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ABSTRACT

Mid-T ertiary strata near Gray Butte, cen-
tral Or egon,record volcanism and sedimenta
tion on the margin of a west-tilted basin that
was subsequentl disrupted by a northeast-
striking fault system. Compositional baracter-
istics of the wolcanic rocks support correlation
of the section to the upper Eocene—Olagene
part of the John Day Formation. The ~1.2-km-
thick section contains ive fossil floras docu-
menting climatic change in late Eocene—early
Oligocene time and a pogression betveen bet-
ter known Eocene and Oligcene floras in the
region. The presence of the &nsitional floras is
a consequence of the subsidence of thedyr
Butte basin to accommodée a section thais
nearly four times thicker than better studied
correlative strata ~50 km to the notheast tha
consist almost entiely of wlcanic rocks. The
lowest flora is within flood-plain facies,
whereas the other dur are hosted in lacustine
strata. Although alteration of volcanic rocks
most closely assoctad with the floras pre-
cludes deelopment of a precise isotopic-ge
chronology regional correlations and seeral
accurate isotopic-@e determinations indicae
that the principal interv al of climatic cooling

floras (12—24 species) and poss#taphonomic
biases in compaing flood-plain and lacustrine
environments.

Mapping established the pesence of the
Cyrus Springs fault zonea large (1.2 km er-
tical displacement,possibly >7 km dextral

Department of Geolyy, Washington Stii Univesity, Pullman,Washington 98661

sional regime associted with stress orienta-
tions different from those of Negene time.
Local basins with higher subsidenceates ac-
cumulated relatively thick sequences of lacus
trine tuffaceous strata,and their fossil floras
shaw progressve climate change though the

offset) shear zone that is possibly a surface Eocene-Oligopcene bounday interval.

expression of the Klamath—-Blue Mountain
gravity-anomaly lineament. The orientations
of this fault zone,subsidiary sinistral struc-
tures,dikes,and fold axes suggest that the
presumed Mesozoic structue marked by
the lineament was eactivated as a dextral-
normal fault by east-northeast—-west-south-
west—oriented compessve stress.This stress
is consistent with early Oligocene North
America—Farallon convergence hut is incon-
sistent with northwest-southeast to north-
south compression suggested by structes
farther east. Stress either aried temporally
or was partitioned into complex local strain
domains.The Cyrus Springs fault zone may
have become actie at about 28-30 Maye-
sulting in uplift and southward tilting of part
of the Gray Butte basin fll, and ceased act-
ity before deposition of the hoizontal upper
Miocene—Pliocene Deschutesofmation.

The Gray Butte area was also an eruptie

may have been in late Eocene time (ca. 38—39 center for rhyolitic and alkaline-mafic lavaand

Ma) rather than at the Eocene-Oligcene
boundary. The paleoclimate inteppretation is
tempered, however, by the low diversity of the

*E-mail: gsmith@unm.edu

tuff both before and after initiation of move-
ment on the Cywus Springs fault. Mid-Ter-
tiary volcanism and sedimenttion near the
westen end of the Blue Mountainsheretofore
not clearly related to active structures,may
have taken place within a regional transten-

Data Repository item 9844 contains aditional material r elated to this aticle.
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INTRODUCTION

Weundertook a detailed stydear Gray Butte,
in central Orgon (Fig. 1)fo resole stratigraphic
and structural relationships pertinent to iptet-
ing a sequence ab$sil floras and the igin of the
host stratad sequence of paleobotanical localities
on the west side of @y Butte (Ashwill,1983)
records floristic change through the stratigraphic
section and vides a better undgending of the
transition betwen varm subtropical lbras of
Eocene time and temperate deciduous forests of
Oligocene timeThis area also contains pi@usly
unrecognized lgie-displacement faults andlv
canic-\ent and intusive features that elucitaas-
pects of the egional late Eocene—milte
Oligocene tectonic andicanic framwork and
provide insights to the presetion of strata that
host the @nsitional floras. In this paper we discuss
these stratigraphieplcanic,and structural fea-
tures and prade an @erview of the fossil floras
to illustrate the impdance of the Gty Butte aga
to understanding mgraspects of the mideftiary
history of the rgion. Detailed taxonomic deger
tions of the Gray Bultte floras are in preparation.

The tectonic setting for continental sedimenta-
tion in the inland Bcific Northwest is poorly un-
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Figure 1. Genealized geologic map shwing locdion of study area and other localities men
tioned in the text. The principal outcrop belt of the bhn Day Formation in the northwest quad-
rant of the map is knovn as the westen facies (Robinson et al.1990). IWC—Little Willow
Creek; JB—luniper Butte; SR—Smith Rok State Park; GM—Grizzly Mountain. Line A-A’
denotes line of coss section deicted in Figure 2.

derstood for the period between @eive Eocene tephra.The mafc and rlyolitic volcanic rocks,
strike-slip-basin deelopment in northeriash-  with a lessere@lume of andesite and dagitgere
ington (Johnsorl.985; Campbell1989) and the erupted across an area of at least 20 060 &m
middle Miocene eruptions forming the Columbigthough no caldera sourcesrb®een located for
River Basalt Group (Hooper and Copr&989; the ignimbrites and noent areas hee been
Smith et al. 1989) and contemporaneous Basittlearly identifed for the mat lavas. Intermedi-
and Rangexension in southerOregon. Upper ate-compositiondilout tephra is widely beled
Eocene to lwver Miocene sedimentary andlv  to have been dexied from upwind sources in
canic rockstemporally equialent to &tensieig-  the nascent Cascade Rangkanic arc (Peck,
nimbrite sheets and metamorphic core corggle 1964; Robinson and Breni981; Robinson
in the Great Basimre widespread in eastern Oreet al.,1990). Despite the delopment of a re-
gon. In the Bcific Northwesthowever, the struc- gional stratigraphy in north-central @en
tural styles of accommodating basins and relaté&obinson et al.1990),the tectonic setting for
faulting during the mid-@rtiary remain lagely the accumulation of the John Dagrfation

few studies hee demonstrated the sense of mo-
tion on thesedults nor their relationship to the
John Day depositional basins.

Mid-Tertiary fossil floras from central Qgen
have played a substantial role in propositions of
major evironmental and climatic change near the
Eocene-Oligocene boundary (e@hang, 1927;
Wolfe, 1979,1992; Retallack et al1996). Sub-
tropical floras of the Clarnodemation (e.g.,
Cherry Creek flora)dated as about 44 Mare
succeeded by cool-temperate Bridge Creek floras
of the John Day érmation,dated as about 32—
33 Ma (Manchestet990; Mcintosh et al1,997).
Because of the lge temporal @ between these
floras,the nature and timing dbfistic change re-
main poorly understood and the correlation with
the marine paleoclimatic record of abrupt early
Oligocene cooling remainsgue. Bestland et al.
(1997) hae, however, interpreted paleosols in the
John Day Brmation 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; Hanser1,992).
Benthic foraminiferab!®0 increase suggests the
onset of stpwise cooling in edy Eocene time
the penultimate denturn in ocean tempature
occurring abruptly near the end of chronozone
C13R (Miller, 1992), which Beggren et al.
(1992) selected as the Eocene-Oligocene bound-
ary, ca. 34 MaWolfe (1979,1992) agued that
western NorthAmerican 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 discrepapavith marine records
represents a true lag in continental response to
global climate or iWolfe’s interpretation of a
later age relies lgely on relatrely old and im
precise K-Ar ges (Wlfe, 1992) is ungplained.

BACKGROUND
John Day Formation Stratigraphy

Peck (1964)Robinson (1975RRobinson and
Brem (1981)and Robinson et al. (1990) dsta
lished the egional stratigraphy and age rela-
tionships of theahn Day Brmation.The out-
crop belt tosest to Gay Butte compses the

unstudied. tuffaceous sedimentary rocks and associatédestern ficies”of the formation (Robinson
The upper Eocene tov@r Miocene John volcanic rocks is not clegalthough subsidence et al.,1990; Fig. 1) diided into members desig-
Day Formation,and its correlaties,cover at is clearly required to permit accumulation of lo-nated alphabetically from to | (Peck,1964;

least 100000 kn? and perhaps as much ascal sections of pmarily sedimentar material
225000 kn? (John Day magmatic gion of more than 1 km thic Although geologic maps
Christiansen andeats,1992) of easterOregon.  (e.g., Walker and MacLeod]1991) illustrate
The formation is a derse assemblage ofyh mary faults that displace theln Day Erma-
olitic ignimbrites and domesnafic (generally tion without gparently aecting the eerlying
alkaline) laras,and primary and morked fallout middle Miocene Columbia Rér Basalt Goup,
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Robinson et al.1990).The base of the forma-
tion is defned in most places by a rhyolite ig-
nimbrite (the basaR ignimbrite), which in
mary localities ests on a paleosol deloped
on andesite of the undging Eocene Claro
Formation (Bestland et all,996). Pregious K-
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Cyrus Springs fault zone is denoted CSFZ in

Ar dates of 37.4 1.4 Ma for this ignimbite
(Robinson et al1990) hae been supplanted/b
high-resolutionsingle-crystafPAr/3°Ar ages of
39.22 £ 0.03 and 39.72+ 0.03 Ma ly
C. Swisherif Bestland et al.1993; Bestland
and Retallack1994a,1994b; Retallak et al.,
1996) and our de of 39.17% 0.15 Ma (see be
low). The uppermost strata of member vba
provided limited ¢rronological data it are at
least as gung as 22 Ma (Robinson et 41990).

Gray Butte Section

Gray Bultte is a 1557-m-high peak uridigrby
rhyolite and occuging the approximate midpoin

Clarno Formation
(Eocene)

1) illustrating the various contradictory inter pretations of the geology of the Gray Butte @a.The
the bottom dgaam.

Smith Rocka sequence of yblitic hydromag- and tuf of Smith Rock were not assigned te ei
matic tufs and related ias. Southeast of Smith ther the Clano or John Day éfmations.
Rock and across Lone Pine fiastrile valley Obermiller (1987) mapped rocks of both
filled with Quaernary (and Pliocene?) sedimentClarno and John DayoFmations and assigned
(Fig. 2),is tuff typical of the uppermost John Daythe rtyolite of Gray Butte and tlibf Smith Rock
Formation (member I)pverlain by Pringille to middle Miocene time on the basis diale-
basalt (Smith1986; Hooper et al1993) that pre- rock K-Ar dates of uncertain qualitylis dates are
vious workers (e.g.Williams, 1957; Robinson younger than the Privitle basaltnecessitating a
and Stensland,979) mapped within the contem-fault belav Lone Pine Flat for which there is no
poraneous Columbia ®ir Basalt Group (Fig. 2). other @idence (Fig. 2). NonethelesBjshop
Geological interpretations resulting from recon{1989) and Robinson et al. (1990) falied Ober-
naissance studies fdif signiicantly between miller in concluding that there ag a middle
workers and also diér substantially from our re- Miocene wlcanic center at Gray Butte despite
sults (Fig. 2)Williams (1957) included most of reference to a 30.8 Ma K-Ar date for thef off
t these rocks as John Dagrfation,with faulted Smith Rock (Robinson et al.990).

of a 3.5-km-thick section of homoclinal south-cuestas of younger Columbia/&i Basalt forming

southeast—dipping strata (Fig. Zhe lover 1.5

the prominent east&st—trending ridges north of Fossil Floras

km of this section isalcaniclastic sediment and Gray Butte. Robinson and Stensland (1979)

tuff deposited inliuvial and lacusine ewiron-

mapped the sameaks as southard-dipping Although the presence of fossil floras near

ments and interbedded basalt and basaltic-a@tarno Fermation onlapped by John Dagrfha-  Gray Bultte (Fig. 2) has been kmofor some time
desite laa flows. This part of the Gray Butte se-tion ignimbites and erious other tus from the (e.g.,Vance 1936) thg were not systematically

guence contains the currently knofossil floras.

north.The John Day érmation was otherwise collected andxamined until recently (Ashwill,

The succeeding 1.4 km of section is composed oéstricted to outaps beneth Columbia Rrer 1983, 1990; McFRdden, 1986; Meger and

the rhyolite of Gray Butte andrerlying tuf of

Basalt &rther southThe rhyolite of Gray Butte Manchester1997). Ashwill (1983, 1990) re-
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Figure 3. Geolgic map of the Giay Butte study area,simplified from Smith et al. (in press) and unpubished mgpping by G.A. Smith. Addi-
tional bedding attitudes are illustrated in Figure 10. CSFZ—Cyus Springs fault zone.

ported a succession ofé fossil florassome rep- mapping are included in Smith et al. (ilegs) and hydrothermal fluidThis penasive alteration ad-
resented by more than one outcrop logatityg-  Sherrod et al. (in pres#)luvium covers lovland  versely afected our dbrts to obtairfCAr/3%Ar
ing from subtropical to temperate in characteareasand thick colluvium devied from Gray ages for rocks near &y Butte (see belg), in-
The uppermost floras contain taxzacacteristic Butte and a highidge of basaltic andesite tioof  hibited eforts to correlate tdi$ by electron-
of the John Day érmation Bridge Creek flora Gray Butte locally obscures the bedrock gealogynicroprobe analyses of crystadsd prohibited
whereas the stratigraphicallywer floras share The west-central part of the parea is thikly  collection of fresh samples of somed#ows for
components of floras of both the Clarno and Johmantled by basaltic and siliciqiera,probably of whole-rock geochemical ayaks.

Day Formations.These obseations suggested Pliocene and eprQuaternary agdyut possibly Nonetheless;areful mapping permitted con-
that the Gray Bultte floral successidistributed correlatve with upper Miocene tfg exposed in  struction of an alterative geologic intepretation
through about 400 m of strata of uncertain stratthe Deschutesdfmation a fev kilometers to the (Fig. 2).Weinterpret the satigraphy in the Gry

graphic assignmentjay prwide a record of the west (Smith1986,1987). Butte aea to represent a sectionttbansists en

floristic transition of early Oligocene time. Rocks in the southerpart of the mp area tirely of the John Day éfmation; there are no
have been dkcted by moderate to intensepy-  recognizable Clarnodfmation rocks and no

New Geological Mapping litic alteration maniésted as calciteplacement middle Miocene rocks other than the Prifle

bodies,chlorite and illite altemtion, cinnabar basaltWe also recognize and name the @yr
A 50 kn? area &tending nothward from the mineralizationand anomalous asssalues for Springs &ult zone,a substantial mid-drtiary
summit of Gray Butte as mapped at a scale ofgold, silver, arsenic,and mercury (Brook4963; fault having a davn-to-the-noth throw in excess
1:16 000 in ader to elucidge the stratigraphic and Gray and Baxter1986; Rimal et al.1987).Al-  of 1.2 km and possibly 7 km or more okttal
structural frameork of strata hosting the$sil though dominant calcite an@dalite cement in slip. A diverse suite of intruse rocks identiles
floras.A simplified version of this map is pre- volcanic sandstone may reflect normal diagenghe Gray Butte &a as a major mideftiary \ol-
sented in Figure &nd aspects of this geologicalsis,local epidote cement requires addition frontanic-\ent area.

762 Geological Society ohAmerica Bulletin June 1998
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STRATIGRAPHY AND CORRELATION Gray Butte Area
OF SEDIMENTARY AND VOLCANIC South of
ROCKS Cyrus Springs
Fault

The stratigraphy of the Gray Butte area is _Prineville North of
lustrated in Figures 3 and drftwo subareadp- Basalt Cyrus Springs
cated north and south of the @grSpringsdult i S Fault Western Facies John Day Fm.
zone (which is desitred belav). The area soutt rh tuff of Antelope - Ashwood - Wil owdale
of the Cyus Springs dult zone contains the ray E’;‘éﬂ" Area
thickest eposed sectionwhich varies along Columbia River
strike from ~800 to 1200 m between thevést Basalt Group

~22-23

28.82:0.23
-1000

elevation posures and the pging rhyolite of 2000 =
Gray Butte and tdibf Smith Ro&. The northern {500
area contains a mepoorly &posed section tha

is approximately 250 m tHic -

27.6210.63

”G tuff"
South of Cyrus Springs Fult Zone rcecepepererireorreo WESEINY o0 0Rae00n ReD 32 49;,:0 30

Member A. The lavest interal consists of
sedimentary strata interbedded with ponmtfc
basaltic andesiteff, and rhyolite laa (Figs. 3
and 4:Table 1).Although porplritic basaltic an-
desite is not otherwise knm in the John Day
Formation and the tég are too altered to perm
an analytical compason,we correlate these rock
to John Day membek, rather than the olde
Clarno rmation,for seseral reasons. Firsthe
two welded ignimhtes that contain quarand al-
tered alkali feldspar areguable correlaties to
the two rhyolite ignimbrites found ggonally in
membeA (Fig. 4; Svanson and Robinsoh968;
Robinson et al1990). Second,0 km to the east
basal John Daydfmation ignimbrite and glolite
lavarest on a laterallyxtensie, well-developed
red paleosol (cf. Bestland et 41996) deeloped

[3)
Aeq uyop

32.30:0.1 2
32.53:0.20

|
uoijew.lo

IIlIlIlIlIIIIIIIIIIIIIIIII|IIIIIII| !

IIIIllIIIIIIIIIlI
IIIIIIIIIIIIIIIIIIIIIIIlIIIlIIIl|IIlllI|l|I|IIIIIIII
I

Clarno

on typical Clarno Brmation gyroxene-horn- alkali-olivine romment ash-fall &
blende andesite and dacite ktess of 1 km thick M basalt & Rydromagmatlc tuff
(Thormahlen1985). Neither similar ias nor the ] o basaltic andesit hy_oliLe )

paleosol are present in the Gray Butte aFbiad, (trachyandesite) tg?flargeguz
c_onglomeratlc sandstone m_thee@rBu_tt_e sec ggg% tyrmc ] sedlmentary rock:
tion is composed almost ety of rhyolitic and andesite

basaltic detritus typical obhn Day Brmation

volcanic sources.dtirth,lavaflows ranging from
basaltic andesite to dacite arewndo be present
within membeA in a number of places in centr:
Oregon (e.g.dacite of Eagle Butte of Smith an
Hayman,1987; andesite of Sand Mountain
Bestland et al1996).Thereforethe presence o
porptyritic lavain the Gray Butte section does nof  Figure 4. Geneal lithostr atigraphy and proposed corelation of stratigraphy in the Gray
exclude a stratigraphic fanity to the John Day Butte area with the westen facies of the dhn Day Formation. Listed ages (in Ma) are40Ar/ 3%Ar
Formation. dates obtained during this study (&ble 2). Fossil floras ae Kings Gap (KG), Sumner Spring

Sandstone and congloraée and subordinate (SS),Nichols Spring (NS),Canal (C),and Trail Crossing (TC).
tuffaceous mudstone represent deposition

channels and on assaed flood plains. Sand-

stone and conglomete beds argenerally tal>  the upper parof this inteval and host the Sum rhyolite grainsand altered pumice géli and
lar and &hibit rare trough cross-bedding indicat-ner Spring flora (Fig. 4) along aike distance of glass shats. Mary of the deitrified rhyolite
ing flow from the east to nthreastThe Kings 4 km. Sandstone containsiginally glassy to grains &hibit a distinctve micropoikilitic texture
Gap flora (Fig. 4) is hosted in flood-plain mud-holocrystalline fagments of méf lava that are  similar to thafound in a lever John Day &rma-
stone and sandstone. Finely laminatefatifous texturally and mineailogically comparable to the tion rhyolite 10 km to the east &rizzly Moun-
lacustrine mudstone and shale are prominent @ssociated basaltic andesitews, devitrified tain (Thormahlen]985; Fig. 1).

Gra Butte
- {g\yg |1I‘tgw . foss¥l floras
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TABLE 1. WHOLE-ROCK ANALYSES OF SELECTED JOHN DAY FORMATION VOLCANIC ROCKS

Gray Butte area

John Day Fm. western facies

Member A Member B Member E Member G? Intrusive Rocks Member B Members E-F-G
Porphyritic basaltic andesites Rhyolite Microphyric basaltic andesites Alkali-olivine  Rhyolite  Tuff Composite basaltic Alkali-olivine basalt Rhyolite trachyandesites alkali olivine
(trachyandesites) basalts of of andesite dike/sill sills/dikes dike basalts
Gray Smith
Butte  Rock
RC95- RC95- RC95- RC95- RC95- RCY95- RCY95- RC95- RCY5- RCI95- RCIY5- RCI95- RCIY5- WOB6- RC95- RCY5- RC95- RC95- RC95- Avg.4 WOSR- Avg.3 Avg.2 Avg.9 Avg. Avg.5
62 63 65 67 79 66 68 69 71 73 76 7 70B  HWG 64 72 75 74 78 anal* AF1* anal.” anal® anal* 11 anal.*
T1* anal.”
SiO, 54.76 53.06 54.39 55.03 7233 5803 57.65 58.81 54.82 57.89 49.99 4431 76.85 7211 57.96 57.82 5478 52,02 51.16 4819 7493 56.73 54.88 56.24 47.52 48.63
ALO; 17.45 18.60 1840 1642 14.06 13.02 1448 1336 13.95 13.15 1552 18.08 1240 13.78 13.08 13.03 13.44 13,51 17.79 16.13 12.67 13.98 13.67 1342 1545 14.62
TiO, 1.69 149 152 153 0.83 1.86 176 184 3.02 1.89 258 1.67 0.25 0.44 1.88 1.88 2.86 381 0.83 215 0.32 217 288 241 3.54 4.01
FeO 871 892 860 922 367 1330 11.04 1230 12.87 13.20 11.84 10.22 1.31 529 1321 1347 1325 1408 6.87 1255 3.66 12.69 1299 13.37 14.72 14.36
MnO 019 0.6 0.15 0.18 0.04 0.23 023 022 022 023 020 033 001 012 0.23 0.23 0.22 025 021 019 006 021 022 0.24 0.20 0.21
CaO 851 971 975 875 1.38 5.89 6.32 581 734 6.02 1014 17.32 0.37 0.96 6.09 5.94 7.35 8.24 17.13 9.78 0.38 6.34 7.83 6.72 8.92 9.25
MgO 4.00 4.28 335 460 0.70 1.74 253 163 324 175 584 528 010 0.00 173 174 2.92 368 374 726 000 215 318 247 5.25 4.88
K,0 0.69 038 028 037 238 2.06 104 198 062 195 037 015 431 433 1.39 2.00 1.69 1.03 0.09 074 425 177 142 173 0.80 0.76
Na,0 3.66 3.14 323 326 443 3.17 424 339 343 321 290 239 439 2.95 3.74 3.20 3.00 282 207 255 3.69 3.35 248 2.77 3.06 2.71
P,O; 033 026 033 064 018 0.69 071 066 050 070 063 025 003 004 070 0.70 0.48 0.56 0.13 047 004 061 045 0.62 0.54 0.57
Ni 13 15 17 68 8 0 0 0 0 0 49 182 15 13 0 0 0 0 24 98 10 N.A. NA.  NA N.A. 22
(ppm)
Cr 59 59 78 119 16 17 13 21 41 16 157 433 8 0 19 16 30 40 324 157 0 N.A.  NA. 13 N.A. 67
Sc 31 28 28 21 9 34 26 32 27 35 34 41 5 9 32 31 28 34 44 29 3 N.A. NA. 32 N.A. 31
\% 277 281 236 202 72 86 87 98 355 96 280 268 3 5 93 104 299 330 236 235 15 N.A.  N.A. 227 N.A. 319
Ba 202 208 263 959 588 609 388 582 467 562 367 89 905 1206 579 626 459 386 80 250 1248 N.A.  N.A. 547 N.A. 293
Rb 12 6 4 7 66 58 36 61 39 55 7 2 132 113 62 58 48 25 0 15 130 N.A. NA. 63 N.A. 14
Sr 287 302 372 480 165 247 228 221 288 221 329 263 46 93 221 247 214 256 283 381 131 N.A.  N.A. 250 N.A. 331
Zr 158 121 175 262 305 232 216 231 225 225 186 114 519 563 227 229 203 212 74 197 726 N.A.  N.A. 305 N.A. 252
Y 32 26 29 36 32 55 53 56 44 55 40 26 64 78 55 54 47 42 18 31 100 N.A.  NA. 54 N.A. 39
Nb 17 13 18 31 28 26 22 25 25 25 23 11 68 N.A. 25 25 22 23 8 17 61 N.A. NA 22 N.A. 23
Ga 20 25 20 22 17 27 23 24 24 26 19 19 27 N.A. 25 28 24 27 18 20 26 N.A.  NA 24 N.A. 25
Cu 74 66 52 108 16 17 12 26 13 42 46 83 3 NA. 21 25 15 20 23 72 10 N.A. NA. 9 N.A. 27
Zn 102 87 92 110 60 146 118 150 137 154 101 79 135 N.A. 154 152 145 138 69 118 178 N.A.  N.A. 159 N.A. 156
Pb 1 1 0 2 7 8 6 8 5 6 0 0 16 N.A. 4 3 3 7 0 N.A. N.A. N.A.  NA. N.A. N.A. N.A.
Th 3 1 3 1 7 5 3 6 7 5 4 1 18 N.A. 6 6 3 3 1 N.A. NA. NA  NA NA N.A. 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).
TRobinson (1969).
SThormahlen (1985).




TECTONISM, VOLCANISM, AND FLORISTIC CHANGE,CENTRAL OREGON

Member B. A 600-m-thik succession of A B
basaltic andesitédws, tuffaceous mudstone and 1.00

sandstoneand a discontinuous weldedftafe 4 n=17f:
correlated to member B of thehh Day erma- .
tion (Fig. 4). Fine-grainednicrophyric basaltic i
andesite is indistinguishke in hand sample and i
thin section fom the so-callettrachyandesite” O"o 0.50 -
of type member B ne&sshwood,Oregon,50 km a™N e

to the northeast (Robinsdr969; Robinson et al.,
1990). Despite altation,these alkali- and an- ®

rich lavaflows also ghibit a dose compositional N Q;:
0.00 0+—9—%0—

140

n=13

100

%

Rb PpmM

affinity to member B rocks @ble 1; Fig. 5A).
The uppermost microptic lavaflow in the cen- ! . J 40 45 50 55 60
tral and easterpart of the map area is directly 40 45$i8c2) %55 60 Si02 %,
overlain by an eastard-thiclening layer of as L, &

much as 75 m of basaltigglutinate and sca, John Day Formation. :

indicating eruption at a nearbgmt. alkali basalt (mbrs. E-F-G) % trachyandesite (mbr. B)

Tuffaceous mudstone and shaled subordi- Gray Butte Area Samples:

nate sandstonere present throughout member @ aphyric, medium grained alkali basalt (correlated to E)

B. The lacustrine mudstone and shale host t- . . . .
: ) . . i n te (correlated to B
Nichols Spring and Canal floras (Fig. Zhin B aphyric, fine grained basaltic andesite ( )

silicic and mait tephra layerssome containing
accretionary lapilliare present in the lacustrine

strata. Sandstone contains altered pumice lapi

Figure 5.Variation diagrams comparing compositions of Gay Butte mafic lavas with those
of the westen facies of the dhn Day Formation. Although the Gray Butte area samples a&
o variably alter ed, general compositional similarities ae apparent between the tw regions.
and ash shardmlcrplmc maic lava fragment; Analyses of Gray Butte aea samples & reported in Table 1 or in Obermiller (1987).The analy-
comparable to the interbéed basaltic andesite ses of the wester facies of the &hn Day Formation were compiled fom Robinson (1969),

(tractyandesite) flavs, and deitrified rhyolite Robinson and Biem (1981)and Obermiller (1987).
fragments.

Member E. The succeeding 20—75 m intar
of basaltic l&a flows and tufaceous lacustrine
facies is broadly correlat with member E of
the John Day érmation (Fig. 4). Leaflows are

aphyric hut distinctly coarser grained than mem /

ber B lava, and contain plgioclaseplivine,and L Mbr. F tuff at
subophitic titaniérous augiteAlthough alteed, " Little Willow Ck.
these rocks closely resembie,hand sample Tuff of Rodman
thin sectionand majorelement gochemistry e Spring at Rodman
(Fig. 5B),the alkali-olvine basalts thiare wide- Spring

spread in theahn Day Brmation.Although Tuff of Rodman
most distinctie of member Frocks of this com- o Spring near Gray
position ae also present in memiseE and G Butte
(Robinson,1975; Robinson et al1990). Be-

cause anwerlying tuf is correlated to a position Ab v Seom my AV4
near the base of membettifie intenal contain- 75 A5° > 25
ing alkali basaltstaGray Butte is best calated n

to member E despite thact that the Gty Butte ) ) » ) )
section does not contain the distinetithophysal Figure 6. Compaison of feldspar compositionsgetermined by electon-microprobe analy-

ignimbrites that are characteristic of this membeSis:for sanidine and plagioclase collected ém the tuff of Rodman Spring and its pesumed cor-
where originally déhed 50 km to the northeast relative tephra in member F of the dhn Day Formation.

(Peck,1964; Fig. 4). Sedimentafacies in this
intenal are comparable to those in the underlying
member BTheTrail Crossing flora (Fig. 4) is erupted neakshwood (Fig. 1) and member D is rocks.The basal tephra consists of 3—6 m ofitab
represented by seral localities within tufa-  tuffaceous strata between thes@taand mem- lar, bedded tufand ine lapillistone commonmi
ceous lacustrine shale. Sandstone contains mder E ignimbites (Fig. 4) The member D séita  overlain by 2—4 m of rgorked tephra migd with
basaltic than nolitic detritus; most fragments are appropriately subsumed into menstigor E  basaltic detritusThe tephra contains quarsani-
exhibit petrographic dinity to the interbedded where member C ylolite is not pesent. dine,plagioclaseand 1%—4% distinate orange
alkalic basalts. Member F. The next 250 m of sectioimme-  and pink pdite lithic grains (\ariably altered to
The lack of strata corresponding to merst&@r diately underlying either rhyolite of Gray Butte orclay or zeolite) andofms a conspicuous niar
and D of Peck (1964) is not guising. Member tuff of Smith Ro&, is composed of a distined, horizon. Near the southwesttent of the map
C is rhyolite lava flows and domes locgll basal &llout tuff and tufaceous sedimentary area thedll deposit is @erlain by a 5-m-thick
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TABLE 2. SUMMARY OF 4%Ar/39Ar GEOCHRONOLOGY RESULTS—SINGLE-CRYSTAL ALKALI FELDSPAR DETERMINATIONS
Location

Sample Lat Long Lithologic Unit—Stratigraphic position n* K/Ca (+20) ClIK Age (+20) Notes

number (N) (W) (Ma)

Accepted data

GS095-134 44.498°  121.156° Basal member H ignimbrite at 10 276.9+630.3 0.35 27.62+0.63
Haystack Reservoir

GS095-41 44.405° 121.113° Rhyolite of Gray Butte, 8 1.7+£0.3 0.34 28.82+0.23
basal vitrophyre

GS095-133 44.498°  121.155° Tuff of Haystack Reservoir at 85 21.0+185 0.24 29.53+0.09 Hydromagmatic-surge tuff underlying
Haystack Reservoir; sample GS095-132
correlated to lower member G

GS095-136 44.849°  120.870° Nonwelded basal member G 20 153+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)

GS095-132 44.496°  121.156° Tuff of Haystack Reservoir at 10 222+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

GS095-144 44.647°  120.969° Welded basal member G ignimbrite 17 16.3+3.5 0.28 29.61+0.10
near Teller Flat

GS095-130 44.464°  121.115° Tuff of Rodman Spring at Rodman 21 23.8+164 037 3249+0.30 Locality at third-day road-log mile
Spring, north of Gray Butte 95.95 of Robinson and Brem

(1981)

GS095-143 44.631° 120.897° Ash-fall tuff low in member F at 10 30.5+34 0.28 32.30%0.12
reservoir on Little Willow Ck.;
correlated to tuff of Rodman
Spring.

GS095-139 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)

GS095-140 44.721°  120.785° Basal member A ignimbrite, Woods 20 254+50 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

GS095-121 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

GS095-119 44.411° 121.112° Tuff of Rodman Spring west of Gray 10 0407 15.21  40.33+14.55
Butte

GS095-117 44.413°  121.111° Tuff of Rodman Spring west of Gray 10 05+0.3 3.82 46.89*6.26
Butte

GS095-118 44.411° 121.112° Tuff of Rodman Spring west of Gray 10 0.3+£0.0 7.09 60.18 £ 10.49
Butte

GS095-127 44.394°  121.153° Tuff in lacustrine facies in member F 20 05+0.7 6.42  67.66+12.28
west of Gray Butte

GS095-129 44.398°  121.146° Tuff of Rodman Spring west of Gray 10 0.2+0.1 3351 238.86+ 304.59

Butte
*n = number of crystals or crystal aliquots analyzed.

nonwelded ignimbte containing the same min stone. Rrther east the lacuste facies are less Park, 6 km south of the npearea (Fig. 1). If nogr
eral assemblage and perlitic lithic fragmefitdis common,and medium- to coarse-grained sandpeated bydults hovever, the mapped thickness of

ignimbrite thins and pinches out to the ed@ike
tephra-&ll deposits are identical to a panit in
the northern part of the study ardascribed in
the following, that we informally name the fudf
Rodman Spring. In additiothis tephra is similar
in all respects to a sligigtfiner grained tephravuo
in member F along Littl&Villow Creek,35 km
northeast of Gray Butte (Fig. 1; Robins&875;
Robinson and Bren,981,p. 51). Microprobe

stone of probable fluvial origin is morewataiant.
The sandstone contains duadance of @sicu-
lar basaltic dettus and subdalinate rlyolitic

fragments.

Member G(?). The section is gged by the
rhyolite of Gray Butte and tfi6f Smith RockThe
basal contactof both of these units ararely
well exposedbut as much as 30 m obsional re-
lief formed on the undiyting tuffaceous sedimen

analyses of feldspars from all three sites perntiary facies before emplacement of the khiayo-

the correlation (Fig. 6)and isotopic dates ob-

tained at Rodman Spring and along Litf#éow
Creek are comparablegfile 2).

The tuf of Rodman Spng is orerlain by 175
m of tufaceous sediment. Inestern &posures

these are almoskelusively white and pale green clase,and Fe-rich clinogroxene phenocrysts.

lite lavaand lydromagmatic tdf The tuf of Smith
Rock is highly altered to clageolite,and calcite.
The rhyolite of Giay Butte however, is compaa-
tively fresh and the basal péc vitrophyre re-
mains glassy and presesvplagioclasenortho-

the tuf in exposures along the @Goked Rizer ex-
tending south im the area shm in Figure 3 is
approximately 1.1 km. Geochronologic data re-
ported bela support chronostratigraphic correla-
tion of these rocks with member &though no
lithostratigraphic similarities are present (Fig. 4).

North of the Cyrus Springs Rult Zone

Members E and FMost of the aga north of the
Cyrus Springsdult zone is underlain by poorly
exposed bran, crumbly weatheringsandstone
and mudstone composedrparily of fragments
of basalt and basaltic andesiio lava flows are
found in these outcrop3he tuf of Rodman
Spring is present in the central part of tieddf

tuffaceouslaminated lacustrine shale and mas©bermiller (1987)eported a thickness of 700 m area It either does notxéend or is notxposed
sive, crumbly maroon mudstone anishé sand- for the tuf of Smith Ro& at Smith Rock State north of the area skm in Figure 3The tuf of
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Rodman Spring iswerlain by tufaceous lacus nimbrites lav in the stratigraphic section that weGray Butte This variably altered rock contains

trine shale similar tdyut thinner (~50 m)than correlate to membé. remnant phenocrysts of plagioclase and is no-
those seen at thisvel in the souther subarea. table for numerous miarolitic egies lined with
These lacustrinaéties are partly correlaéito the INTRUSIVE ROCKS quartz. Obermiller (1987) reported a rhyolitic
brovn basaltic sandstone and mudstauets to composition for this rock @ble 1)which he in-

the north and west. A variety of intrusve rocks are present in theterpreted as ava flow. The composition and

Member G. The tuf of Haystack Resenir  Gray Butte areawithin and south of the Cyrus mineralogy permit a relationship between this
comprises hydromagmatic-gier and pyroclas- Springs &ult zoneAll of the intrusive rocks can intrusion and the téibf Smith Rock.
tic-flow deposits erupted from @&nrt nav ob- be compositionajl related to wlcanic rocks in
scured beneath the Juniper Buttgatlie dome, the section. GEOCHRONOLOGY AND
located 4 km ndhwest of the aa shavn in Fig- The lagest intrusion is a composite sill and dikesCORRELATION
ure 3 (Fig. 1; Smith et all996,in press)These in the cental field area (Fig. 3) composed afé-
guartz-,plagioclase-and sanidine-bearing de- grainedaptyric basaltic andesite petrographicallyObjective
posits are only 75 m thick within the map arga b and geochemicallidentical to member B \a
have been traced to merproximal @posures flows (Table 1).The basal sill istdeast 400 m  Samples of tdfand lava were collected for
where the unit is more than 100 m thick and irthick and grades wesand into a gmarily discor-  4%Ar/3%Ar geochronology from all keels of the
cludes a welded ignimibe. dant intrusion hang a nearly north-south stek stratigraphy gposed in the Gray Butte ardde
Robinson and Stensland (1979) map John Da&lthough a dile, this latter part of the intision  original emphasis for our geochronologfoef
Formation member G as artensie unit in the also contains marshort,nested sills and perbs.  was to establish high-precision ages for the fossil
northern part of the area stioin Figure 3They  one-third of the total width of the intsion is com  floras. Havever, all of the fossil floras are located
described member G in thisaras beingmarac- posed of primarily concordantfsifioots from the in propyliticly altered strata south of the Qg
teristic of the type @a,where the base is deéd central dile. Within the inclined cross-sectional Springs éult. Recgnizing that the elcanic rocks
by an ignimbite containing unique sanidine view provided by the outcroghis intrusion did associated with the fossil floras may not yield in-
crystals jackted with ganophyric integronths  not breach the sarfe fot is oserlain by the strati- terpretable agesye also collected samplesifin
of quartz and alkalieldsparNo ignimbite con-  graphically highest parts of the sectimtjuding mary outcrops within the astern fcies of the
taining sub crystals was found during our npa  lava of member BAvailable whole-rock analyses John Day Brmation mapped by Robinson (1975)
ping. Seeral isolated outcrops of crystal-richftuf indicate that there are at leasptelifferent compo- and described by Robinson and Brem (1981) with
(G tuff in Fig. 4) containing the distingt over-  sitions ecorded in this intrsion (ble 1). Itisun  the hope of approximating the ages of the floras
grown feldspars are located in the tacentral questionably of compoundharacterbut we are by lithostratigraphic correlation to this area of
part of the map aredhe textures of these sam- unable to map distinct phases. fresher rocks.
ples suggest that theepresent pmary and re- Isolated outcrops of altered riégglutinate
worked pyroclastic-all depositsWeinterpret the and scoriaceous éccia outline agughly ellipt-  Methods
member G tuffto represent thelfout equivalent  cal,discordant feature just north of the summit of
of the member G ignimhe in an aea where the Gray Butte (Fig. 3)Although lagely obscured  Geochronological wk was performed at the
ignimbrite was not deosited. Outcrops of this beneath colluvium shed doslope from steep New Mexico Geochronology Research labora-
unit are not sdfciently widespread to form a outcrops of rhyolite of Gray Buttéhese ma€  tory using equipment and procedures similar to
marker horizon and the stiigraphic position of fragmental rocks apparently represent thil-inf those desdoed in Mcintosh and Chambier
the isolated outcrops can also be questioned heg of a \ent. This vent breccia is probably re- (1994). Rhyolitic tufs were dated by the lasker
cause of numerous nearlayfts Weinterpret the lated to the scoria and spatter fourdrtying the  sion“CAr/3°Ar technique on alkali feldspaBin-
exposures of the member @libut tuf to be uppermost member B basaltic andesiaflow  gle crystals were analyzed where phenocryst size
close to the base of the ftaf Haystack Reser- and to the lage,composite dik-sill intrusion de- permitted and smaller phengsts were fused in
voir, and haetherefore used thisttar mappable scribed abee. These groclastic deposits thien  multicrystal aliquots. Basaltic samplesr@ana-

unit as a pxy for the base of member G abruptly along stri& to the east of where the in-lyzed by step-heating groundmass conegesr
Member H. The youngest John Day#fna- terpreted ent is locted. in a resistance faace. Results are summarized
tion in the study area is a distingtiregional ig- Dikes and sills of medium- to coarse-graineth Tables 2 and 3 anayresentatie analyses are

nimbrite that defies the base of member He@iR, olivine basalt & scattered throughout the seuthshavn in Figures 7 and 8. Complete anlal
1964; Robinson et al1990).This fine-grained, ern part of theiéld areaThe sills ae diabasic in data are wilable in the GSA Data Repositéry
devitrified, and strongly spor-phase—alted ig- texture and heae an afinity to the alkali-olvine

nimbrite forms bright orangerudely columnar basalt bund in the Gay Butte section @ble 1). Results

jointed ledgs that cap mesas and cuestas withibikes of this composition are generally narro

and north of the area shio in Figure 3The dis- (1-10 m) and concentrated in and near mappedExcellent esults were obtaineddim laseifu-
tribution of the member H ignimbrite in Figure 3faults of the Cyus Springsdult zone. sion analysis of sanidinedim eight samples of
differs somehat from the representation of Two sets of riiolite intrusions are present in western &cies rgional ignimbrites and puide a
Robinson and Stensland (1979Je recognize the southern part of théefd area. Diks just much higher precision chronostratigraphic
outcrops of this unit in and near the @yBprings west of the summit of Gray Butte are petroframevork for the rgional wlcanic stratigraphy
fault zone that were not mappedyoeisly. Inad-  graphically similar to the rhyolite of Gray Butte

dition, Rob_inson and Stensle_ln(_:i (1_979_) qqdr and may represent part of themlbapic feeder. ma Repository item 984lkta tables DR1
other possible outcrops of this ignimbrite in théqr that lava flow. An en echelon series of felsic and DR2js available on request from Documents Sec-
area south of thafilt zoneThese outcropfion-  dikes trend  east-northeast-west-southweyeary GSA, PO. Box 9140,Boulder CO 80301.
ever, are of the upper of the twaltered ig- across theiéld area from a point 0.5 km west ofE-mail: editing@geosocietyrg.

Geological Society oimerica Bulletin, June 1998 767



89/

866T aunr‘una|ng eauswyo A19100S [e2160]j0a9

GS0-95-143, 6004 GS0-95-41, 6057 GS0-95-130, 6005 D GS0-95-119, 6012 E GSO-95-118, 6006'
John Day member F B Gray Butte rhyolite | C tuff of Rodman Spring tuff of Rodman Spring ) tulf of Rodman Spring
40015 104 —pfunr—o— 1 © 1 w 1 1 [ :0
mol 11 ] o TR T - 1 e 1
39xr 01'| 1 1 3 ol————— 1 r
100 7 T w T'e T Aol T E ‘l ‘ o L T T T T — T T 100
n 3
%rad 50 4 : ° Y ‘..‘0 o ©%o ] ] b 50
0 * 3 * 0 @ . ] weee o o )
1 b“ L) . ¥ A" L} A ' T o ol ° T T T
101 1 o e { Ve 1 . 1 10
KCa 1 1 1 1 ce . 1 wees o o Y
011 1 1 h h e
[
cik %011 1 1 1 F I . { g-&‘“
0.001 . F O
1 3 1 .’ (od o o 0 1
- ?" S ' b 3 r r .
32.32 59.4
31.8
Relative
probability 33.64
32.49+0.30 \, 35.95 60.2+10.5
e \\.¢”--‘§“\‘ p——i
32 34 36 50 100
Age (Ma)

Figure 7.Age-probability distr ibution diagrams for 4%Ar/ 3%Ar laser-fusion daa illustr ate
variations in precision and accuracy amongesults from various samples. Data fom indi-

cise indvidual crystal age analysedarge signal sie, high radiogenic yield, high K/Ca, and
low CI/K. The distribution of ages is nearly perfectly Gaussian. (B and C) Modately precise

vidual analyses ae plotted as dotsblack if used br calculating mean ages and white if ex- results from two samples fom the Gray Butte area. Note modeately well-grouped,variably

cluded. Upper panels sha moles3?Ar, radiogenic yield K/Ca, and CI/K plotted vs. age.Age
uncertainty (x10) for each analysis is shan in uppermost panel. Laver panel shavs cumu-
lative probability curve (Deino and ptts, 1992). Note thathe scale of ge (horizontal) axes
varies among samples. (A) High-pecision results from unaltered single cystals of sanidine
from John Day member F-outside of Gray Butte study area. Note the tighty grouped,pre-

precise indvidual analysesyariable radiogenic yields,and slightly elevated CI/K r atios. De
tails are discussed in the td. (D and E) Roor results typical of highly altered samples fom
the Gray Butte area. Note smalf°Ar signal sizes low radiogenic yields glevated CI/K ratios,
highly scattered individual ages of indvidual crystals, and geologically uneasonably old
mean ages.
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than is possible usingisting K-Ar dates sum-
marized by Robinson et al. (199These results
are characterized by tightly grouped ages of indi-
vidual anayses,high radiogenic yieldshigh
K/Caaluesand lav CI/K ratios (Bble 2 Fig. 7,
and Table DR1 [seedotnote 1]). Mean ges
range from 39.25 Ma to 29.57 Mag Bncertain-
ties are generally +0.3%-0.6%hese Ar/3°Ar
results are from westeradies ignimbtes.

Of the 15 samples from the Gray Butte area,
only five (including thee samples &m the
Haystack Reseoir area north of Fig. 3) yielded
accurateé’OAr/3°Ar age determinationgnortho-
clase from the basal vitphyre of the riyolite of
Gray Butte (GSO95-4Fig. 7B) yielded a rela-
tively precise meange of 28.82 #).23 Ma. Ex
cluded from this calculated mean age a@gig-
nificantly younger analysegrobably reflecting
postemplacement alteration (Fig. 7Bhd fve
unreasonably old (>50 Ma) agaésapparently
due to xenocrystic contamination (not skio in
Fig. 7B,but included iriTable DR1 [seedotnote
1]). A less-precise weighted meageaof 32.4%
0.30 Ma vas obtained from sample GS095-130
of the tuf of Rodman Sping, for which indvid-
ual analyses yield sombat scattered agesri-
able radiogenic yieldand slighty elevated CI/K
ratios (Fig. 7C)These results anattriluted to al
kali feldspar alteratiorgs also indicated by thin
section obsestions.

40Ar/3%Ar analysis of alkaliéldspars from the
remaining six samples of fufrom the Gray
Butte stug area yielded My-precision mean
agesmost of which are geologically unreason-
ably old (Table 2). Efiects of progresse alter-
ation of these alkalieldspars include smafAr
signal sies,low radiogenic yielddow K/Ca ra-
tios,and high CI/K gtios (Fig. 7D and E).

Step-heating analyses ofiea basaltic gund-
mass concentrate samplealfle 3,Fig. 8, Table
DR2 [see footnote 1]) also skavidence of sig-
nificant alteation. Without exception,the age
spectra are highly disturbed andrééow radi-
ogenic yieldselevated CI/K etios,and intgrated
ages that are geologically unreasonably old (Fig.
8A). Although some of the basaltic groundmass re-
sults form reasonably well correlated isochrons
with high#%Ar/38Ar intercept alues characteristic
of excess*™Ar (Fig. 8B), mary of the isotiron
ages hee low precision or hee apparent ages
younger than theverlying, precisely dated 28.82
+ 0.23 Ma rlyolite of Gray Butte Although alkali
feldspar and basalt samplesrevnot suficiently
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Isochron age = 26.7 £ 0.6 Ma

40Ar/38Ar intercept = 324.4 £2.6
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characterized to fully understand the nature of their

alterationijt is likely that the process caused loss of

potassium and inease in chlorine andapped ar- Figure 8.4%Ar/ 3%Ar step-heating results br groundmass concentate from one basaltic sam
gon components. Itis poskelthat the 25 to 29 Ma ple from the Gray Butte study aea. (A)The age spectrum is swngly discordant,with generally
isochrons ages of some of the samplegnefiect low radiogenic yields and an intgrated age that is geologically ureasonably old. (B)The data
the time of altaation,although the mdmnism for form a reasonably well-dghed isodron with an4CAr/ 3¢Ar inter cept indicati ve of significant ex-
this efect is not knan. cess'Ar. MSWD is mean squae of weighted deiates.
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TABLE 3. SUMMARY OF REJECTED “°Ar/?°Ar RESULTS FOR GRAY BUTTE AREA BASALTS AND BASALTIC ANDESITES

Location
Sample Lat Long Lithologic unit — Stratigraphic Position Analysis n* MSWD “0Ar/36Ar (x20)  K/Ca Age (+20)
number (N) (W) (Ma)
GS095-114  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+£40
GS095-116  44.397° 121.156° Aphyric basalt in member E, north of Gray Butte Total gas 10 0.03 40.8 +21.7
Isochron 10 17 301.9+6.4 294+46
GS095-122  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 3105+ 3.4 25322
GS095-126  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 £2.6 265+0.8
GS095-124  44.425° 121.114° Porphyritic basaltic andesite in member A, north of Gray  Total gas 9 0.20 541+6.8
Butte
Isochron 9 7.6 312.7+ 3.6 42.3+0.8
GS095-115 44.396° 121.152° Aphyric basaltiic andesite near midlle of member B and  Total gas 9 0.42 76.7+94
above site 114, west of Gray Butte
Isochron 9 15 3244+26 26.7+0.6
GS095-123  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.
Inter pretation 1987; Bishop1989). Obermiller (1987) also re- cies member E at 32.533t20 Ma (Table 2;

ported Miocene Wwole-rock K-Ar ges for the tff sample GS095-139%t Gray Butte the mem-
Although only a fev readily interpretable dates of Smith Rock and a basaltic andesitalaear ber B basaltic andesite and member E alkali
were obtaineddr rocks in the Gry Butte stug  Gray ButteThe disturbed riare of the ste-wise basalt underlie the ca. 32.5 Maftaf Rodman
areathese data corroborate the lithostratigraphifuision spect for the Gray Butte basalts andSpring.A permissve interpretationtherefore,
correlations between the Gray Butte stratiggaphbasaltic andesites syegts the liglihood thapre- is that member B at Gray Butte ranges in age
and the principal westeradies outcrop are@he  viously reported whole-rock K-Ar dates do nofrom about 37 or 38 Ma to perhaps 34 Ma,
tuff of Rodman Sping, physically and minedog- represent gstallization ages for thesecks.We  member E strata are about 34 to about 32.3 Ma,
ically similar to a tufnear the base of member Fwere unable to separate unatkelkali £ldspars and the tufaceous strata of member F are 32.3
along LittleWillow Creek (Fig. 6)is also compa- from the tuf of Smith Ro&. JoseplVancehow-  to 29.6 Ma.
rable in age (@ble 2,Fig. 7,A and C; samples ever, obtained zicon fssion-track dates of about The lithostratigraph and isotopic dates,
GS095-130 and GS095-143). Samples collect&® +3 Ma for this rock unit (Vance, 1996,per- therefore,permit correlation of the sections
at Rodman Spring apparently contain opula-  sonal comman.) and Robinson et al. (1990) mennorth and south of the Qys Springsdult zone
tions of sanidine; one has a mean age of 33.8@&itned a 30.8 H.5 Ma K-Ar age for which data in the Gray Butte @&a to the westeradies of the
0.08 Maand the other has an age of 32.3630  are not reported-hese data are consistent with thddohn Day Brmation described by Peck (1964)
Ma (Fig. 7C)Although we beliee our sample to assignment of the rhyolite of &r Butte and téf and Robinson et al. (1990) (Fig. Zhe Gray
be from primary dll depositsit may represent a of Smith Rock to the John Dayifnation. Fur- Butte section is thker, especially in the her
slightly revorked intenal containing detrital con- thermorethe age of the glolite of Gray Butte is part,than the correlate strata in the primary
tamination from older tephr@he apparently cor- consistent with its satigraphic assignment to western &cies outcropd-he signifcance of this
relatve member F tidfhas a single population of member Gand we propose that such an assigrthicker section is consided in the 6llowing.
sanidine that is 32.31@&07 Ma (Fig. 7A) and is ment is alsogasonable for the fuff Smith Rog.
indistinguishéle from the young crystal popula  Although the mat volcanism that formed FOSSIL FLORAS
tion in the tuf of Rodman Spring. Feage deter- the John Day érmation may not hae been
minations for the tdifof Haystack Reseoir are isochronous wer lage areassome inferences Methods
statisticaly indistinguishale from four determi- about the age of Gray Buttevis might be
nations on the dafitive basal member G ig- made by comparison to other dated rogtsst We studied iive successk fossil floras in the
nimbrite (Table 2)hence supporting the use of theof Clarno (Fig. 1) a single member B basaltisequence at Gray Butt&ings Gap,Sumner
tuff of Haystack Resenir as locally dehing andesite rests ake paleosols werlying the Spring,Nichols SpringCanal,andTrail Cross-
the base of member G lithostratigraphically andasal membeA ignimbrite (39.2 Ma) and is ing (Fig. 4). Each of thesofas includes lees,
chronostratigraphically (Fig. 4). approximately 120 m belo a tuf dated at winged fruits,and seeds psered as impes-
Anorthoclase separated from the basabvitr 38.20 +0.06 Ma (Bestland and Retallack,sions in shale or siltstonAbout 51 genera and
phyre of the rilyolite of Gray Butte yielded ange  1994a; Bestland et all997). In the same area,55 species are recognized colledii in the fos-
of 28.82 #0.15 Magdisputing the midle Miocene an alkali basalt flv overlies a 33.62 .19 Ma  sil floras of Gray Butte @ble 4). Species were
age preiously ascribed to thisva (Obermiller  tuff. We dated an ignimbrite in the westema f identified through comparison withx&nt taxa
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TABLE 4. GENERIC COMPOSITION OF FOSSIL FLORAS OF GRAY BUTTE

and with bssil taxa fom othefTertiary fossil lo-
Kings Gap Sumner Spring Nichols Spring Canal Trail Crossing

calities. In paticular, comparisons were made
with collections thacontain otherlbras of the Acer X X X X

L . . Ailanthus X
John Day Brmatlon,lncludnjg Bridge Crgek s X 0 X X X
(based on assetalges at Bssil,Iron Mountain,  asterocarpinus * X
Gray Ranchand Rinted Hills; 32—-33.5 Ma; lgeckemspefmum X «
Chang, 1927 Mcintosh et al.1997; Meer and - Cagra x X
Manchesterl997) andVhitecap Knoll (ca. 38 cinnamomophylium X
Ma; Bestland and Retallkc1994a),and with gg{”‘l’: X «
floras of the Clamo Formation (West Branch c,agegus X X
Creek andWhite Cliffs assemlages; ca. 44 Ma; Cruciptera X8
Manchester1990) (Bbles 5 and 6). Leaf-mgin ~ Decodon " X
analyses were performed on each flora tovarri pjpteronia X
at an approximation of paleotematre (BRble Euwmm/& X « «
7). We used the simple correlation reported by’ X
Wolfe (1979; alsVing and Greeneod,1993)  Ginkgo X
between percentage of dicotyledonous speciditseaphyllum . X
. . . Macginitiea X
with entire-magined (not semated or lobed) panonia Xk ek
leaves and mean anmnl tempeature (MAT)  Metasequoia . X X
: . Palaeocarya X
based upon modemesic forests dsia: Palaeophytocrene X X
Picea X
MAT (°C) = 1.14 + (0.306) ,5}"?5 _ « X
x (percentage of species with eetir (1) paanie X X X
magined leaes). Pteris X
Quercus X X X X
L . R X
In recent yearsnultivariate techniques a sggio,-a X
been applied to assess paleoterapees from  Toxicodendron » X
the combingion of various leaf haracters Jim X X X
ers 13 11 3 1
(Greenwod,1992; Wife, 1994,1995).These Total 21 28 17 14 4

studies continue to support the importance C *asterocarpinus fruits have not been recovered from Nichols Spring; however, leaves of Paracarpinus,

the entire magined leaf percentage as one obelieved to represent the same plant, are common.

. TSeed illustrated under the name Picea in McFadden (1986, Fig. 4.4).
the best caelates with mef’"n_aual tempea- . SFruitillustrated as Tetrapteris-like in McFadden (1986, Fig. 4.15).
ture. Other leaf characteristics commonly in #Leaves illustrated as Platanophyllum in McFadden (1986, Fig. 3.7).

cluded in the multiariate ana|yses are much *Leaves of Mahonia from Sumner Spring and Nichols Spring represent different species.
. . Endocarps of Palaeophytocrene from Kings Gap and Nichols Spring represent different species.
less well correlated with MAand may intro-  ssgit jllustrated as Engelhardia in McFadden (1986, Fig. 2:6).

duce unnecessary noise to the calculation « *Leaf illustrated as Zelkova by McFadden (1986, Figs. 3 and 10).

temperature. Recent comptve tests on mod-

ern \egetation samples inditathat unvariate

leaf-magin analyses prade more precise es gined,suggesting a mean annual temperature of Genera of the Sumner Spring flora shared by

timates of MAT than multivariate analyses about 15.5 °C @ble 7). the ClarndNVest Branch Creek athite Cliffs
(Wilf, 1997). Sumner Spring Flora. The Sumner Spring floras tut not with the Bridge Creek flora include
flora, located in lacustrine shale about 200 mAilanthus Eucommiaand Macginitiea(Table 6).
Descriptions and Rileoclimatic above the Kings Gap florais the best knwn  With the eception ofMahonia broad-leaed
Inter pretations of Floras flora of the Gray Butte area (Ashwilll983, evergreen taxawhich are common in the Clarno

1990; McFadden1986). It has about 28 speciesformation,appear to be absent in the Sumner

Kings Gap Flora. The Kings Ga flora,lowest  including three conifer$nus Picea Sequoig ~ Spring flora. Components of the Sumneriggpr
in the sequence withithdod-plain siltstones and one monocotand 24 dicotsthe most common flora shared with the Bridge Creek floratimot
shales of membek, contains lager leaes than of which areMacginitieg Alnus Quercus and  known from the Clarno localities ih@eCedela,
are found at higher localities. Common elemeniSruciptera. Although originally considered to be Acer canei Acer oligomedianurpand Bedkeros-
includePlafkeria, UImus Cornus and some oth an example of the Clarno flora because of thggermum(Table 5). Havever, some otherltarac-
ers that remain unidenigfd. Kings Gap genera presence oMacginitiea (Platanophyllumin  teristic Bridge Creek elementgjch adVetase-
that may be marded as holdeers from the some older liteature),McFadden (1986) noted quoia, Astepcarpinus Crataggus Rosa and
Clarno flora includeAlnus Cornus Deviacer that the assemblage is intermediate in compostagus are not knevn from the Sumner Spring
(Manchester1994),Ginkgo(Scott et al.1962; tion between Clarno floras and the Bridge Creeftora. At least eight of the Sumner Spring genera
Manchester1981),Palaeophytocene Ulmus  flora. The Sumner Spring flora appears to repreaccur both in the Clarno and Bridge Creek floras:
andTinospoe. This flora difers signifcantly in  sent an important floristic transition duringPinus Alnus Florissantia Crucipteia, Mahonig
composition anddiiar physiognomy from the which some genera of the ClarnarfRation per- PalaeocaryaPlatanus UImus
succeeding floras and appears from leaf physiogisted (&ble 5) as ne taxa appeared éble 6) Although \arious genera of the Sumner Bgr
nomy to epresent the armest of the Gay Butte that were to become impant constituents of flora are shared with the Clar and/or Bidge
assemblages; 47% of its species are entire méhne Bridge Creek flora. Creek florasthere are dferences at the species
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TABLE 5. DISTRIBUTION OF “CLARNO GENERA” AMONG GRAY BUTTE LOCALITIES

Trail Crossing

Kings Gap Sumner Spring Nichols Spring Canal

Ginkgo

Deviacer
Tinosporeae
Palaeophytocrene
Macginitiea
Ailanthus
Cruciptera
Eucommia

X X X X

X X X X

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

Kings Gap Sumner Spring Canal Trail Crossing

X

Nichols Spring

Beckerospermum
Metasequoia
Fagus

Rosa

Cedrela

Craigia
Asterocarpinus
Toxicodendron
Crataegus X

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

X
X

*

XXX XXX X

level. The extinct sycamae, Macginitieg is repre-  parent lack oMacginitieaandAilanthusand by
sented byl. angustiloban the Clarno Brmation, the presence @@raigiaandRosa

but by M. whitneyi in the Sumner Spg flora,the Seeds of spice Piceg are knavn only from
latter being distinguished/Ishallaver sinuses be- this level of the Gay Butte sequencalthough a
tween lobes of the leaf (Malnester1986).Al-  seedifgured as’iceaby MacFadden (1986ig.
though fowers of the rtinct steculiaceous ghus  4-14) is actuallyCedela, other seeds va been
Florissantiaare present in the Claw, Sumner recovered subsequentthat correspond ®icea
Spring, and Bridge Creek floraghe Sumner (e.g.,UF283-21852)JThe presence &ficeasug-
Spring populdon represents a distinct speciesgests a tempate climate. Leaes are smaller
The Sumner Sprg species; ashwillii, has flov-  than those in the Kings @assemblagand the
ers less than one-half the diametdr. gpeirii, the  percentage of entire-ngined le&es is only
species lsaracteristic of Clawo and Bidge Creek
assemblages (Manchest992) Winged fruits of
the etinct juglandaceousegusCrucipteta (fig-
ured asletrapterisby McFadden,1986),also ap- flora, approximately 100 m alve the Sumner
pear to represent a distinct specié®e unnamed Spring flora in lacustne shalerecords the int-
species from Sumner Spring has fruits one-third uction ofMetasequoiaCratagyus Fagus(all
one-half as laye as those @ruciptera simsonii  taxa characteristic of the Bridge Creek flogaid
the common Clarno species (Manchedt®91). Carya and the apparent loss dfilanthus
Eucommias represented by a single fruit from theMacginitieg Cruciptera, PalaeocaryaandFlor-
Sumner Spring florayhich, because of its lge
size,appears to represent anngpecies distinct
from the Clarno representaj E. montangCall
and Dilchey1997).

The Sumner Sjmg flora is most similar in
composition to th&Vhitecap Knoll florawhich
is found abwe a member B basalt near Giar
(Bestland and Retallec1994a). Shad taxa in
cludeAcer, Cruciptera, Platanus Palaeocarya
Florissantia ashwillj Quercus Mahonig and about 7 °C (&ble 7).
EucommiaMetasequoias not knavn from ei- Canal Flora. The Canal florahigher within
ther assenlbge (regamination of the specimen member B (lg. 4),is in lacustine shale contain
reported as a cone bfetasequoidy Bestland ing mary taxa typical of the Bdge Creek flora in
and Retallack [1994a] vealed it to be an inde- other areas of theolin Day Brmation (e.g.,
terminate structure lacking cone scal@¥)e Pteris silvicola MetasequoigAlnus Crataegus
Whitecap Knoll flora difers,however, by the ap- Decodon Toxicodendon, Astepcarpinus Rosa

about 7 °C (@ble 7).
Nichols Spring Flora. The Nichols Spng

to that from the Bridge Creek flonahereas that

species occurring in the Clarnorfhation.The
leaf-magin analysisincluding 18% entire mar-
gined leaes, is the same as thaf Sumner
Spring,suggesting a mean amal tempeature of

772

Platanus Craigia, Cercidiphyllum Acer). Meta-
sequoiawhich is relatvely rare in the Nichols
Spring flora,is a dominant constituent is lo-
cality. The composition supports correlation with
the Bridge Creek flordhe dversity of the Canal
flora is relatvely low; only 13 species aiknavn.
The leaf-magin analysisjncluding 16% entire
mawgined leaes,indicates a cool climate with a
mean annal tempeature of about 6 °C. Ko
ever, the magin percentage is based only on 10
dicotyledonous species of 20 the uncéainty

is in excess of 50% (\iife, 1997;Table 7).

Trail Crossing Flora.The Trail Crossinglora
of member F is similar in composition to the
Canal floraAlthough collections from thérail
Crossing a too lav in diversity to piovide a
good basis for comparison with other florthe
four taxa recwered to this pointFagus,Alnus,
Acer Quercug are consistent with contied
temperate sgetation lile that of the Canaldra.
The lover diversity may be related to the neor
limited outcop area and smalleumber of spec
imens obtained ém this flora.

These obseations suggest that much of the
vegetational change that distinguishes Eocene
and Oligocene floras in the€lific Northwest oc-
curred during the time inteal of deposition of
the upper pdrof membeA in the Gay Butte
vicinity. The Kings Ga and Sumner Sing flo-
ras share the most taxa with Glarfloras,and
the Sumner Spmgs flora contains taxa also
found in typical Bridge Creelqut not Clarno,
floras (Tables 5 and 6).

STRUCTURAL GEOLOGY

18%,indicating a mean annual temperature of

The Cyrus Springsafilt zone is the dominant
structural feature in théeld area (Fig. 3) and is
named for springs along and near the zone,
which have identities that deve from a pioneer
settler Omar CyrusThe fault zone dvides the
area into tw structural domains. Strata south of
the fault form a roughly south-dipping homo-
cline (20°-35°)whereas those to the north are

issantia, which are common in the Sumnerbroadly folded into a nén-northwest—trending
Spring floraThis flora includes about 16 speciesanticline interrupted by locamoderate north-
The species dflahoniafound here corresponds westward dips near the fault zone (Figs. 3 and 9).

The fault zone is about 800 m wide and consists

found at Sumner Sprg corresponds to the primarily of faults striking N45°-60°E. Some

faults in the southeastepart of the ane change

to an east-west orientation across the center of
the feld areaA 150-m-wide zone of brittlely
sheared rockrending N45°Ejs located adja-
cent to thedult strand that indicates the greatest
offset. This brittle shear zone is composed of
highly fractured and méd rock typesyhich are
not assignable to a specilithostratigraphic unit
(Figs. 3 and 9)and ehibits an anastomosing
fracture clesage parallel to the fault trace and
dipping 75°-90horthwestThe apparenterti-
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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 ~325 ~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°
(€)(0.306) + 1.148
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.
fFrom Meyer and Manchester (1997).

SFrom Wing and Greenwood (1993).

#From equation 4 of Wilf (1997).

cal displacement agss the dult zone is about relatively thick, locally erupted member G faf DISCUSSION

1.2 km juxtaposing rocks assigned to member from opposite sides of the fault zone suggests

against those of member G. None of thelfs strike-slip displacement inxeess of the 7 km

cut Pliocene and Quaternary deposits;, are  width of the study aredhe reionally extensve  Tectonic andVolcanic Setting

they expressed to the southwest within the uppanember H ignimbrite is also not kwa to be

Miocene—laver Pliocene Deschutesifation present aywhere to the south of the fault zone. The Gray Butte areaveals seeral important

(Smith et al.jn press). Also notable is the lack of intrusions or intensénsights into deformation analcanism during
A pair of west-northwest—east-northeast—strikhydrothermal alteration north of thauit zone. John Day Brmation deposition and othese

ing faults apparently intersects the @ySprings ~ Facies distbutions suggest déral offset processes fdcted the preseation of the impor-

fault zone near the eastedge of the stycarea. across thedult zone. Lacustrine tbifind tufa-  tant fossil floras found therThe volume of intu-

These &ults terminate against a northeast-strikeeous mudstoneverlying the tuf of Rodman sive rocks in this aa is unpecedented among

ing fault that parallels the Cyrus Springs zoneSpring south of thealult thin eastard from at previously studied aas where the John Day

Highly fractured gposures of the basal membeleast 100 m to a pimout. North of thedult, Formation crops out and sgests that this area

A ignimbrite ehibiting slidkenlines near this about 20 m of lacustrinaéies @erlies the tufof ~ was part of a major mideftiary eruptie complex.

termination indicate that the northwest-trendingRodman Spng in easter exposures tt both the The Gray Butte areaas located near the himg

faults hare a left-laeral, reverse separation. fallout tephra and the lacusie deposits disap- of a west-tilted basin during deposition of most of

Faults haing similar noth-northwest trends are pear to the west and norffhese relationships the John Day érmation strata (Fig. 10). Strata

present adw kilometes north of the studarea would be consistent with ggal offset of a lak-  correlatve to member# and B are four times

(Smith et al.jn press)where thg also &hibit maigin facies boundagralthough because the di thicker at Gray Butte than where the westesn f

left-lateral strile-slip sliclenside striations. mensions of this lakare not knan, it is impos  cies of the John DaydFmation is dehed 30-50
Numerous diks,some too naow to illustrate  sible to detenine the mgnitude of laeral km to the northeast (Fig. 4gflecting subsidence
in Figures 3 and @&re found within and pallel  displacement. in this previously unrecognized basiithe &-

to the Cyus Springsdult zone. Most of these  Rocks &posed south of the Qys Springs panded section contains a greater proportion of
dikes are brittlely sheared and altermad all of fault zone ehibit marked stratigraphic thign- sedimentary rocksn contrast to the dominance
them bear strong resemblance to the sills arad laing toward the west (Fig. 10This efect is most by ignimbrites and l& flows in the type western
flows of alkali basalt thzare also found in the notable in strata assigned to mens#eand B  facies (Fig. 4). Subsidence of the basks essen-
map area. Mercuryxgloration ecavations in and diminishes upsection. aflows in mem- tial for the deposition of sita that host the @y
the centralitld area indicate intrusion of @ik bers B and E are more numerous and #ritk  Butte floraswhich are not generally kam from
along \ertical, east-west-strikingalults south of the west and the ignimite in member B and the other laver John Day érmation sectionsThe
the main naheast-siking faults. ignimbrite within the tufof Rodman Spng are  structural nature of the @y Butte basin is ulear
Lack of stratigraphic continuity from north to restricted to wstern gposuresWe interpret because it is lgely obscured beneath late Neo-
south across the sty@rea supports a compo these stratigraphic relationships to indécthat  gene il of the Deschutes basin. Gity data sug-
nent of strile-slip displacement along the Cyrughe area tilted denward to the west during dep- gest the presence of a basin to the soeswf
Springs &ult zone. Only the téifof Rodman osition of the John Daydfmation and that tilting Gray Butte that isifed with more than 0.5 km of
Springs can be cmlated across thauflt. The was most acte during deposition of memtssh  sedimentary deposits (Couch et 4982) of
tuff of Haystack Resenir, erupted from the and B,but continued until at least deposition ofwhich no more than ~200 m is &k to be
Juniper Butte erupte centeris at least 75 m member FA preponderance of south-southwesbeschutes éfrmation (Smith1986). Because the
thick within the Cyus Springsdult zone btis dips in membeA and B stratain contrast to estimated thickness dfifwas calculated using a
not present to the south of the zone.duilse, south and south-southeast dips in younger strf2a3 g/cm reduction densitythe basin could be
the tuf of Smith Rockwhich is at least 700 m (Smith et al.jn press)js consistent with super- considerably deeper if it contains a sigraht
thick near Gray Buttds navhere present to the position of a ~25south to south-southeast tilt onproportion of laa flows and lithifed and altexd
north of the &ult. The mutual gclusion of these an earlier 4°-5fvest tilt. sedimentary rocks l&kthose seen at Gray Butte.
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or 6 North-south commrssion hasharacterized
%/ o the regjion east of the Cascade Rargjnce &
°0° least middle Miocene time g, Barrash et al.,
1983; Hooper and Coey, 1989). olds in the
John Day Brmation,about 200 km east in the
Blue Mountainsjndicate northwest-southeast
compression dimg Oligocene time (Bher
1967; Robyn and Haer, 1982; Walker and
Robinson,1990). In such a stressgime, re-
---------------------- verse-sense motionauld be anticipated on the
Cyrus Springsdult zonewhereas xension is
implied by the steeply northwest-dippirapfic
in the shearane.The preponderance of east-
west—striking diks is also inconsistent with
north-south or ndhwest-southeast congssion.
Dikes Alternatively, the arrangement o&dilts in the
. study area is consistent with treerhation of a
hyolite (~ 29 Ma) conjugate pattern of oblique-slip structures and
. implies detral motion on the Cyrus Springauit
Alkali basalt (282-33 Ma) zone (Fig. 9). Our sitigraphic obsestions are
. consistent with sike-slip displacemerflthough
7] Trachyandesite (~ 34-387 Ma) we have not obsered ary kinematic indicators
along the gmary east-ndheast—tending &ults
of the Cyrus Springsbilt zoneleft-lateral motion

Figure 9. Faults and dikes (some widthseaggerated) in the Gay Butte area. Large arrows IS indicated by slicknline orientations along the
denote east-northeast-west-southwest congasion consistent with conjugate oblique-slip faults conjugate northwest-trendingufits.The north-
(of which the dextral Cyrus Springs fault is the most signi€ant), presence of east-@st normal  €astvard change in trace of thault zone from
faults, east-west orientation of most diles not associed with faults, and the north-north- ~ N45°E,in the narravest,most strongly sheared

west—plunging anticline in the nothern part of the map area. part of the zoneto N60°E would represent a
transtensionalaleasing bend tha&ould &plain

the numerous dés intruded in theafilt zone and
the presence of east-west-trending nornalt$

The Cyrus Springsafilt zone is coincidenip  represent mid-@rtiary reactration of this older in the southern part of the zoWgith the excep-
location and trendyith the Klamath—Blue Moun- structureThe lack of later Neogene motion hagion of the lage basaltic andesite @ikvest of
tain gravity lineamentjnterpreted by Riddihough caused much of this feature to be obscured b&ray Butteall other diles in the stuglarea are ei-
et al. (1986) to be a majdate Mesozoic strié&- neath youngeralcanic and sedimentacover.  ther along dults or are oriented parallel to a pos-
slip fault (Fig. 11).The lineament bounds theIn light of the obserstion that the &ult was not tulated east-northeast—west-southwest compres-
southern main of the enigmatic Columbia Em- previously recognized at Gray Butfefure map- sive stressThe open north-northwest—plunging
bayment and tmcates gnaty anomaliesdrther  ping may reeal that thedult zone continues to anticline north of thedult zone (Fig. 9) is also
southwest in the southeOregon Coast Rargy the northeast. consistent with this stresgime.
and adjacent continental sh@lhe lineamentpar ~ Westward tilting of the hinged Gray Butte This alternatie interpretation of east-north-
allels the topgraphic front of the Blue Mountains basin predated soutland tilting and uplift along east—west-southwest compression is eopto a
in northeastern Ogen and may be related tothe Cyrus Springsfilt zoneThe alundant alkali  previous interpretation of north-south or north-
northeast-trendingafilts that cut Eocene andbasalt diles in the Cyrus Springadlt zoneput ~ west-southeast congssion. Fuher stug in the
Oligocene rocks in the southern @ua Cascade paucity of recognizable older basaltic andesiteegion is required to determine whether this dis
Range (Velker and MacLeodl992),but other-  dikes within the ane,suggest that thea€llt zone crepany results from temporallyarying stress
wise is not associated with mappedacefstruc- may not hae been an aate structure during dep- or differential strain partitioning in this smalkear
tures. Riddihough et al. (1986) speculated that thusition of the laver John Day &rmation strata. within an as-yet poorly defed reyional stress
lineament is a degestructure along which coast- The age of the alkali basalt diis unknan,but  regime. The change at Gray Butteofn west-
parallel displacements mayesccurred in Cre- lavaof this composition is present in members Ejown tilting to uplift along natheast- and east-
taceous time. Because Mesozoic plutons in tHe and G,which range from about 28 to 33 Mastriking, probable oblique-slip sictures sug-
Blue Mountains yield paleorgaetic data inter- (Fig. 4). Uplift of the egion south of the Cyis  gests completempoal variation in debrmation
preted to support 665f post-Early Cretaceous Springs &ult zone may hee commenced folly-  at a local scale
clockwise rotation (Wson and Cox1980),the ing deposition of lacustrine strata thaedie the Paleomagnetic results from the Eocene Clarno
fault postulated by Riddihough et al. (1986) to cauff of Rodman Spring (ca. 32.5 Ma) and prior td-ormation east of Gray Butte indicate 15&%°
incide with the gavity lineament could guably  extrusion of the rhyolite of Gray Butte (ca. 28.89.5°of clockwise rotation (Gromme et d@986)
have been oriented nearly north-southd hence Ma) in order to accounbf the minor epsional and considerable (e.gip to 30°) diferences in
parallel to the continental ngin, in late Meso- disconformity at the base of the rhyolitgdaAl-  declination for sites located within anfdilome-
Zoic time. kali basalt could hae been intruded into thedlt  ters of one anothéiells and Heller (1988) inter-

We interpret the Cyrus Springadlt zone to zone during this same time period. preted the modest clockwise rotation tediaeen
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caused by northavd-diminishing gtension in the West
- . . ast

Basin and Rargyduring Neogene tim&hereas 1.3 km

Gromme et al. (1986) belied that the rotation

must hae been accomplished lmeé 15 Ma and S

was related primarily to Eocene—Oligocene e 2

tensionto which the wlcanism that formed the |+

Clarno and John Dayofmations may be liréd.

Synchronous Clarncofmation rotation could ac- ffrﬁ salttephra

count for lage dispersion in declinations in the i i I—— Ui

paleomagnetic datalthough this feature of the w L

data set could also reflect inadequatraging of

secular wriation in rapidly cooled®canic rocks.

If the rotation vas lagely during Neogene time,

then the principal compressistress erisioned

during mid-Tertiary actvity on the Cyrus Springs 500 m

fault zone and related structureasnoriented

|

L

NNNNN)

IR

LN
A

NN

H alkali-olivine
basalt

northeast-southwest (N68°L0°E).Alternatively, ] T [m]]basaltic andesite
in the interpretation of Gromme et al. (1986 (trachyandesite)
present orientation of thadlt zone may be little ash-fall and thyolite yolite m gz:g;)i(trétlc basaltic
different than that during Oligocene time. hydromagmatic tuff ighimbrite lava flow

Verplanck and Duncan (1987) calculate-F
allon—NorthAmerica conergence ectors for
the latitude of southern Ggen. Their model Figure 10. Correlated stratigraphic sections compiled fom map cross sections illustating

shovs an @erall decrease in cuargence rate  abrupt eastward thinning of units. Letters refer to interpreted Jbhn Day Formation westem fa-
duringTertiary time and a gradual change in thecies membes.

relative-corvergence ector from N60°E at 45
Ma to N20°E at 5 Ma. Dikazimuths in the Cas-
cade Range suggest a progressihange in temperate Bridge Creek floragiles 5 and 6).  Floristic and plsiognomic compasons indi-
maximum principal stress direction from eastThe Kings Gap and Sumner Spring floras shamte important changes atawevels within the
west at ca. 22 Ma to north-south since 5 Mtéhe most taxa with Clap Formation floras. sequence at Gray Butti) between the Kings
(Sherrod and Pickthorii989) that parallels a Kings Gap does not ihede aly Bridge Creek Gap and Sumner Spring floras and (2) between
counterclockwise change in the sergence flora constituents (taxa present in Bridge Creethe Sumner Sjpmg and Nitols Spring floras.
vector Between 20 and 35 Ma theator orien- flora but not in the Clamo flora),but Sumner The frst of these is pisiognomic and floristic;
tation was &irly stable at NA0°—45°Eftera 18 Spring does. In pceeding upsectiomore tem-  the second is oyffloristic.
swing tavard the north and decrease in magniperate genera enter the plant camity and it Physiognomicallythe only signicant change
tude from 9 to 6 cm/yr be®en 40 and 35 Ma. appears reasonable to consider the Canal assésnobsered between the Kings Gap flora (high
The decrease in orthogonal wergence may blage to be a member of the Bridge Creek flora ggoportion of entie magined dicotyledonous
have contrituted to widesgrad magmatism in it is knowvn from other areas. leaves; 9/19; 47%) and the Sumneriggrflora
Oregon at this time @ylor, 1990) and the tec  Although the dan redwood Metasequoipis  (leaf-magin percentagel,8%—20% entire mar-
tonic subsidence of the Cascadgcanic arc known from middle Eocene time in northerngined dicotyledonous leas). Rurtially, this may
(Priest,1990). Washington and Biish Columbia (Shorn and reflect biases due to @#frent depositional set
If during part or all of the time been 20 and Wehr, 1996),its immigration into north-central tings. The Kings Ga flora is preserd in a
35 Ma,however, there vas adequate coupling-be Oregon appears to be a late Eocene—early Oliglood-plain d@osit containing coaer sediment,
tween the subducting andearlying platesthe cene gent.Metasequoids not knevn from mem- whereas all of the succeeditgras are inifie la-
corvergence ector would parallel the msent berA of the John Day éirmation.This obsera-  custrine sediment. One couldjae that the phys-
orientation of the Klanta—Blue Mountains lin  tion contrasts with a report by Peck (196418), iognomic diferences obseed between Kings
eament andal/or its reactration. It is possible citing a floral list preided byWolfe, of a Bridge Gap and the succeedirigris are due in part to
that during some part of the Oligocepénci- Creek-lile flora includingMetasequoiagrom the change in gmsitional setting &im fluvial to
pally after 35 Mastress orientation related tomembe® nearAshwood.This locality (revisited  lacustrine pecause diérent sedimentgrervi-
Farallon—NorthAmerica comergence vas appro- and collected byAshwill and Manchester in ronments may presendifferent components of
priate to reactiate a lage-scale Mesauc faultas 1996) is &posed in agad cut where it is clearly the same igional \egetation. Havever, the dis-
a detral shear ane. Subsequeniange in stress seen to eerlie basalts of member Bhe deelop-  tinction betveen \egetation of membsA and B
orientation led to cessation of motion along thisnent of the Bidge Creek type ofidéra certainly is also maked by floristic compositionalhange
structure prior to deposition oftégand possily  postdates deposition of membg&r(39 Ma). between the Sumner $py and succeedindok

middle,Miocene rocks. Metasequoias also absent from th&hitecap ras,all of which are preseed in compaable la-
Knoll flora (ca. 38 Ma; Bestland and RetakKac custrine shales. If one agqte the leaf-mayin
Floristic and Climatic Change 1994a)The timing of its appearance in north-cenpercentages éble 4) atdce alue however, they

tral Orggon coincides with the appearances ahdicate a drop in mean amal tempeature of
The floras of Gray Butte document thartsi- other deciduous genera in thgim, including about 9 °C and an imgant climatic cooling be
tion from a subtpical Clano type of fora to the Asteocarpinus Fagus and Cercidiphyllum tween the time of gmsition of membeyA and
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117° Oligocene climatic cooling.

The Gray Butte basinas also the site of bi-
modal euptions of rlyolite and alkaline basalt to
basaltic andesitévlary of these eruptions were
of hydrovolcanic natureprobably reflecting in-
teraction of ising magmas with laks within the
basin.Although tufaceous components in the
basin fil probably relate partly to Cascadelv
canism &rther westas inferred pngously (Peck,
1964; Robinson et all.990),quartz- and alkali-
feldspar—beang tuffs are more likly related to
the John Day éfmation backarc magmatic sys-
tem,and sandstoné &ray Butte is domirtad by
mafic and felsic laa fragments exded from

. ) " L nearby ent rgjions.
Figure 11. Bouguer gavity anomaly map, modified from Riddihough et al. (1986)showing de- The Gray Butte basin as structurally dis-

finition of the Klamath—Blue Mountain lineament (KBML). The Gray Butte area is astride the rupted,probably bginning by about 28-33 Ma,
lineament, which is coincident and parallel to the werall trend of the Cyrus Springs fault zone. by movement on the ndheast-trending Cyis

Springs &ult zoneThis fault zone is likly a re-

activated Mesozoic shear zone that forms a

boundary between distined crustal typesac-
B. Taking the calcul@d standat deviations Knoll flora leads us to behe that this floristic counting br the Klamah—Blue Mountains igv-
(Table 7) into accounthe inferred temperature change s earlierAlthough the mean amal ity lineament. Sttigraphic separation of about
decrease could kia been as small as 8r as temperatures impliedf the Sumner Sprg and 1.2 km is calculeed where Gray Butte basiifi f
much as 15°The Sumner Spmg, Nichols younger floras are essentially identicgcreas- was uplifted in thedotwall to this fult zone.
Spring,and Canal floras are physiognomicallying diversity of taxajf not related to collecting or Dextral strike-slip displacement of at least 7 km
similar to one anotheNo unequiocal ther- taphonomic biasmay be indiciive of some is suggested byedid relationshipsThis fault may
mophilic taxasuch as palmsycadspr bananas, other climatic @iation (e.g.seasonality of tem hasebeen actieinto middle Miocene timeo ac-
have been receered from the Kings Gaflora, perature or precipitation) more closely associatezbunt for gently tilted Prindlle basalt on theaf
and it is likely that maw of the topical elements with the Eocene-Oligcene boundsr and southern dip slope {§. 2). Extensions of the
for which the Clamo flora is knavn had aleady changes in paleosoharacteristics in the type fault zone bgond the mp area aredried be-
become rtinct. John Day Brmation (Bestland et all997). neath urdulted upper Miocene-ler Pliocene

The main floristic change at Gray Butte is Our proposition of pncipal cooling duing Deschutes émation and younger alluvium.

bracleted by dates of about 39 Mar the basal the Eocene Epoch prior to 38 Ma is contrary to The orientations of the Cyrus Springault
membeA ignimbrite,and 32.5 Madr the tufof ~ Wolfe’'s (1992) contention that floristic change inzone subsidiary northwest-trendinglts,and al-
Rodman Spng, which overlies the Canal and the Rcific Northwest vas focused into a 0.5 m.y kali basalt and rhyolite dés suggest that these
Nichols Spring floras (Fig. 4). More specifem-  period of the edy Oligocene Epdg at about 33 features formed in a &ts rgime with a nedy
poral resolution of thedristic,and hencele = Ma.We believe that part of our disepang with  east-west—oriented principal-stress direcfidre
matic,change is hampered by the alteration ofVolfe revolves around his use of reladly low-  present orientation of structures is consistent with
most of the Gay Butte wicanic rocksThe flora resolution K-Ar dées obtained decadegosand east-west principal-stress directionge@ed by
of Whitecap Knollwhich resembles the Sumnerhis consideaition of the lon Mountain (also slightly younger early Miocene i in the Cas-
Spring flora,is sandwiched between tsifdated known as Hancdc Caryon) flora, of tropical cade Rangelhe Cyrus Springsafilt zone may
at 39.22 +0.03 and 38.4 0.07 Ma near the character and found near the @GtaFormationto have paralleled the &allon—NorthAmerica con-
Clarno Frmation (Bestland and Retallgc be only 35 Mawhereas wrk by Bestland and vergence ector between ca. 35 and 20 Né&pr-
1994a). It gpears reasonablinereforethat the Retallack (1994a)learly shov it to be in the ing reactation of the major prexisting basement
most signifcant floral change recorded at GrayClarno Formation and psbably about 44 Ma. structure na expressed as the Cyrus Springs

/

Butte,between Kings Gaand Sumner Siiyg fault zone. Subsequent clockwise rotation of prin-
floras (Table 7)occurred between 39 and 38 MaCONCLUSIONS cipal-stress as,supported by dikorientations in
permissiely correlating to a potyr dated mid- the adjacent Cascade Ranlgd to cessation of

dle-late Eocene inease in benthiofaminiferal The Gray Butte area records deposition on theotion along this fault and may also account for
380 (Miller, 1992) and lage-scale turneer in  flanks of a subsiding Eocene-Qdigene basin in the lage number ofdults that dset the John
planktic foraminifera (keller et al., 1992).Al-  which an unusually thick section of upperst Day Formation reionally kut do not affect the
though floristic change is documented througEocene to midle Oligocene strata accumulated.younger Columbia Rer Basalt Groupl'he east-
the younger Gray Butte floramp signifcant This expanded section includes lacustrine interwest compression is contrary to past inferences of
change in tempature is implied pour dda that vals, the origin of which may relate both tonorthwest-southeast to north-south Oligocene
would readily correlate to major changes in thdrainage disruption byva flows and deposition compression based on studiashfer east in the
oceanic realm at about 34-35 Mdthough the within a hydrologically closed halfrgbenThis  Blue MountainsThis disparity may indicate ige
existing age data from Gray Butteould permit tectonic setting @as favorable for the accumulation temporal wariation in stresslternatively, strain

the Sumner Spring flora to be as young as 34 of strata that host fossil floras that documeanitr may hae been partitioned under the influence of
35 Mai,its similaiity to the ca. 38.5 M@/hitecap sitional emironments dung the late Eocene—dar preexisting crustal-scale structures so as to pro-
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