
ABSTRACT

Mid-Tertiary strata near Gray Butte, cen-
tral Or egon,record volcanism and sedimenta-
tion on the margin of a west-tilted basin that
was subsequently disrupted by a northeast-
striking fault system. Compositional character-
istics of the volcanic rocks support correlation
of the section to the upper Eocene–Oligocene
part of the John Day Formation. The ~1.2-km-
thick section contains five fossil floras docu-
menting climatic change in late Eocene–early
Oligocene time and a progression between bet-
ter known Eocene and Oligocene floras in the
region. The presence of the transitional floras is
a consequence of the subsidence of the Gray
Butte basin to accommodate a section that is
nearly four times thicker than better studied
correlative strata ~50 km to the northeast that
consist almost entirely of volcanic rocks. The
lowest flora is within flood-plain facies,
whereas the other four are hosted in lacustrine
strata. Although alteration of volcanic rocks
most closely associated with the floras pre-
cludes development of a precise isotopic-age
chronology, regional correlations and several
accurate isotopic-age determinations indicate
that the principal interv al of climatic cooling
may have been in late Eocene time (ca. 38–39
Ma) rather than at the Eocene-Oligocene
boundary. The paleoclimate interpretation is
tempered,however, by the low diversity of the

floras (12–24 species) and possible taphonomic
biases in comparing flood-plain and lacustrine
environments.

Mapping established the presence of the
Cyrus Springs fault zone,a large (1.2 km ver-
tical displacement,possibly >7 km dextral
offset) shear zone that is possibly a surface
expression of the Klamath–Blue Mountain
gravity-anomaly lineament. The orientations
of this fault zone,subsidiary sinistral struc-
tur es,dikes,and fold axes suggest that the
presumed Mesozoic structure marked by 
the lineament was reactivated as a dextral-
normal fault by east-northeast–west-south-
west–oriented compressive stress. This stress
is consistent with early Oligocene North
America–Farallon convergence but is incon-
sistent with northwest-southeast to north-
south compression suggested by structures
farther east. Stress either varied temporally
or was partitioned into complex local strain
domains. The Cyrus Springs fault zone may
have become active at about 28–30 Ma,re-
sulting in uplift and southward tilting of part
of the Gray Butte basin fill, and ceased activ-
ity before deposition of the horizontal upper
Miocene–Pliocene Deschutes Formation.

The Gray Butte area was also an eruptive
center for rhyolitic and alkaline-mafic lava and
tuff both before and after initiation of move-
ment on the Cyrus Springs fault. Mid-Ter-
tiary volcanism and sedimentation near the
western end of the Blue Mountains,heretofore
not clearly related to active structures,may
have taken place within a regional transten-

sional regime associated with stress orienta-
tions different from those of Neogene time.
Local basins with higher subsidence rates ac-
cumulated relatively thick sequences of lacus-
trine tuffaceous strata,and their fossil floras
show progressive climate change through the
Eocene-Oligocene boundary interval.

INTRODUCTION

We undertook a detailed study near Gray Butte,
in central Oregon (Fig. 1),to resolve stratigraphic
and structural relationships pertinent to interpret-
ing a sequence of fossil floras and the origin of the
host strata. A sequence of paleobotanical localities
on the west side of Gray Butte (Ashwill,1983)
records floristic change through the stratigraphic
section and provides a better understanding of the
transition between warm subtropical floras of
Eocene time and temperate deciduous forests of
Oligocene time. This area also contains previously
unrecognized large-displacement faults and vol-
canic-vent and intrusive features that elucidate as-
pects of the regional late Eocene–middle
Oligocene tectonic and volcanic framework and
provide insights to the preservation of strata that
host the transitional floras. In this paper we discuss
these stratigraphic,volcanic,and structural fea-
tures and provide an overview of the fossil floras
to illustrate the importance of the Gray Butte area
to understanding many aspects of the mid-Tertiary
history of the region. Detailed taxonomic descrip-
tions of the Gray Butte floras are in preparation.

The tectonic setting for continental sedimenta-
tion in the inland Pacific Northwest is poorly un-
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derstood for the period between pervasive Eocene
strike-slip-basin development in northern Wash-
ington (Johnson,1985; Campbell,1989) and the
middle Miocene eruptions forming the Columbia
River Basalt Group (Hooper and Conrey, 1989;
Smith et al.,1989) and contemporaneous Basin
and Range extension in southern Oregon. Upper
Eocene to lower Miocene sedimentary and vol-
canic rocks,temporally equivalent to extensive ig-
nimbrite sheets and metamorphic core complexes
in the Great Basin,are widespread in eastern Ore-
gon. In the Pacific Northwest,however, the struc-
tural styles of accommodating basins and related
faulting during the mid-Tertiary remain largely
unstudied.

The upper Eocene to lower Miocene John
Day Formation,and its correlatives,cover at
least 100000 km2 and perhaps as much as
225 000 km2 (John Day magmatic region of
Christiansen and Yeats,1992) of eastern Oregon.
The formation is a diverse assemblage of rhy-
olitic ignimbrites and domes,mafic (generally
alkaline) lavas,and primary and reworked fallout

tephra. The mafic and rhyolitic volcanic rocks,
with a lesser volume of andesite and dacite, were
erupted across an area of at least 20 000 km2, al-
though no caldera sources have been located for
the ignimbrites and no vent areas have been
clearly identified for the mafic lavas. Intermedi-
ate-composition fallout tephra is widely believed
to have been derived from upwind sources in 
the nascent Cascade Range volcanic arc (Peck,
1964; Robinson and Brem,1981; Robinson 
et al.,1990). Despite the development of a re-
gional stratigraphy in north-central Oregon
(Robinson et al.,1990),the tectonic setting for
the accumulation of the John Day Formation
tuffaceous sedimentary rocks and associated
volcanic rocks is not clear, although subsidence
is clearly required to permit accumulation of lo-
cal sections of primarily sedimentary material
more than 1 km thick. Although geologic maps
(e.g., Walker and MacLeod,1991) illustrate
many faults that displace the John Day Forma-
tion without apparently affecting the overlying
middle Miocene Columbia River Basalt Group,

few studies have demonstrated the sense of mo-
tion on these faults nor their relationship to the
John Day depositional basins.

Mid-Tertiary fossil floras from central Oregon
have played a substantial role in propositions of
major environmental and climatic change near the
Eocene-Oligocene boundary (e.g.,Chaney, 1927;
Wolfe, 1979,1992; Retallack et al.,1996). Sub-
tropical floras of the Clarno Formation (e.g.,
Cherry Creek flora),dated as about 44 Ma,are
succeeded by cool-temperate Bridge Creek floras
of the John Day Formation,dated as about 32–
33 Ma (Manchester, 1990; McIntosh et al.,1997).
Because of the large temporal gap between these
floras,the nature and timing of floristic change re-
main poorly understood and the correlation with
the marine paleoclimatic record of abrupt early
Oligocene cooling remains vague. Bestland et al.
(1997) have,however, interpreted paleosols in the
John Day Formation to be consistent with climate
change near the Eocene-Oligocene boundary.

The record of global cooling near the Eocene-
Oligocene boundary has been reconstructed pri-
marily from marine stratigraphic records (e.g.,
Keller et al.,1992; Aubrey, 1992; Hansen,1992).
Benthic foraminiferal δ18O increase suggests the
onset of stepwise cooling in early Eocene time,
the penultimate downturn in ocean temperature
occurring abruptly near the end of chronozone
C13R (Miller, 1992), which Berggren et al.
(1992) selected as the Eocene-Oligocene bound-
ary, ca. 34 Ma. Wolfe (1979,1992) argued that
western North American leaf floras record a
marked decrease in mean temperature and in-
creased seasonality of temperature within a nar-
row time range between 33.2 and 32.8 Ma.
Whether this discrepancy with marine records
represents a true lag in continental response to
global climate or if Wolfe’s interpretation of a
later age relies largely on relatively old and im-
precise K-Ar ages (Wolfe, 1992) is unexplained.

BACKGROUND

John Day Formation Stratigraph y

Peck (1964),Robinson (1975),Robinson and
Brem (1981),and Robinson et al. (1990) estab-
lished the regional stratigraphy and age rela-
tionships of the John Day Formation. The out-
crop belt closest to Gray Butte comprises the
“western facies”of the formation (Robinson 
et al.,1990; Fig. 1) divided into members desig-
nated alphabetically from A to I (Peck,1964;
Robinson et al.,1990). The base of the forma-
tion is defined in most places by a rhyolite ig-
nimbrite (the basal A ignimbrite), which in
many localities rests on a paleosol developed 
on andesite of the underlying Eocene Clarno
Formation (Bestland et al.,1996). Previous K-
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Figure 1. Generalized geologic map showing location of study area and other localities men-
tioned in the text. The principal outcrop belt of the John Day Formation in the northwest quad-
rant of the map is known as the western facies (Robinson et al.,1990). LWC—Little Willow
Creek; JB—Juniper Butte; SR—Smith Rock State Park; GM—Grizzly Mountain. Line A–A′
denotes line of cross section depicted in Figure 2.
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Ar dates of 37.4 ± 1.4 Ma for this ignimbrite
(Robinson et al.,1990) have been supplanted by
high-resolution,single-crystal 40Ar/39Ar ages of
39.22 ± 0.03 and 39.72 ± 0.03 Ma by 
C. Swisher (in Bestland et al.,1993; Bestland
and Retallack,1994a,1994b; Retallack et al.,
1996) and our date of 39.17 ± 0.15 Ma (see be-
low). The uppermost strata of member I have
provided limited chronological data but are at
least as young as 22 Ma (Robinson et al.,1990).

Gray Butte Section

Gray Butte is a 1557-m-high peak underlain by
rhyolite and occupying the approximate midpoint
of a 3.5-km-thick section of homoclinal south-
southeast–dipping strata (Fig. 2). The lower 1.5
km of this section is volcaniclastic sediment and
tuff deposited in fluvial and lacustrine environ-
ments and interbedded basalt and basaltic-an-
desite lava flows. This part of the Gray Butte se-
quence contains the currently known fossil floras.
The succeeding 1.4 km of section is composed of
the rhyolite of Gray Butte and overlying tuff of

Smith Rock,a sequence of rhyolitic hydromag-
matic tuffs and related lavas. Southeast of Smith
Rock and across Lone Pine Flat, a strike valley
filled with Quaternary (and Pliocene?) sediment
(Fig. 2),is tuff typical of the uppermost John Day
Formation (member I),overlain by Prineville
basalt (Smith,1986; Hooper et al.,1993) that pre-
vious workers (e.g.,Williams, 1957; Robinson
and Stensland,1979) mapped within the contem-
poraneous Columbia River Basalt Group (Fig. 2).

Geological interpretations resulting from recon-
naissance studies differ significantly between
workers and also differ substantially from our re-
sults (Fig. 2). Williams (1957) included most of
these rocks as John Day Formation,with faulted
cuestas of younger Columbia River Basalt forming
the prominent east-west–trending ridges north of
Gray Butte. Robinson and Stensland (1979)
mapped the same rocks as southward-dipping
Clarno Formation onlapped by John Day Forma-
tion ignimbrites and various other tuffs from the
north. The John Day Formation was otherwise
restricted to outcrops beneath Columbia River
Basalt farther south. The rhyolite of Gray Butte

and tuff of Smith Rock were not assigned to ei-
ther the Clarno or John Day Formations.

Obermiller (1987) mapped rocks of both
Clarno and John Day Formations and assigned
the rhyolite of Gray Butte and tuff of Smith Rock
to middle Miocene time on the basis of whole-
rock K-Ar dates of uncertain quality. His dates are
younger than the Prineville basalt,necessitating a
fault below Lone Pine Flat for which there is no
other evidence (Fig. 2). Nonetheless,Bishop
(1989) and Robinson et al. (1990) followed Ober-
miller in concluding that there was a middle
Miocene volcanic center at Gray Butte despite
reference to a 30.8 Ma K-Ar date for the tuff of
Smith Rock (Robinson et al.,1990).

Fossil Floras

Although the presence of fossil floras near
Gray Butte (Fig. 2) has been known for some time
(e.g.,Vance,1936) they were not systematically
collected and examined until recently (Ashwill,
1983, 1990; McFadden, 1986; Meyer and 
Manchester, 1997). Ashwill (1983, 1990) re-

Figure 2. Cross sections along line A–A′ (Fig. 1) illustrating the various contradictory interpretations of the geology of the Gray Butte area. The
Cyrus Springs fault zone is denoted CSFZ in the bottom diagram.
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ported a succession of five fossil floras,some rep-
resented by more than one outcrop locality, rang-
ing from subtropical to temperate in character.
The uppermost floras contain taxa characteristic
of the John Day Formation Bridge Creek flora
whereas the stratigraphically lower floras share
components of floras of both the Clarno and John
Day Formations. These observations suggested
that the Gray Butte floral succession,distributed
through about 400 m of strata of uncertain strati-
graphic assignment,may provide a record of the
floristic transition of early Oligocene time.

New Geological Mapping

A 50 km2 area extending northward from the
summit of Gray Butte was mapped at a scale of
1:16 000 in order to elucidate the stratigraphic and
structural framework of strata hosting the fossil
floras. A simplified version of this map is pre-
sented in Figure 3,and aspects of this geological

mapping are included in Smith et al. (in press) and
Sherrod et al. (in press). Alluvium covers lowland
areas,and thick colluvium derived from Gray
Butte and a high ridge of basaltic andesite north of
Gray Butte locally obscures the bedrock geology.
The west-central part of the map area is thickly
mantled by basaltic and silicic tephra,probably of
Pliocene and early Quaternary age,but possibly
correlative with upper Miocene tuffs exposed in
the Deschutes Formation a few kilometers to the
west (Smith,1986,1987).

Rocks in the southern part of the map area
have been affected by moderate to intense propy-
litic alteration manifested as calcite replacement
bodies,chlorite and illite alteration, cinnabar
mineralization,and anomalous assay values for
gold,silver, arsenic,and mercury (Brooks,1963;
Gray and Baxter, 1986; Rimal et al.,1987). Al-
though dominant calcite and zeolite cement in
volcanic sandstone may reflect normal diagene-
sis,local epidote cement requires addition from

hydrothermal fluid. This pervasive alteration ad-
versely affected our efforts to obtain 40Ar/39Ar
ages for rocks near Gray Butte (see below), in-
hibited efforts to correlate tuffs by electron-
microprobe analyses of crystals,and prohibited
collection of fresh samples of some lava flows for
whole-rock geochemical analyses.

Nonetheless,careful mapping permitted con-
struction of an alternative geologic interpretation
(Fig. 2). We interpret the stratigraphy in the Gray
Butte area to represent a section that consists en-
tirely of the John Day Formation; there are no
recognizable Clarno Formation rocks and no
middle Miocene rocks other than the Prineville
basalt. We also recognize and name the Cyrus
Springs fault zone,a substantial mid-Tertiary
fault having a down-to-the-north throw in excess
of 1.2 km and possibly 7 km or more of dextral
slip. A diverse suite of intrusive rocks identifies
the Gray Butte area as a major mid-Tertiary vol-
canic-vent area.

Figure 3. Geologic map of the Gray Butte study area,simplified from Smith et al. (in press) and unpublished mapping by G.A. Smith. Addi-
tional bedding attitudes are illustrated in Figure 10. CSFZ—Cyrus Springs fault zone.



STRATIGRAPHY AND CORRELATION
OF SEDIMENTARY AND VOLCANIC
ROCKS

The stratigraphy of the Gray Butte area is il-
lustrated in Figures 3 and 4 for two subareas,lo-
cated north and south of the Cyrus Springs fault
zone (which is described below). The area south
of the Cyrus Springs fault zone contains the
thickest exposed section,which varies along
strike from ~800 to 1200 m between the lowest
elevation exposures and the capping rhyolite of
Gray Butte and tuff of Smith Rock. The northern
area contains a more poorly exposed section that
is approximately 250 m thick.

South of Cyrus Springs Fault Zone

Member A. The lowest interval consists of
sedimentary strata interbedded with porphyritic
basaltic andesite,tuff, and rhyolite lava (Figs. 3
and 4; Table 1). Although porphyritic basaltic an-
desite is not otherwise known in the John Day
Formation and the tuffs are too altered to permit
an analytical comparison,we correlate these rocks
to John Day member A, rather than the older
Clarno Formation,for several reasons. First,the
two welded ignimbrites that contain quartz and al-
tered alkali feldspar are arguable correlatives to
the two rhyolite ignimbrites found regionally in
member A (Fig. 4; Swanson and Robinson,1968;
Robinson et al.,1990). Second,10 km to the east,
basal John Day Formation ignimbrite and rhyolite
lava rest on a laterally extensive, well-developed
red paleosol (cf. Bestland et al.,1996) developed
on typical Clarno Formation pyroxene-horn-
blende andesite and dacite in excess of 1 km thick
(Thormahlen,1985). Neither similar lavas nor the
paleosol are present in the Gray Butte area. Third,
conglomeratic sandstone in the Gray Butte sec-
tion is composed almost entirely of rhyolitic and
basaltic detritus typical of John Day Formation
volcanic sources. Fourth,lava flows ranging from
basaltic andesite to dacite are known to be present
within member A in a number of places in central
Oregon (e.g.,dacite of Eagle Butte of Smith and
Hayman,1987; andesite of Sand Mountain of
Bestland et al.,1996). Therefore,the presence of
porphyritic lava in the Gray Butte section does not
exclude a stratigraphic affinity to the John Day
Formation.

Sandstone and conglomerate and subordinate
tuffaceous mudstone represent deposition in
channels and on associated flood plains. Sand-
stone and conglomerate beds are generally tabu-
lar and exhibit rare trough cross-bedding indicat-
ing flow from the east to northeast. The Kings
Gap flora (Fig. 4) is hosted in flood-plain mud-
stone and sandstone. Finely laminated tuffaceous
lacustrine mudstone and shale are prominent in

the upper part of this interval and host the Sum-
ner Spring flora (Fig. 4) along a strike distance of
4 km. Sandstone contains originally glassy to
holocrystalline fragments of mafic lava that are
texturally and mineralogically comparable to the
associated basaltic andesite flows, devitrif ied

rhyolite grains,and altered pumice lapilli and
glass shards. Many of the devitrif ied rhyolite
grains exhibit a distinctive micropoikilitic texture
similar to that found in a lower John Day Forma-
tion rhyolite 10 km to the east at Grizzly Moun-
tain (Thormahlen,1985; Fig. 1).
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Figure 4. General lithostr atigraphy and proposed correlation of stratigraphy in the Gray
Butte area with the western facies of the John Day Formation. Listed ages (in Ma) are 40Ar/ 39Ar
dates obtained during this study (Table 2). Fossil floras are Kings Gap (KG),Sumner Spring
(SS),Nichols Spring (NS),Canal (C),and Trail Crossing (TC).
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TABLE 1. WHOLE-ROCK ANALYSES OF SELECTED JOHN DAY FORMATION VOLCANIC ROCKS

Gray Butte area

Member A Member B Member E Member G?
Porphyritic basaltic andesites Rhyolite Microphyric basaltic andesites Alkali-olivine Rhyolite Tuff 

(trachyandesites) basalts of of 
Gray Smith 
Butte Rock

RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- RC95- WO86-
62 63 65 67 79 66 68 69 71 73 76 77 70B HWG

T1*

SiO2 54.76 53.06 54.39 55.03 72.33 58.03 57.65 58.81 54.82 57.89 49.99 44.31 76.85 72.11
Al2O3 17.45 18.60 18.40 16.42 14.06 13.02 14.48 13.36 13.95 13.15 15.52 18.08 12.40 13.78
TiO2 1.69 1.49 1.52 1.53 0.83 1.86 1.76 1.84 3.02 1.89 2.58 1.67 0.25 0.44
FeO 8.71 8.92 8.60 9.22 3.67 13.30 11.04 12.30 12.87 13.20 11.84 10.22 1.31 5.29
MnO 0.19 0.16 0.15 0.18 0.04 0.23 0.23 0.22 0.22 0.23 0.20 0.33 0.01 0.12
CaO 8.51 9.71 9.75 8.75 1.38 5.89 6.32 5.81 7.34 6.02 10.14 17.32 0.37 0.96
MgO 4.00 4.28 3.35 4.60 0.70 1.74 2.53 1.63 3.24 1.75 5.84 5.28 0.10 0.00
K2O 0.69 0.38 0.28 0.37 2.38 2.06 1.04 1.98 0.62 1.95 0.37 0.15 4.31 4.33
Na2O  3.66 3.14 3.23 3.26 4.43 3.17 4.24 3.39 3.43 3.21 2.90 2.39 4.39 2.95

P2O5 0.33 0.26 0.33 0.64 0.18 0.69 0.71 0.66 0.50 0.70 0.63 0.25 0.03 0.04

Ni 13 15 17 68 8 0 0 0 0 0 49 182 15 13
(ppm)
Cr 59 59 78 119 16 17 13 21 41 16 157 433 8 0
Sc 31 28 28 21 9 34 26 32 27 35 34 41 5 9
V 277 281 236 202 72 86 87 98 355 96 280 268 3 5
Ba 202 208 263 959 588 609 388 582 467 562 367 89 905 1206
Rb 12 6 4 7 66 58 36 61 39 55 7 2 132 113
Sr 287 302 372 480 165 247 228 221 288 221 329 263 46 93
Zr 158 121 175 262 305 232 216 231 225 225 186 114 519 563
Y 32 26 29 36 32 55 53 56 44 55 40 26 64 78
Nb 17 13 18 31 28 26 22 25 25 25 23 11 68 N.A.
Ga 20 25 20 22 17 27 23 24 24 26 19 19 27 N.A.
Cu 74 66 52 108 16 17 12 26 13 42 46 83 3 N.A.
Zn 102 87 92 110 60 146 118 150 137 154 101 79 135 N.A.
Pb 1 1 0 2 7 8 6 8 5 6 0 0 16 N.A.
Th 3 1 3 1 7 5 3 6 7 5 4 1 18 N.A.

Note: Oxides as weight percent; trace elements as parts per million. N.A.—element not analyzed. RC-prefix samples analyzed by X-ray fluorescence at Washington State University.
*Obermiller (1987).
†Robinson (1969).
§Thormahlen (1985).

John Day Fm. western facies

Intrusive Rocks Member B Members E-F-G
Composite basaltic Alkali-olivine basalt Rhyolite trachyandesites alkali olivine 

andesite dike/sill sills/dikes dike basalts

RC95- RC95- RC95- RC95-  RC95- Avg. 4 WOSR- Avg. 3 Avg. 2 Avg. 9 Avg. Avg. 5
64 72 75 74 78 anal.* AF1* anal.† anal.§ anal.* 11 anal.*

anal.†

57.96 57.82 54.78 52.02 51.16 48.19 74.93 56.73 54.88 56.24 47.52 48.63
13.08 13.03 13.44 13.51 17.79 16.13 12.67 13.98 13.67 13.42 15.45 14.62
1.88 1.88 2.86 3.81 0.83 2.15 0.32 2.17 2.88 2.41 3.54 4.01

13.21 13.47 13.25 14.08 6.87 12.55 3.66 12.69 12.99 13.37 14.72 14.36
0.23 0.23 0.22 0.25 0.21 0.19 0.06 0.21 0.22 0.24 0.20 0.21
6.09 5.94 7.35 8.24 17.13 9.78 0.38 6.34 7.83 6.72 8.92 9.25
1.73 1.74 2.92 3.68 3.74 7.26 0.00 2.15 3.18 2.47 5.25 4.88
1.39 2.00 1.69 1.03 0.09 0.74 4.25 1.77 1.42 1.73 0.80 0.76
3.74 3.20 3.00 2.82 2.07 2.55 3.69 3.35 2.48 2.77 3.06 2.71

0.70 0.70 0.48 0.56 0.13 0.47 0.04 0.61 0.45 0.62 0.54 0.57

0 0 0 0 24 98 10 N.A. N.A. N.A. N.A. 22

19 16 30 40 324 157 0 N.A. N.A. 13 N.A. 67
32 31 28 34 44 29 3 N.A. N.A. 32 N.A. 31
93 104 299 330 236 235 15 N.A. N.A. 227 N.A. 319

579 626 459 386 80 250 1248 N.A. N.A. 547 N.A. 293
62 58 48 25 0 15 130 N.A. N.A. 63 N.A. 14

221 247 214 256 283 381 131 N.A. N.A. 250 N.A. 331
227 229 203 212 74 197 726 N.A. N.A. 305 N.A. 252
55 54 47 42 18 31 100 N.A. N.A. 54 N.A. 39
25 25 22 23 8 17 61 N.A. N.A. 22 N.A. 23
25 28 24 27 18 20 26 N.A. N.A. 24 N.A. 25
21 25 15 20 23 72 10 N.A. N.A. 9 N.A. 27

154 152 145 138 69 118 178 N.A. N.A. 159 N.A. 156
4 3 3 7 0 N.A. N.A. N.A. N.A. N.A. N.A. N.A.
6 6 3 3 1 N.A. N.A. N.A. N.A. N.A. N.A. N.A.



Member B. A 600-m-thick succession of
basaltic andesite flows,tuffaceous mudstone and
sandstone,and a discontinuous welded tuff are
correlated to member B of the John Day Forma-
tion (Fig. 4). Fine-grained,microphyric basaltic
andesite is indistinguishable in hand sample and
thin section from the so-called “trachyandesite”
of type member B near Ashwood,Oregon,50 km
to the northeast (Robinson,1969; Robinson et al.,
1990). Despite alteration,these alkali- and iron-
rich lava flows also exhibit a close compositional
affinity to member B rocks (Table 1; Fig. 5A).
The uppermost microphyric lava flow in the cen-
tral and eastern part of the map area is directly
overlain by an eastward-thickening layer of as
much as 75 m of basaltic agglutinate and scoria,
indicating eruption at a nearby vent.

Tuffaceous mudstone and shale,and subordi-
nate sandstone,are present throughout member
B. The lacustrine mudstone and shale host the
Nichols Spring and Canal floras (Fig. 4). Thin
silicic and mafic tephra layers,some containing
accretionary lapilli,are present in the lacustrine
strata. Sandstone contains altered pumice lapilli
and ash shards,microlitic mafic lava fragments
comparable to the interbedded basaltic andesite
(trachyandesite) flows,and devitrif ied rhyolite
fragments.

Member E.The succeeding 20–75 m interval
of basaltic lava flows and tuffaceous lacustrine
facies is broadly correlative with member E of
the John Day Formation (Fig. 4). Lava flows are
aphyric but distinctly coarser grained than mem-
ber B lava, and contain plagioclase,olivine,and
subophitic titaniferous augite. Although altered,
these rocks closely resemble,in hand sample,
thin section,and major-element geochemistry
(Fig. 5B),the alkali-olivine basalts that are wide-
spread in the John Day Formation. Although
most distinctive of member F, rocks of this com-
position are also present in members E and G
(Robinson,1975; Robinson et al.,1990). Be-
cause an overlying tuff is correlated to a position
near the base of member F, the interval contain-
ing alkali basalts at Gray Butte is best correlated
to member E despite the fact that the Gray Butte
section does not contain the distinctive lithophysal
ignimbrites that are characteristic of this member
where originally defined 50 km to the northeast
(Peck,1964; Fig. 4). Sedimentary facies in this
interval are comparable to those in the underlying
member B. The Trail Crossing flora (Fig. 4) is
represented by several localities within tuffa-
ceous lacustrine shale. Sandstone contains more
basaltic than rhyolitic detritus; most fragments
exhibit petrographic affinity to the interbedded
alkalic basalts.

The lack of strata corresponding to members C
and D of Peck (1964) is not surprising. Member
C is rhyolite lava flows and domes locally

erupted near Ashwood (Fig. 1) and member D is
tuffaceous strata between these lavas and mem-
ber E ignimbrites (Fig. 4). The member D strata
are appropriately subsumed into members B or E
where member C rhyolite is not present.

Member F. The next 250 m of section,imme-
diately underlying either rhyolite of Gray Butte or
tuff of Smith Rock, is composed of a distinctive,
basal fallout tuff and tuffaceous sedimentary

rocks. The basal tephra consists of 3–6 m of tabu-
lar, bedded tuff and fine lapillistone commonly
overlain by 2–4 m of reworked tephra mixed with
basaltic detritus. The tephra contains quartz,sani-
dine,plagioclase,and 1%–4% distinctive orange
and pink perlite lithic grains (variably altered to
clay or zeolite) and forms a conspicuous marker
horizon. Near the southwest extent of the map
area the fall deposit is overlain by a 5-m-thick
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Figure 5. Variation diagrams comparing compositions of Gray Butte mafic lavas with those
of the western facies of the John Day Formation. Although the Gray Butte area samples are
variably alter ed,general compositional similarities are apparent between the two regions.
Analyses of Gray Butte area samples are reported in Table 1 or in Obermiller (1987). The analy-
ses of the western facies of the John Day Formation were compiled from Robinson (1969),
Robinson and Brem (1981),and Obermiller (1987).

Figure 6. Comparison of feldspar compositions,determined by electron-microprobe analy-
sis,for sanidine and plagioclase collected from the tuff of Rodman Spring and its presumed cor-
relative tephra in member F of the John Day Formation.
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nonwelded ignimbrite containing the same min-
eral assemblage and perlitic lithic fragments. This
ignimbrite thins and pinches out to the east. The
tephra-fall deposits are identical to a map unit in
the northern part of the study area,described in
the following,that we informally name the tuff of
Rodman Spring. In addition,this tephra is similar
in all respects to a slightly finer grained tephra low
in member F along Little Willow Creek,35 km
northeast of Gray Butte (Fig. 1; Robinson,1975;
Robinson and Brem,1981,p. 51). Microprobe
analyses of feldspars from all three sites permit
the correlation (Fig. 6),and isotopic dates ob-
tained at Rodman Spring and along Little Willow
Creek are comparable (Table 2).

The tuff of Rodman Spring is overlain by 175
m of tuffaceous sediment. In western exposures
these are almost exclusively white and pale green
tuffaceous,laminated lacustrine shale and mas-
sive, crumbly maroon mudstone and fine sand-

stone. Farther east the lacustrine facies are less
common,and medium- to coarse-grained sand-
stone of probable fluvial origin is more abundant.
The sandstone contains an abundance of vesicu-
lar basaltic detritus and subordinate rhyolitic
fragments.

Member G(?).The section is capped by the
rhyolite of Gray Butte and tuff of Smith Rock. The
basal contacts for both of these units are rarely
well exposed,but as much as 30 m of erosional re-
lief formed on the underlying tuffaceous sedimen-
tary facies before emplacement of the thick rhyo-
lite lava and hydromagmatic tuff. The tuff of Smith
Rock is highly altered to clay, zeolite,and calcite.
The rhyolite of Gray Butte,however, is compara-
tively fresh and the basal perlitic vitrophyre re-
mains glassy and preserves plagioclase,anortho-
clase,and Fe-rich clinopyroxene phenocrysts.
Obermiller (1987) reported a thickness of 700 m
for the tuff of Smith Rock at Smith Rock State

Park,6 km south of the map area (Fig. 1). If not re-
peated by faults,however, the mapped thickness of
the tuff in exposures along the Crooked River ex-
tending south from the area shown in Figure 3 is
approximately 1.1 km. Geochronologic data re-
ported below support chronostratigraphic correla-
tion of these rocks with member G,although no
lithostratigraphic similarities are present (Fig. 4).

North of the Cyrus Springs Fault Zone

Members E and F.Most of the area north of the
Cyrus Springs fault zone is underlain by poorly
exposed brown, crumbly weathering,sandstone
and mudstone composed primarily of fragments
of basalt and basaltic andesite. No lava flows are
found in these outcrops. The tuff of Rodman
Spring is present in the central part of the field
area but either does not extend or is not exposed
north of the area shown in Figure 3. The tuff of

TABLE 2. SUMMARY OF 40Ar/39Ar GEOCHRONOLOGY RESULTS—SINGLE-CRYSTAL ALKALI FELDSPAR DETERMINATIONS

Location
Sample Lat Long Lithologic Unit–Stratigraphic position n* K/Ca (+2σ) Cl/K Age (±2σ) Notes
number (N) (W) (Ma)

Accepted data
GSO95-134 44.498° 121.156° Basal member H ignimbrite at 10 276.9 ± 630.3 0.35 27.62 ± 0.63

Haystack Reservoir
GSO95-41 44.405° 121.113° Rhyolite of Gray Butte, 8 1.7 ± 0.3 0.34 28.82 ± 0.23

basal vitrophyre
GSO95-133 44.498° 121.155° Tuff of Haystack Reservoir at  85 21.0 ± 18.5 0.24 29.53 ± 0.09 Hydromagmatic-surge tuff underlying

Haystack Reservoir; sample GSO95-132
correlated to lower member G

GSO95-136 44.849° 120.870° Nonwelded basal member G   20 15.3 ± 4.1 0.23 29.54 ± 0.10 Locality at third-day road-log mile
ignimbrite along Antelope Creek, 50.15 of Robinson and Brem

(1981)
GSO95-132 44.496° 121.156° Tuff of Haystack Reservoir at 10 22.2 ± 4.2 0.23 29.57 ± 0.17 Welded tuff mapped as unit Tjw by 

Haystack Reservoir; correlated to Robinson and Stensland (1979);
lower member G sampled in quarry

GSO95-144 44.647° 120.969° Welded basal member G ignimbrite 17 16.3 ± 3.5 0.28 29.61 ± 0.10
near Teller Flat

GSO95-130 44.464° 121.115° Tuff of Rodman Spring at Rodman 21 23.8 ± 16.4 0.37 32.49 ± 0.30 Locality at third-day road-log mile 
Spring, north of Gray Butte 95.95 of Robinson  and Brem 

(1981)
GSO95-143 44.631° 120.897° Ash-fall tuff low in member F at   10 30.5 ± 3.4 0.28 32.30 ± 0.12

reservoir on Little Willow Ck.;
correlated to tuff of Rodman
Spring.

GSO95-139 44.779° 120.865° Member E ignimbrite along Pony 1 7.5 0.67 32.53 ± 0.20 Locality at third-day road-log mile 
Creek, NW of Ashwood 89.6 of Robinson and Brem 

(1981)
GSO95-140 44.721° 120.785° Basal member A ignimbrite,  Woods 20 25.4 ± 5.0 0.23 39.17 ± 0.15 Locality near third-day road-log mile 

Hollow, west of Ashwood 68.5 of Robinson and Brem (1981)

Rejected data
GSO95-121 44.421° 121.114° Reworked ash-fall tuff near the top of 9 1.0 ± 0.3 3.37 36.22 ± 4.28

member A, northwest of Gray
Butte

GSO95-119 44.411° 121.112° Tuff of Rodman Spring west of Gray 10 0.4 ± 0.7 15.21 40.33 ± 14.55
Butte

GSO95-117 44.413° 121.111° Tuff of Rodman Spring west of Gray 10 0.5 ± 0.3 3.82 46.89 ± 6.26
Butte

GSO95-118 44.411° 121.112° Tuff of Rodman Spring west of Gray  10 0.3 ± 0.0 7.09 60.18 ± 10.49
Butte

GSO95-127 44.394° 121.153° Tuff in lacustrine facies in member F 20 0.5 ± 0.7 6.42 67.66 ± 12.28
west of Gray Butte

GSO95-129 44.398° 121.146° Tuff of Rodman Spring west of Gray 10 0.2 ± 0.1 33.51 238.86 ± 304.59
Butte

*n = number of crystals or crystal aliquots analyzed.



Rodman Spring is overlain by tuffaceous lacus-
trine shale similar to,but thinner (~50 m),than
those seen at this level in the southern subarea.
These lacustrine facies are partly correlative to the
brown basaltic sandstone and mudstone facies to
the north and west.

Member G. The tuff of Haystack Reservoir
comprises hydromagmatic-surge and pyroclas-
tic-flow deposits erupted from a vent now ob-
scured beneath the Juniper Butte rhyolite dome,
located 4 km northwest of the area shown in Fig-
ure 3 (Fig. 1; Smith et al.,1996,in press). These
quartz-,plagioclase-,and sanidine-bearing de-
posits are only 75 m thick within the map area but
have been traced to more proximal exposures
where the unit is more than 100 m thick and in-
cludes a welded ignimbrite.

Robinson and Stensland (1979) map John Day
Formation member G as an extensive unit in the
northern part of the area shown in Figure 3. They
described member G in this area as being charac-
teristic of the type area,where the base is defined
by an ignimbrite containing unique sanidine
crystals jacketed with granophyric intergrowths
of quartz and alkali feldspar. No ignimbrite con-
taining such crystals was found during our map-
ping. Several isolated outcrops of crystal-rich tuff
(G tuff in Fig. 4) containing the distinctive over-
grown feldspars are located in the north-central
part of the map area. The textures of these sam-
ples suggest that they represent primary and re-
worked pyroclastic-fall deposits. We interpret the
member G tuff to represent the fallout equivalent
of the member G ignimbrite in an area where the
ignimbrite was not deposited. Outcrops of this
unit are not sufficiently widespread to form a
marker horizon and the stratigraphic position of
the isolated outcrops can also be questioned be-
cause of numerous nearby faults. We interpret the
exposures of the member G fallout tuff to be
close to the base of the tuff of Haystack Reser-
voir, and have therefore used this latter mappable
unit as a proxy for the base of member G.

Member H. The youngest John Day Forma-
tion in the study area is a distinctive regional ig-
nimbrite that defines the base of member H (Peck,
1964; Robinson et al.,1990). This fine-grained,
devitrif ied,and strongly vapor-phase–altered ig-
nimbrite forms bright orange,crudely columnar
jointed ledges that cap mesas and cuestas within
and north of the area shown in Figure 3. The dis-
tribution of the member H ignimbrite in Figure 3
differs somewhat from the representation of
Robinson and Stensland (1979). We recognize
outcrops of this unit in and near the Cyrus Springs
fault zone that were not mapped previously. In ad-
dition, Robinson and Stensland (1979) queried
other possible outcrops of this ignimbrite in the
area south of the fault zone. These outcrops,how-
ever, are of the upper of the two altered ig-

nimbrites low in the stratigraphic section that we
correlate to member A.

INTRUSIVE ROCKS

A variety of intrusive rocks are present in the
Gray Butte area,within and south of the Cyrus
Springs fault zone. All of the intrusive rocks can
be compositionally related to volcanic rocks in
the section.

The largest intrusion is a composite sill and dike
in the central field area (Fig. 3) composed of fine-
grained,aphyric basaltic andesite petrographically
and geochemically identical to member B lava
flows (Table 1). The basal sill is at least 400 m
thick and grades westward into a primarily discor-
dant intrusion having a nearly north-south strike.
Although a dike, this latter part of the intrusion
also contains many short,nested sills and perhaps
one-third of the total width of the intrusion is com-
posed of primarily concordant offshoots from the
central dike. Within the inclined cross-sectional
view provided by the outcrop,this intrusion did
not breach the surface but is overlain by the strati-
graphically highest parts of the section,including
lava of member B. Available whole-rock analyses
indicate that there are at least two different compo-
sitions recorded in this intrusion (Table 1). It is un-
questionably of compound character, but we are
unable to map distinct phases.

Isolated outcrops of altered mafic agglutinate
and scoriaceous breccia outline a roughly ellipti-
cal,discordant feature just north of the summit of
Gray Butte (Fig. 3). Although largely obscured
beneath colluvium shed downslope from steep
outcrops of rhyolite of Gray Butte,these mafic
fragmental rocks apparently represent the infill-
ing of a vent. This vent breccia is probably re-
lated to the scoria and spatter found overlying the
uppermost member B basaltic andesite lava flow
and to the large,composite dike-sill intrusion de-
scribed above. These pyroclastic deposits thicken
abruptly along strike to the east of where the in-
terpreted vent is located.

Dikes and sills of medium- to coarse-grained
olivine basalt are scattered throughout the south-
ern part of the field area. The sills are diabasic in
texture and have an affinity to the alkali-olivine
basalt found in the Gray Butte section (Table 1).
Dikes of this composition are generally narrow
(1–10 m) and concentrated in and near mapped
faults of the Cyrus Springs fault zone.

Two sets of rhyolite intrusions are present in
the southern part of the field area. Dikes just
west of the summit of Gray Butte are petro-
graphically similar to the rhyolite of Gray Butte
and may represent part of the subvolcanic feeder
for that lava flow. An en echelon series of felsic
dikes trend east-northeast–west-southwest
across the field area from a point 0.5 km west of

Gray Butte. This variably altered rock contains
remnant phenocrysts of plagioclase and is no-
table for numerous miarolitic cavities lined with
quartz. Obermiller (1987) reported a rhyolitic
composition for this rock (Table 1),which he in-
terpreted as a lava flow. The composition and
mineralogy permit a relationship between this
intrusion and the tuff of Smith Rock.

GEOCHRONOLOGY AND 
CORRELATION

Objective

Samples of tuff and lava were collected for
40Ar/39Ar geochronology from all levels of the
stratigraphy exposed in the Gray Butte area. The
original emphasis for our geochronology efforts
was to establish high-precision ages for the fossil
floras. However, all of the fossil floras are located
in propyliticly altered strata south of the Cyrus
Springs fault. Recognizing that the volcanic rocks
associated with the fossil floras may not yield in-
terpretable ages,we also collected samples from
many outcrops within the western facies of the
John Day Formation mapped by Robinson (1975)
and described by Robinson and Brem (1981) with
the hope of approximating the ages of the floras
by lithostratigraphic correlation to this area of
fresher rocks.

Methods

Geochronological work was performed at the
New Mexico Geochronology Research labora-
tory using equipment and procedures similar to
those described in McIntosh and Chamberlin
(1994). Rhyolitic tuffs were dated by the laser-fu-
sion 40Ar/39Ar technique on alkali feldspar. Sin-
gle crystals were analyzed where phenocryst size
permitted and smaller phenocrysts were fused in
multicrystal aliquots. Basaltic samples were ana-
lyzed by step-heating groundmass concentrates
in a resistance furnace. Results are summarized
in Tables 2 and 3 and representative analyses are
shown in Figures 7 and 8. Complete analytical
data are available in the GSA Data Repository1.

Results

Excellent results were obtained from laser-fu-
sion analysis of sanidine from eight samples of
western facies regional ignimbrites and provide a
much higher precision chronostratigraphic
framework for the regional volcanic stratigraphy
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1GSA Data Repository item 9844,data tables DR1
and DR2,is available on request from Documents Sec-
retary, GSA, P.O. Box 9140,Boulder, CO 80301. 
E-mail:editing@geosociety.org.
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Figure 7. Age-probability distr ibution diagrams for 40Ar/ 39Ar laser-fusion data illustr ate
variations in precision and accuracy among results from various samples. Data from indi-
vidual analyses are plotted as dots,black if used for calculating mean ages and white if ex-
cluded. Upper panels show moles 39Ar, radiogenic yield, K/Ca,and Cl/K plotted vs. age. Age
uncertainty (±1σ) for each analysis is shown in uppermost panel. Lower panel shows cumu-
lative probability curve (Deino and Potts, 1992). Note that the scale of age (horizontal) axes
varies among samples. (A) High-precision results from unaltered single crystals of sanidine
from John Day member F, outside of Gray Butte study area. Note the tightly grouped,pre-

cise individual crystal age analyses,large signal size,high radiogenic yield,high K/Ca, and
low Cl/K. The distribution of ages is nearly perfectly Gaussian. (B and C) Moderately precise
results from two samples from the Gray Butte area. Note moderately well-grouped,variably
precise individual analyses,variable radiogenic yields,and slightly elevated Cl/K r atios. De-
tails are discussed in the text. (D and E) Poor results typical of highly altered samples from
the Gray Butte area. Note small 39Ar signal sizes,low radiogenic yields,elevated Cl/K ratios,
highly scattered individual ages of individual crystals, and geologically unreasonably old
mean ages.
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than is possible using existing K-Ar dates sum-
marized by Robinson et al. (1990). These results
are characterized by tightly grouped ages of indi-
vidual analyses,high radiogenic yields,high
K/Ca values,and low Cl/K ratios (Table 2,Fig. 7,
and Table DR1 [see footnote 1]). Mean ages
range from 39.25 Ma to 29.57 Ma; 2σ uncertain-
ties are generally ±0.3%–0.6%. These 40Ar/39Ar
results are from western facies ignimbrites.

Of the 15 samples from the Gray Butte area,
only five (including three samples from the
Haystack Reservoir area north of Fig. 3) yielded
accurate 40Ar/39Ar age determinations. Anortho-
clase from the basal vitrophyre of the rhyolite of
Gray Butte (GSO95-42,Fig. 7B) yielded a rela-
tively precise mean age of 28.82 ±0.23 Ma. Ex-
cluded from this calculated mean age are two sig-
nificantly younger analyses,probably reflecting
postemplacement alteration (Fig. 7B),and five
unreasonably old (>50 Ma) analyses,apparently
due to xenocrystic contamination (not shown in
Fig. 7B,but included in Table DR1 [see footnote
1]). A less-precise weighted mean age of 32.49 ±
0.30 Ma was obtained from sample GSO95-130
of the tuff of Rodman Spring, for which individ-
ual analyses yield somewhat scattered ages,vari-
able radiogenic yields,and slightly elevated Cl/K
ratios (Fig. 7C). These results are attributed to al-
kali feldspar alteration,as also indicated by thin
section observations.

40Ar/39Ar analysis of alkali feldspars from the
remaining six samples of tuff from the Gray
Butte study area yielded low-precision mean
ages,most of which are geologically unreason-
ably old (Table 2). Effects of progressive alter-
ation of these alkali feldspars include small 39Ar
signal sizes,low radiogenic yields,low K/Ca ra-
tios,and high Cl/K ratios (Fig. 7,D and E).

Step-heating analyses of seven basaltic ground-
mass concentrate samples (Table 3,Fig. 8,Table
DR2 [see footnote 1]) also show evidence of sig-
nificant alteration. Without exception,the age
spectra are highly disturbed and have low radi-
ogenic yields,elevated Cl/K ratios,and integrated
ages that are geologically unreasonably old (Fig.
8A). Although some of the basaltic groundmass re-
sults form reasonably well correlated isochrons
with high 40Ar/36Ar intercept values characteristic
of excess 40Ar (Fig. 8B),many of the isochron
ages have low precision or have apparent ages
younger than the overlying,precisely dated 28.82
± 0.23 Ma rhyolite of Gray Butte. Although alkali
feldspar and basalt samples were not sufficiently
characterized to fully understand the nature of their
alteration,it is likely that the process caused loss of
potassium and increase in chlorine and trapped ar-
gon components. It is possible that the 25 to 29 Ma
isochrons ages of some of the samples may reflect
the time of alteration,although the mechanism for
this effect is not known.

Figure 8. 40Ar/ 39Ar step-heating results for groundmass concentrate from one basaltic sam-
ple from the Gray Butte study area. (A) The age spectrum is strongly discordant,with generally
low radiogenic yields and an integrated age that is geologically unreasonably old. (B) The data
form a reasonably well-defined isochron with an 40Ar/ 36Ar inter cept indicative of significant ex-
cess 40Ar.  MSWD is mean square of weighted deviates.

A

B
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Inter pretation

Although only a few readily interpretable dates
were obtained for rocks in the Gray Butte study
area,these data corroborate the lithostratigraphic
correlations between the Gray Butte stratigraphy
and the principal western facies outcrop area. The
tuff of Rodman Spring,physically and mineralog-
ically similar to a tuff near the base of member F
along Little Willow Creek (Fig. 6),is also compa-
rable in age (Table 2,Fig. 7,A and C; samples
GSO95-130 and GSO95-143). Samples collected
at Rodman Spring apparently contain two popula-
tions of sanidine; one has a mean age of 33.86 ±
0.08 Ma,and the other has an age of 32.35 ±0.39
Ma (Fig. 7C). Although we believe our sample to
be from primary fall deposits,it may represent a
slightly reworked interval containing detrital con-
tamination from older tephra. The apparently cor-
relative member F tuff has a single population of
sanidine that is 32.31 ±0.07 Ma (Fig. 7A) and is
indistinguishable from the young crystal popula-
tion in the tuff of Rodman Spring. Five age deter-
minations for the tuff of Haystack Reservoir are
statistically indistinguishable from four determi-
nations on the definitive basal member G ig-
nimbrite (Table 2),hence supporting the use of the
tuff of Haystack Reservoir as locally defining 
the base of member G lithostratigraphically and
chronostratigraphically (Fig. 4).

Anorthoclase separated from the basal vitro-
phyre of the rhyolite of Gray Butte yielded an age
of 28.82 ±0.15 Ma,disputing the middle Miocene
age previously ascribed to this lava (Obermiller,

1987; Bishop,1989). Obermiller (1987) also re-
ported Miocene whole-rock K-Ar ages for the tuff
of Smith Rock and a basaltic andesite lava near
Gray Butte. The disturbed nature of the step-wise
fusion spectra for the Gray Butte basalts and
basaltic andesites suggests the likelihood that pre-
viously reported whole-rock K-Ar dates do not
represent crystallization ages for these rocks. We
were unable to separate unaltered alkali feldspars
from the tuff of Smith Rock. Joseph Vance,how-
ever, obtained zircon fission-track dates of about
29 ±3 Ma for this rock unit (J. Vance,1996,per-
sonal commun.) and Robinson et al. (1990) men-
tioned a 30.8 ±0.5 Ma K-Ar age for which data
are not reported. These data are consistent with the
assignment of the rhyolite of Gray Butte and tuff
of Smith Rock to the John Day Formation. Fur-
thermore,the age of the rhyolite of Gray Butte is
consistent with its stratigraphic assignment to
member G,and we propose that such an assign-
ment is also reasonable for the tuff of Smith Rock.

Although the mafic volcanism that formed
the John Day Formation may not have been
isochronous over large areas,some inferences
about the age of Gray Butte lavas might be
made by comparison to other dated rocks. West
of Clarno (Fig. 1) a single member B basaltic
andesite rests above paleosols overlying the
basal member A ignimbrite (39.2 Ma) and is
approximately 120 m below a tuff dated at
38.20 ± 0.06 Ma (Bestland and Retallack,
1994a; Bestland et al.,1997). In the same area,
an alkali basalt flow overlies a 33.62 ±0.19 Ma
tuff. We dated an ignimbrite in the western fa-

cies member E at 32.53 ±0.20 Ma (Table 2;
sample GSO95-139). At Gray Butte,the mem-
ber B basaltic andesite and member E alkali
basalt underlie the ca. 32.5 Ma tuff of Rodman
Spring. A permissive interpretation,therefore,
is that member B at Gray Butte ranges in age
from about 37 or 38 Ma to perhaps 34 Ma,
member E strata are about 34 to about 32.3 Ma,
and the tuffaceous strata of member F are 32.3
to 29.6 Ma.

The lithostratigraphy and isotopic dates,
therefore,permit correlation of the sections
north and south of the Cyrus Springs fault zone
in the Gray Butte area to the western facies of the
John Day Formation described by Peck (1964)
and Robinson et al. (1990) (Fig. 4). The Gray
Butte section is thicker, especially in the lower
part, than the correlative strata in the primary
western facies outcrops. The significance of this
thicker section is considered in the following.

FOSSIL FLORAS

Methods

We studied five successive fossil floras in the
sequence at Gray Butte:Kings Gap,Sumner
Spring,Nichols Spring,Canal,and Trail Cross-
ing (Fig. 4). Each of these floras includes leaves,
winged fruits,and seeds preserved as impres-
sions in shale or siltstone. About 51 genera and
55 species are recognized collectively in the fos-
sil floras of Gray Butte (Table 4). Species were
identified through comparison with extant taxa

TABLE 3. SUMMARY OF REJECTED 40Ar/39Ar RESULTS FOR GRAY BUTTE AREA BASALTS AND BASALTIC ANDESITES

Location
Sample Lat Long Lithologic unit – Stratigraphic Position Analysis n* MSWD 40Ar/36Ar (±2σ) K/Ca Age (±2σ)
number (N) (W) (Ma)

GSO95-114 44.398° 121.149° Aphyric basaltiic andesite near midlle of member B, Total gas 10 0.11 145 ± 45.7
west of Gray Butte

Isochron 10 0.9 318.8 ± 3.6 0.03 27.1 ± 4.0

GSO95-116 44.397° 121.156° Aphyric basalt in member E, north of Gray Butte Total gas 10 0.03 40.8 ± 21.7
Isochron 10 1.7 301.9 ± 6.4 29.4 ± 4.6

GSO95-122 44.422° 121.119° Aphyric basaltic andesite at base of member B, west of Total gas 10 0.21 55.6 ± 11.9
Gray Butte

Isochron 10 13.9 310.5 ± 3.4 25.3 ± 2.2

GSO95-126 44.433° 121.116° Aphyric basaltic andesite dike, north of Gray Butte Total gas 10 0.51 87.2 ± 11.8
Isochron 10 2.9 325.6 ± 2.6 26.5 ± 0.8

GSO95-124 44.425° 121.114° Porphyritic basaltic andesite in member A, north of Gray Total gas 9 0.20 54.1 ± 6.8
Butte

Isochron 9 7.6 312.7 ± 3.6 42.3 ± 0.8

GSO95-115 44.396° 121.152° Aphyric basaltiic andesite near midlle of member B and Total gas 9 0.42 76.7 ± 9.4
above site 114, west of Gray Butte

Isochron 9 1.5 324.4 ± 2.6 26.7 ± 0.6

GSO95-123 44.423° 121.121° Porphyritic basaltic andesite in member A, north of Gray Total gas 9 0.05 43.7 ± 15.1
Butte and above site 124

Isochron 9 2.4 301.1 ± 10.6 33.63 ± 5.0

*n = number of incremental gas-release steps used in age calculation.



and with fossil taxa from other Tertiary fossil lo-
calities. In particular, comparisons were made
with collections that contain other floras of the
John Day Formation,including Bridge Creek
(based on assemblages at Fossil,Iron Mountain,
Gray Ranch,and Painted Hills; 32–33.5 Ma;
Chaney, 1927,McIntosh et al.,1997; Meyer and
Manchester, 1997) and Whitecap Knoll (ca. 38
Ma; Bestland and Retallack, 1994a),and with
floras of the Clarno Formation (West Branch
Creek and White Cliffs assemblages; ca. 44 Ma;
Manchester, 1990) (Tables 5 and 6). Leaf-margin
analyses were performed on each flora to arrive
at an approximation of paleotemperature (Table
7). We used the simple correlation reported by
Wolfe (1979; also Wing and Greenwood,1993)
between percentage of dicotyledonous species
with entire-margined (not serrated or lobed)
leaves and mean annual temperature (MAT)
based upon modern mesic forests of Asia:

MAT (°C) = 1.14 + (0.306) 
× (percentage of species with entire (1)

margined leaves).

In recent years,multivariate techniques have
been applied to assess paleotemperatures from
the combination of various leaf characters
(Greenwood,1992; Wolfe, 1994,1995). These
studies continue to support the importance of
the entire margined leaf percentage as one of
the best correlates with mean annual tempera-
ture. Other leaf characteristics commonly in-
cluded in the multivariate analyses are much
less well correlated with MAT and may intro-
duce unnecessary noise to the calculation of
temperature. Recent comparative tests on mod-
ern vegetation samples indicate that univariate
leaf-margin analyses provide more precise es-
timates of MAT than multivariate analyses
(Wilf, 1997).

Descriptions and Paleoclimatic 
Inter pretations of Floras

Kings Gap Flora.The Kings Gap flora,lowest
in the sequence within flood-plain siltstones and
shales of member A, contains larger leaves than
are found at higher localities. Common elements
include Plafkeria, Ulmus, Cornus, and some oth-
ers that remain unidentified. Kings Gap genera
that may be regarded as holdovers from the
Clarno flora include Alnus, Cornus, Deviacer
(Manchester, 1994),Ginkgo(Scott et al.,1962;
Manchester, 1981),Palaeophytocrene, Ulmus,
and Tinospora. This flora differs significantly in
composition and foliar physiognomy from the
succeeding floras and appears from leaf physiog-
nomy to represent the warmest of the Gray Butte
assemblages; 47% of its species are entire mar-

gined,suggesting a mean annual temperature of
about 15.5 °C (Table 7).

Sumner Spring Flora.The Sumner Spring
flora, located in lacustrine shale about 200 m
above the Kings Gap flora,is the best known
flora of the Gray Butte area (Ashwill,1983,
1990; McFadden,1986). It has about 28 species,
including three conifers (Pinus, Picea, Sequoia),
one monocot,and 24 dicots,the most common
of which areMacginitiea, Alnus, Quercus, and
Cruciptera. Although originally considered to be
an example of the Clarno flora because of the
presence of Macginitiea (Platanophyllumin
some older literature),McFadden (1986) noted
that the assemblage is intermediate in composi-
tion between Clarno floras and the Bridge Creek
flora. The Sumner Spring flora appears to repre-
sent an important floristic transition during
which some genera of the Clarno Formation per-
sisted (Table 5) as new taxa appeared (Table 6)
that were to become important constituents of
the Bridge Creek flora.

Genera of the Sumner Spring flora shared by
the Clarno West Branch Creek and White Cliffs
floras but not with the Bridge Creek flora include
Ailanthus, Eucommia, and Macginitiea (Table 6).
With the exception of Mahonia, broad-leaved
evergreen taxa,which are common in the Clarno
Formation,appear to be absent in the Sumner
Spring flora. Components of the Sumner Spring
flora shared with the Bridge Creek flora but not
known from the Clarno localities include Cedrela,
Acer cranei, Acer oligomedianum, and Beckeros-
permum (Table 5). However, some other charac-
teristic Bridge Creek elements,such as Metase-
quoia, Asterocarpinus, Crataegus, Rosa, and
Fagus, are not known from the Sumner Spring
flora. At least eight of the Sumner Spring genera
occur both in the Clarno and Bridge Creek floras:
Pinus, Alnus, Florissantia, Cruciptera, Mahonia,
Palaeocarya, Platanus, Ulmus.

Although various genera of the Sumner Spring
flora are shared with the Clarno and/or Bridge
Creek floras,there are differences at the species
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TABLE 4. GENERIC COMPOSITION OF FOSSIL FLORAS OF GRAY BUTTE

Kings Gap Sumner Spring Nichols Spring Canal Trail Crossing

Acer X X X X
Ailanthus X
Alnus X X X X X
Asterocarpinus * X
Beckerospermum X
Carya X
Cedrela X X
Cinnamomophyllum X
Cornus X
Craigia X
Crataegus X X
Cruciptera X§

Decodon X
Deviacer X
Dipteronia X
Eucommia X
Fagus X X
Florissantia X
Ginkgo X
Litseaphyllum X
Macginitiea X#

Mahonia X** X**
Metasequoia X X
Palaeocarya X§§

Palaeophytocrene X X
Picea X
Pinus X
Plafkeria X
Platanus X X X
Pteris X
Quercus X X X X
Rosa X
Sequoia X
Toxicodendron X
Ulmus X X## X
Others 13 11 3 1
Total 21 28 17 14 4

*Asterocarpinus fruits have not been recovered from Nichols Spring; however, leaves of Paracarpinus,
believed to represent the same plant, are common.

†Seed illustrated under the name Picea in McFadden (1986, Fig. 4.4).
§Fruit illustrated as Tetrapteris-like in McFadden (1986, Fig. 4.15).
#Leaves illustrated as Platanophyllum in McFadden (1986, Fig. 3.7).
**Leaves of Mahonia from Sumner Spring and Nichols Spring represent different species.
††Endocarps of Palaeophytocrene from Kings Gap and Nichols Spring represent different species.
§§Fruit illustrated as Engelhardia in McFadden (1986, Fig. 2:6).
##Leaf illustrated as Zelkova by McFadden (1986, Figs. 3 and 10).



level. The extinct sycamore,Macginitiea, is repre-
sented by M. angustilobain the Clarno Formation,
but by M. whitneyi in the Sumner Spring flora,the
latter being distinguished by shallower sinuses be-
tween lobes of the leaf (Manchester, 1986). Al-
though flowers of the extinct sterculiaceous genus
Florissantiaare present in the Clarno, Sumner
Spring, and Bridge Creek floras,the Sumner
Spring population represents a distinct species.
The Sumner Spring species,F. ashwillii, has flow-
ers less than one-half the diameter of F. speirii, the
species characteristic of Clarno and Bridge Creek
assemblages (Manchester,1992). Winged fruits of
the extinct juglandaceous genus Cruciptera (fig-
ured as Tetrapterisby McFadden,1986),also ap-
pear to represent a distinct species. The unnamed
species from Sumner Spring has fruits one-third to
one-half as large as those of Cruciptera simsonii,
the common Clarno species (Manchester, 1991).
Eucommiais represented by a single fruit from the
Sumner Spring flora,which,because of its large
size,appears to represent a new species distinct
from the Clarno representative, E. montana(Call
and Dilcher, 1997).

The Sumner Spring flora is most similar in
composition to the Whitecap Knoll flora,which
is found above a member B basalt near Clarno
(Bestland and Retallack, 1994a). Shared taxa in-
clude Acer, Cruciptera, Platanus, Palaeocarya,
Florissantia ashwilli, Quercus, Mahonia, and
Eucommia. Metasequoiais not known from ei-
ther assemblage (reexamination of the specimen
reported as a cone of Metasequoiaby Bestland
and Retallack [1994a] revealed it to be an inde-
terminate structure lacking cone scales). The
Whitecap Knoll flora differs,however, by the ap-

parent lack of Macginitieaand Ailanthusand by
the presence of Craigia and Rosa.

Seeds of spruce (Picea) are known only from
this level of the Gray Butte sequence. Although a
seed figured asPiceaby MacFadden (1986,Fig.
4-14) is actually Cedrela, other seeds have been
recovered subsequently that correspond to Picea
(e.g.,UF283–21852). The presence of Piceasug-
gests a temperate climate. Leaves are smaller
than those in the Kings Gap assemblage,and the
percentage of entire-margined leaves is only
18%,indicating a mean annual temperature of
about 7 °C (Table 7).

Nichols Spring Flora. The Nichols Spring
flora, approximately 100 m above the Sumner
Spring flora in lacustrine shale, records the intro-
duction of Metasequoia, Crataegus, Fagus(all
taxa characteristic of the Bridge Creek flora),and
Carya, and the apparent loss of Ailanthus,
Macginitiea, Cruciptera, Palaeocaryaand Flor-
issantia, which are common in the Sumner
Spring flora. This flora includes about 16 species.
The species of Mahoniafound here corresponds
to that from the Bridge Creek flora,whereas that
found at Sumner Spring corresponds to the
species occurring in the Clarno Formation. The
leaf-margin analysis,including 18% entire mar-
gined leaves, is the same as that of Sumner
Spring,suggesting a mean annual temperature of
about 7 °C (Table 7).

Canal Flora. The Canal flora,higher within
member B (Fig. 4),is in lacustrine shale contain-
ing many taxa typical of the Bridge Creek flora in
other areas of the John Day Formation (e.g.,
Pteris silvicola, Metasequoia, Alnus, Crataegus,
Decodon, Toxicodendron, Asterocarpinus, Rosa,

Platanus, Craigia, Cercidiphyllum, Acer). Meta-
sequoia, which is relatively rare in the Nichols
Spring flora,is a dominant constituent at this lo-
cality. The composition supports correlation with
the Bridge Creek flora. The diversity of the Canal
flora is relatively low; only 13 species are known.
The leaf-margin analysis,including 16% entire
margined leaves,indicates a cool climate with a
mean annual temperature of about 6 °C. How-
ever, the margin percentage is based only on 10
dicotyledonous species of 20,so the uncertainty
is in excess of 50% (Wilfe, 1997; Table 7).

Trail Crossing Flora.The Trail Crossing flora
of member F is similar in composition to the
Canal flora. Although collections from the Trail
Crossing are too low in diversity to provide a
good basis for comparison with other floras,the
four taxa recovered to this point (Fagus,Alnus,
Acer, Quercus) are consistent with continued
temperate vegetation like that of the Canal flora.
The lower diversity may be related to the more
limited outcrop area and smaller number of spec-
imens obtained from this flora.

These observations suggest that much of the
vegetational change that distinguishes Eocene
and Oligocene floras in the Pacific Northwest oc-
curred during the time interval of deposition of
the upper part of member A in the Gray Butte
vicinity. The Kings Gap and Sumner Spring flo-
ras share the most taxa with Clarno floras,and
the Sumner Springs flora contains taxa also
found in typical Bridge Creek,but not Clarno,
floras (Tables 5 and 6).

STRUCTURAL GEOLOGY

The Cyrus Springs fault zone is the dominant
structural feature in the field area (Fig. 3) and is
named for springs along and near the zone,
which have identities that derive from a pioneer
settler, Omar Cyrus. The fault zone divides the
area into two structural domains. Strata south of
the fault form a roughly south-dipping homo-
cline (20°–35°),whereas those to the north are
broadly folded into a north-northwest–trending
anticline interrupted by local,moderate north-
westward dips near the fault zone (Figs. 3 and 9).
The fault zone is about 800 m wide and consists
primarily of faults striking N45°–60°E. Some
faults in the southeastern part of the zone change
to an east-west orientation across the center of
the field area. A 150-m-wide zone of brittlely
sheared rock,trending N45°E,is located adja-
cent to the fault strand that indicates the greatest
offset. This brittle shear zone is composed of
highly fractured and mixed rock types,which are
not assignable to a specific lithostratigraphic unit
(Figs. 3 and 9),and exhibits an anastomosing
fracture cleavage parallel to the fault trace and
dipping 75°–90°northwest. The apparent verti-
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TABLE 5. DISTRIBUTION OF “CLARNO GENERA” AMONG GRAY BUTTE LOCALITIES

Kings Gap Sumner Spring Nichols Spring Canal Trail Crossing

Ginkgo X
Deviacer X
Tinosporeae X
Palaeophytocrene X X
Macginitiea X
Ailanthus X
Cruciptera X
Eucommia X

TABLE 6. DISTRIBUTION OF “BRIDGE CREEK GENERA” AMONG GRAY BUTTE LOCALITIES

Kings Gap Sumner Spring Nichols Spring Canal Trail Crossing

Beckerospermum X
Metasequoia X X
Fagus X X
Rosa X
Cedrela X X
Craigia X
Asterocarpinus * X
Toxicodendron X
Crataegus X X

*Asterocarpinus fruits have not been recovered from Nichols Spring; however, leaves of Paracarpinus, believed 
to represent the same plant, are common.
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cal displacement across the fault zone is about
1.2 km,juxtaposing rocks assigned to member A
against those of member G. None of the faults
cut Pliocene and Quaternary deposits,nor are
they expressed to the southwest within the upper
Miocene–lower Pliocene Deschutes Formation
(Smith et al.,in press).

A pair of west-northwest–east-northeast–strik-
ing faults apparently intersects the Cyrus Springs
fault zone near the eastern edge of the study area.
These faults terminate against a northeast-strik-
ing fault that parallels the Cyrus Springs zone.
Highly fractured exposures of the basal member
A ignimbrite exhibiting slickenlines near this
termination indicate that the northwest-trending
faults have a left-lateral, reverse separation.
Faults having similar north-northwest trends are
present a few kilometers north of the study area
(Smith et al.,in press),where they also exhibit
left-lateral strike-slip slickenside striations.

Numerous dikes,some too narrow to illustrate
in Figures 3 and 9,are found within and parallel
to the Cyrus Springs fault zone. Most of these
dikes are brittlely sheared and altered,and all of
them bear strong resemblance to the sills and lava
flows of alkali basalt that are also found in the
map area. Mercury-exploration excavations in
the central field area indicate intrusion of dikes
along vertical, east-west–striking faults south of
the main northeast-striking faults.

Lack of stratigraphic continuity from north to
south across the study area supports a compo-
nent of strike-slip displacement along the Cyrus
Springs fault zone. Only the tuff of Rodman
Springs can be correlated across the fault. The
tuff of Haystack Reservoir, erupted from the 
Juniper Butte eruptive center, is at least 75 m
thick within the Cyrus Springs fault zone but is
not present to the south of the zone. Likewise,
the tuff of Smith Rock,which is at least 700 m
thick near Gray Butte,is nowhere present to the
north of the fault. The mutual exclusion of these

relatively thick, locally erupted member G tuffs
from opposite sides of the fault zone suggests
strike-slip displacement in excess of the 7 km
width of the study area. The regionally extensive
member H ignimbrite is also not known to be
present anywhere to the south of the fault zone.
Also notable is the lack of intrusions or intense
hydrothermal alteration north of the fault zone.

Facies distributions suggest dextral offset
across the fault zone. Lacustrine tuff and tuffa-
ceous mudstone overlying the tuff of Rodman
Spring south of the fault thin eastward from at
least 100 m to a pinchout. North of the fault,
about 20 m of lacustrine facies overlies the tuff of
Rodman Spring in eastern exposures but both the
fallout tephra and the lacustrine deposits disap-
pear to the west and north. These relationships
would be consistent with dextral offset of a lake-
margin facies boundary, although because the di-
mensions of this lake are not known, it is impos-
sible to determine the magnitude of lateral
displacement.

Rocks exposed south of the Cyrus Springs
fault zone exhibit marked stratigraphic thicken-
ing toward the west (Fig. 10). This effect is most
notable in strata assigned to members A and B
and diminishes upsection. Lava flows in mem-
bers B and E are more numerous and thicker to
the west and the ignimbrite in member B and the
ignimbrite within the tuff of Rodman Spring are
restricted to western exposures. We interpret
these stratigraphic relationships to indicate that
the area tilted downward to the west during dep-
osition of the John Day Formation and that tilting
was most active during deposition of members A
and B,but continued until at least deposition of
member F. A preponderance of south-southwest
dips in member A and B strata,in contrast to
south and south-southeast dips in younger strata
(Smith et al.,in press),is consistent with super-
position of a ~25° south to south-southeast tilt on
an earlier 4°–5°west tilt.

DISCUSSION

Tectonic and Volcanic Setting

The Gray Butte area reveals several important
insights into deformation and volcanism during
John Day Formation deposition and how these
processes affected the preservation of the impor-
tant fossil floras found there. The volume of intru-
sive rocks in this area is unprecedented among 
previously studied areas where the John Day
Formation crops out and suggests that this area
was part of a major mid-Tertiary eruptive complex.

The Gray Butte area was located near the hinge
of a west-tilted basin during deposition of most of
the John Day Formation strata (Fig. 10). Strata
correlative to members A and B are four times
thicker at Gray Butte than where the western fa-
cies of the John Day Formation is defined 30–50
km to the northeast (Fig. 4),reflecting subsidence
in this previously unrecognized basin. The ex-
panded section contains a greater proportion of
sedimentary rocks,in contrast to the dominance
by ignimbrites and lava flows in the type western
facies (Fig. 4). Subsidence of the basin was essen-
tial for the deposition of strata that host the Gray
Butte floras,which are not generally known from
other lower John Day Formation sections. The
structural nature of the Gray Butte basin is unclear
because it is largely obscured beneath late Neo-
gene fill of the Deschutes basin. Gravity data sug-
gest the presence of a basin to the southwest of
Gray Butte that is filled with more than 0.5 km of
sedimentary deposits (Couch et al.,1982) of
which no more than ~200 m is likely to be 
Deschutes Formation (Smith,1986). Because the
estimated thickness of fill was calculated using a
2.43 g/cm3 reduction density, the basin could be
considerably deeper if it contains a significant
proportion of lava flows and lithified and altered
sedimentary rocks like those seen at Gray Butte.

TABLE 7. DIVERSITY, PHYSIOGNOMY, AND ESTIMATED MEAN ANNUAL TEMPERATURE
OF CLARNO, GRAY BUTTE, AND BRIDGE CREEK FLORAS

Clarno flora* Gray Butte section Bridge Creek flora†

White Nut Kings Sumner Nichols Canal Fossil Painted 
Cliffs Beds Gap Spring Spring Hills

Approximate age (Ma) ~44.5 ~43–44 ~39 ~38 ~33–34 ~32.5 ~32.5–33
Number of species 70 69 23 24 13 12 61 37
Dicot species 61 63 19 19 11 10 53 30
Entire margined 26 33 9 4 2 2 19 7
Percent entire-margined (e) 43 52 47 18 18 16 35 22
Estimated MAT °C 14.0° 17.0° 15.5° 6.6° 6.6° 6.0° 12.0° 8.0°
(e)(0.306) + 1.14§

Standard deviation °C# 1.9° 1.9° 3.5° 2.7° 3.5° 3.8° 2.0° 2.3°

*From Manchester (1994) and unpublished data based on specimens in the Paleobotanical Collection, University of Florida.
†From Meyer and Manchester (1997).
§From Wing and Greenwood (1993).
#From equation 4 of Wilf (1997).



The Cyrus Springs fault zone is coincident,in
location and trend,with the Klamath–Blue Moun-
tain gravity lineament,interpreted by Riddihough
et al. (1986) to be a major, late Mesozoic strike-
slip fault (Fig. 11). The lineament bounds the
southern margin of the enigmatic Columbia Em-
bayment and truncates gravity anomalies farther
southwest in the southern Oregon Coast Range
and adjacent continental shelf. The lineament par-
allels the topographic front of the Blue Mountains
in northeastern Oregon and may be related to
northeast-trending faults that cut Eocene and
Oligocene rocks in the southern Oregon Cascade
Range (Walker and MacLeod, 1992),but other-
wise is not associated with mapped surface struc-
tures. Riddihough et al. (1986) speculated that the
lineament is a deep structure along which coast-
parallel displacements may have occurred in Cre-
taceous time. Because Mesozoic plutons in the
Blue Mountains yield paleomagnetic data inter-
preted to support 60°of post-Early Cretaceous
clockwise rotation (Wilson and Cox,1980),the
fault postulated by Riddihough et al. (1986) to co-
incide with the gravity lineament could arguably
have been oriented nearly north-south,and hence
parallel to the continental margin, in late Meso-
zoic time.

We interpret the Cyrus Springs fault zone to

represent mid-Tertiary reactivation of this older
structure. The lack of later Neogene motion has
caused much of this feature to be obscured be-
neath younger volcanic and sedimentary cover.
In light of the observation that the fault was not
previously recognized at Gray Butte,future map-
ping may reveal that the fault zone continues to
the northeast.

Westward tilting of the hinged Gray Butte
basin predated southward tilting and uplift along
the Cyrus Springs fault zone. The abundant alkali
basalt dikes in the Cyrus Springs fault zone,but
paucity of recognizable older basaltic andesite
dikes within the zone,suggest that the fault zone
may not have been an active structure during dep-
osition of the lower John Day Formation strata.
The age of the alkali basalt dikes is unknown,but
lava of this composition is present in members E,
F, and G,which range from about 28 to 33 Ma
(Fig. 4). Uplift of the region south of the Cyrus
Springs fault zone may have commenced follow-
ing deposition of lacustrine strata that overlie the
tuff of Rodman Spring (ca. 32.5 Ma) and prior to
extrusion of the rhyolite of Gray Butte (ca. 28.8
Ma) in order to account for the minor erosional
disconformity at the base of the rhyolite lava. Al-
kali basalt could have been intruded into the fault
zone during this same time period.

North-south compression has characterized
the region east of the Cascade Range since at
least middle Miocene time (e.g.,Barrash et al.,
1983; Hooper and Conrey, 1989). Folds in the
John Day Formation,about 200 km east in the
Blue Mountains,indicate northwest-southeast
compression during Oligocene time (Fisher,
1967; Robyn and Hoover, 1982; Walker and
Robinson,1990). In such a stress regime, re-
verse-sense motion would be anticipated on the
Cyrus Springs fault zone,whereas extension is
implied by the steeply northwest-dipping fabric
in the shear zone. The preponderance of east-
west–striking dikes is also inconsistent with
north-south or northwest-southeast compression.

Alternatively, the arrangement of faults in the
study area is consistent with the formation of a
conjugate pattern of oblique-slip structures and
implies dextral motion on the Cyrus Springs fault
zone (Fig. 9). Our stratigraphic observations are
consistent with strike-slip displacement. Although
we have not observed any kinematic indicators
along the primary east-northeast–trending faults
of the Cyrus Springs fault zone,left-lateral motion
is indicated by slickenline orientations along the
conjugate northwest-trending faults. The north-
eastward change in trace of the fault zone from
N45°E,in the narrowest,most strongly sheared
part of the zone,to N60°E would represent a
transtensional releasing bend that could explain
the numerous dikes intruded in the fault zone and
the presence of east-west–trending normal faults
in the southern part of the zone. With the excep-
tion of the large basaltic andesite dike west of
Gray Butte,all other dikes in the study area are ei-
ther along faults or are oriented parallel to a pos-
tulated east-northeast–west-southwest compres-
sive stress. The open north-northwest–plunging
anticline north of the fault zone (Fig. 9) is also
consistent with this stress regime.

This alternative interpretation of east-north-
east–west-southwest compression is contrary to a
previous interpretation of north-south or north-
west-southeast compression. Further study in the
region is required to determine whether this dis-
crepancy results from temporally varying stress
or differential strain partitioning in this small area
within an as-yet poorly defined regional stress
regime. The change at Gray Butte from west-
down tilting to uplift along northeast- and east-
striking, probable oblique-slip structures sug-
gests complex temporal variation in deformation
at a local scale.

Paleomagnetic results from the Eocene Clarno
Formation east of Gray Butte indicate 15.7°±
9.5°of clockwise rotation (Gromme et al.,1986)
and considerable (e.g.,up to 30°) differences in
declination for sites located within a few kilome-
ters of one another. Wells and Heller (1988) inter-
preted the modest clockwise rotation to have been
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Figure 9. Faults and dikes (some widths exaggerated) in the Gray Butte area. Large arrows
denote east-northeast–west-southwest compression consistent with conjugate oblique-slip faults
(of which the dextral Cyrus Springs fault is the most significant), presence of east-west normal
faults, east-west orientation of most dikes not associated with faults, and the north-north-
west–plunging anticline in the northern part of the map area.



caused by northward-diminishing extension in the
Basin and Range during Neogene time,whereas
Gromme et al. (1986) believed that the rotation
must have been accomplished before 15 Ma and
was related primarily to Eocene–Oligocene ex-
tension,to which the volcanism that formed the
Clarno and John Day Formations may be linked.
Synchronous Clarno Formation rotation could ac-
count for large dispersion in declinations in the
paleomagnetic data,although this feature of the
data set could also reflect inadequate averaging of
secular variation in rapidly cooled volcanic rocks.
If the rotation was largely during Neogene time,
then the principal compressive stress envisioned
during mid-Tertiary activity on the Cyrus Springs
fault zone and related structures was oriented
northeast-southwest (N60°± 10°E). Alternatively,
in the interpretation of Gromme et al. (1986),the
present orientation of the fault zone may be little
different than that during Oligocene time.

Verplanck and Duncan (1987) calculated Far-
allon–North America convergence vectors for
the latitude of southern Oregon. Their model
shows an overall decrease in convergence rate
during Tertiary time and a gradual change in the
relative-convergence vector from N60°E at 45
Ma to N20°E at 5 Ma. Dike azimuths in the Cas-
cade Range suggest a progressive change in
maximum principal stress direction from east-
west at ca. 22 Ma to north-south since 5 Ma
(Sherrod and Pickthorn,1989) that parallels a
counterclockwise change in the convergence
vector. Between 20 and 35 Ma the vector orien-
tation was fairly stable at N40°–45°E,after a 15°
swing toward the north and decrease in magni-
tude from 9 to 6 cm/yr between 40 and 35 Ma.
The decrease in orthogonal convergence may
have contributed to widespread magmatism in
Oregon at this time (Taylor, 1990) and the tec-
tonic subsidence of the Cascade volcanic arc
(Priest,1990).

If during part or all of the time between 20 and
35 Ma,however, there was adequate coupling be-
tween the subducting and overlying plates,the
convergence vector would parallel the present
orientation of the Klamath–Blue Mountains lin-
eament and favor its reactivation. It is possible
that during some part of the Oligocene,princi-
pally after 35 Ma,stress orientation related to
Farallon–North America convergence was appro-
priate to reactivate a large-scale Mesozoic fault as
a dextral shear zone. Subsequent change in stress
orientation led to cessation of motion along this
structure prior to deposition of late,and possibly
middle,Miocene rocks.

Floristic and Climatic Change

The floras of Gray Butte document the transi-
tion from a subtropical Clarno type of flora to the

temperate Bridge Creek flora (Tables 5 and 6).
The Kings Gap and Sumner Spring floras share
the most taxa with Clarno Formation floras.
Kings Gap does not include any Bridge Creek
flora constituents (taxa present in Bridge Creek
flora but not in the Clarno flora),but Sumner
Spring does. In proceeding upsection,more tem-
perate genera enter the plant community and it
appears reasonable to consider the Canal assem-
blage to be a member of the Bridge Creek flora as
it is known from other areas.

Although the dawn redwood (Metasequoia) is
known from middle Eocene time in northern
Washington and British Columbia (Schorn and
Wehr, 1996),its immigration into north-central
Oregon appears to be a late Eocene–early Oligo-
cene event. Metasequoiais not known from mem-
ber A of the John Day Formation. This observa-
tion contrasts with a report by Peck (1964,p. 18),
citing a floral list provided by Wolfe, of a Bridge
Creek–like flora including Metasequoiafrom
member A near Ashwood. This locality (revisited
and collected by Ashwill and Manchester in
1996) is exposed in a road cut where it is clearly
seen to overlie basalts of member B. The develop-
ment of the Bridge Creek type of flora certainly
postdates deposition of member A (39 Ma).
Metasequoiais also absent from the Whitecap
Knoll flora (ca. 38 Ma; Bestland and Retallack,
1994a). The timing of its appearance in north-cen-
tral Oregon coincides with the appearances of
other deciduous genera in the region, including
Asterocarpinus, Fagus, and Cercidiphyllum.

Floristic and physiognomic comparisons indi-
cate important changes at two levels within the
sequence at Gray Butte:(1) between the Kings
Gap and Sumner Spring floras and (2) between
the Sumner Spring and Nichols Spring floras.
The first of these is physiognomic and floristic;
the second is only floristic.

Physiognomically, the only significant change
is observed between the Kings Gap flora (high
proportion of entire margined dicotyledonous
leaves; 9/19; 47%) and the Sumner Spring flora
(leaf-margin percentage,18%–20% entire mar-
gined dicotyledonous leaves). Partially, this may
reflect biases due to different depositional set-
tings. The Kings Gap flora is preserved in a
flood-plain deposit containing coarser sediment,
whereas all of the succeeding floras are in fine la-
custrine sediment. One could argue that the phys-
iognomic differences observed between Kings
Gap and the succeeding floras are due in part to
the change in depositional setting from fluvial to
lacustrine,because different sedimentary envi-
ronments may preserve different components of
the same regional vegetation. However, the dis-
tinction between vegetation of members A and B
is also marked by floristic compositional change
between the Sumner Spring and succeeding flo-
ras,all of which are preserved in comparable la-
custrine shales. If one accepts the leaf-margin
percentages (Table 4) at face value,however, they
indicate a drop in mean annual temperature of
about 9 °C and an important climatic cooling be-
tween the time of deposition of members A and
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Figure 10. Correlated stratigraphic sections compiled from map cross sections illustrating
abrupt eastward thinning of units. Letters refer to interpreted John Day Formation western fa-
cies members.



B. Taking the calculated standard deviations
(Table 7) into account,the inferred temperature
decrease could have been as small as 3° or as
much as 15°. The Sumner Spring, Nichols
Spring,and Canal floras are physiognomically
similar to one another. No unequivocal ther-
mophilic taxa,such as palms,cycads,or bananas,
have been recovered from the Kings Gap flora,
and it is likely that many of the tropical elements
for which the Clarno flora is known had already
become extinct.

The main floristic change at Gray Butte is
bracketed by dates of about 39 Ma,for the basal
member A ignimbrite,and 32.5 Ma for the tuff of
Rodman Spring, which overlies the Canal and
Nichols Spring floras (Fig. 4). More specific tem-
poral resolution of the floristic, and hence cli-
matic,change is hampered by the alteration of
most of the Gray Butte volcanic rocks. The flora
of Whitecap Knoll,which resembles the Sumner
Spring flora,is sandwiched between tuffs dated
at 39.22 ±0.03 and 38.4 ± 0.07 Ma near the
Clarno Formation (Bestland and Retallack,
1994a). It appears reasonable,therefore,that the
most significant floral change recorded at Gray
Butte,between Kings Gap and Sumner Spring
floras (Table 7),occurred between 39 and 38 Ma,
permissively correlating to a poorly dated mid-
dle-late Eocene increase in benthic foraminiferal
δ18O (Miller, 1992) and large-scale turnover in
planktic foraminifera (Keller et al.,1992). Al-
though floristic change is documented through
the younger Gray Butte floras,no significant
change in temperature is implied by our data that
would readily correlate to major changes in the
oceanic realm at about 34–35 Ma. Although the
existing age data from Gray Butte would permit
the Sumner Spring flora to be as young as 34 or
35 Ma,its similarity to the ca. 38.5 Ma Whitecap

Knoll flora leads us to believe that this floristic
change was earlier. Although the mean annual
temperatures implied for the Sumner Spring and
younger floras are essentially identical,decreas-
ing diversity of taxa,if not related to collecting or
taphonomic bias,may be indicative of some
other climatic variation (e.g.,seasonality of tem-
perature or precipitation) more closely associated
with the Eocene-Oligocene boundary and
changes in paleosol characteristics in the type
John Day Formation (Bestland et al.,1997).

Our proposition of principal cooling during
the Eocene Epoch prior to 38 Ma is contrary to
Wolfe’s (1992) contention that floristic change in
the Pacific Northwest was focused into a 0.5 m.y.
period of the early Oligocene Epoch at about 33
Ma. We believe that part of our discrepancy with
Wolfe revolves around his use of relatively low-
resolution K-Ar dates obtained decades ago and
his consideration of the Iron Mountain (also
known as Hancock Canyon) flora,of tropical
character and found near the Clarno Formation to
be only 35 Ma,whereas work by Bestland and
Retallack (1994a) clearly show it to be in the
Clarno Formation and probably about 44 Ma.

CONCLUSIONS

The Gray Butte area records deposition on the
flanks of a subsiding Eocene-Oligocene basin in
which an unusually thick section of uppermost
Eocene to middle Oligocene strata accumulated.
This expanded section includes lacustrine inter-
vals, the origin of which may relate both to
drainage disruption by lava flows and deposition
within a hydrologically closed half graben. This
tectonic setting was favorable for the accumulation
of strata that host fossil floras that document tran-
sitional environments during the late Eocene–early

Oligocene climatic cooling.
The Gray Butte basin was also the site of bi-

modal eruptions of rhyolite and alkaline basalt to
basaltic andesite. Many of these eruptions were
of hydrovolcanic nature,probably reflecting in-
teraction of rising magmas with lakes within the
basin. Although tuffaceous components in the
basin fill probably relate partly to Cascade vol-
canism farther west,as inferred previously (Peck,
1964; Robinson et al.,1990),quartz- and alkali-
feldspar–bearing tuffs are more likely related to
the John Day Formation backarc magmatic sys-
tem,and sandstone at Gray Butte is dominated by
mafic and felsic lava fragments eroded from
nearby vent regions.

The Gray Butte basin was structurally dis-
rupted,probably beginning by about 28–33 Ma,
by movement on the northeast-trending Cyrus
Springs fault zone. This fault zone is likely a re-
activated Mesozoic shear zone that forms a
boundary between distinctive crustal types,ac-
counting for the Klamath–Blue Mountains grav-
ity lineament. Stratigraphic separation of about
1.2 km is calculated where Gray Butte basin fill
was uplifted in the footwall to this fault zone.
Dextral strike-slip displacement of at least 7 km
is suggested by field relationships. This fault may
have been active into middle Miocene time,to ac-
count for gently tilted Prineville basalt on the far
southern dip slope (Fig. 2). Extensions of the
fault zone beyond the map area are buried be-
neath unfaulted upper Miocene–lower Pliocene
Deschutes Formation and younger alluvium.

The orientations of the Cyrus Springs fault
zone,subsidiary northwest-trending faults,and al-
kali basalt and rhyolite dikes suggest that these
features formed in a stress regime with a nearly
east-west–oriented principal-stress direction. The
present orientation of structures is consistent with
east-west principal-stress directions revealed by
slightly younger early Miocene dikes in the Cas-
cade Range. The Cyrus Springs fault zone may
have paralleled the Farallon–North America con-
vergence vector between ca. 35 and 20 Ma,favor-
ing reactivation of the major preexisting basement
structure now expressed as the Cyrus Springs
fault zone. Subsequent clockwise rotation of prin-
cipal-stress axes,supported by dike orientations in
the adjacent Cascade Range, led to cessation of
motion along this fault and may also account for
the large number of faults that offset the John 
Day Formation regionally but do not affect the
younger Columbia River Basalt Group. The east-
west compression is contrary to past inferences of
northwest-southeast to north-south Oligocene
compression based on studies farther east in the
Blue Mountains. This disparity may indicate large
temporal variation in stress. Alternatively, strain
may have been partitioned under the influence of
preexisting crustal-scale structures so as to pro-
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Figure 11. Bouguer gravity anomaly map,modified from Riddihough et al. (1986),showing de-
finition of the Klamath–Blue Mountain lineament (KBML). The Gray Butte area is astride the
lineament,which is coincident and parallel to the overall tr end of the Cyrus Springs fault zone.
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duce spatially varying local stress fields.
Structures in the Gray Butte area had been un-

recognized in previous reconnaissance mapping.
Our observations suggest that more detailed
mapping in mid-Tertiary rocks in north-central
Oregon may reveal that these strata accumulated
in basins affected by extensional and strike-slip
tectonism associated with stress regimes different
from those expressed in younger Cenozoic struc-
tures. Basins formed along these mid-Tertiary
structures may contain more complete,and pos-
sibly more readily dateable,records of the
Eocene-Oligocene climatic change.

The record of floral change at Gray Butte sug-
gests a gradual transition from tropical to tem-
perate conditions between 39 and 33 Ma. Al-
though we were not able to date the altered
volcanic rocks most closely associated with the
floras,and some differences may be related to lo-
cal environment,the fossils at Gray Butte do not
appear to record abrupt floral turnover near 33
Ma, nor is it likely that there was a significant
change at ca. 34 Ma,the time of the most abrupt
climate change recorded in marine records. The
most substantive floristic and physiognomic
change at Gray Butte may correlate,instead,to
paleoceanographic changes at ca. 38–39 Ma.
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