na,O P,Os | Ni Cr Sc V Ba Rb Sr Zr Y Nb Ga Cu Zn Pb La Ce Th U Co LOI Fe,0; FeO
1 65 LCJ 06 4894674N 3414 Olivine basalt Tdbsr 4846 1635 176 1231  0.20 9.83 7.58 0.34 2.77 040 107 211 28 248 311 41 556 136 323 106 204 49 92 4 13 34 0 0 44 100 3.32 8.10
670660E
2 66 LCJ 06 4894674N 3330 Olivine basalt Tdbsr  48.98 1695 146 1219  0.20 9.47 6.95 0.47 2.99 033 102 106 29 259 313 75 338 97 314 6 205 97 8 4 11 21 0 09 46 123 3.56 7.73
670660E
3 67 LCJ 06 4894674N 3200 Olivine basalt Tdbw 4768 1574 199 1382 022 9.24 7.58 0.50 2.73 050 132 208 29 311 397 72 319 98 336 67 205 70 101 5 10 19 26 11 50 130 247  10.20
670660E
4 71LCJ 06 4895338N 3639 Olivine basalt Tdbsr  48.78  16.09  1.64 1225 020 1008  7.54 0.43 2.64 036 97 241 30 257 249 58 529 126 302 103 198 42 94 4 12 25 11 O 43 091 3.28 8.10
675492E
5 52LCJ 06 4892972N 3702 Olivine basalt ~ Tdbdc ~ 50.01  16.92  1.04 9.65 017 1035 844 0.50 2.63 030 164 426 29 239 255 54 509 80 222 76 172 8 73 4 10 22 09 0 40 071 4.63 451
678989E
6 50 LCJ 06 4892442N 3840 Plagioclase basalt Tdbgq ~ 50.17 1800  0.98 9.97 018  11.28 597 0.41 2.73 030 64 142 39 272 374 45 340 76 264 82 17 102 70 4 10 18 14 0 35 146 5.37 4.05
671627E
7 276 LCJ 06 4892131N 3675 Plagioclase basalt Tdbq ~ 49.78  17.86  1.03 1023 018 1124  6.14 0.47 2.77 028 65 151 38 278 360 4 343 8 28 8 16 58 77 5 13 20 3 <05 37 107 3.63 5.93
672022E
8 277 LCJ 06 4890423N 3504 Olivine basalt Tdbrc 4771 1585 208 1403  0.22 9.35 7.09 0.52 2.63 052 138 231 37 343 508 5 322 106 35 6 18 73 14 6 11 27 2 <05 53 121 3.53 9.39
671841E
9 68 LCJ 06 4889676N 3596  Basaltic andesite  Tdbs 5231 1633 157 1125  0.20 8.16 5.40 1.04 3.30 044 65 68 25 203 502 163 309 173 459 93 211 79 8 5 15 32 14 14 34 134 3.24 717
671294E
10 47 LCJ 06 4890685N 3582 Olivine basalt Tdbh 4755 1557 194 1391 022 9.14 8.15 0.40 2.72 041 135 190 30 285 314 55 343 129 352 91 21 56 106 4 11 25 09 0 53 078 3.17 9.73
674277E
11 32LCJ 06 4891040N 4243 Olivine basalt Tdv 4844 1611 179 1254 020 1056  6.64 0.55 2.69 050 95 219 32 268 414 7.6 705 143 38 117 192 50 95 1 19 43 O 0 43 1.00 8.04 3.92
METERS 678231E
1500 12 48 LCJ 06 4889074N 3558 Olivine basalt Tdbh  47.67 1580 197 1361  0.22 9.29 7.84 0.38 2.81 0.41 117 168 30 283 297 47 343 136 372 92 205 65 103 4 10 28 05 11 51 096 220 1032
674038E
13 41LCJ 06 4887927N 3615 Olivine basalt Tdbsr 4847 1727 135 1182 019 1011  7.37 0.32 2.83 027 117 155 29 252 226 21 363 80 293 59 202 125 8 1 11 19 O 0 47 0.89 3.27 7.67
672411E
14 20 LC 06 4887927N 3580 Olivine basalt Tdbrc  48.26 1537 205 1391  0.22 9.33 7.10 0.54 2.72 050 108 247 32 335 443 6 337 105 392 66 204 75 107 O 17 31 O 0 49 121 3.61 9.20
672411E
1000 15 69 LCJ 06 4887929N 3440 Olivine basalt ~ Tdbdc 5059  16.28 113 1058  0.18 9.53 8.28 0.63 2.49 031 155 312 29 226 375 89 360 84 262 74 172 83 8 4 11 21 13 06 42 130 2.64 7.10
672390E
16 40LCJ 06 4888069N 3616 Olivine basalt Tdbrc  48.00 1532 200 1401  0.22 9.23 7.46 0.49 2.77 050 126 167 30 310 456 48 352 99 393 72 206 91 103 2 15 26 11 O 50  1.06 417 8.77
672863E
17 46 LCJ 06 4888461N 3499 Olivine basalt ~ Tdbdc 5029 1597 137 1020 0.7 9.59 8.92 0.60 2.47 041 179 385 29 225 379 7.8 574 124 257 10 169 58 8 4 13 35 2 06 41 127 3.56 5.93
676499E
500 18 35LCJ 06 4888459N 4100 Olivine basalt Tdv 5075 1573 133  10.06 016  10.05 856 0.47 2.55 034 138 355 28 212 271 53 595 117 252 101 166 87 8 1 16 38 08 O 39 0.99 5.79 3.77
677663E
Figure 1. Total alkalis vs. silica (TAS) classification of whole-rock XRF analyses from
table 1. Fields are from Le Bas and others (1986) and Le Maitre and others (1989).
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