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ABSTRACT INTRODUCTION America—by analogy, a high wide mountain
belt. Granite batholiths intruded the crust near

Comparisons of the physiognomy of leaves ~ Throughout most of the Mesozoic Era andhe coast, and crustal shortening by thrust fault-

from modern vegetation of known climates into the beginning of the Tertiary Period, the tecing and folding dominated deformation inland,

with that of Eocene and Oligocene fossil leaf tonic setting of western North America resemas it currently does within the Andes (e.g., Jordan

assemblages from middle latitudes of western bled that of the present-day Andes of Soutkt al., 1983). As has occurred in the Andes in

North America indicate paleoaltitudes com-

parable or higher than those at present. Us-

ing canonical correspondence analysis, a

multivariate statistical approach that in-

cludes nonlinear relationships between char-

acters and environmental parameters, we re-

late leaf physiognomy of fossil samples to d.

modern vegetation of known environmental '. :

parameters, including moist enthalpy of the ¢
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atmosphere, a thermodynamically conserved )’» i 73 '
guantity of the atmosphere that varies with ,+ One Mile Cr

altitude. By estimating enthalpy values for T

both lowland leaf assemblages and coeval in-
terior leaf assemblages, altitudes for the inte-
rior assemblages can be estimated to +890 m.
In northeastern Washington and southern '
British Columbia, the high Eocene altitudes Yaquina £
indicate subsidence, or collapse, of an area Goshen¢
undergoing crustal extension and may reflect A
an immediately preceding period of uplift )
that triggered the extension. Similarly, other iy s (I 4
areas that have undergone Cenozoic crustal {
extension appear to have been at least as high
as they are at present. Three sites from the ! .
Rocky Mountains also indicate elevations at . 4
least as high as at present, and therefore sug- ) :
gest subsidence, either resulting from cooling !
of a hot upper mantle or erosion and isostatic
compensation of surrounding terrain. High v -
altitudes during Eocene and Oligocene time A
in western North America appear to have . Y \
been normal, even in areas such as the Green
River basin, and therefore cast doubt on the
commonly inferred late Cenozoic uplift of
that region. Figure 1. Map of middle-latitude western North America showing location of leaf assemblages

analyzed in this report. The map is oriented obliquely to approximate the average latitudinal

*E-mail: jwolfe@geo.arizona.edu position of western North America during Eocene time.
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EOCENE AND OLIGOCENE PALEOALTITUDES

those within the Basin and Range province
should have decreased.

Conventional wisdom holds the contrary view,
that “the present high elevation of the Colorado
Plateau and most of the Cordilleran region oc-
curred in late Cenozoic time” (Burchfiel et al.,
1992). So widespread is this view, that studies of
individual regions reporting details of Mesozoic
and early Cenozoic historical geology commonly

80  concluded, in some cases with little discussion,
- 70 that significant uplift of the region occurred in late
Cenozoic time (e.g., Atwood and Mather, 1932;
60 Blackstone, 1975; Blackwelder, 1915, 1934;
Deiss, 1943; Eaton, 1986, 1987; Forrester, 1937;
50 é Izett, 1975; Keefer, 1970; Love, 1970; McKee and
40 § McKee, 1972; Pardee, 1950; Scott, 1975; Tweto,
& 1975; Wahlstrom, 1947). Moreover, this view per-
vades the literature on climate change to the extent
20 that not only are early and middle Tertiary eleva-
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£ gpaime. SO7°™ {0 tions commonly assumed to be low (e.g., Barron,
3 Kikaido 1985; Sloan, 1994; Sloan and Barron, 1992;
Toya-ko: 1O Greenwood and Wing, 1995), but late Cenozoic
Tunkhannock: Penn. uplift has been assigned the cause of climate

changes that include the Pleistocene Ice Age (e.g.,

-, - 5

sierraville. calif. - o 3 8 3 2 Manabe and Broccoli, 1990; Ruddiman and
= &% & 3B 3 ? z 2 Raymo, 1988; Ruddiman and Kutzbach, 1989).
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=z B £ 2 The roots of the view that the high terrain de-
] & § ﬁ (ates veloped in latest Cenozoic time seem to lie partly
iognomic character 8% in (1) paleoclimatic indicators that suggest that

Phys

temperatures were warmer than at present over
much of this terrain; (2) the sharp erosion of the
Figure 2. Abbreviated physiognomic profiles for some modern samples in the climate-leafandscape of the western United States in late
analysis multivariate program (CLAMP) database. Guajatica, Puerto Rico, represents broad- Pliocene and Quaternary time (e.g., Ruddiman
leafed evergreen, multistratal rain forest (mean annual temperatureT]] = 24.0 °C, mean grow- €t al., 1989); and (3) tilted ancient stream beds
ing season precipitation P] = 195 cm); Avon Park, Florida, represents mixed broad-leafed ever- in the Sierra Nevada (e.g., Christensen, 1966;
green and deciduous forest and scrubl(= 22.8 °C,P = 140 cm); Alamos, Sonora, represents Dalrymple, 1963; Huber, 1981; Hudson, 1960;
short, tropical deciduous forest and scrubT = 23.5 °C,P = 64 cm); Empalme, Sonora, repre- Lindgren, 1911). Neither (1) nor (2) is well
sents Sonoran Desertl(= 23.3 °C,P = 18 cm); Toya-ko, Hokkaido, represents mixed northern founded, however (Molnar and England, 1990),
hardwood (deciduous) forest T = 8.2 °C,P = 65 cm); Tunkhannock, Pennsylvania, represents and (3) applies only locally to uplift of the Sierran
mixed northern hardwood (deciduous) forestT = 8.6 °C,P = 56 cm); Sierraville, California, rep- ~ crest; moreover, tilting appears to result largely
resents dry, mixed coniferous forestT = 8.0 °C,P = 8 cm). Large leaves are those in the meso{rom erosional unloading of the crest and sediment
phyll 1 and 2 categories, and small leaves are those in the leptophyll 1 and 2 categories of Wolfeading on the western foothills (Small and Ander-
(1993). L:W is the length-to-width ratio. son, 1995). As we show herein, early to middle
Cenozoic elevations throughout most of the west-
ern United States were generally comparable to, or
Cenozoic time (e.g., Suarez et al., 1983), the lavhere Mesozoic thrust faulting had been widehigher than, present-day elevations; this calls for a
cus of thrust faulting migrated eastward acrosspread has expanded, perhaps to as muchrasxamination of paleobotanical evidence for low
the terrain now occupied by Nevada into that dfvice its initial width, by crustal extension asso-altitudes during that time.
western Utah and eastern Idaho, forming mosiated with the normal faulting that created the The early paleobotanical evidence was tailored
recently the Sevier belt on the eastern edge Bfsin and Range province (e.g., Wernicke et alg fit the putative geologic interpretations. Citing
this deformed zone (Armstrong, 1968). Then, i1987). As crustal extension is commonly assocBlackwelder’s (1915) interpretations of the struc-
Late Cretaceous time, concurrently with the finahted with crustal thinning, the isostatic responsteiral and geomorphic history of the Green River
development of the Sevier belt, reverse faultingf the decreasing crustal thickness implies thaiasin, Bradley (1929, p. 89) stated,
hundreds of kilometers farther east created thedevations should have decreased, at least in the
structures now exposed in the Rocky MountainBasin and Range province. Thus, simple physi- From this history it appears that the mountain ranges
of Colorado, Wyoming, Utah, and Montanacal arguments suggest that in the absence of ad-and high divides that form the rim of the Gosiute
(e.g., Burchfiel et al., 1992; Wernicke et al. ditional processes and of evidence to the con- gég'”eac%?obf‘hse'”ﬂ"(;’gr'%?{ﬁgﬁgiﬁo(;‘;‘:‘i"r‘]’hﬁgg‘c'ge?]irt‘i"’rgz
1987). Since ca. 50 Ma, howgver, deforman_onrary, mean eleyatlons in western North America thaﬂ at present. The floor of the bas% however, in
throughout the Rocky Mountains has been milceast of the Basin and Range province should notcommon with the general level of that part of the
Farther west, the surface area of the terraimave changed greatly in the past 50 m.y., while continent, was probably less than 1,000 feet above
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sea level. Presumably the great regional uplift dic
not occur until some time late in the Tertiary period
The assumptions that follow and from which are de
duced the features of the Eocene climate deper T hot
more or less directly upon this conception of the
Eocene topography of the Green River Basin and tt
surrounding country.
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MacGinitie's (1953) study of the floral assem-
blage from the late Eocene (ca. 35 Ma) Florissal q
beds of central Colorado (Fig. 1) seems to ha

. - P9694
served as fundamental evidence for the inferent
of low mid-Cenozoic elevations in the Rockies La Porte Ar

Little Mtn 2

&
(o]
A © 07&g oGreen River

-1
In his study, MacGinitie (1953) assigned neare: P9731
living relatives to as many fossil species as poss P9678—_ X
ble, and from the habitats of the nearest living re P9833 A N
atives inferred a paleotemperature that was di wet Goshen
tinctly higher than present (~18 vs. ~4 °C). He Yaqu\ao P%ao&)
concomitantly interpreted the late Eocene t P9676 Knob Hil@a
early Oligocene floras from the Mississippi Em- 6]
bayment as indicating only moderately warme f
(~3 °C) temperatures than present at their respe . ) /

tive latitudes. Assuming a typical variation of Republic, Boot Hill - One
temperature with altitude, MacGinitie (1953) es- Creek
timated a paleoaltitude of ~900 m. That elevatio

served as the reference for numerous subsequ

studies that attempted to quantify Cenozoir

paleoelevations (e.g., Eaton, 1986; Epis an

Chapin, 1975; Trimble, 1980). In his later study

of the Green River flora, MacGinitie (1969) ar-  Figure 3. Sample plots from canonical correspondence analysis of climate-leaf analysis mul-
rived at an estimate of ~300 m for the altitude ctivariate program (CLAMP) database normal samples (white circles) and some Eocene and
the Green River lakes, citing part of the quotiOligocene samples (black triangles) projected onto the surface defined by the two largest eigen-
from Bradley (1929). values of the analysis. The first eigenvalue is roughly parallel to mean annual temperature, and
Roughly concurrently, Axelrod (1957, 1966;the second measures water stress. Fossil samples prefixed by P represent U.S. Geological Survey
Axelrod and Bailey, 1969, 1976; Axelrod andlocality numbers for samples from the Puget Group. The arrows depict vectors of some envi-
Ting, 1960, 1961) assigned nearest living relativeronmental parameters: T (temperature), H (enthalpy), andq (specific humidity). The axes were
to fossil species in floral assemblages from othepartially constrained by these three parameters and by cold-month and warm-month mean
parts of the western United States, particularly itemperatures, mean growing season length, mean annual precipitatioR), mean monthly
western Nevada and California. Although theygrowing season precipitation, three consecutive driest months precipitation during growing sea-
recognized that climate had changed throughoson, three consecutive wettest months during growing season, and relative humidifyand H
this period, Axelrod and his colleagues also inproduce the longest vectors, which is an indication of their significance in ordering the samples.
ferred recent uplift from their assignments owhen samples are orthogonally projected to a given environmental vector and its extension, the

nearest living relatives that live in climates muclsamples are approximately ranked for that parameter (see Wolfe, 1995).
warmer than those of the high terrains from whic

the fossils came.

The assignment of nearest living relatives téer a more robust indicator of paleoenvironmenta simple mechanism for the relatively rapid
fossil taxa—in particular to taxa assigned on théhan does taxonomy (Wolfe, 1979, 1993, 199%liocene-Quaternary erosion and sediment
basis of only one plant organ, rarely from entir&picer, 1989). transport (e.g., Molnar and England, 1990). A
plants—and the association of that nearest living In addition to the paleobotanical argumentsecent compilation of sediment transport and
relative to a climate carries with it the implicit asfor late Cenozoic uplift, uplift has been assedimentation rates from glaciated and glacier-
sumption that plants have not evolved in responseimed to be the cause of the incised landscafsee areas suggests that glacial erosion com-
to environmental changes. Although such an apf the Rocky Mountains (e.g., Scott, 1975) andnonly (although not everywhere) is an order of
proach applied to late Quaternary plants would be&f the abundant sediment in both adjacemhagnitude more rapid than fluvial erosion
reasonable, its application to plants that have bbasins (e.g., Love, 1970) and in the Gulf ofHallet et al., 1996).
come extinct or have evolved morphologicallyMexico, where sedimentation rates for the past
makes such ecological assignments untestalffen.y. were four times more rapid than earlieRecent Progress in Determining
hypotheses. If plants have evolved in respongklay et al., 1989). This period of rapid erosiorPaleoelevations
to climate change, the nearest living relativeand sedimentation correlates with a climate, re-
method lacks credibility as a method for inferringplete with glaciation, very different from that of Even before arguments for a late Cenozoic up-
paleoclimate. As we discuss in more detail hereithe preceding 250 m.y. It follows that climatdlift of the western United States were challenged,
the physiognomic characteristics of the plants othange, rather than elevation change, providevidence to the contrary appeared. Avoiding near-
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from equation 1 varies; e.g., ~1-2 °C/km in much
of the Basin and Range province, ~3 °C/km in
most intramontane basins of the Rocky Moun-
tains, and >5 °C/km uncommonly in the Cascade
Range of Washington (Wolfe, 1992).

Meyer (1985, 1992) recognized the large vari-
ations in terrestrial lapse rate in the western
United States and used the present-day distribu-
tion of mean annual surface temperatures as a
function of height and position in the western
United States, and the knowledge that sea-level
temperatures along the Pacific coast were consid-
erably warmer than those at present, to estimate
what temperatures would have characterized inte-
rior parts of western North America were they to
have been at sea level in Oligocene—Miocene
time. His estimated “sea-level” temperature for

Figure 4. Sample plots from canonical correspondence analysis of climate-leaf analysis multir|orissant (29 °C) differs from what MacGinitie

variate program (CLAMP) database normal samples (white circles), CLAMP subalpine and sub- (1953) had assumed (22 °C) by 7 °C. The combi-
arctic samples (white triangles), and the Salmon Eocene and Creede Oligocene samples (bla¢gtion of Meyer’s lower paleotemperature and
triangles). The modern subalpine and subarctic samples plot as a contiguous inlier; the positionigher expected sea-level temperature yielded a
of these inlier samples indicates greater warmth and dryness than actually occurs in the sampleghaleoelevation similar to that at present. Assign-

areas. These samples should be analyzed separately from the normal samples (see Wolfe, 199 a meaningful uncertainty to Meyer's (1986,
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est living relatives and using the physiognomic
characteristics of the fossil leaves (cf. Wolfe,
1979), Meyer (1986, 1992) assigned paleotem-

Figure 5. Potassium/argon
ages and their stated errors for
samples from ash partings of
the Puget Group and from a
flow from the overlying an-
desitic volcanic rocks (Turner et
al., 1983). Whereas the indi-
cated age of the andesitic vol-
canics is consistent with paleo-
botanical dating, the Puget ages
all overlap at ca. 43 Ma (dashed
vertical line) and suggest reset-
ting by a thermal event.

Z=-8 _int (1)

1992) inferred paleoaltitudes, however, is diffi-
cult, because his inferred paleotemperatures were
estimated qualitatively and his assumptions lead-
ing to his inferred sea-level temperature ~2000
km from the coast lacked a meteorologically
sound physical basis.

The development of a multivariate approach to
leaf physiognomy (Wolfe, 1990) led to a quantita-
tive calibration of physiognomy of leaf samples
from modern environments with environmental
parameters. Using an early version of the multi-
variate database (only ~60 modern samples had
been collected), Wolfe and Wehr (1991) reported
on analyses of three early middle Eocene leaf as-
semblages from the Republic, Washington, area
and an isochronous assemblage from the Puget
Group. The analyses indicated that the Puget as-
semblage had a mean annual temperature of
~17-18 °C, in contrast to the ~10-11 °C estimated
for the Republic assemblages; these estimates
were based on correspondence analysis, so the re-
lations of samples to environmental parameters
were subjective. Also subjective was the use of a
low estimate of the decline in temperature to
higher altitudes, which led Wolfe and Wehr (1991)
to suggest a paleoaltitude of ~2.3 km.

peratures to fossil floral assemblages in NewhereZis altitude,Tis mean annual temperature  Gregory and Chase (1992) exploited a subset
Mexico and Colorado. For example, Meyenmt sea levell,  is mean annual temperature of thef the available foliar physiognomic database
(1986) inferred a somewhat lower mean annuaiterior assemblage of unknown paleoaltitudgwe use here an expanded version, discussed in
temperature (14 °C) for the Florissant flora thaandTLRis the (assumed) gradient of surface tenthe following) and used linear multivariate statis-
did MacGinitie (1953). Relating this paleotem-perature with altitude, or terrestrial lapse rate, afcs to determine relations between leaf physiog-
perature to paleoelevation, however, required apposed to the lapse rate in the free atmosphen®my and mean annual temperatures. Their sta-
other step. Although the worldwide average terrestrial lapséstics applied to fossil leaf physiognomy of the
With estimates of sea-level paleotemperatunate is ~5.5 °C/km (Axelrod, 1966), this valueFlorissant flora refined and quantified the esti-
and paleotemperature of isochronous interior asaries widely today, especially with local geogramate of the mean annual paleotemperature. Two
semblages, the fundamental methodology prghy (Meyer, 1986). In the western conterminousstimates of paleoaltitude were made; one fol-
posed initially by Axelrod is based on United States today, the lapse rate determinéalved the method of Meyer (1986), and the sec-
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ond used an assumed terrestrial lapse rate and COASTAL INTERIOR ROCKY
plied it to estimates of differences in mean annu; ~ MTN
temperature between the coast and the Florissa 25 ) .
Gregory and Chase (1992) corroborated a pale Oligo- |Late |Yaquina Creede
elevation indistinguishable from that at presen 30ﬂ cene

The paleoaltitudinal estimates made b Early | Goshen, La Porte
Axelrod (1957, 19664a, 1966b, 1987), Meyel Comstock Florissant
(1992), Gregory and Chase (1992), and Wolfi 35 Late
(1994a; Wolfe and Wehr, 1991) all depend ol =
an assumption of terrestrial lapse rate. Implici 340_ )
in such estimates of sea-level temperatures S K ----- Puget (9680) Copper Basin  Saimon
the past is the assumption that water vapor i < _ . |- - -|Puget(9731)
the atmosphere, which depends strongly o 45—ﬁEocene Mid- | Puget (9694) Green River
temperature, had varied in time in such a wa g: - _ |die |Puget(9678) cny chua, One
as to have no effect on spatial variations in su - —=—=| Puget (9833) p4 i
face temperature across western United State 501 NG a\trly Puget 29841; Mile Cr., Republic Kisinger Lks
although temperatures had changed uniformi ~ | Puget (9676) Little Mtn
by many degrees. With no supportive evidenct 5.1 Paleocene

we consider that these previous paleoaltitudin:
estimates are suspect and need reevaluatic Figure 6. Correlation chart for some Eocene and Oligocene floras from midlatitudes of west-

In addition, the abundances of stable isotopeern North America. Puget (9680) includes material from 9836 and 9837. Puget (9676) includes
in particulars'®0, but also deuterium, are nowmaterial from 9677.
being used to infer paleotemperatures in cont
nental settings. Much of global climate is base .
on oxygen isotopic variations in marine micro{1996) deduced that altitudes as high as 3000 for the air to move across a continent at midlati-
fossils, where the rapidly mixed seawater proin the surrounding mountains would have beetudes. Because air usually moves from west to east
vides a homogeneous sourcé¥0, which dif- necessary to collect significant snowfall. Our inat midlatitudes, moist static energy should be con-
ferent microorganisms fractionate differently. Inferences about the paleoelevation of the Eoceserved along lines of latitude. Thus, if we can infer
principle, the variations @¥®0 in meteoric wa- Green River lakes suggest that the basin wasithalpy at two sites, one near the coast and the

ter precipitated over continents should allow inquite high. other inland, we can estimate their difference in
ferences of paleotemperatures, but uncertainties heights from their differences in enthalpy. Some
in the source of the water later precipitated makdETHODS error will be introduced by moist static energy hav-
the technique qualitative (Cerling, 1984). Never- ing some longitudinal variation, an errop)(that

theless, the differences in isotopic ratios between Because of the role played by evaporation arid estimated at 4.5 kJ ¥gForest et al., 1997).

those typical of present-day conditions and thoggecipitation in the energy balance of the Earth’s If differences in measurements of enthalpy can
measured from fossils reveal a surprising patterafmosphere, Forest et al. (1995) sought a thermyield estimates of altitude, the problem becomes
large negative values 680 (anddD) suggest dynamic parameter, different from mean annudlow to obtain estimates of enthalpy. Inferences of
that early Cenozoic temperatures associated withmperature, to use for inferring paleoelevationgnthalpy for fossil floras can be made from leaf
precipitation in localities in the western Unitedn particular, one that does not ignore water vapghysiognomy of the woody dicotyledons, specif-
States were comparable to those at present; fiorthe atmosphere. Moist static energy, a therméeally from CLAMP (climate-leaf analysis multi-
example, ca. 50-51 Ma in Idaho (Seal and Rydynamically conserved parameter of the atmorariate program). Wolfe (1993, 1995) analyzed
1973) and in parts of Wyoming during Eocenephere, quantifies the total energy content pasamples of leaves from >100 sites proximal to
time (Dettman and Lohman, 1993; Koch et al.unit mass of a parcel of air, excluding the negligimeteorological stations. Each sample comprises

1995). Such low temperatures during a period difle kinetic energy: at least 20 species of woody dicotyledons, all
unusual warmth in oceanic regions are clearly vouchered and collected to contain the full range
consistent with high altitudes. Norris et al. (1996) h= c;),,T +Lg+gZ=H+gz, (2) of observed physiognomic variation for each
reported relatively low concentrations'8® de- species in the sampled site. Each species was

posited in lacustrine sediments of the middlwherecp is the specific heat capacity of moist airscored for physiognomic variation of 31 charac-
Eocene Green River Formation in southwestert constant pressuikis temperature (Kelvin),,  ter states, which include characters of margin,
Wyoming. Allowing for enrichment of8O by s the latent heat of vaporizatianis specific hu- size, apex, base, and general shape (see Wolfe,
evaporation in lakes filling internally drainedmidity, g is gravitational acceleratiod,is height, 1993, Figs. 8 and 9). The totals (as percentages)
basins, they used their measuremen&®® = andH (= cpT+ L,0) is enthalpy. With the assump-for each character state in a given sample consti-
—12%0 to —16%o to infer that yet lower valuestion that moist static energy is zonally invariantiute the sample profile.

8180 = —18%o., characterized the source waters tthe difference between two estimates of enthalpy As seen in Figure 2, the percentage of species
the lake. Norris et al. (1996) inferred that snowfor sites at similar paleolatitudes should yield athat have particular character states varies
not rain, was probably the dominant form of preestimate of their difference in potential eneg, markedly in modern samples, from rain forests
cipitation in the surrounding mountains. Assum- Air masses can gain or lose potential energy (e deserts and from hot to cold climates: an anal-
ing a paleoaltitude of only 150-300 m for theevation), latent heat (water vapor), or thermal eregy can be made to the distribution of species
Green River Formation and a lapse rate of thergy (temperature), but their sum is conserved ovatong environmental gradients. Because the dis-
free atmosphere of 6.5 °C/km, Norris et altime scales that are large compared with the tintgbution of species is generally related to envi-
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apices (as in warm, dry species), but the leaves are
not emarginate as in the warm, dry species. In two-
dimensional space, the subalpine and subarctic
70— samples form a contiguous nest, and they plot
60 - _ warmer and drier than they are; in multidimen-
sional space, the subalpine nest forms a cluster re-
@ 50 : moved from samples of normal vegetation. The
Z 40 - most accurate calibration of environmental param-
70 eters for non-subalpine and non-subarctic samples
is obtained by removal of the samples in the sub-
60 alpine nest (see Wolfe, 1993, 1995). If subalpine
and subarctic samples are not removed from the
analysis, the temperature parameters (including
the temperature-dependent enthalpy) for all the
normal samples typically appear cooler than when
the subalpine and subarctic samples are retained.
20 In the present context, inclusion of the subalpine
and subarctic samples for calibration of the non-
g Littie MEn g subalpine and non-subarctic samples will lead to
g
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overestimating paleoaltitude for these samples.
For non-subalpine and non-subarctic fossil
samples, the uncertainty in the difference in esti-

Kisinge?’ Lakes - £ . .
_ x 8 ¥ 3 mated paleoaltitudes between two sites was placed
® B £ % '$ o 2 at ~760 m (Wolfe et al., 1997); however, this esti-
- k=) 2 & o o = .
v % s & 5§ § 4 mate used the mean error (4.2 k3fpr predict-
Z £ 2 5 ing enthalpy from canonical correspondence
e 77 @ = . . .
" h:acter states analysis. The standard errayXfor this prediction
physiognomic is 5.3 kJ kg, which is about the same as the 4.5 kJ

kg Lerror ©,) introduced by longitudinal varia-
Figure 7. Abbreviated physiognomic profiles for an early middle Eocene (ca. 48 Ma) leaf as-tion in enthalpy. When applied to two coeval sites,

semblage from the Puget Group and late early Eocene (ca. 49-51 Ma) leaf assemblages from tliee combination of the two independent errors
Rocky Mountains. The Puget assemblage represents lowland vegetation in western Washingtorproduces a standard error in the estimated differ-
and the Kisinger Lakes and Little Mountain assemblages represent vegetation from westernence in altitude of ~890 m:
Wyoming. Analysis of the Kisinger Lakes assemblage is based on MacGinitie (1974); analysis of
the Puget Group assemblage is based on a collection in the U.S. National Museum; and analy- _ |20% + 02 _
sis of the Little Mountain assemblage is based on collections in the University of California Mu- 0Z = |— 5 =80m ®)
seum of Paleontology. The Little Mountain physiognomy has character states that indicate both
drier (e.g., small leaf size, few attenuate apices) and cooler (e.g., more lobes and broader leaves)However, much of the standard error for esti-
conditions than the Puget physiognomy. The Kisinger Lakes physiognomy has character statesnating enthalpy from vegetation is in the sam-
that indicate moister (e.g., larger leaf size) and cooler (e.g., more regularly spaced teeth) condiples from southern Sonora and southern Baja
tions than the Little Mountain. L:W is the length-to-width ratio. California, which represent thorn scrub. If these

samples are excluded from the regression, the

standard error is reduced to 4.3 k3%and the
ronmental factors in a nonlinear fashion, ecolo- Ordination of the modern climate-leaf analysistandard error for altitude is reduced to 770 m.
gists have developed methods to analyze speciesiltivariate program samples is related primarilBecause none of the lowland coastal vegetation
and environment relations. One such method te temperature and secondarily to water stresliring Eocene and Oligocene time represents
ordination by canonical correspondence analyWolfe 1993, 1995; Fig. 3). Moist enthalpy is athorn scrub, the estimate of a standard error of
sis, in which species data for samples are relatéattor second only to mean annual temperature #¥0 m is reasonable.
to supplied environmental variables; the ordinasrdering the samples. A significant anomaly oc- Most of the fossil samples analyzed here are
tion axes are constrained by these environmentairs, however, in ordering the subalpine samplegijthin the normal group, and only two (Salmon,
variables, and the relative significance of eactvhich include those from the subarctic (includinddaho, and Creede, Colorado) are within the sub-
environmental variable to species distributiorsamples from areas of >300 cm precipitationjlpine nest. Calibration of subalpine samples with
can be evaluated. As in species distributions, tfhey plot as a nest, or inlier (Fig. 4), within samenvironmental parameters is less precise than for
physiognomic character states also have nonliples that are dry and cool (but not cold). Recognihe non-subalpine and non-subarctic samples (see
ear relations to environmental variables (Wolfetjon of this inlier from leaf physiognomy is simple:Wolfe, 1993, 1994b), especially relative to en-
1995), and thus canonical correspondendbe samples in the subalpine nest have anormalpy. All the subalpine and subarctic samples
analysis is an appropriate tool. Our multivariatalously high scores on axes 3 and/or 4, which imave a short growing season; if the growing sea-
analysis of leaf physiognomy by canonical corturn reflect a peculiar combination of physiogson is defined as all consecutive days that have
respondence analysis was carried out usingmic character states; e.g., species in these samean temperature >10 °C, samples in the sub-
ter Braak’s (1992) CANOCO software. ples typically have small leaves that have roundedpine and subarctic nest typically have a growing
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TABLE 1. FOSSIL LEAF ASSEMBLAGES ANALYZED

Assemblage No. Age Z, P. lat. T H OH Z; (4
spp. (Ma) (km) (°N) (°C)  (kIkg™)  (kIkg™ km km
Late Oligocene
Yaquina, Oregon 35 24-29 0.01 47.0 15.4 317.9 0 <0.1 0.0
Creede, Colorado, 1 24 27.2 2.7 40.0 10.8 296.7 25.4 2.6 +0.1
Creede, Colorado, 2 24 27.2 2.7 40.0 4.2 <295.0 27.1 >2.8 -0.1
Latest Eocene to earliest Oligocene
Goshen, Oregon 44 ~33-34 <0.1 48.0 20.1 333.8 0 <0.1 0.0
Comstock, Oregon 25 ~34-35 <0.1 48.0 21.2 332.7 0 <0.1 0.0
La Porte, California 37 33.2 1.5 43.0 23.0 337.9 0 <0.1 0.0
Florissant, Colorado 99 ~35 2.6 40.0 11.8 300.9 37.6 3.8 -1.2

Late middle Eocene
Puget Group, Washington

9680 30 39-42 <0.1 52.0 14.9 313.8 0 <0.1 0.0
Copper basin, Nevada 25 40.2 2.2 45.0 105 298.3 19.2 2.0 +0.2
Salmon, Idaho, 1 28 <41 1.2 50.0 10.2 297.2 17.8 1.8 -0.6
Salmon, Idaho, 2 28 <41 1.2 50.0 2.6 295.0 20.0 2.0 -0.8
Middle Eocene
Puget Group, Washington [mean] N.A. 0.1 53.0 22.8 338.7 0 <0.1 0.0

9731 45 43-46 0.1 53.0 23.2 340.1 0 <0.1 0.0

9694 44 43-46 0.1 53.0 23.3 337.0 0 <0.1 0.0

9678 43 43-46 0.1 53.0 21.8 335.3 0 <0.1 0.0

9833 24 43-46 0.1 53.0 22.8 342.2 0 <0.1 0.0
Green River, Colorado 58 ~45 2.4-29 43.0 16.4 311.1 28.0 2.9 -0.5
Late early to early middle Eocene
Puget Group, Washington [mean] N.A. 0.1 53.0 18.2 323.8 0 <0.1 0.0

9841 28 48-50 0.1 53.0 18.3 321.1 0 <0.1 0.0

9676, 9677 31 48-50 0.1 53.0 18.1 326.4 0 <0.1 0.0
Chu Chua, British Columbia 24 48-50 1.0 56.5 8.4 296.0 275 2.8 -18
One Mile Creek, British Columbia 29 48-50 0.8 54.0 8.3 297.1 27.9 2.9 -2.1
Republic, Washington [mean] 48-50 0.8 54.2 10.0 300.8 24.5 25 -1.7

Downtown 80 48-50 0.8 54.2 9.8 299.7 25.6 2.6 -1.8

Boot Hill 27 48-50 0.8 54.2 9.5 299.1 26.2 2.7 -1.9

Knob Hill 43 48-50 0.9 54.2 10.7 303.5 21.6 2.2 -1.3
Kisinger Lakes, Wyoming 34 ~50 2.7 46.0 14.6 312.2 17.2 1.8 +0.9
Little Mountain, Wyoming 30 50-51 2.7 42.0 17.2 312.3 20.7 >2.1 -0.6

Notes: Zp = present-day altitude, P. lat. = paleolatitude, T = mean annual temperature, H = estimated enthalpy, 6H = difference
between sea level and estimated enthalpy, Z; ; = estimated altitude from enthalpy difference, 62 = difference between present-day
altitude and estimated paleoaltitude. For Creede and Salmon, first estimates assume that the assemblages are not subalpine, and the
second estimates assume that the assemblages represent subalpine; the estimates are thus maximal enthalpy and minimal altitude.

season of <4.3 months. In the present contextssemblages is critical to the method used headong the Pacific Coast (Wolfe, 1981) indicated
however, we emphasize that the mean annual eéfhat mean annual temperatures in coastal regiotat (1) the time of the Eocene-Oligocene bound-
thalpy for all modern samples that fall within thein the western United States have fluctuatedry was at ca. 32 Ma, (2) the Kummerian was ca.
subalpine nest is <295 kJ#gand we assume markedly during Eocene and Oligocene time i82-37 Ma and late Eocene, (3) the Ravenian and
that any fossil sample that falls within the nest caclear (Wolfe, 1978, 1994a). To compare, for exthe Fultonian were ca. 37-49 Ma and middle to
be assigned this as a maximum value. Mean aample, an interior flora from a warm interval ofearly late Eocene, and (4) the Franklinian was
nual temperature for the subalpine samples can Becene time with a coastal flora from a cool inter49-52 Ma and late early Eocene.

calibrated with a standard error of 1.3 °C (Wolfeyal of Eocene time might indicate little difference In contrast, K/Ar age determinations based on
1993); if we have an estimate of an appropriate either temperature or physiognomy and henaeaterial from ash partings from the Puget Group
terrestrial lapse rate, mean annual temperatulitle difference in paleoaltitudes. Conversely, taoals were interpreted to indicate that the almost
differences between sea level and interior asseempare an interior flora from a cool interval with2 km of sedimentary rocks—including numerous
blages can yield a general estimate of paleoalt-coastal flora from a warm interval could grosslghick coal beds—of the Puget Group in the type
tude for the subalpine assemblages. However, tbgerestimate the paleoaltitude of the interior florasections of the paleobotanical stages were de-
combination of errors, first in calculating a terres- With the exception of the Comstock, all theposited in a period of no more than 4 m.y. and rep-
trial lapse rate from fossil assemblages of a panear-coastal Eocene assemblages analyzed weesented only middle Eocene time (Turner
ticular period, and second in estimat®gfor a  collected from the Puget Group of western Wastet al., 1983). Results from K/Ar analyses from the
sea level and interior assemblage, is so great thagton, and thus the ages of the various Puget asnformably overlying volcanic rocks (part of the
simply using a maximum estimate of 295.0 k3emblages need to be considered. Wolfe (1968)pe section of the Kummerian stage) placed the
kgt of H for any subalpine sample seems to usuased the leaf floras from the Puget Group as th@lcanic unit at ca. 35 Ma (early Oligocene, as
simple and effective way of estimating a minimabasis for five formal stage ages: the oldest dhen thought) and therefore consistent with the
altitude for the few fossil assemblages that plot ithese—the Franklinian stage—was equated apaleobotanical correlations of the Kummerian.

the subalpine nest. proximately to early Eocene time; Fultonian timeThe Puget ages are not internally consistent rela-
was approximated to middle Eocene time; Raverive to stratigraphy; some sampled units yield
LOW-ALTITUDE ASSEMBLAGES ian time was approximated to late Eocene timd&/Ar ages older than those of underlying units.

and Kummerian time was approximated to earlfhe stated experimental errors on the radiometric
The analysis of near-coastal, low-altitude lea®ligocene time. Further analysis of the relationages permit the various ages to be stratigraphi-
assemblages that are isochronous with the interiof marine and nonmarine biostratigraphic unitsally consistent, but all the Puget ages overlap at
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stock and stratigraphically higher Goshen assem-

80 blages are from nonmarine lateral equivalents
70 _— of the marine Spencer and Eugene Formations
(Armentrout, 1981), which are overlain con-
60 1 N\ formably by a thin unit that has a K/Ar age of
50 — \ 31 Ma (Evernden and James, 1964). The La
% | 80 Porte flora in California has been dated by K/Ar
%40 N\ at 33.4 Ma (corrected from the date reported by
ga_ 30 H— \ 70 Evernden and James, 1964), although this assem-
3 blage needs an age based®u/3°Ar analyses.
20 60 No radiometric ages are known from the late
10 Oligocene Yaquina Formation, but the flora
v 508 is present in a deltaic unit between the lower
0 ]
- | < : 40 § and upper marine tongues of the formation
= 5 5 (McClammer, 1978), which is assigned to the
puget 9676 | &2 300 . . - .
marine Galvinian stage on the basis of marine
puget 9841 20 fossils (ca. 24-29 Ma; Armentrout, 1981).
Cchu Ghua
% One Mite O ot 10 INTERIOR ASSEMBLAGES
Knob Hill ]
poot Hil The ages of most interior floras analyzed are
based on radiometric dating and/or a combination
Republic - § 8 3 § of stratigraphy and radiometric dating (Fig. 6).
- :’—?,, Tg; EX ; ; 2 Ages for the Creede, Florissant, Little Mountain,
; = - _;‘—;’ ¥ q A Kisinger Lakes, Green River, Copper basin, Re-
305 S § public (including all three major assemblages), and
- ch:acter states One Mile Creek (Princeton) assemblages are based
Physiognomic on K/Ar dating (see discussions in MacGinitie,

) ) ] ) ] ] 1969, 1974; Wolfe and Tanai, 1987), although we
Figure 8. Abbreviated physiognomic profiles for some early middle Eocene (4749 Ma) leafgiyess the need for new single-cry®at/3%Ar dat-

assemblages. The Puget assemblages represent lowland vegetation in western Washington, tmag_ No independent ages are known for the Chu
Chu Chua and One Mile Creek represent vegetation in southern British Columbia, and the re- cpya assemblage, and all that is certainly known
maining assemblages represent the Republic vegetation in northeastern Washington. Analyseg,, the Salmon assemblage is that it is younger than
of the Puget assemblages are based on collections in the U.S. National Museum; analyses of the \15 (M. L. Statzin Wolfe and Tanai, 1987).

One Mile Creek and Republic assemblages are based on collections in the University of Wash-

ington Burke Museum; and analysis of the Chu Chua assemblage is based on collections now gsesyLTS

the University of Arizona but to be deposited in the Geological Survey of Canada collections. Al-

though the physiognomies of both Puget assemblages indicate cooler temperatures than in the The inferences of the paleoaltitudes of the old-
four succeeding Puget assemblages, the interior assemblages have smaller leaf size, numerquis; Rocky Mountain leaf assemblages analyzed
species are lobed, and a preponderance of species that have regularly spaced teeth. L:W is ”U-‘epend in part on the ages of these assemblages

length-to-width ratio. relative to the Puget assemblages. As summa-

rized in MacGinitie (1974), the Kisinger Lakes

flora should be about 48.5 Ma using the old K/Ar
about 43 Ma (Fig. 5), which could be evidence athe Puget Group, was considered on the basis@ainstants, and about 49.8 Ma using current con-
resetting by a single thermal event. The K/Astratigraphic relations to marine units to be catants. Similarly, the Little Mountain flora was
analyses of the Puget ash partings (1) are strai9—52 Ma (Wolfe, 1981). The marine unit (loneassigned a K/Ar age of 49 Ma (Culbertson, cited
graphically and internally inconsistent, (2) are ed~ormation) has been assigned to the PenutiamMacGinitie, 1974), which is 50.3 Ma using
pecially variable in the lower part of the Pugestage of the benthic foraminiferal sequence, ar@irrent constants. If so, then we suggest that the
section, (3) overlap at about 43 Ma, (4) are anonthe Penutian is approximately equivalent td.ittle Mountain and Kisinger Lakes floras are
alous relative to the thickness of the sequence (gsanktic foraminiferal zone P8 (ca. 50-50.5 Ma)probably ~1-2 m.y. older than the oldest ana-
pecially considering the included thick bitumi-The Penutian, however, is time transgressivéyzed Puget leaf assemblage; in Table 1, there-
nous coals), requiring extremely high depositionalanging from 49 to 55 Ma (e.qg., Miles, 1981).fore, comparison is made only to the oldest Puget
rates, and (5) are inconsistent with the paledRalynostratigraphy of the lower Puget (Newmargssemblage (Fig. 7).
botanical correlations. We conclude that the K/AL981) suggests that this section is no older than Because of the early Eocene thermal optimum,
analyses of the Puget Group ash partings only i49 Ma. This suggests that the oldest known Puggte older an assemblage within the early Eocene,
dicate a thermal event at ca. 43 Ma and that tiigroup floras are no older than 48—49 Ma and athe more probable that the enthalpy value at sea
suggested paleobotanical correlations (Newmathus of early middle Eocene age. level would be higher and, consequently, the
1981; Wolfe, 1981) are approximately correct. The ages of the near-coastal floras of Kumgreater the altitude that would be estimated for

The Chalk Bluffs flora, which is the major cor-merian (late Eocene and earliest Oligocene) amaterior assemblages. This is particularly applic-

relative flora of the lowest (Franklinian) stage ofate Oligocene ages are unequivocal. The Corable to the Little Mountain assemblage, which is
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from the lower part of the Green River Forma:

tion, and has an estimated paleoaltitude of 2.1 80
0.8 km, which should be considered a minima
estimate. The CLAMP estimate of 1.8 + 0.8 kir
for the Kisinger Lakes assemblage may also re| 60 —

resent a minimal estimate, but, being closer i 80
time to the lowest Puget assemblage, may t %50 11—
valid. The Kisinger Lakes assemblage was si¢ T 40 - 70
nificantly higher than the 0.3 km estimate sug g |
gested by MacGinitie (1974). o 30 1 60
Leaf physiognomy of the early middle Eocene 20
assemblages from northeastern Washington al —r— 50 §>
southern British Columbia is markedly different 10— 40 c
from physiognomy of the Puget assemblage 0 - | g
(Fig. 8). These upland assemblages all indica || 300
substantially higher (~2 km) altitudes during Sor
Eocene time than at present; the estimates for t Puoet® |+ 20
Republic assemblages are about the same as Puget 9694
: : | |10
estimate of 2.3 km made previously on the bas puget 9878
of temperature differences (Wolfe and Wehr % 0
1991). The depositional settings for these asser puget 9832 j

blages are lakes that occupied grabens followir

the initiation of normal faulting in these areas areen River - - e T %
Note that if these assemblages were older th: - 8 § 3 % E S 2
early middle (possibly latest early) Eocene ag v % ] ‘é’ £ ‘5.';" f z
(>49 Ma), they would have lived during the early _;J ‘% % %

Eocene thermal optimum, when sea-level er s %  ctates
thalpy would have been even higher than that e physiognom‘c characte

timated for the Puget Group. Thus, the inferre
paleoaltitudes would be substantially higher. Sim.-

ilarly high paleoelevations would be deduced i Figure 9. Abbreviated physiognomic profiles for some middle Eocene (ca. 43-46 Ma) leaf as-

these assemblages lived later in middle Eocelsemblaggs. The Puget assemblages represent Iovyland vegetation in western Washington, and the
time and were thus isochronous with the next fOlGreen _Rlver assemblag_e represents veg_etatlon in qorthyvestern Colnora_ldo and adjacent Utah.
stratigraphically higher Puget assemblages. Analysis of the Green River asser_nblage is based pr_lmar_lly on MacGlnl‘_ue (1969), and analyses
For the warm interval of middle Eocene tirneof the Puget Group assemblages is basz_ed on qollectlo_ns inthe U.S. Natlonal_ Musel_Jm. The Puget
ca. 43-46 Ma, physiognomic differences be,[Weeassemblages all have charact_er states |nd|cat|ye of high temperatl_Jre (species typically have no
four coastal floras and the one interior flora aneteeth and are unlobed) and rainfall (large leaf size and many species have attenuate apices), in
contrast to the Green River physiognomy. Dryness in the Green River physiognomy is also in-

lyzed are significant (Fig. 8), although some dif-~ ) . ? " . : :
ferences (e.g., leaf sizes and attenuate apices) ”f'-(\:,stfi bly) the many species that have linear (“stenophyllous”) leaves (i.e., length-to-width ratio,

be largely the result of differences in precipita
tional regimes. The physiognomies of the four as
semblages from the Puget Group all yield ver_
similar estimates for boffiandH; their plots far low altitudes. Large lakes can persist in continersentation of regularly toothed species (Fig. 9).
to the left in Figure 3 indicate abundant precipitatal interiors at high altitudes, as in the Andes anBrom nearest living relatives, Axelrod (1966b) in-
tion with no dry season. In contrast, the earlieon the Tibetan Plateau. Compared to the Pugietred the Copper basin flora to have lived at <1.2
Puget leaf assemblages (9676, 9841), although iassemblages (Fig. 8), the Green River assetkim compared to the present-day altitude of ~2.1
dicating moist conditions, are less wet; noteworblage has fewer untoothed species that are linelm; however, the physiognomic differences im-
thy too are coals, which are thinner and fewdarge, and have attenuate apices. Such differengayg that the Copper basin flora lived at ~2.0 km
from the lower part of the Puget section than frongield an estimated paleoaltitude of 2.9 km for théTable 1), i.e., about the same as the fossil local-
the section containing these younger leaf assef@reen River flora, which differs little from the ity today. If the Copper basin were isochronous
blages (9833, 9878, 9694, 9731). present-day altitudes at the fossil localities.  with the older Puget flora from locality 9731 or
The only interior flora of the middle middle  For the succeeding cool interval of late middlevith the younger Comstock flora, the estimated
Eocene (43-46 Ma) interval that we have and=ocene time (late Ravenian of Wolfe, 1968), wealeoaltitude would be substantially higher.
lyzed is from the upper part of the Green Rivecombined the flora from three localities in the The Salmon flora is not well dated. It is present
Formation, which is dated ca. 45 Ma by a comPuget Group in order to have a taxonomically din lacustrine sediments deposited in a graben after
bination of stratigraphy and radiometric dataverse sample. The combined Puget assemblathe initiation of normal faulting of the Challis Vol-
(MacGinitie, 1969). Traditionally, the Green has a high proportion of species that have leaveanics. The Salmon flora has some taxa in com-
River lakes have been placed at low altitudesith untoothed margins and are unlobed, largenon with the later Eocene floras in western Mon-
(e.g., Greenwood and Wing, 1995), partly beand have attenuate apices; note that the Puget aada, and, like Wolfe and Tanai (1987), we
cause consensus assigns large interior lakesth® interior assemblages all have moderate repeensider the Salmon flora to be of late middle
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none of which is sufficiently diverse for CLAMP
analysis. These collections could be combined, as
were the late Ravenian Puget assemblages, but the
large assemblages at Goshen, Comstock, and La
Porte farther south are available for analysis as
sea-level assemblages for comparison to the in-
60 land Florissant flora (Fig. 11).
As noted previously, most recent estimates of
50 paleoaltitude for the Florissant area during the lat-
est Eocene are ~2.4 to 2.7 km, which is about pres-
ent-day altitude. Our analysis suggests a paleoalti-
& tude about 1 km higher than these estimates, but
g Gregory and Maclntosh (1996) revised the Floris-
£

Percentage
[0}

sant paleoaltitude, still assuming a terrestrial lapse
rate, upward to 3.1 km. Forest et al. (1995) were
the first to estimate paleoaltitude from differences
in moist enthalpy as derived from leaf physiog-

: nomy, and suggested a paleoaltitude for the Floris-
puoet oe® K a » g : S sant area similar to that suggested by Gregory and
Chase (1992). The differences in estimatds of
between those of Forest et al. (1995) and our
analysis stem, in part, from the use of linear statis-
tics in one case and nonlinear canonical corre-

5 g spondence analysis in the other. More important,
o ER the absence of samples from western Mexico in
- 5 3 :‘;’ é’ the CLAMP database used by Forest et al. (1995)
; E 2 f;" (ate® may account for a lowed (321.1 vs. 333.5 kJ
S r charac“*’ kg™ for the coastal floras. This difference, in turn,
Physiog“om.c is partially offset by the inclusion of the subalpine

nest in the calibration of CLAMP by Forest et al.
(1995), which accounts for a lowdr(294.6 vs.
Figure 10. Abbreviated physiognomic profiles for some late middle Eocene (ca. 39—42 MaB00.1) for the Florissant assemblage and other fos-
leaf assemblages. The Puget assemblage includes material from three localities (9680, 983,assemblages that plot near the subalpine nest.
9837) and represents lowland vegetation in western Washington; the Salmon assemblage refhese two factors combined to yield a difference
resents vegetation in east-central Idaho; and the Copper basin assemblage represents vegeia-H of 6.9, which represents most of the differ-
tion in northeastern Nevada. Analysis of the Copper basin assemblage is based on Axelrodnce in estimate of paleoaltitude.
(1966b), and analyses of the other assemblages are based on collections in the U.S. National Mu-The youngest interior flora under considera-
seum. Although of cooler aspect (e.g., fewer species have no teeth and many have regularipn is the Oligocene Creede flora (Fig. 12),
spaced teeth) than the four preceding assemblages, the combined Puget late Ravenian physioghich was monographed by Axelrod (1987) and
nomy is of warmer aspect than the Copper basin, which has fewer untoothed and more lobedevised by Wolfe and Schorn (1990). The Creede
species. The Salmon physiognomy would appear to indicate drier conditions than the Coppeffiora is in lacustrine moat deposits of a late
basin, as indicated by the higher proportion of small leaves; the higher incidence of attenuateOligocene caldera (Axelrod, 1987); on the basis
apices in the Salmon assemblage, however, indicates wetter conditions, suggesting that—as of nearest living relatives, Axelrod estimated the
modern subalpine physiognomy—the small leaf size is primarily related to coldness rather thansurface of the lake to have been at ~1.2-1.4
to dryness. As in the Creede assemblage (see Fig. 12), large-leafed dicotyledonous evergreenslate This is in contrast to the higher altitude
absent in the Salmon assemblage, despite the putatively mild winter climates of Eocene timg~2.2—-2.5 km) suggested by Wolfe and Schorn
L:W is length-to-width ratio. (1989), who based their conclusions on general
physiognomic principles. However, this estimate
suggested so little subsequent uplift in southern
Colorado that Wolfe and Schorn thought that the
Eocene age and approximately coeval with theased on a maximal enthalpy value of 295 kJ kgestimate was anomalous, and thus adopted an ad
Copper basin and upper Ravenian floras (Fig. 1G@r any subalpine assemblage. If the Salmon asec explanation (Molnar and England, 1990) re-
Whatever the exact age of the Salmon flora, threemblage is considered as non-subalpine and ndsited to speculative winter temperature inver-
CLAMP analysis places the vegetation as sulsubarctic, the paleoaltitude would have been 1€8ons to explain the lowestimate (0-2.5 °C) for
alpine; as is typical for many subalpine samplegm. If the Salmon is somewhat older or youngethe Creede assemblage. The robustness of
the Salmon assemblage has a generally small l¢hén suggested here, paleoaltitudes would be sUbL AMP relative to differing taxonomic treat-
size, but indicators of true drought (e.g., an emastantially higher. ments is well exemplified by the Creede assem-
ginate apex) are absent. This places the SalmonAssemblages stratigraphically above uppédilage: the estimatetlandH for the Creede as-
paleoaltitude at >2.0 km, if the Salmon assenRavenian assemblages in the Puget and overlyingmblage based on the taxonomic treatment by
blage is of late Ravenian age; this estimate imlcanic unit are represented by small collectiongyxelrod (1987), who determined >50 woody di-
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cotyledon species, versus that of Wolfe an
Schorn (1990), who reduced this number to 2¢

are within the standard errors fband forH. 80

Creed€T is estimated from (1) recognizing that 70
the Creede sample plots in the subalpine zoi 60
(Fig. 4), and (2) regression ®ffor only the sub- 8 50
alpine samples (see Wolfe, 1993). This CLAMF 3’5
subroutine yields an estimateTobf 4.2 °C. The @40
association of the Creede sample with the su ;“"_ 30 80
alpine nest indicates that enthalpy was <295 | 2 70
kgl and paleoaltitude was >2.8 + 0.8 km. If we 1 : 60
try to usedT of 10.6 °C between sea level and the " % 9 : - - 50 (%7’
Creede flora to estimate paleoaltitude, the result =]
an uncertain terrestrial lapse rate. At about 35 M 40 .‘i’)
the FlorissanT indicates a terrestrial lapse rate o comew " ey : - 30 &
2.9 °C/km + and at 15.5-16.0 Ma, the estimate . E - 20
terrestrial lapse rate between the coast and we s . : : - 10

ern Nevada was 2.0-3.3 °C/km (Wolfe et al.
1997). Using the highest terrestrial lapse rat
(3.3 °C/km) yet estimated for the time from 15 tc
35 Ma in western United States yields an estima
of ~3.9 km paleoaltitude for the Creede lake su
face, and the volcanic plateau ~1 km above cou

»
- B &
. . ® @ 2 9
have been ~5 km altitude. The higher-than-pre: - B -§ e £ 5
ent paleoaltitudinal estimates for this area c ; T’és £ %
southern Colorado during late Oligocene tim ok e Z tof states
might be expected, because of uplift due to unde ¢ chara®

. ; : . omi
plating of magma and therefore crustal thickenin phy5'°g"

associated with the volcanism at the surface. Lik ) ) ) ] ] )
modern subalpine samples, the Creede asse Figure 11. Abbreviated physiognomic profiles for some late Eocene to earliest Oligocene (ca.

blage has generally small-leafed species, but on33-35 Ma) leaf assemblages. The Comstock and Goshen assemblages represent lowland vegeta-
that are not emarginate, and a low incidence fion in west-central Oregon, the La Porte assemblage represents vegetation in eastern California,
lobed species: we thus think that the Creede p|Cand the Florissant assemblage represents vegetation in central Colorado. Analysis of the Goshen
in the subalpine nest. Nevertheless, as with tfassemblage is based on Chaney and Sanborn (1933), analysis of the Comstock is based primarily
Salmon, if the Creede leaf assemblage we©" Sanborn (1935), analysis of the La Porte is based on Potbury (1935), and analysis of the Floris-
treated as non-subalpine and non-subarctic ratfSant is based on MacGinitie (1953). The Florissant physiognomy is of both drier (e.g., small leaf
Size, few attenuate apices) and cooler (higher proportion of regularly toothed and lobed leaves)

than subalpine, the enthalpy difference betwe ; ! i )
aspect than physiognomy of the near-coastal assemblages. L:W is length-to-width ratio.

the Creede and Yaquina assemblages would ini
cate a paleoaltitude for the Creede of 2.6 + 0.
km, approximately that of the present.

The uncertainty of terrestrial lapse rates ithe empirically derived terrestrial lapse rate o$uch as by delamination of the entire mantle litho-
western North America during the Eocene and3.0 °C/km in present-day western Norttsphere (e.g., Bird, 1978, 1979) by convective re-

Oligocene makes previous paleoaltitudinal estiAmerica (Wolfe, 1992). moval of thickened, and therefore unstable, lower
mates of uncertain validity when these are based lithosphere (e.g., England and Houseman, 1989;
on an assumed particular lapse ratee largely DISCUSSION AND CONCLUSIONS Houseman et al., 1981), or by heating by erosion
independent estimates of paleoaltitudes arid of of the basal lithosphere by the impingement of a

given in Table 1 allow gross estimates to be Two basic processes lead to large changesiewly developed zone of hot upwelling, can cause
made of past terrestrial lapse rates. On the basigan elevations (~1 km or more) over large areaapid uplift of the Earth’s surface (1-2 kmin a few
of differences ifT between the Puget Group andn relatively short times (<10 m.y.). First, changesnillion years). Most other processes require
the uplands of Washington and southern Britisim crustal thickness will, via isostasy, yield changeknger periods for comparable elevation changes.
Columbia, estimated lapse rates for early midn mean elevations of roughly 15% of the changErosion lowers mean elevations on a longer time
dle Eocene time are 3.4 °C/km (mean of alin crustal thickness. Thus, crustal shortening or escale, because isostasy compensates for material
three Republic assemblages), 3.5 °C/km (Ortension at rates of a few millimeters per year ovéhat is removed. For a relatively high average ero-
Mile Creek), and 3.3 °C/km (Chu Chua). Theaegions as wide as 100 km will yield elevatiorsion rate of 0.3 mm/yr, mean elevations should de-
relations between the Puget and Green Rivehanges of ~1 kmin 10 m.y. Similarly, the additiorcrease at 0.05 mm/yr, corresponding to 500 m of
suggest a lapse rate of 2.8 °C/km; relations bef material by magmatic processes to the base sfibsidence in 10 m.y. More typical erosion rates of
tween the Puget and Copper basin suggest a rite crust should cause surface uplift of comparalbel mm/yr require proportionally longer periods
of 3.3 °C/km; and relations between the coastamounts, ~15% of the thickness of added crustfdr substantial lowering of the surface. Similarly,
assemblages and Florissant suggest a rateméterial. Second, an alteration of the thermahermal alteration by conductive heating or cool-
3.1 °C/km. These gross estimates are similar &iructure of the upper mantle by mass transfang is a slow process, dictated by the thermal time
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altitudes in northeastern Washington and southern
British Columbia appear to have been 1-2 km
higher than those at present. These localities are

70
within grabens that apparently formed just after
60 initiation of normal faulting at about 55-50 Ma
50 (e.g., Carr et al., 1987; Parrish et al., 1988;
% 40 Wernicke et al., 1987). Thus, it appears that these
c areas, which underwent Eocene crustal extension
E‘i’_ 30 70 after a long period of crustal shortening (Burchfiel

et al.,, 1992; Parrish et al., 1988; Price and
Mountjoy, 1970; Wernicke et al., 1987), were high,
50 and therefore their tectonic setting was similar to

40 4‘% that of other high terrains of active normal faulting

§ and crustal extension; i.e., the Basin and Range

30 5 province farther south, the Tibetan Plateau (e.g.,

. 0 & Molnar and Tapponnier, 1978), and the Andes
~oaT ) (e.g., Sébrier et al., 1985, 1988). Our results cannot
3 ' - 10 address the elevation history that preceded the on-

Y set of crustal extension, but they clearly support
Y the contention that high terrains are susceptible to

extension, or collapse. Moreover, our data from
Washington and British Columbia cannot define

% “g j,' the duration or rapidity of subsidence, but the pat-

o g % g Z tern is similar to what we have determined for a

- 8 ‘E g g g - part of the Basin and Range province (Wolfe et al.,
Vo= £ 5 1997), where rapid subsidence of a terrain as high

% aE; e % cter state® 3000 m occurred shortly after normal faulting be-
mic char® gan at ca. 18 Ma. Thus, although the change in

physio? boundary conditions or internal state that initiated

normal faulting in the southern Canadian Rocky

Figure 12. Abbreviated physiognomic profiles for some late Oligocene (ca. 2427 Ma) leaf asMountains and Washington and therefore initiated
semblages. The Yaquina assemblage represents lowland vegetation in west-central Oregon, arfj€ Eocene Tectonic Transition of Parrish et al.
the Creede assemblage represents vegetation in the San Juan Mountains of south-central Cof1990), cannot be deduced with confidence, the
orado. Analysis of the Yaquina assemblage is based on McClammer (1978), and analysis of thgSults presented here demonstrate that a large
Creede assemblage is based on Wolfe and Schom (1990). All physiognomic character states $pUrce of energy, gravitational potential energy
the Yaquina assemblage indicate warmer and wetter conditions than the Creede. As in presentStored in thick crust, existed when the normal
day subalpine environments, Creede physiognomy mimics physiognomy of dry, slightly warm faulting occurred. o _
environments (e.g., moderately small leaf size, a moderate proportion of untoothed species, and 1he onset of normal faulting in a large high
amoderate proportion of lobed species). The apparent dryness is, however, contradicted by gent€main (where shear traction on its base can be
eral absence of emarginate (notched) apices, and the apparent warmth is contradicted by ab/gnored) requires a change of some kind (e.g.,

sence of large-leafed dicotyledonous (“broad-leafed”) evergreens. L:W is length-to-width ratio. ENgland and Molnar, 1993). One candidate is
convective removal of some or all of the thick-

ened mantle lithosphere beneath a region that
has undergone crustal thickening (England and
constant of the lithosphere of 30 to 100 m.y., foKisinger Lakes floras, all the interior floras anaHouseman, 1989). Thickening of mantle litho-
lithosphere 100 to 200 km in thickness. lyzed indicate paleoaltitudes at least as high as tephere creates a convective instability that leads
Recognizing that much of the western Uniteghresent-day altitudes of the fossil localities. Aso removal of relatively cold, dense material. The
States underwent crustal shortening in Late Créhese localities represent different tectonic setesulting removal of a cold lithospheric root and
taceous and early Cenozoic time, we might exings, we treat them first spatially, and then correplacement by hotter asthenospheric mantle
pect paleoelevations in general to be greater thaider the implication of the temporal evolutionleads to uplift of the overlying crust and provides
present-day elevations. Yet, because volcanism Many of the localities we studied are from rea trigger for the normal faulting. The distribu-
became widespread in both the Basin and Rangi®ns that have undergone normal faulting antions of ages and compositions of volcanic rocks
province and in parts of the Rocky Mountains ircrustal extension in Cenozoic time. These infrom the Basin and Range province permit such
Cenozoic time (e.g., Armstrong and Ward, 1991)%lude areas where normal faulting has ceased @n explanation for volcanism and the onset of
we cannot ignore the possibility that the uppeis very minor, e.g., Washington and British Conormal faulting (e.g., Platt and England, 1994),
mantle beneath these areas was transformed frtumbia) and others from the Basin and Rangeut they do not require such an explanation.
relatively cold to relatively hot, with the conse-province, where active normal faulting is wide- The inferences from both Copper basin,
guence that surface elevations increased durisgread and occurs rapidly compared with mo#tevada, and Salmon, Idaho, suggest that paleo-
Cenozoic time. other continental settings. altitudes were comparable to or higher than
With the exception of the Little Mountain and Early middle Eocene (ca. 49-50 Ma) paleopresent-day altitudes. The more reliable estimate
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is from Copper basin, where normal faulting ishermal perturbation and therefore may mark ACKNOWLEDGMENTS
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