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Figure 7

Paleoelevation estimates (in kilometers) derived from enthalpy for the Beaverhead Basins (blue) and Fossil Basin (red) paleofloral sites. Mormon
Creek estimate is an outlier probably due to the fact that its age is poorly constrained relative to the other paleofloras. The Beaverhead Basins
paleofloras are closest in age to the Ruby flora suggesting an approximate paleoelevation difference of 1.0 +/- 0.5 km in the early Oligocene.




assuming a terrestrial lapse rate of 3.0
°C/km (Wolfe, 1992) although it should be
noted that local lapse rates can be highly
variable.

Paleoprecipitation estimates show a
dramatic increase in growing season
precipitation (GSP) and three wettest
months (3WET) precipitation and a
consistently low three driest months (3DRY)
precipitation of 7-9 cm (Figure 9). These
estimates are consistent with the trend
seen between the Metzel Ranch and Ruby
floras suggesting that the Beaverhead
Basins paleofloras are registering the same
climate shifts. Precipitation variations are
likely due to waxing and waning glaciation
in the southern hemisphere (Zachos et al.,
1992) and possibly Greenland (Eldrett et al.,
2007). Similar cyclical changes in Paleogene
precipitation, interpreted as alternating
glacial/interglacial cycles, are also recorded
by calcic paleosols in the Sage Creek Basin
of southwestern Montana (Sheldon, 2009).

NEAREST LIVING ANALOGS

Nearest living analogs (NLA) for the
Beaverhead Basins paleofloras are similar to
those determined for the Metzel Ranch and
Ruby floras (Table 3) with all NLA from
central and eastern North America and
Europe. Euclidean distance calculations also
reveal close affinities with East Asian
temperate localities in the CLAMP-173
database. Gentry NLA sites mostly fall under
the warm temperate dry and warm
temperate moist Holdridge zones with
lesser representation of the cool temperate
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moist and boreal wet zones. The conifer
dominated European NLA sites, which
represent most of the cool temperate moist
and boreal wet zones, are interpreted as
proxies for the Rocky Mountain coniferous
forest association. The proximity of the
Paleogene lake deposits to the uplifted
footwall of the basin bounding Muddy
Creek/Grasshopper normal fault system
(Dunlap, 1982; Matoush, 2002; Janecke,
2007) probably accounts for the high
elevation, conifer-rich element present in
all the Beaverhead Basins paleofloras. The
taxa present are largely identical to the high
altitude community preserved in the Ruby
flora suggesting a regional, high altitude
forest association directly ancestral to the
modern Rocky Mountain coniferous forest
association.

A xeric community containing most of
the same species, or very closely related
forms, as the Metzel Ranch and Ruby floras
demonstrates the existence of a regional
dry-adapted plant community in the
Paleogene northern Rockies. Similar species
of Cercocarpus, Mahonia, Pinus, and
Quercus are also known from the Florissant
locality (MacGinitie, 1953). Moreover,
Ephedra palynomorphs have also been
reported from the Medicine Lodge flora
(Leopold & MacGinitie, 1972). Ephedra, a
genus which thrives today in dry habitats, is
also known from Florissant, further
strengthening the case for a regional xeric
community bracketing the
Eocene/Oligocene (E/O) boundary. These
observations suggest that a highly seasonal,
summer dry climate was present
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throughout the northern Rockies and likely
stretched further south along the cordillera.
Moreover, the southwestern Montana
paleofloras appear to contain plant
associations ancestral to both the mountain
mahogany and juniper scrub associations of
the modern Rocky Mountains (Barbour &
Billings, 2000).

Another trend of interest observed in the
Beaverhead Basins paleofloras, which also
has a parallel in the Fossil Basin locality, is a
temporary increase in species of East Asian
affinity near the E/O boundary. The number
of East Asian species increased in the
transitional floras of the Fossil Basin locality
before practically disappearing by York
Ranch time. Similarly, in the Beaverhead
Basins area, the number of species of East
Asian affinity increased from 16 to 25 to 32
from Christensen Ranch to Horse Prairie to
Medicine Lodge time (Becker, 1960). This
suggests that during the transitional period
straddling the E/O boundary, temperate
East Asian taxa temporarily became a more
prominent component of northern Rockies
vegetation before gradually losing out to
North American temperate forms directly
ancestral to modern vegetation.

COMPARISON WITH OTHER PALEOGENE
PALEOFLORAS

In order to place the Montana
paleofloras in the larger context of
Paleogene vegetation, Gower similarity
coefficients were calculated for the plant
family abundances of the Montana
paleofloras and several representative
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western North American Paleogene fossil
localities (Table 5). The top ten nearest
living analog (NLA) sites for these regional
paleofloras were also calculated from the
Gentry dataset and are summarized as
Holdridge Life Zones in Table 7. The most
obvious trend in this regional data is the
elimination of tropical and subtropical
communities across the E/O boundary. This
same phenomenon was previously noted in
the transition from the Mormon Creek to
the Metzel Ranch paleoflora.

The Thunder Mountain flora in
Idaho, an Eocene high elevation flora, has
NLA representative of the Boreal Wet and
Cool Temperate Moist Holdridge zones
suggesting that NLA representative of these
zones serve as a proxy for high elevation
Rocky Mountain coniferous forest. These
Holdridge zones become common in
Oligocene and Miocene localities, including
the Montana sites, suggesting the
expansion of this forest type from isolated,
mostly volcanic Eocene highlands, such as
the Thunder Mountain caldera, to a
dominant Oligocene forest type on a
regional scale.

There is also a north/south gradient
apparent in the Eocene NLA sites. Tropical
Holdridge zones are confined to the most
southerly sites, the Green River and
Florissant localities, dying out northward
with only one tropical NLA in the Kissinger
locality of northern Wyoming (although
Kissinger reconstructions based on lower
taxonomic levels are more tropical in
character (MacGinitie, 1974)) and none in
the Republic flora - even though the



Republic and Kissinger sites are both older
than the Florissant locality. By late Eocene
(Mormon Creek flora) time, the northern
Rockies were mesic and temperate, the
central Rockies seasonally dry and
temperate, and the southern Rockies were
subtropical and seasonally dry (Leopold &
MacGinitie, 1972)). Across the
Eocene/Oligocene transition and through
the Oligocene, warm temperate dry forest
expanded and seasonal dry conditions
became strongly established in the
northern Rockies. The Gower similarity
measure shows that the Montana
paleofloras have their greatest affinity with
Oligocene and Miocene localities, as

expected, but also have close affinities with
the more northerly Eocene sites such as the

Republic flora. This suggests a degree of
continuity of Paleocene vegetation in the
northern Rockies region across the
Eocene/Oligocene boundary.

CONCLUSIONS

The following conclusions are suggested
by compositional and statistical analysis of
the paleofloras of southwestern Montana:

1) The late Eocene Mormon Creek flora
predates the final Paleogene greenhouse
climatic deterioration and retains a
distinct component of subtropical
vegetation. The climate was warm and
relatively wet without a distinct summer
dry season, an interpretation also

supported by terrestrial gastropod faunas.
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2) The Metzel Ranch and Ruby floras,
along with the Beaverhead Basins
paleofloras, are transitional assemblages
which existed for a relatively short period
of time in the immediate aftermath of the
Eocene/Oligocene climatic deterioration.
The most important changes which
occurred during this time were the
elimination of the remaining subtropical
Eocene taxa and the development of a
distinct xeric plant assemblage. These
biotic changes correspond to a sharp
decline in precipitation during the three
driest months which, coupled with a
continuation of high summer
temperatures, signaled the initiation of a
climate regime with a distinct dry season.
Similar cooling and drying tends, and
associated floral shifts, are recorded from
other western North American localities.

3) Ancestral versions of the modern, high
altitude Rocky Mountain Montane
coniferous forest and the moderate
elevation mountain mahogany/juniper
scrub woodland expanded their range,
from isolated volcanic highlands in the
Eocene, to dominant components of
Oligocene western North American
vegetation.

4) During the Eocene/Oligocene
transitional period, taxa with East Asian
affinities temporarily became a more
prominent element in the regional flora.
East Asian taxa were eventually replaced
by species ancestral to modern North
American riparian and deciduous forest
taxa.



5) Elevations were ~0.7 to 1.0 km lower in
the Beaverhead Basins area relative to the
Fossil Basin locality due to the former’s
location in the hangingwall of an Eocene
normal fault system. Higher mean annual
temperature and a less seasonal climate in
the Beaverhead Basins area are
attributable to deposition at a lower
altitude.

6) During deposition of the Oligocene York
Ranch flora, vegetation assumed a more
modern North American aspect with the
elimination of East Asian endemics and
late Eocene holdovers, and a
corresponding increase in taxa related to
deciduous forms common to the forests of
central and eastern North America.

7) Cyclical patterns of precipitation
observed in the Montana paleofloras are
likely due to the growth and decline of
Antarctic continental glaciation. By the
early Oligocene, cold month mean
temperatures dropped below 0°C for the
first time, suggesting prolonged, rather
than episodic, winter freezing events.
Competition from species better adapted
to icehouse climate was also an important
factor in the regional extinction of Eocene
greenhouse taxa.

8) Across the Eocene/Oligocene boundary,
overall plant diversity declined due to the
loss of tropical/subtropical communities
and the elimination of specialist taxa
within multiple plant families. Previously
marginal communities, such as high
elevation coniferous and xeric vegetation,
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greatly expanded their range in the cooler
and drier ice house climate of the post-
Eocene world.

9) During times of rapid climatic overturn,
apparently disjoint associations of plants
(e.g. temperate and subtropical/tropical
taxa) can temporarily occur together as
their extreme climatic tolerances converge
and overlap. This is particularly true in
areas of high relief, and associated
altitude specific climate zones, like the
Paleogene Rocky Mountain region.
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Table 1

Revised floral lists for gymnosperm and angiosperm taxa contained in the Fossil Basin and Beaverhead
Basins paleofloras. These revisions are based on taxonomic work conducted on floras of comparable
Paleogene age since the original publication of Hermann Becker’s monographs on the fossil plants of

southwestern Montana. In particular the latest Eocene Florissant (Meyer 2003; Manchester, 2000) and

early Oligocene Bridge Creek (Meyer & Manchester, 1997) paleofloras contain affiliated taxa. New
names are in bold, questionable assignments in the original Becker monographs are indicated by a
preceeding *, names followed by a superscript P are taxa attested by pollen data as well as megafloral
remains (pollen data from Leopold et al. (1973)). An X under the heading for each paleoflora indicates
the presence of diagnostic megafloral remains while a P indicates taxa known only from palynomorph
data. Superscript numerals indicate footnotes for taxa modified from Becker’s original taxonomic
assignments.
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Family ‘ | Genus Species / Morphotypes MORMON CREEK METZEL RANCH RUBY YORK RANCH BEAVERHEAD BASINS
Pinaceae Abies” laticarpa X X
alvordensis X
concoloroides X
longirostris X
Picea” lahontensis X X
magna X
sonomensis X
Pinus ™ florissanti X X
macginitiei X
*monticolensis X
*hexaphylla X
*tetrafolia X
wheeleri
Pseudolarix americana X
PseudotsugaP masoni X
longifolia X
sonomensis X
Taxaceae P
Taxodiaceae” Glyptostrobus oregonensis X X
dakotensis X
Metasequoia occidentalis X X
Sequoia” affinis X X
Taxodium dubium X
Cupressaceaep Chamaecyparis linguaefolia X X
Juniperus nevadensis X X
Thuja diamorpha X
Gnetaceae Ephedra sp. P
Ginkgoaceae Ginkgo® adiantoides X X
Typhaceae® Typha® lesquereuxi X X X X
Gramineae Phragmites alaskana
Agrostis primaeva X
Arundo pseudogoepperti X
Poacites sp. X
Sabiaceae Sabia*® sp. X
Limnanthaceae Floerkea rubyensis X
Potamogetonaceae®  Potamogeton parvus X
Cyperaceae Eleocharis® lacustris X
angustifolius X
Liliaceae *Smitax” rubyensis X
trinervis X
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8
Cannaceae Canna

Salicaceae Populus
Psuedosalix®
Salix
Myricaceae *Myrica "
Juglandaceae Ca/yap
Engelhardtia
Juglans
Betulaceae Alnus®
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flaccidafolia
balsamoides
adamantea
cedrusensis
cinnamomoides
crassa
eofremuloides
lindgreni
payettensis
salicoides
succorensis
washoensis
cockerelli
longiacuminata
succorensis
coloradica
hesperia
knowltoni
laevigatoides
longiacuminata
schimperi
stipulata
taxifolioides
truckeana
wildcatensis
wimmerianna
longissima
rivularis

dorfi

lignitum
mormonensis
metzel
serrulata
antiquorum
libbeyi

Sp.

sp.

carpinoides
jarbidgana
protomaximowiczii

relata

x X X X X

X X X X




Fagaceae

Ulmaceae”

Moraceae
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Betula

Paracarpinus "

Corylus
*Ostrya 2
Fagus
Castanea

Fagopsis "

Quercus”

Celtis

Uimus”

Cedrelospermum "

Morus

fairii

thor

vera

Sp.
lanceolata
fraterna
insignis
oregoniana
washoensis
spokanensis
dolichophylla
miomollissima
longifolia
brooksi
consimilis
convexa
dayana
dispersa
elwyni
eoprinus
hannibali
mohavensis
prelobata
prevariabilis
pseudolryata
simulata
winstanleyi
mccoshi
alderensis
chaneyi
kansana
montanensis
moorei
paucidentata
speciosa
drymeja
hesperia
nervosa
oregoniana
ungeri

symmetrica

X X X X

x

xX X X X X




*Proteaceae'®

Eucommiaceae

Nymphaeaceae

Cercidiphyllaceae

Ranunculaceae

Berberidaceae

Cruciferae

Saxifragaceae

Eucommiaceae
Menispermaceae

Lauraceae

Elaeagnaceae
Hamamelidaceae

Platanaceae

Rosaceae”
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*Lomatia

*Knightophyllum

Eucommia
Nymphaeites
Nelumbo

Nuphar
*Cercidiphyllum "

Clematis

Mahonia

Berberis
Thlaspi
Philadelphus
*Hydrangea

Ribes

Eucommia
Cocculus
Laurophyllum
Nectandra
Persea
*Sassafras"”

Eleagnus
Exbucklandia

Platanus

Cercocarpus "

eorubra
lineata
angustum
wilcoxianum
browni
nevadensis
sp.
advenoides
elongatum
arcticum
crenatum
ellensburgensis
marginata
hakeaeformis
limirivuli
lobodonta
obliqua
reticulata
simplex
subdenticulata
peloronta
acanthoides
primaevum
parvulus
knowltoni
californica
auratum
cerinum
montana
heteromorpha
intermedium
antillanafolia
praelingus
ashleyi
columbiana
hesperia

sp.
oregonensis
dissecta
stenoloba

antiquus

x xX X X X X

X X X X X X X




Leguminosae®'
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Amelanchier

Chamaebatia

*Crataegus ™

Kerria
*Potentilla®

Prunus

Pyracantha
Rosa
Sorbus

Spiraea

Vauquelinia
Waldsteinia
Leguminosites
Albizzia

Caesalpinites

Canavalia

Cassia

Cercis
Cladrastis
Conzattia

Dalbergia
Desmodium

bea-annae
myricaefolius
dignata
couleeana
covea
prefoliolosa
copeana
elwyni
pacifica
antiqua
passamariensis
horkelioides
salmonensis
scottii
lyoniifolia
moragensis
wilcoxiana
spatulata
hilliae
carcharodonta
harneyensis
clavidens
decurrens
coloradensis
insolita

Sp.
ovalicarpa
acuminatus
coloradicus
eocenica
glenni
fayettensis
hesperia
reticuloides
parvifolia
spokanensis
oregonensis
prelutea
coriaceae
retusa

rubycanum

X X X X X X

x

xX X X X

xX X X X




Simaroubaceae
Meliaceae

Anacardiaceae

Euphorbiaceae”

Aquifoliaceae

Celastraceae

Staphyleaceae
Sapindaceae24
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Diphysa
Leucaena
Lonchocarpus
Mimosites
Parkinsonia
Pithecolobium

Robinia

Sophora
Astragalus
Allanthus
Chaneya®
*Cedrela®

Cofinus
Metopium
Rhus

Mallotus

llex

Celastrinites
Celastrophyllum
Celastrus

Euonymus

Staphylea
Acer

Athyana

*Cardiospermum %

Cupanites

presuberosa
californica
oregonensis
acaciafolius
constricta
eocenicum
californica
lesquereuxi
spokanensis
wilmattae
americana
fruncatum
lancifolia
pteraformis
fraterna
metopioides
obscura
milleri
miosuccedanea
praeovata
stellariaefolia
riparius
acuminata
rubyensis
populoides
antrorsum
robertsi
typicus
pacificus
splendens
florissanti
aequidentatum
bendirei
bolanderi
glabroides
minor
oregonianum
scottiae
haydeni
terminale

formosus

X X X X X X

X X X X

x

xX X X X X

xX X X X

x

X X X X X X X X




Rhamnaceae

Vitaceae

Nyssaceae

Elaeocarpaceae

Alangiaceae
Ericaceae
Dilleniaceae
Flacourtiaceae
Eleagnaceae

Araliaceae

Cornaceae

Sapotaceae
Ebenaceae
Oleaceae

52

Dipteronia
*Dodonaea®
*Koelreuteria®”

*Sapindus?
Berchemia

Ceanothus

Colubrina
Paliurus

Reynosia

Rhamnus
Rhamnites

Rhaemnus
Vitis

Nyssa

Elaeocarpus
Alangium
Grewiopsis
Vaccinium
Arctostaphylos
Dillenites
ldesia
Shepherdia
Aralia

Cornus

Alangium
Bumelia
Diospyros®

Fraxinus

insignis
reniptera
arnoldi
bipinnatoides
mixta

nigricans
coloradensis
huanoides
variabilis
prespinosus
pre-élliptica
dumosus
florissanti
preanuntia
rubyvallis
crocea
berchemiaformis
psuedo-stenophyllus
plena
muscadinioides
washingtonensis
crenata
hesperia
apiminax
aequalifolium
elegans
sophoroides
cuneata
tetracerafolia
glandulosa
weaveri
rubyensis
taurinensis
buchi

cornella

ovalls
aequalifolium
balli
oregoniana
rupinarum

brevialata

X X X X X X




eocenica X
flexifolia X
yubaensis X
Osmanthus preamissa X
Malvaceae®® Craigia®’ cassioides X
miocenica X X
Florissantia® speiri X
*Sterculia wilcoxensis X
Tilia inaequalis X
aspera X
Caprifoliaceae Symphoricarpus elegans X
Sambucus newtoni X
*Viburnum™ palmatum X
kraeuseli X
Scrophulariaceae Paulownia columbiana X
thomsoni X
Bignoniaceae Catalpa rubyensis X
Callichlamys zeteki X
*Compositae“ Viguiera cronquisti X

! Following reassessment of Florissant pines, the foliage and seeds (PI 8, Fig 1-4, Becker 1961) & (PI 6, Fig 1-2, Becker 1969) previously assigned to P. florissanti reassigned to P. macginitei, cones
(P18, Fig 5 &9, Becker 1961) & (PI 9, Fig 12, Becker 1961) may still be valid as P. florissanti. Four to six (mostly 5) needle fasicles previously assigned to P. monticolensis, P. tetrafolia & P. hexaphylla likely P. wheeleri.
P. tetrafolia & P. hexaphylla were defined on the basis of single specimens and are more likely unusual specimens of P. wheeleri rather than new species.
2 Several short shoots (P15, Fig 1, Becker 1969) & (PI 1, Fig 6, Becker 1972) are questionably aligned with Ginkgo and may instead belong to Pseudolarix or another gymnosperm genus. However, the presence of a
single Ginkgo leaf (Fig 4, Becker 1964) establishes the presence of the Ginkgoaceae in the Ruby paper shale flora.
3 Some specimens interpreted as Typha leaves are rejected based on the absence of wavy cross veins between the primary veins (Pl 13, Fig 13-18, Becker 1969). However, other leaves may still be legitimate Typha (Pl 2, Fig 6, Becker 1972),
Pollen establishes the presence of the family Typhaceae in the Beaverhead Basins flora (Leopold & MacGinitie, 1972).
* These fruits (formerly Symplocarpus (Pl 13, Fig 19 & 20, Becker 1969)) are provisionally reassigned to Sabia (Sabiaceae), The family Araceae is likely not present based on current specimens.
5 Formerly family Zosteraceae
6 Formerly genus Cyperacites
7 Entire margin leaves in Ruby flora (Pl 11, Fig 9-11, Becker 1961) could be Dioscorea instead. Similar shaped leaves with toothed margins in Beaverhead Basins (P15, Fig 7, Becker 1969) are likely Rhamnaceae (Paliurus, Ceanothus).
8 Possibly Zingiberales rather than Canna.
9 Psuedosalix recognized by Manchester (2006) includes Salix cockerelli, S. longiacuminata & S. succorensis (leaves) Antholithes botryantra & A. tulipoidea (fruits) and Carpites carum-carvi & C. eludens (capsules). Other species of
Populus and Salix could properly belong in Pseudosalix as well. Given the known variability of leaves of the Salicaceae, several of Becker's established species could be invalid especially if based on only a few specimens.
Some reproductive axes previously assigned to Populus (Pl 16, Fig 7 & 8, Becker 1969) are likely taxodiaceous pollen cones instead.
° Some specimens assigned to Myrica (Pl 16, Fig 16 & 17, Becker 1969) may be Rosaceae instead based on details of the compound teeth.
" Carpinus specimens reassigned to extinct genus Paracarpinus. Asterocarpinus fruits are also present in Beaverhead Basins flora (Manchester & Crane, 1987).
12 Assignment to Ostrya questionable. Venation (Pl 18, Fig 7, Becker 1969) suggests that inclussion in Rosaceae is more likely.
N Following Manchester & Crane (1983), the extinct genus Fagopsis has been moved from the Betulaceae to the Fagacea.

* As at Florissant, Zelkova leaves have been reassigned to Cedrelospermum (Manchester,1989) although the distinctive Cedrelospermum fruits have not been found to date.
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Zelkova could still be present in Montana although macrofossil evidence for its occurrence is equivical. Pollen assigned to Zelkova was reported by (Leopold & MacGinitie, 1972).
"® The southern hemisphere family Proteaceae is not considered valid at contemporary North American Paleogene localities. The proper assignment of these genera is unknown.
'® Leaves assigned to Cercidiphyllum (Pl 24, Fig 5 & 7, Becker 1969) reassigned to extinct genus Trochodendroides, pods (Pl 24, Fig , Becker 1969) reassigned to extinct genus Nyssidium.
7 Some specimens assigned to Sassafras (Pl 26, Fig 8-10, Becker 1969) and (Pl 25, Fig 5-8, Becker 1973) may be Lindera or Litsea instead.
1 Species identified as Cercocarpus (Pl 22, Fig 1-6, Becker 1961) and (Pl 30, Fig 13-21, Becker 1969) may represent an extinct ancestral genus rather than the extant genus Cercocarpus.
1 Assignment to Crataegus questionable.
2 Some specimens assigned to Potentilla (Pl 30, Fig 1-5, Becker 1969) and (Pl 22, Fig 18-21, Becker 1961) may be Rosa instead. Specimens lacking distinctive characters provisionally retained in Potentilla.
z Assignment of speciemns of Leguminosae to genera are provisional as these specimens often lack distinguishing characters which would allow identification to the generic level. Some pods assigned to Cercis
(P1 32, Fig 8, Becker 1969) are not Cercis owing to the lack of a wing along the suture.
2 Fruits (P1 34, Fig 5-12, Becker 1969) and (P! 25, Fig 1,2 Becker 1961) originally assigned to Astronium (Anacardiaceae) now belong to the extinct genus Chaneya (Simaroubaceae). Leaves (Pl 34, Fig 4, Becker 1969) may belong to Rhus
% Seeds could be Toona instead.
2 Family Aceraceae now considered to be a subfamily of family Sapindaceae.
% Questionable assignment to Cardiospermum. Most likely an extinct genus of Sapindaceae.
% No collaboration of Dodonea from distinctive winged seeds.
" No collaboration of Koelreuteria from distinctive fruit valves.
2 Evidence for affiliation with genus Sapindus equivical.
2 Diospyros fruits (Pl 38, Fig 2-22, Becker 1969) are reassigned to Paliurus. Leaves are undiagnostic for Diospyros so the presence of the family Ebenaceae cannot be substantiated.
% The families Steruliaceae, Tiliaceae & Bombacaceae now combined into Malvaceae. Specimen assigned to Sterculia (Pl 38, Fig 3, 1969) more likely Platanus.
3 Fruits originally assigned to Ptelia (Pl 33, Fig 7-14, Becker 1969), (PI 10, Fig 12-14, Becker 1972) and (Pl 23, Fig 16-18, Becker 1961) in the family Rutaceae are reassigned to Craigia in the family Mavaceae.
2 Specimens formerly assigned to Holmskioldia (Pl 30, Fig 1-3, Becker 1961) and (Pl 39, Fig 6 & 7, Becker 1969) in the family Verbenaceae now assigned to extinct genus Florissantia in Malvaceae.
8 Specimens previously assigned to Viburnum (PI 39, Fig 11, Becker 1969) likely belong to family Platanaceae instead. Viburnum cannot be substantiated.

3 No distinctive features assign this specimen (Pl 39, Fig 15, Becker 1969) to Compositae. It is more likely a degraded cuppresaceous cone. Compositae cannot be substantiated
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Table 2

Coefficients for new multi-variable linear regression equations developed from the CLAMP-173 dataset.
Also included are new single variable linear equations for selected climate parameters. Correlation
coefficients (R2) and standard errors are included for each paleoclimate equation.
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New MLR equation coefficients

MAT WMMT CMMT GROWSEAS GSP MMGSP 3-WET 3-DRY ENTHAL
Intercept | 12846 ___ 40089 4522 __ 6029 13475 _ 11125 _ 18557 __ -39.664___ 27.059 _
Lobed 0.195 0.052 0.015
No Teeth 0.157 -0.121 0.213 0.064 0.061
Regular teeth -0.080 -0.035 0.089
Close teeth -0.063 -0.036
Round teeth -0.193 -0.025 -1.206 -0.123 -0.460 -0.221 0.016
Acute teeth 0.051 -1.133 -0.113 0.466 0.017
Compound teeth -0.294 -0.006
Nanophyll 0.192 -2.314 -0.110 -0.806
Leptophyll 1 -0.153 0.566 -0.023
Leptophyll 2 -0.161 -0.143 -1.581 -0.021
Microphyll 1
Microphyll 2
Microphyll 3
Mesophyll 1 0.093 0.081 0.330
Mesophyll 2 0.274 0.430 0.477 -0.931 0.039
Mesophyll 3 -0.172 0.128 0.513
Emarginate apex 0.082 0.035 0.160 0.022 0.026
Round apex
Acute apex
Attenuate apex 1.701 0.193 0.896 0.512 0.008
Cordate base 0.132 0.033
Round base -0.045 -0.010
Acute base
L:W<1:1 -0.219 -0.165 -0.419 -0.173 -0.822 -0.129 -0.631 -0.043
L:W1-2:1
L:W2-3:1 1.715 0.161 0.520 0.345
L:W 3-4:1 3.822 0.423 1.775 0.788 -0.020
L:W >4:1
Obovate
Elliptic 1.500 0.228 0.754 0.638 0.009
Ovate 0.005
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R squared (R 0.884 0.795 0.854 0.863 0.787 0.783 0.786 0.771 0.885
Standard error (+/-) 2.371 2.498 3.605 1.188 42.455 4.415 17.545 11.581 0.509

New single linear regression (SLR) equations

MAT = .275 (No Teeth) + 1.34 R>=.775
WMMT = .182 (No Teeth) + 14.37 R*=.551
CMMT = .360 (No Teeth) - 10.99 R?=.727

GROWSEAS = .124 (No Teeth) +2.29  R®=.748
3-DRY = 1.08 (Atten Apex) + .004 R*=.610
3-WET = 1.54 (Atten Apex) + 10.61 R =.507
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Table 3

Holdridge life zones for nearest living analogs (NLA) from the Alwyn Gentry dataset (Phillips & Miller
(2000)). Note wider variety of life zones represented within the Eocene Mormon Creek Flora as opposed
to the Oligocene icehouse floras of the Metzel Ranch, Ruby, York Ranch and Beaverhead Basins
paleofloras.
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Figure 8- Cook Ranch type section. Oligocene Cook Ranch Member |of
the Renova Formation overlain by Miocene Big Hole Member of the
SixmileCreek Formation with angular unconformity. Walking tour stops
2a—2c are shown.
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deposits all encased in volcaniclastic
siltstones and mudstones.

Proceed carefully towards the
southwest along the base of the
outcrop area to Waypoint 2b.

Waypoint 2b — Warning: watch your
footing on this outcrop especially on
steep and unvegetated slopes. This
location presents several features of
interest relevant to the interpretation
of early Oligocene climate and
sedimentary depositional
environments. A thin, cross-bedded
sandstone sheet extends across this
outcrop several meters above the base.
This sandstone has a well-developed
pebble lag at the base and is
interpreted as a small ephemeral
stream which meandered across the
low gradient distal portion of an alluvial
fan. Very small, freshwater gastropods
are present in this fluvial sandstone.
Dwarfed versions of many species are
often found in arid environments.
Additional evidence of an arid climate is
present in the form of highly developed
calcic soil horizons (calcisols). This type
of paleosol is characteristic of arid
environments where calcium carbonate
is alternately dissolved and re-
precipitated in a dry environment with
seasonal wet periods. In some places
these paleosol layers have become
interconnected, forming a three-
dimensional network. A couple of tuff
layers, which can be visually traced
across the outcrop, are also visible.
These layers are a useful datum to
gauge the tilt of the Renova section
which is toward the southeast —in the
direction of the Snowcrest Range which
can be seen on the horizon to the
south.

Carefully walk to the edge of the
outcrop and proceed uphill along the
grass fringe which borders the south

rim of the outcrop area. Avoid walking
off the grassy area as footing on the
bare rock surfaces is quite hazardous.

Waypoint 2c. From the top of the hill,
the angular unconformity between the
Paleogene Renova Formation and the
Neogene Sixmile Creek formation can
be directly observed. The rounded
cobble, fluvial conglomerate topping
the hill is the Big Hole Member of the
Sixmile Creek Formation. This unit
represents deposition in a major
through going stream and contains
exotic clasts with an Idaho provenance.
This stream flowed northeast along the
middle Miocene Beaverhead
paleovalley. Streaching from south to
west across the horizon are other
remnants of this Miocene paleovalley
including more Big Hole Conglomerate
as well as a dissected linear black ridge
of basalt to the southwest —the ~ 6.0
Ma Timber Hill basalt. For a more
detailed discussion of the significance of
this Miocene paleovalley see Sears et al.
(1995). Using the white tuff layers as a
visual cue, the angular nature of the
middle Miocene unconformity can be
seen. Looking northeast, older Dell Beds
Member outcrops are present.
Magnetostratigraphic work and fossil
mammal biostratigraphy suggest that
the Eocene/Oligocene boundary may be
present near the base of this hill. The
Chadronian (late Eocene) Little Spring
Gulch local fauna is found in a
stratigraphically low position in the
Cook Ranch Member (Tabrum et al.,
1997). To the east, across Sage Creek,
white fine-grained sediments of the
Whitneyan and Arikareean (Oligocene
to early Miocene) age Blacktail Deer
Creek Member form the low undulating
hills. Resistant layers capping hills are
Big Hole conglomerate beds.

End Road Log — Return to Dell.



Leg 3 — Dell to Muddy Creek Basin
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Field trip begins at the Dell

Merc parking lot in the town of Dell,
Montana. Red Butte, the prominent red
bluff to the east, is composed of
Cretaceous Beaverhead conglomerate.
This syntectonic conglomerate was
shed from Cretaceous thrust sheets
(Medicine Lodge, Tendoy, etc.) to the
west. Turn left out of Dell Merc parking
lot, drive through stop sign and
underneath interstate underpass.

Turn left onto Westside Frontage Road
at sign for Big Sheep Creek. Tendoy
Range directly ahead on horizon.
Prominent peaks are Dixon Mountain to
the right and Timber Butte to the left
separated by Little Water Canyon.

Good view of the internal stratigraphy
of the Beaverhead Conglomerate on
south side of Red Butte to left.

Turn right onto Big Sheep Creek road.

Road crosses small linear hill. This hill
represents the fault scarp of the active
normal fault along the front of the
Tendoy Range. Poorly sorted
conglomerate of Sixmile Creek
Formation is exposed in this road cut.
Road ahead crosses through narrow
valley cut through Tendoy Range by Big
Sheep Creek. Canyon walls also expose
internal structure of Cretaceous thrust
sheets and Paleogene normal faulting.

More Sixmile conglomerate in road cut
to right.

South side of Dixon Mountain.
Paleozoic Quadrant quartzite in
roadcuts and cliff outcrops to right.
Road crosses through footwall of

9.6

9.8

10.2

10.5

Paleogene Muddy Creek fault zone. This
area is also the footwall of modern
normal fault which bounds the Tendoy
Range. During Cretaceous time this
area was subjected to a considerable
amount of crustal shortening as
evidenced by the Tendoy, Four Eyes
Canyon and Medicine Lodge thrust
plates.

Cross cattle guard. Muddy and Big
Sheep Creek basins open straight
ahead. Note westward dipping
Paleozoic strata in cliffs to north and
northeast on flank of Dixon Mountain.
Crossing approximate location of
Paleogene Muddy Creek normal fault
zone.

Turn right onto Muddy Creek Road
(BLM road # 1829). Road through
Muddy Creek Basin crosses both BLM
and private access land — stay on road
while crossing private access land. The
road cuts down section - from
Oligocene sedimentary basin fill to
middle Eocene volcanic and
volcaniclastic sediments.

Crossing fence line and gate. Paleogene
sedimentary rocks exposed ahead —
resistant ledges are conglomeritic
channels cut into fine-grained siltstones
and sandstones. Note gentle eastward
tilt of Paleogene beds compared to
steeply dipping Paleozoic Quadrant
Formation exposed on southwest slope
of Dixon Mountain. Paleogene
sediments are tilted eastward into
Muddy Creek normal fault zone.

Stop #1. Climb slope to right to view
conglomerate lenses cut into fine-
grained Paleogene sediment. These
deposits correspond to Facies 5 of
Janecke et al. (1999) and represent the
youngest (Oligocene) Paleogene basin
fill of Muddy Creek basin. Toward the
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east, the unit becomes coarser-grained
grading to alluvial conglomerate
deposits along the edge of the Muddy
Creek footwall. Clasts are
predominately angular boulders and
cobbles of Quadrant quartzite derived
from the Muddy Creek normal fault
footwall directly to the east. Janecke et
al. (1999) documented clast
compositions which can even be traced
to individual portions of the footwall
demonstrating the existence of locally
derived alluvial fans. Clast imbrication
also indicates derivation from Dixon
Mountain to the east. During the later
stages of the evolution of Muddy Creek
basin these coarse-grained alluvial
deposits prograded throughout most of
the basin covering the older lacustrine
and fluvial deposits. This change
corresponds roughly to the final
descent into ice-house climatic
conditions across the Eocene/Oligocene
boundary.

Lacustrine and fluvial beds to right are
covered with a thin drift of Quadrant
guartzite cobbles. These beds
correspond to Facies D of Janecke et al.
(1999) and are late Eocene to earliest
Oligocene (Chadronian NALMA) in age
based on the mammal biostratigraphy
work of Dunlap (1982). This would
make them roughly time equivalent to
the alluvial fan deposits of the Cook
Ranch type section (Stop #2 of Leg 2 of
this road log). Lake beds are commonly
organic —rich and thin bedded. Note
that organic-rich beds in this unit tend
to weather to lighter colors. Lacustrine
beds of this unit continue to the north
for next several miles. To the east,
toward the footwall, these lake
sediments grade to conglomerate
similar to that at stop #1.

Stop #2 — Trail Creek road turnoff. Turn
off and park at Trail Creek road (BLM

Road #1830) turnout. Best exposure of
organic —rich, lacustrine shale facies
(Facies D of Janecke et al. (1999)) is in
semi-circular box canyon to right of
road. Dark organic-rich shale (lighter
colored when weathered)
predominates but is interlayered with
siliceous shale, lignitic coal, limey
mudstone and minor sandstone layers
(Figure 9). Ash is uncommon suggesting
the cessation of most local igneous
activity by this time (Janeke et al.,
1999). Sandstone units are well-
laminated, tabular and contain
abundant crossbeds. Plant debris,
especially wood fragments are
common, in the dark brown organic rich
shale layers. These deposits have been
interpreted as shallow freshwater pond
and lake margin environments (Janeke
et al., 1999) considering the
interlayered cross-bedded sandstone
layers and coal seams. However, the
presence of well-preserved organic
debris and paper shale suggest that
poorly oxygenated conditions without
bioturbation were present over a wide
area. A deeper lake environment is an
alternate explanation if tabular
sandstone deposits are either turbidites
or representative of temporary lake
level drops. These lake deposits
represent a significantly different
depositional environment from the
roughly contemporary sediments in
Sage Creek despite their close proximity
to each other.

If you wish to examine these lake beds
up close, proceed across road, cross
fence (carefully) and walk to Waypoint
2a. This is one of the most easily
accessible areas where the lacustrine
beds are well exposed.

When finished, return to vehicles and
continue north.



Figure 9 — Lake beds in the Muddy Creek Basin. Lake beds tilt eastward
into basin bounding fault of Paleogene age.
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Stop #3 — To the right are more lake
and fluvial deposits of Facies D of
Janecke et al. (1999). Fossil mammal
remains from this locality and Stop #2
are early Chadronian (early late Eocene)
in age and come primarily from high in
the section (Dunlap, 1982). Waypoint
3a marks the location of a thin, laterally
persistent cross-bedded sandstone
containing abundant freshwater
invertebrates which can be visited on
foot. This sandstone is encased in dark
shale and could be a fluvial deposit, or
alternatively, a turbidity flow. Correct
interpretation of these coarse grained
deposits has important implications for
the interpretation of the lake beds
especially as regards their depth and
paleoenvironmental implications.

The Johnson Creek area. To the east
along this stretch of road, beyond the
Cenozoic lake beds, are Mesozoic rocks
within the hanging wall of the
Cretaceous Four Eyes Canyon thrust
fault. The modern canyon between
Dixon Mountain and Timber Butte is
occupied by the Little Water Syncline, a
fold in the footwall of the Cretaceous
thrust. The south side of Timber Butte is
folded by the paired Timber Butte
Anticline. The Paleogene Muddy Creek
normal fault appears to be localized
above a Cretaceous thrust ramp - an
example of fault reactivation likely
related to extensional collapse of
overthickened and thermally weakened
crust.

Stop #4 — Ranch buildings at McNinch
Creek. To the east of the corrals, more
lake deposits of Facies D can be seen
tilted approximately 30 degrees to the
east into the Muddy Creek basin normal
fault. To the west, across Muddy Creek
are distinctive white layers of
tuffaceous siltstones and shales
belonging to Facies C of Janecke et al.

(1999). These are well-laminated
tuffaceous shales and mudstones with
minor sandstone, limestone and well-
rounded and sorted pebble
conglomerates. These deposits
represent a shallow freshwater lake
margin, stream and marsh setting.
Facies C may represent a shallower
water setting compared to the organic
rich shales of Facies D. Alternatively, it
may reflect a reduction in the influx of
volcanic material in the later Eocene.
The contact between Facies C and D
appears to be gradational, suggesting a
long lived lake basin which persisted for
approximately 10 m.y. (Janeke et al.,
1999). Further to the north/northwest
in the higher elevations, primary
volcanic and related volcaniclastic rocks
can be seen. These deposits are synrift
volcanics related to the middle Eocene
Challis volcanic field to the west in
Idaho.

END ROAD LOG HERE — Turn around and return
to junction with Big Sheep Creek road
and from their retrace your steps back
to Dell.
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fundamental shift in climate and available habitat. A high turnover rate of species seems likely
during this timeframe. Moreover, except for some Beaverhead Basins localities, the palynology
of these deposits is unknown. Since many plant families have a higher likelihood of preservation
of their pollen than their leaves or wood, palynology studies would allow a more comprehensive
reconstruction of the vegetation across the Eocene/Oligocene boundary in the northern Rocky
Mountains.

Details of the exact nature of the middle Miocene tectonic event are needed in order to test any
model of the Cenozoic evolution of southwestern Montana. The “delayed extensional collapse”
model presented here makes specific predictions concerning the nature of the middle Miocene
event which are amenable to testing. If extension during the middle Miocene was driven by
buoyancy forces stored in the form of deep crustal roots and high paleoelevations then normal
faulting should be localized in areas with the thickest crust and with pre-existing zones of crustal
weakness (i.e. above major thrust ramps in compressional orogenic belts). Therefore the middle
Miocene event should show a close correlation with reactivated thrust ramps parallel to major
thrust belts such as the Snowcrest/Greenhorn and Hilgard thrust belts. Paleovalleys formed
during the middle Miocene should bear a close relationship to compressional orogenic belts. For
example, the Ruby paleovalley appears to parallel and dip into the Snowcrest/Greenhorn thrust
belt. A middle Micoene paleovalley is predicted to exist parallel to, and dipping into, the
Madison Range bounding normal fault — which is presumably the reactivated Hilgard thrust
ramp. Unusual gravel deposits in the Gravelly Range, some containing apparent Belt supergroup
equivalent quartzite clasts with no known local source, may be remnants of this proposed
middle Miocene ancestral Madison valley. Unusual hotspring carbonates which occur at or near
the top of the Renova Formation, usually localized near basin margins, may be attributable to
increased middle Miocene tectonic activity and related deep circulation of meteoric waters
along active normal faults.

More research on the response of Paleogene sedimentary depositional systems to different
types of climatic and tectonic forcing is needed in order to develop a more detailed history of
the evolution of the intermontane basins of southwestern Montana. Moreover, many areas
have not been subject to detrital zircon analysis, a methodology which has demonstrated its
value as a tool for reconstructing clastic sediment source areas and stream drainage patterns.
The discovery of unequivocal evidence for the existence of Paleogene normal faulting (which is
not the same as proving the existence of topographic relief) in southwestern Montana would
serve to disprove the conclusions of this study, so evidence for active extension should be
sought in the Renova Formation. Lack of evidence for active normal faulting during deposition of
the Renova Formation is a necessary, but not sufficient, criterion for acceptance of the scenario
laid out here for the development of the intermontane basins of southwestern Montana.



