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ABSTRACT

Deposition of the shallow marine sandstone of Floras Lake was interrupted by a transient del-

taic progradation of redeposited volcanic tuff, which contains the Cape Blanco flora. Dating

by *°Ar/**Ar on fresh plagioclase constrains the age of the plant-bearing tuff to 18.24 + 0.86 Ma,
because we interpret this age of eruption and landscape loading with ash, as within only a few
years of redeposition. Several plausible sources of the tuff can be identified from caldera eruptions
in the Cascade Volcanic Arc. The relation between the early Miocene Cascade volcanic arc and the
Klamath Terrane has been fixed since the early Miocene, and the high Cr,O,in the sandstones is
an indication that the source area for the sandstone of Floras Lake was the Klamath Terrane. Fossil
leaves and other plant organs of 33 species of the Cape Blanco flora represent floral diversity and
paleoclimate of coastal Oregon during the early Miocene. The flora includes a variety of thermo-
philic elements from California, including coast redwood (Sequoia affinis), and avocado (Persea
pseudocarolinensis), and is numerically dominated by live oak (Quercus hannibalii), and chinqua-
pin (Chrysolepis sonomensis). The size and proportion of serrate margins of the fossil leaves are
evidence of mean annual temperature of ~14 ¢ C and a mean annual precipitation of ~223 cm/yr
for the Cape Blanco flora. Comparison of the Cape Blanco flora with the Temblor flora of Cali-
fornia and the Seldovia flora of Alaska reveals a latitudinal gradient of ~ 0.6 2 C/degree latitude,
compared with a gradient of ~0.3 ¢ C/degree latitude from isotopic composition of marine foramin-
ifera of the northeast Pacific Ocean. Both results confirm that the late early Miocene mean annual
temperature at 45° north latitude was 4-5 ¢ C warmer than today.

INTRODUCTION

Miocene time may be considered a climatic

analog for projected global warming by the year
2100 (Retallack et al., 2016). Modeling of ongoing
greenhouse warming predicts atmospheric CO,
levels of 600-850 ppm by the year 2100 (Ciais et
al., 2013). This is comparable with the early and
middle Miocene atmospheric CO, inferred from
stomatal indices of fossil leaves 612 + 24 ppm from
the stomatal index of fossil Ginkgo leaves in Idaho
(Breecker and Retallack, 2014). Carbon dioxide and
temperature are well correlated today and in many
different geological records, and are evidence that
the Miocene was warmer than today (Wolfe, 1979;
Bohme 2003, Cosgrove et al., 2002, Kiirschner et al.,
2008). The late early Miocene is between the Mi-1
Glaciation and Mid-Miocene Climatic Optimum as
revealed by oxygen isotopic study of marine fora-
minifera (Zachos et al., 1994, 2001). New paleo-
temperature estimates from foliar physiognomy of
an early Miocene flora therefore serve as an
additional guide for the magnitude and distribution
of global heat when Earth’s atmosphere contains
more CO,.

Coastal location makes the Cape Blanco flora
important for paleoclimatic and floristic assessment
(Figs. 1-2), because previously documented Mio-

cene floras of Oregon, USA, (Table 1) are inland

at high elevation and within a rain shadow zone
(Ashwill, 1983; Retallack, 2004a). Coastal records
provide a link between marine records of global
climate (Zachos et al., 2001) and inland climate
records (Wolfe, 1994; Retallack, 2007; Retallack et
al., 2016). Regional reconstruction of paleoclimate
is important to the testing of climate models (Wing
and Greenwood, 1993; Wing et al., 2005, Sewall
and Sloan, 2006), as well as tectonic reconstruc-
tions that call upon climate as a potential driver
(Ruddiman, 1997). Furthermore, paleotemperatures
for fossil floras at sea level allow interpretation of
terrestrial-lapse-rate-based studies of paleoeleva-
tions (Axelrod, 1968; Forest et al., 1999), and better
reconstructions of paleolatitudinal temperature
gradients (Miller et al., 2006).

GEOLOGIC SETTING

The Cape Blanco flora was found within a 7.5
m thick rhyodacitic tuff within the unconformity
bound, early Miocene, marine sandstone of Floras
Lake (Figs 3-5). This sandstone contains fossil ma-
rine snails and clams, as well as stenohaline sand
dollars, both above and below the plant-bearing
pumiceous tuff (Addicott, 1980, 1983; Armentrout,
1980). The Cape Blanco flora was discovered and
briefly characterized by Wolfe (1994), and noted by
Leithold and Bourgeois (1983).
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Figure 1: Location map for sandstone of Floras Lake,
and fossil plant locality, simplified from Kelsey (1990)
and Addicott (1980). For detailed bedrock geology
refer to Dott (1962) and for detailed terrace maps refer
to Kelsey (1990).

Cape Blanco is the westernmost point of the
Oregon coast, and the sea cliffs southeast of the
cape expose a sequence of Eocene to Holocene sedi-
mentary rocks on the south limb of an east/west
trending anticline (Armentrout, 1980). The axis of
the anticline is 1 km north of the cape (Fig. 1). Cape
Blanco lies near the intersection of three geologic
provinces (Fig. 2): (1) the subducting Gorda plate,
(2) the accreted and metamorphosed Mesozoic
Klamath Terrane, and (3) Cenozoic marine basins
of the Coast Ranges. Cape Blanco has the shortest
trench-normal distance of the Oregon coast (Miller
et al., 2001) and the age of the Gorda Plate at the
trench west of Cape Blanco is 6 Ma (Wilson, 1989).
The accreted Mesozoic rocks of a broadly defined
Klamath Terrane have their most northerly coast
outcrop near Cape Blanco. The Siletzia terrane,
thought to underlie the Cenozoic sediments of the
Oregon Coast Range and Willamette Valley, has its
most southward extent just north of Cape Blanco
(Wells et al., 1998).

The northernmost exposure of accreted Mesozo-
ic rocks along the Oregon Coast is near Cape Blanco
(Kelsey, 1990), and the Jurassic Otter Point sand-
stones and mudstones (Dott, 1962, 1971; Koch,

1966) form resistant rocks of the headland and sea
stacks offshore. Unconformably overlying the Otter
Point Formation are Cenozoic deposits that have
been offset by north-trending normal faults (Dott,
1962) and folded by the Cape Blanco anticline
(Diller, 1902; Kelsey, 1990). The southern limb of
the east-west trending anticline exposes a long
sequence of southeast-dipping sedimentary rocks;
Eocene Roseburg formation shale (Armentrout et
al., 1983, Bandy, 1950), early Miocene sandstone
of Floras Lake (Addicott 1980, 1983; Armentrout
1980), late Miocene Empire sandstone (Armentrout
et al., 1983; Diller 1902), Plio-Pleistocene Port
Orford sandstone (Baldwin 1945), and a flight of
Pleistocene marine terraces (Bockheim et al., 1992,
1996; Diller, 1902; Janda, 1969; Kelsey, 1990). The
dip of each unconformity-bound unit (Durham
1953) decreases with age, so the structure has been
continuously active during and since deposition
of the sandstone of Floras Lake (Kelsey, 1990). The
fault at the neck of the cape brings down late Mio-
cene, Empire Formation sandstone, which forms
the light-colored cliffs that are the source of Cape
Blanco’s name (Dott, 1962).

This study focuses on the 158 m thick Burdiga-
lian (Addicott 1976) sandstone of Floras Lake (Fig.
3), which is punctuated by a 7.5-meter-thick tuff
bed (Fig. 4). Previous early Miocene age estimates
were based on molluscan biostratigraphy (Addi-
cott 1976, 1980, 1983; Allison and Addicott, 1976;
Moore, 1963; Moore and Addicott, 1987). Those
assemblages are interpreted as beach to shallow
shoreface deposits along a NW trending rocky coast.
Leithold and Bourgeois (1983) also subdivided the
sandstone of Floras Lake into four subunits: the
basal conglomeratic sandstone unit, the middle
pebbly sandstone unit, the tuff, and the upper
sandstone unit (Fig. 3). The fining-upward trend
may record a transgressive sequence with increase
in depositional depth from intertidal at the bottom
to below stormweather wave base at the top (Addi-
cott, 1983; Leithold and Bourgeois, 1983). Our close
examination of the plant-bearing tuff bed aimed to
interpret the paleoenvironment and preservation of
the fossil flora.

SEDIMENTARY PALEOENVIRONMENT
METHODS: Exposures south of Cape Blanco are
sea cliffs between vegetated landslides (Fig. 5). Our
stratigraphic sections (Figs. 3-4) were measured
using the eye-height method and grain-size and
meter-scale observations of sedimentary structures
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Table 1. Oregon Neogene fossil floras

Flora Reference Age Ma Status

Lolo Pass Wolfe & Tanai 1987 latest Miocene 5 Site only

Alvord Creek (many sites) Chaney et al., 1944 late Miocene 10 Site and taxonomy
Troutdale (many sites) Chaney et al., 1944, Wolfe 1994 late Miocene 10 Site and paleoclimate
Unity Retallack 2004a late Miocene 11 Site and taxonomy
Vibbert Ashwill 1983 late Miocene 12 Site and taxonomy
Faraday Wolfe 1994; Wolfe & Tanai 1987 | late Miocene 12 Site and paleoclimate
Liberal Wolfe 1994 late Miocene 13 Site and paleoclimate
Molalla Wolfe 1994 late Miocene 13 Site and paleoclimate
Vinegar Creek Wolfe & Tanai 1987 Mid-to-late Miocene | 14 Mention only
Mascall (many sites) Chaney & Axelrod 1959 middle Miocene 16 Site and taxonomy
Blue Mountain (many sites) Chaney & Axelrod 1959 middle Miocene 16 Site and taxonomy
Beulah Axelrod 1964 middle Miocene 16 Site and taxonomy
Pelton Ashwill 1983 middle Miocene 16 Site and taxonomy
Stinking Water (many sites) Chaney and Axelrod 1959 middle Miocene 16 Site and taxonomy
Succor Creek (many sites) Graham 1963; Niklas et al. 1978 middle Miocene 16 Site and taxonomy
Trout Creek (many sites) Graham 1963 middle Miocene 16 Site and taxonomy
Weyerhauser Wolfe 1994; Wolfe & Tanai 1987 late Miocene 17 Site and paleoclimate
Jamison Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Baker Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Hidden Lake Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Little Butte Creek Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Skull Spring Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Sparta Wolfe & Tanai 1987 early-mid Miocene 17 Site only

Cape Blanco this paper early Miocene 18 Site, taxonomy, paleoclimate
Eagle Creek (many sites) Wolfe 1994 early Miocene 18 Site and paleoclimate
Collawash (many sites) Wolfe 1994 early Miocene 20 Site and paleoclimate
Forman Point Ashwill 1983 early Miocene 21 Site only

Fish Creek Road Fields 1996 early Miocene 22 Site only

Cascadia Fields 1996 early Miocene 22 Site only

Sandstone Creek Fields 1996 early Miocene 22 Mention only

confirmed the descriptions of Leithold and Bour-
geois (1983). Grain size and sedimentary structures
were recorded for the tuff bed with 0.1 m precision.

OUTCROP OBSERVATIONS:

The 7.5 m tuff is a thick, gray, erosion resistant
unit composed of a series of even and parallel tabu-
lar beds that vary in thickness from a few millime-
ters to nearly a meter (Fig. 4). Sand-sized grains are
sub-angular, and granules are mainly pumice. We
divide the tuff into three units; lower, middle, and
upper (Figs 4, 5). These units are evaluated sepa-
rately and then combined to construct a depositioal
model for the tuff bed.

The lower tuff unit (0-515 cm) is composed of

parallel laminated thin (0.2 cm to 2 cm) beds (Fig.
5C-D). These beds are massive with the excep-
tion of a small 3 cm trough cross bed and a 30 cm
exposure of ripple cross lamination. There are two
distinct bed types within the lower tuff unit based
on grain size: uniform and bimodal. Uniform beds
are sandy and very well to moderately well sorted.
Bimodal beds contain sand and fine pebble gravel
(up to 2 cm) pumice grains. Bimodal beds fracture
conchoidally and do not split evenly on bedding
planes. The lower contact of the tuff is obscured.

The middle tuff unit (515-580 cm) is well sorted,
sub-angular, coarse-grained, trough cross-bedded
sandstone (Figure 5C-D). The bi-directional cross-
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Figure 2: Map of the Pacific Northwest showing tectonic terranes relevant to the history of Cape Blanco. Con-
tinental province base map modified from Wells and Heller (1988) and oceanic plate boundaries modified from
Dziak et al. (2001). Multiple samples are included in the correlation points because they are too close together to
differentiate at this scale. SAF: San Andreas Fault, OR: Oregon, WA: Washington, CA: California, NV: Nevada,

ID: Idaho.

bedding is truncated at a high angle and the con-
tact with the underlying lower tuff is abrupt and
erosional.

The upper tuff unit is subdivided into three sub-
units, including a central fossil-bearing unit. The
sub-units are: lower tuff (580 to 615 cm), middle
shale with fossil leaves (615-655 cm), and upper
tuff (655-750). The lower sub-unit of the upper tuff.
is 15 cm of massive siltstone overlain by 5 cm of
parallel-laminated coarse-grained thin beds similar
to the basal tuff. The lower contact is gradational
and the siltstone has a few interbedded very fine
sand beds with some lenses of coarser sand to
granule material. The middle sub-unit is a massive
cherty shale, which fractures into small blocks. The
contact between the lower and middle sub-units is
abrupt. The upper sub-unit is a medium-grained
parallel-laminated sandstone with beds varying
from 0.5 cm to 15 cm thick. The contact between

the upper and middle sub-units is abrupt and
planar. The contact between the tuff and overlying
marine sandstone has load casts (Fig. 5A).

OUTCROP INTREPRETATIONS

The sedimentary structures, rounded granules,
predominantly sand-sized sediments, and thin
planar beds in the lower sub-unit of the tuff unit in-
dicate remobilization of sediment rather than direct
pyroclastic base surge or airfall on land or into wa-
ter. These sediments lack dune forms of base surge
and graded beds typical of airfall into water (Cas
and Wright, 1987). The coarse sand is evidence that
the sediment was remobilized through traction by
water. Evidence of bioturbation is absent indicating
rapid deposition, and given the difficulty of frac-
turing the rock along bedding planes and absence
of parting lineation, it is likely that the beds were
deposited within the lower flow regime (Tucker,
2003). Such criteria are met in the swash zone
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Figure 3: Stratigraphic section of sandstone of Floras
Lake with sample locations for XRF. Leaf symbol
indicates the location of the fossil flora. Unexposed
portions of the section are marked by crossing lines.

along the shoreline (Clifton et al., 1971). Trough
cross bedding in the middle part of the tuff are
from dunes of channelized flow (Selley, 2000). We
interpret the trough cross-bedded facies as a barred
nearshore system (Hunter et al., 1979), or a chan-
nel on a prograding delta (Reading and Collinson,
1996). The massive cherty shales are interpreted as
pond or lagoonal deposits that trapped fine-grained
sediment and floating leaves. The association of
swash zone, channeled flow, and lagoon indicate
deposition in a small barred estuary or a delta.

The 7.5 m thickness of the tuff layer suggest that
it was the product of at least a moderate size erup-
tion, especially considering the distance to likely
Cascade Range sources. Grain size and uniformi-
ty suggest this tuff bed was in the distal zone of
volcanic deposition (Vessel and Davies, 1981; Scott,
1988), which can extend from 40-120 km down-
stream from the volcanic source (Smith, 1988;
Orton, 1996).

Abundant pumice is evidence that the tuff was
derived from a Plinian style volcanic eruption (Cas
and Wright, 1987). Such an eruption would have
provided a large amount of easily remobilized
sediment to drainage networks supplying sediment
to this shallow marine system. Such rapid inputs of
sediment can quickly fill available accommodation
space at the paleoshoreline and cause shallowing
and progradation. Stream aggradation was observed
at Mt. St. Helens following the 1980 eruption (Scott,
1988). In Guatemala following the 1902 eruption
of Volcan Santa Marid, volcanically derived sedi-
ment raised the riverbed 10-15 m, and an elongate
platform prograded 7 km (Kuenzi et al., 1979). An
aggrading stream may have dammed smaller drain-
ages creating small lakes. Such lakes assist in the
mechanical size sorting of the remobilized volcanic
products by impounding the coarser fractions and
leaving ash and leaves in suspension. When the
lakes were subsequently breached by headwall
erosion, or a large precipitation event, large plugs of
ash and leaves could have been remobilized down-
stream. We suggest an increased sediment supply as
the mechanism for shallowing as opposed to volca-
nically induced uplift proposed by Leithold and
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Bourgeois (1983), because the distance to a plau-
sible source of the tuff in the Cascade Range is at
least 100 km.

“0AR/*AR DATING OF THE TUFF

METHODS: Two fresh tuff samples were col-
lected in the lower subunit of the tuff and sent
for analysis by Robert Duncan and John Huard at
Oregon State University. A sample of plagioclase
phenocrysts and hornblende phenocrysts each with
a total mass of 50-100 mg as well as FCT-3 biotite
monitors (standard age of 28.03 + 0.18 Ma after
Renne et al., 1994) were wrapped in Cu-foil and
stacked in evacuated quartz vials and irradiated
with fast neutrons for 6 hr in the core of the 1MW
TRIGA reactor at Oregon State University. Incre-
mental heating experiments were performed using
the MAP215/50 mass spectrometer. The measured
argon isotopes (*°Ar, *°Ar, *Ar, *Ar, and *Ar) were
corrected for interfering Ca, K, and Cl, nuclear
reactions (McDougall and Harrison, 1999) and for

mass fractionation. Apparent ages for individual
temperature steps were calculated using ArAr-
CALC software (Koppers, 2002) assuming an initial
atmospheric “°Ar/**Ar value of 295.5, and reported
uncertainty (20) includes error in regression of peak
height measurement, in fitting the neutron flux
measurements (J-values), and uncertainty in the
age of the monitor. The “Ar/**Ar normal isochron
intercepts confirm that there was no excess Ar in
the samples. Plateau ages are the average of concor-
dant step ages, comprising most of the gas released,
weighted by the inverse of their standard errors.
The decay constants used were Ae = 0.581E-10/yr
and AB = 4.963E-10/yr.

RESULTS: Of the two samples, only plagioclase
yielded a reliable plateau age (Fig. 6, Table 2). The
hornblende age was unreliable because of a low
amount of original K. The weighted plateau age of
plagioclase is 18.24 + 0.86 with a MWSD of 0.82.
The plagioclase age values for each step are within
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Figure 5: Photographs of tuff in the early Miocene, sandstone of Floras Lake near Cape Blanco after (A-B) and
before excavation (C-D), showing divisions of the tuff and distribution of the fossiliferous shale.

the error range of all other steps indicating a valid
age determination.

PROVENANCE OF THE TUFF

METHODS: X-ray florescence analysis was used
to quantify chemical differences between the tuff
and the surrounding sandstone, and to identify a
possible volcanic source for the tuff eruption. We
sampled the least weathered rock available within
the tuff, and approximately 10 meters above and
below the tuff (Fig. 3). The whole-rock samples
were then analyzed by ALS Chemex of Vancouver,
BC, using CANMET standard SDMS2, with FeO by
Pratt titration.

The X-ray florescence results in weight percent

ages were not normalized for material lost on igni-
tion (LOI) and results are shown in Table 3. There
was a higher loss on ignition (LOI) from the tuff
samples (sample numbers: 2, 3, 4 and 5), compared
with marine sandstones. This difference may be
related to

devitrification and hydration of volcanic glass in
the interval between airfall and redeposition, or a
greater amount of organic matter in the tuff.

RESULTS: The plant-bearing tuff is chemically
distinct from the adjacent marine sandstones, and
the tuff can be classified as a dacite (Fig. 7) using
the total alkali and silica method of Le Bas et al.
(1992). Change in the sediment supply system is
observed by comparing the average and standard
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error of the four tuff values with the measurements
from the adjacent sandstones. Between the tuff and
the sandstone below all oxides were outside the
95% confidence interval of an average of tuff val-
ues. Thus the tuff overwhelmed material from the
depositional source area, and the change in sedi-
ment supplied to the system was abrupt. Element
oxide values for the sandstone above the tuff were
also significantly different from the tuff. Thus, once
the volcanic material was flushed through, the
system returned to pre-eruptive conditions. Some
dilution of the sediments by controlled redepo-
sition of small amounts of tuff did occur because
elemental oxide values for the sandstone above

the tuff fall between the values for the tuff and the
sandstone below. Most of the tuff was deposited
without significant mixing with local sediment, but
small amounts of tuff continued to be eroded into
shallow marine sandstone after the eruption.

Given age constraints for the tuff, its source was
a part of the 100 km wide predominantly andesitic
volcanic belt that spanned the western Cordillera
of North America (Christiansen and Yeats, 1992),
referred to in Oregon as the Early Western Cascades
(Priest et al., 1983). Although data on early Mio-
cene Cascade volcanism is limited (Sherrod and
Smith, 2000), information that permits correlation
is of two types. The first type is geologic maps that
combine sparse radiometric dating with stratigraph-
ic position to determine age (Fig. 2). Rocks of early
Miocene age are present in the southern Washing-
ton Cascades (Hammond, 1980; Swanson, 1989),
but the most likely correlation is with the compo-
sitionally diverse but generally siliceous Roxy For-
mation of the Southern Oregon Cascades (Hladky,
1994, 1996, 1999a, 1999b). The radiometric dates
that constrain the age of the Roxy Formation are 2-3
million years older than the Floras Lake tuff, though
younger potentially correlative units may have been
removed by erosion. The second line of evidence
for correlation are geochemical and geochronolog-
ical studies (du Bray et al., 2006; Hammond, 1980;
Mertzman, 2000; Verplanck, 1985). These studies
include samples (Table 4) that may correlate with
the tuff bed. The criteria used for identification
were that the samples have radiometric dates with
two sigma error ranges that overlap with the Floras
Lake tuff date and that the samples are classified as
andesite or dacite (Le Bas et al., 1992). The possi-
ble correlations are all located within the Cascade
Volcanic Arc (Figure 2).
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Figure 6: Plagioclase cumulative argon release plateau.
Weighted Plateau age 18.24 + 0.86 Ma; Total Fusion
17.88 + 1.03; Normal Isochron 16.28 + 2.55; Inverse
Isochron 18.45 + 1.23; MSWD 0.82. The weighted pla-
teau age is favored because it has the smallest error.

Quaternary Plinian eruptions of the Cascades
produced tephra fallout patterns primarily to the
east and deposits rarely reach the coast (Sarna-Wo-
jcicki et al., 1991). Sedimentary units that may
correlate with the tuff bed are therefore more likely
to be found on the leeward side of the Cascade
range. Of comparable age is the Rose Creek Member
of the volcaniclastic Eocene to Miocene John Day
Formation in Central Oregon (Albright et al., 2008).
The Rose Creek Member contains a number of ash-
fall tephra beds (Hunt and Stepleton, 2004) that
may have had the same source eruption as the tuff
at Cape Blanco.

Also of note is the amount of chromium in the
sandstones (Table 3). The amount of chromium in
the adjacent sandstones is much higher than in the
tuff. The presence of detrital chromite in sandstone
has been used as evidence of onset and develop-
ment of collision in India and Pakistan because the
uplift exposed ultramafic source rocks (Garzanti et
al., 1996, Warwick et al., 1998). Elevated concentra-
tions of Cr in mudstones have also been used to
identify ultramafic provenance (Garver and Scott,
1995). The Klamath Terrane contains widespread
ultramafic ophiolites (Harper, 1984) and the high
chromium in the sandstones of Floras Lake, exclud-
ing the tuff, indicates that the catchment area for
the sandstone of Floras Lake likely included the
Klamath Terrane.
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Table 2. Analytical Data for Radiometric Dates

Sample Plateau 20 error Total 20 error MSWD Normal 20 error “Ar/¥Ar | 20 ]
age (Ma) fusion age isochron normal error
(Ma) age (Ma) isochron
Plagioclase 18.24 0.86 17.88 1.03 0.82 16.28 2.55 309.66 172.16 0.0021259
Hornblende | 11.43 6.36 13,78 9.82 0.26 5.89 14.85 301.58 14.62 0.0021169

Table 3. Chemical composition of the Cape Blanco tuff by XRF®

Sample | Si02 | ALO, | Fe,0, | CaO | MgO | Na,O [K,0 |Cr0,|TiO, [MnO |P,0, |StO |BaO [FeO [LOL | Tot.
6 7161 | 1407 | 415 [231 |226 |242 242 |oo1 [051 002 |009 |004 [007 [301 |632 |93.66
5 7042 | 1594 | 341 [148 |259 |361 194 |0 040 [003 [008 |002 |007 |1.18 [103 |9945
4 6991 | 1610 | 3.61 [226 |296 |289 [1.59 |0 046 [003 |008 003 |0o06 [137 [12.1 |9870
3 7151 | 1546 |329 [1.72 | 196 |338 [205 |0 042 [005 009 |002 |007 [1.16 [9.99 |98385
2 7047 | 1646 |3.34 [1.68 |277 |279 181 |0 047 [003 |008 |002 |007 |151 [1225]98386
1 7183 | 1325 | 447 [229 |244 |256 211 |005 [072 004 |009 |005 [009 [199 |426 |99.74
anerr. |271 |083 |04 022|018 |oa1 [o0.3 |- 006 [003 [004 |- - - 035 |[nsa
wffav. |70.58 [ 1599 | 341 [1.79 | 258 |3.16 [ 185 |0 044 [004 |008 |003 |007 [13 |[na |na
stdev. 033 |021 007 [0.17 022 020 [0.10 |0 002 |0 0 0 0 008 [na |[na

2 Analysis results with analytical error (an. er.) reported from 10 replicate samples, mean of the four tuff samples
(tuff av.) and standard deviation of tuff samples (st.dev.). The stratigraphic location of samples is shown on figure
3. Dashes indicate that analytical error data was not available.

FOSSIL PLANT COLLECTION

METHODS: Abundant new material (687 spec-
imens) was collected for this study from a single
quarry in six trips including students of paleobot-
any classes totaling 102 person-hours. Rock was
removed from the quarry in 40 cm x 40 cm x 40 cm
blocks and then broken down into fist sized pieces.
The fossiliferous tuffaceous siltstone is cherty, with
a fracture pattern that made exposure of complete
leaves difficult. The majority of leaf fossils were
within a single massive, 40 cm thick grey cherty
shale and an underlying 10 cm of coarse sand to
granule pumiceous tuff bed. Coniferous needle
litter was predominantly found in the basal, coarse
grained, pumice conglomerate. Fossils that had
promise of identifiable features were collected and
brought to the laboratory for further analysis.

In the laboratory, morphotypes were

created to document diversity in the flora. The
morphotypes were based on the part of the leaf
preserved, level of preservation, venation, size, and
margin state. As the fossils were considered in the
laboratory, each was assigned to a morphotype and
a total of 115 morphotypes were established. To
ensure that the full diversity of the assemblage was

captured we created a rarefaction curve (Fig. 8) to
show the rate of new morphotype establishment.
When much additional material revealed few new
morphotypes, we were satisfied that we had cap-
tured the diversity present in the fossil flora. Well
preserved morphotypes were subsequently assigned
fossil names by reference to an extensive literature
on Neogene floras of the western U.S., and in many
cases morphotypes were merged where transitional
examples warranted. This resulted in a tally of 33
species, including one pteridophyte, three conifers,
at least one monocot and 28 angiosperms. Photo-
graphs of fossils were taken using a Nikon DS90
camera with a macro lens and cable release mount-
ed on a camera stand. Images were adjusted for
brightness and contrast using Adobe Photoshop 9.0.

No new species were described as a part of this
study. Nor do we attempt comprehensive synonymy
of each species, showing only the first reference
which we consider valid. Specimens included in
this study are from two collections; the majority
were collected by the authors, as described above,
and are housed in the Condon Collection of the
Museum of Natural and Cultural History, University
of Oregon (UOF specimen numbers and online
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Figure 7: Total alkali-silica diagram showing classifications from Le Bas et al (1992). Squares are tuff data, error
bars are the analytical error, for the Na,O + K,O the error was summed. Circles are from Verplanck (1985) and
triangles are from Mertzman (2000) and correspond with Cascade samples that have Ar/Ar dates that overlap
with the Cape Blanco specimens. Errors were not reported and the plotted values are normalized to account for
reported totals (Verplanck 1985) and LOI (Mertzman 2000).

Table 4. Possible volcanic sources for the Cape Blanco tuff

Sample Reference Age (Ma) Ma error (26) | Age method | TAS classification
(after LOI correction)

97-547 Mertzman 2000 17.1 0.8 K-Ar andesite

97-55 Mertzman 2000 17.6 0.7 K-Ar rhyolite

IM97-16 Mertzman 2000 17.6 0.6 K-Ar dacite

M3-36 Verplanck 1985 17.8 0.2 K-Ar dacite

FRL#4816(a) Hammond 1980 18,4 0.3 K-Ar n/a

FRL#4816(b) Hammond 1980 18.9 0.3 K-Ar n/a

M3-38 Verplanck 1985 19.0 0.2 K-Ar dacite

FRL#4817(a) Hammond 1980 19.4 1.0 K-Ar n/a

97-53 Mertzman 2000 19.6 0.6 K-Ar andesite

FRL#4817(b) Hammond 1980 20.0 1.0 K-Ar n/a
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Figure 8: Rarefaction curve documenting the decrease in new morphotype discovery with
increasing specimens. The flat portion of the graph demonstrates that the morphological
diversity present in the flora was captured by our collections.

Figure 9: Cape Blanco fossil horsetails A-D. Equisetum miocenicum Graham 1963; A, culm UOF38088A; B, leafy
culm UOF38068; C, rhizome UOF38103; D, cilmpinna fragment UOF38107.
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portal paleo.uoregon.edu). The Condon Collection
specimens were supplemented by 73 specimens
collected by Jack Wolfe, and now in the Museum

of Natural History of the Smithsonian Institution,
Washington D.C. (USNM specimen numbers and
online portal http://collections.nmnh.si.edu/search/
paleo/).

We recognize the similarity of many of these
fossil species with extant plants and indicate near-
est living relatives, largely assigned by previous
workers, to aid in the floristic interpretation of the
flora. The systematic assignments of dicotyledonous
angiosperms are organized by order following the
classification of the Angiosperm
Phylogeny Group (2016).

SYSTEMATIC PALEOBOTANY
DIVISION EQUISETOPHYTA
CLASS EQUISETOPSIDA
ORDER EQUISETALES
FAMILY EQUISETACEAE
EQUISETUM MIOCENICUM

1963 Equisetum miocenicum Graham, p. 933, fig.
17.

REFERRED SPECIMENS: UOF38068 (Fig.9A);
UOF38088A (Fig. 9B); UOF38103 (Fig.9C),
UOF38107 (Fig.9D).

DESCRIPTION: Equisetum is recognized by
longitudinally ridged axes, separated by transverse
joints at the nodes. Stems were 1-2 cm wide with
nodes every 2.5 cm, and adpressed leaves are 2
mm across at the base. This wide-stemmed horse-
tail with wide leaves is like the living Equisetum
telmataeia still found on the Oregon coast. Other
Neogene Equisetum differ in narrow stems and
leaves (E. alexanderi Brown 1936; E. octangulatum
Smith 1938), more like living Equisetum sylvaticum
and E. arvense.

DIVISION GYMNOSPERMAE
CLASS PINOPSIDA
ORDER PINALES
PINALES INCERTAE SEDIS

REFERRED SPECIMENS: charcoal UOF38091
(Fig. 10L), UOF38093, UOF38094, UOF38095;
shredded wood UOF38104

DISCUSSION: Compressed wood is coalified,
thick and elongate, and may show splayed trache-
ids,but lacks the equant, rounded shape of charcoal.
Modern wood of cedar (Thuja), and pine (Pinus),
shreds in a comparable way as it weathers. Many

equant charcoal pieces up to a few centimeters in
the long axis direction were found in the coarse
grained pumiceous layer of the tuff at Cape Blanco.
Vessels could not be identified in either the shred-
ded or charcoalified wood suggesting that it is all
coniferous. There was a range in sizes from a cm
(UOF38093), to a piece that was more than 10 cm in
diameter (UOF38092), from a small tree.

FAMILY CUPRESSACEAE
SEQUOIA AFFINIS

1876 Sequoia affinis Lesquereux, p. 584.

REFERRED SPECIMENS: partial ovulate
cone unit? UOF38090B (Fig.10A), foliar spurs
UOF42105B (Fig. 10B, F), OUF42310 (Fig. 10C),
UOF38096B (Fig. 10D), UOF38105B (Fig. 10E).

DISCUSSION: This taxon includes specimens of
lanceolate, acute, divergent needles arranged he-
lically around slender axes (Fig. 10C-E), as well as
other specimens with comparable leaves adpressed
to diverging axes (Fig. 10B, F). Also tentatively
assigned to Sequoia is an isolated cone unit, be-
cause of its sharp angulation of its short base from
a strongly wrinkled apophysis (Fig. 10A). All these
remains were found in the coarse pumiceous upper-
most tuff with charcoal and wood fragments.

The fossil species Sequoia affinis in the extend-
ed sense of Chaney (1950) has long been used for
foliage as old as Paleocene similar to living Sequoia
sempervirens Endlicher, the coast redwood (Lowe,
2013). The only other species of fossil Sequoia
accepted by Chaney (1950) is Late Cretaceous S. da-
kotensis, which has a smaller cone and distichous
needles, unlike the Cape Blanco fossils.

While foliage of Sequoia affinis and S. semper-
virens are similar, the cones of S. affinis are only 50-
70 % the size of cones of the living species (Meyer,
2003). Most Metasequoia and Sequioadendron
needles are wider and longer (Lowe, 2013), and mo-
lecular evidence supports the idea that these genera
hybridized to form the genus Sequoia (Yang et al.,
2012). Sequoia sempervirens is a forest giant of the
Coast Range of northern California, but one large
tree grew near Waldport, Oregon, between 1720 to
1820 years ago (Gavin et al., 2013).

FAMILY PINACEAE
PINUS CARMELENSIS

2000 Pinus carmelensis Axelrod, p. 20; pl. 2,
figs. 1, pl. 3, fig. 1.

12
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Figure 10: Cape Blanco fossil conifers: A-E. Sequoia affinis; F-H, Pinus carmelensis; I-K, Picea sookensis; L,
conifer charcoal; A, ovulate partial cone unit UOF38090B; B, foliar spurs UOF42105B; C, foliar spur UOF42310;
D, foliar spur UOF38096B; E, foliar spur UOF38105B; F, short shoots with fascicle sheaths UOF38103; G,
three-needle complete fascicle UOF38089B; H, needles UOF38116; I, winged seed UOF42088; J, cone cross-sec-
tion UOF38115A; K, needle UOF42033A; L, charcoal UOF38091.

REFERRED SPECIMENS: fascicle of three needles
UOF38089B (Fig. 10G); short shoot showing fasci-
cle sheath UOF38103 (Fig. 10F), isolated needles
UOF38116 (Fig. 10H).

DISCUSSION: Pinus carmelensis is best repre-
sented by a complete three-needle fasicle with basal
sheath at least 27 mm long (Fig. 10F-G). The nee-
dles are 15 cm long and 2 mm wide, and arranged
radially within the bundle. Longitudinal ridges run
the length of the needle to give them a diamond
shaped cross section.

Pinus ponderosoides and P. macginitei also are
long-needled, 3-needle pines, but have narrower

13

needles and a longer fascicle sheath (Axelrod 1986).
Another three-needle fossil pine is Pinus andersoni
found permineralized in chert, with needles at least
6 cm long, but unknown for fascicle sheath and
needle tips (Stockey, 1984). Pinus ballii (Brown,
1934) also has three needle fascicles, but they lack a
basal sheath and the needles are only 2.5 cm long.

Axelrod (2000) considered Pinus taeda and P.
caribaea the closest living relative, but these have
shorter fascicle sheaths (USDA, 2009; Wildscreen
Arkive, 2018). The closest living relative to Pinus
carmelensis is Pinus ponderosa var benthamiana
Hartweg (ponderosa pine; Lauria 1996), widespread
in central California coast ranges (Wofford et al.,
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Figure 11: Cape Blanco fossil grasses: A-C, Poaceae gen et sp. indet. A, pleated leaf,
UOF38108A; B, leaf UOF42277B; C, frayed culm UOF38101B.

2014), unlike other varieties of P. ponderosa found
further inland (Youngblood et al., 2004).

PICEA SOOKENSIS
1935b Picea sookensis LaMotte, p. 55, pl.1, fig.1.

REFERRED SPECIMENS: winged seed UOF42088
(Fig. 101I), cone cross-section UOF38115A (Fig.10]),
needle UOF42033A (Fig. 10K).

DISCUSSION: Spruce is represented by a single
winged seed (Fig. 10I), and cone cross section (Fig.
10J), and perhaps also by wide, revolute needles
(Fig. 10K). The winged seed is only 6 mm long and
has a very thin, unwrinkled wing.

The cone units have thick bases but thin and
ribbed to fimbriate apophyses, unlike the thick, rig-
id apophyses of most other genera of conifers and
other fossil species of Picea: P.harrimanii, P. brewer-
iana, P.lahontense, P. wolfei, P. diettertiana, P. bank-
sii, P. sonomensis, and P. mariana (Le Page, 2001).
These other species also have larger seeds than the
Cape Blanco specimen (Axelrod, 1995a, 1995b; Le
Page 2001). The fossil species Picea columbiensis,
P. quilchensis and P. tranquilensis are based only on
needles that are smaller than those found at Cape
Blanco (Penhallow, 1908).

The closest living relative to Picea sookensis is
Picea sitchensis (sitka spruce), which also shares
thin, flexible to fimbriate apophyses. Picea sitch-
ensis is a forest dominant of northeastern Pacific
coastal mountains from the Aleutian Islands south
to northern California (Holliday et al., 2010).

DIVISION ANGIOSPERMAE
CLASS MONOCOTYLEDONAE
ORDER POALES
FAMILY POACEAE
POACEAE gen. et sp. indet

REFERRED SPECIMENS: leaf group UOF38108A
(Fig. 11A),

DISCUSSION: Some leaves 2-5 mm wide have
longitudinal parallel venation, with marked pleat-
ing (Fig. 11A-B). No connected stems, nodes, or
sheaths were found. Another specimen with numer-
ous arching fine threads from a stem (Fig. 11C) may
be a frayed stem or leaf.

CLASS DICOTYLEDONAE
ORDER LAURALES
FAMILY LAURACEAE
PERSEA PSEUDOCAROLINENSIS

1878 Persea pseudo-carolinensis Lesquereux, p.
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Figure 12: Cape Blanco fossil laurels and barberry: A, Persea pseudocarolinensis; B-D, Umbellularia oregonensis;
E-G, Mahonia trainii; A, leaf, UOF115013; B, leaf USNM645803; C, leaf base UOF42207B; D, umbel bracts UO-
F42264A; E, leaflet fragment with sharp tooth at arrow USNM645804; F, leaflet fragment UOF42189A; G, leaflet

USNM645805.

19-20; pl. 7, figs. 1, 2.

REFERRED SPECIMEN: UOF115013 (Fig.12A).

DISCUSSION: Long arching secondary veins are
the unique identifier for this species, which has
the festooned brochidromous venation, and entire
margins typical of laurels.

This species had a complicated taxonomy in the
early part of the twentieth century, but we follow
the specific concept of Chaney and Axelrod (1959).
Persea coalingensis and P. lanceolata are smaller,
narrower and have a more acute apex than P.
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pseudocarolinensis (Axelrod, 1950a, 1964; Chaney
and Axelrod, 1959). Study of DNA from Miocene
(16 Ma) Persea pseudocarolinensis from Clarkia,
Idaho, shows a closer relationship with sassafras
(Sassafras albidum (Nuttall) Nees) than with living
avocado (Persea americana Miller), but also shows
that the genus Persea is polyphletic, so that transfer
of the fossils to the genus Sassafras is not warrant-
ed at this time (S. Kim et al., 2004).

Whether related to Sassafras or Persea, modern
relatives of this fossil are from warmer climates to
the south. Persea americana is native to Mexico,
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Figure 13: Cape Blanco fossil sycamore, pipli and witch hazel: A-B, Platanus paucidentata; C-D, Exbuck-
landia oregonensis; E-F, Hamamelis merriamii; A, leaf base UOF38054B; B, stipule UOF42406A; C, leaf base
UOF42335, D, leaf base UOF115015B; E, leaf UOF42181A; F, leaf apex UOF42267.

and probably other parts of Mesoamerica, but was
dispersed by humans even in prehistoric times
(Galindo-Tovar et al., 2008). Sassafras albida

and Persea carolinensis are widely distributed in
southeastern United States from Florida to southern
Michigan and into eastern Texas (Nie et al., 2007).

UMBELLULARIA SALICIFORMIS

1952 Umbellularia saliciformis (Knowlton and
Cockerell) LaMotte, p. 349.

REFERRED SPECIMENS: leaf SI645803 (Fig. 12B),
leaf base UOF42207B (Fig. 12C), umbel bracts UO-
F42264A (Fig.lZD).

DISCUSSION: These are lanceolate to spathu-
late, entire-margined leaves with festooned brochi-
dromous venation arching to concordance with the

margin (Fig. 12B-C), as is typical of laurels. These
leaves are coriaceous and mildly recurved, but lack
the checkerboard areolation of associated live oaks.
Also possibly attributable to this fossil species are
radial bracts (Fig. 12D), like those that subtend the
tight umbels of Oregon myrtlewood (Umbellularia
californica), a likely living relative.

LaMotte (1952) has a broad concept of Umbel-
lularia saliciformis including several other named
species, but not the narrow-leaved U. dayana
(Knowlton, 1926), nor the oblanceolate to elliptical
U. eocenica (Brown, 1940).

The likely living relative, Umbellularia californi-
ca (Hooker and Arnold) Nuttall now grows through-
out western California and into southwestern
Oregon (Goralka and Langenheim, 1995).
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ORDER RANUNCULALES
FAMILY BERBERIDACEAE
MAHONIA TRAINII

1936 Mahonia trainii Arnold, p. 62; pl. 3, figs. 4,
6, 8.

REFERRED SPECIMENS: leaflet fragments
SI645804 (Fig 12E), UOF42189A (Fig.12F),
USNM645805 (Fig.12G).

DISCUSSION: The secondary veins on Mahonia
are festooned brochidodromous with the first loop
occurring roughly half way between the primary
vein and the margin. Tertiary veins form an irreg-
ular polygonal reticulate mesh with rectangular
areoles. The long axis of the rectangular areoles is
at a high angle to the primary vein. One fragment
shows a spinose marginal tooth (arrow in Fig. 12E).
These identifying characteristics were sufficient to
determine a generic assignment for these fragments.

Teeth much larger than apparent from our frag-
ments are found in living Mahonia oregonensis and
the following fossil species: M. reticulata (Brown,
1936), M. eocenica (=”Odostemon eocenica” Brown
1934), M. simplex (Arnold, 1936), M. hakeaefo-
lia (Arnold, 1936), M. hollicki (Arnold, 1936), M.
macginitiei (Axelrod, 1985), M. marginata (Axelrod,
1987), M. harneyensis (Axelrod, 1987), M. grimmii
(Giiner and Denk, 2012), and M. mioasiatica (Huang
et al., 2016). Also distinct for elongate tapering leaf-
lets are the living species Mahonia lanceolata and
the following fossil species Mahonia malheurensis
(Arnold 1936), M. mohavensis (Axelrod, 1939), M.
prelanceolata (Condit, 1944b), and M. creedensis
(Axelrod, 1987). Mahonia somaensis has compa-
rable leaf shape but palmate basal secondaries like
living Mahonia nervosa (Giiner and Denk, 2012),
rather than pinnate secondaries.

A modern equivalent to Mahonia trainii suggest-
ed by Arnold (1936) is Mahonia lanceolata Ben-
tham (Mexican grape holly) of the Mexican states of
Oaxaca to Hidalgo (Y.D. Kim et al., 2004).

ORDER PROTEALES
FAMILY PLATANACEAE
PLATANUS PAUCIDENTATA

1930 Platanus paucidentata Dorf, p. 95, pl. 10,
figs. 4,9, pl. 11,m fig. 1, pl. 12, fig. 1.

REFERRED SPECIMENS: leaf base UOF38054B
(Fig. 13A), stipule UOF42406A (Fig. 13B).

DISCUSSION: Fragments of leaf bases have what
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appear to be palinactinodromous primary veins
(basal secondaries dichotomizing again) of Plata-
nus.

The sparse teeth and short distance to palin-
actinodromous branching of our specimens and
of Platanus paucidentata are unusual among
sycamore leaves, and distinguish them from the
following well characterized fossil species: Plata-
nus bendirei (Wolfe, 1964; Wolfe and Tanai, 1980;
Fields, 1996), P. exaspera (Meyer and Manchester,
1997), P. condonii (Meyer and Manchester, 1997), P.
dissecta (Berry 1934), P. acerifolia (Sanborn, 1947),
P. appendiculata (MacGinitie, 1941), and P. colo-
radensis (MacGinitie, 1941). Platanus angustiloba
has even narrower, more deeply incised lobes than
P. paucidentata (Axelrod, 2000), and such incision
would extend to the level apparent on our frag-
ments. Platanus leaves can be confused with those
of Acer, but Acer is actinodromous, a condition
found in few species of Platanus (Dorf, 1930; Meyer
and Manchester, 1997).

Platanus paucidentata has narrow lobes unlike
living Platanus occidentalis (American sycamore),
P. mexicana (Mexican sycamore), or P. rzedowski
(Rzedowski’s plane), and is more sparsely dentate
than P. gentryi (Gentry’s plane). The most similar
living leaves are those of Platanus racemosa
(California sycamore), which ranges throughout
California into northern Baja California (Nixon and
Poole, 2003; Feng et al., 2005).

ORDER SAXIFRAGALES
FAMILY HAMAMELIDACEAE
EXBUCKLANDIA OREGONENSIS

1920 Cercis oregonensis Chaney, p. 177, leaf
only, pl. 16, fig. 3-4.

1946 Exbucklandia oregonensis (Chaney) Brown,
fruits and seeds only, p. 348, text-fig 4-6.

REFERRED SPECIMENS:
partial leaves UOF42335 (Fig.13C), UOF115015B
(Fig. 13D).

DISCUSSION: These fragments have asym-
metrical ovate leaves, with basal actinodromous
secondary veins and brochidodromous secondaries.
These veins do not sweep into a marginal vein as in
superficially similar leaves of Calkinsia, Hovenia,
Pflafkeria, Ceanothus, Viburnum, or Cercidiphyl-
Ium (Wolfe, 1968, 1977; Meyer and Manchester,
1997).

Exbucklandia oregonensis is mainly represented
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Figure 14: Cape Blanco fossil poplars and willows: A-B, Populus eotremuloides; C, Populus lindgrenii; D-E, Salix
succorensis; F, Salix laevigatoides; A, leaf UOF38119B; B, leaf UOF38118A; C, leaf base USNM645810; D, leaf

USNM645812; E, leaf UOF42122A; F, leaf UOF38136A.

by fruits and seeds (Brown, 1946; LaMotte, 1952),
but fossil leaves also have been widely reported
(Chaney, 1920; Meyer, 1973; Baghai and Jorstad,
1995). This is the only fossil species known from
North America, and differs from Chinese fossils
including the larger E. guangxiensis (Huang et al.,
2017), ovate-cordate E. tengchongensis (Wu et al.,
2009), and narrow, apically acuminate E acutifolia,
which is widest well below the level preserved on
our leaves (Huang et al., 2017).

There are three living species of Exbucklandia,
including cordate to truncate E. populnea, and nar-
row ovate E. tonkinensis, but our fossil leaves are
ovate like E. longipetala H. T. Chang (changbanma-
tihe) of the southern Chinese provinces of Guizhou
and Guangxi (Huang et al., 2017).

ORDER MALPHIGIALES
FAMILY SALICACEAE
POPULUS EOTREMULOIDES

1898 Populus eotremuloides Knowlton, p. 725; pl.
100, figs. 1, 2; pl. 101, figs. 1, 2.

REFERRED SPECIMENS: leaves UOF38119B
(Fig.14A), UOF38118A (Fig. 14B).

DISCUSSION: Suprabasal actinodromous prima-
ry venation is a diagnostic character of the broad
morph of mature and late season leaves of Populus,
but not necessarily the narrow morph of juvenile
and early season leaves (Eckenwalder, 1980).

Only broad morphs were recognized as Populus
at Cape Blanco, and these are distinct from narrow
morphs such as Populus bonhamii, P. cedrusensis,
P. creedensis, P. cinnamomoides, P. hernandezi, P.
lesquereuxii, P. mutreloides, P. payettensis, P. silvae,
and P. tidwellii (Axelrod, 1939, 1985, 1987, 1991,
1995a, 1995b; Ramirez and Cevallos-Ferriz, 2000;
Manchester et al., 2006).

Our leaves are asymmetric, with thin basal
secondaries giving rise to longer tertiaries on one
side than another, unlike symmetrical leaves such
as Populus alexanderi (Dorf, 1930; Chaney, 1938),
P. balsamoides (Condit, 1938), P. dentiacuminata
(Ramirez and Cevallos-Ferriz, 2000), P. emersoni
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(Condit, 1938), P. pliotremuloides (Chaney, 1938;
Axelrod, 1985), P. prefremonti (Dorf, 1930; Axelrod,
1944a), P. voyana (Chaney and Axelrod, 1959), and
P. wilmattae (Manchester et al., 2006). Our speci-
mens from Cape Blanco also lack the large teeth of
Populus washoensis (Axelrod, 1944a; Condit,
1944b; Chaney and Axelrod, 1959). Populus so-
norensis, and P. parcedentata are less obviously
toothed and have secondaries diverging at a wider
angle (Axelrod, 1939, 1944b-c, 1950b-c) than either
of the poplars at Cape Blanco. Populus lamottei is a
smaller leaf with more closely spaced secondaries
(Chaney and Elias, 1938). Very similar leaves to our
Populus eotremuloides are figured by Chaney and
Axelrod (1959, pl.17, fig.4), and Axelrod (1985, pl.
20, fig. 6; 1991, pl. 6, fig. 1, 8). The two Populus
species observed at Cape Blanco are distinguished
by their leaf margin, with P. eotremuloides entire
to very finely serrate, and P. lindgreni crenate to
toothed.

Populus eotremuloides has serration comparable
with that observed on leaves of black cottonwood
(Chaney and Axelrod, 1959), Populus trichocarpa
(Torr. & A Gray ex Hooker), which is sometimes
regarded as a subspecies of Populus balsamifera
Linnaeus (Barakat et al., 2007), and is widely dis-
tributed in western North America from northern
California to southern Alaska (Gornall and Guy,
2007).

POPULUS LINDGRENII

1898 Populus lindgreni Knowlton, p. 725; pl.
100, fig. 3.

REFERRED SPECIMEN: leaf base USNM645810
(Fig.14C).

DISCUSSION: The suprabasal actinodromous
venation of Populus lindgrenii extends at a wide an-
gle to the primary vein and the margins have wide
teeth (LaMotte, 1936).

Buechler et al. (2007) included Populus voyana
Chaney and Axelrod (1959) in P. lindgrenii and
regarded differences in petiole and midrib thick-
ness used by Chaney and Axelrod (1959) to separate
P. voyana as natural variation within the species.
Fields (1996) did not document P. lindgrenii at Suc-
cor Creek, but supported separation of P. voyana.
We assigned our specimen to the name with prior-
ity, P. lindgrenii, because the teeth of our specimen
most closely resembles P. lindgrenii of LaMotte
(1936, pl. 4, fig.1), Sanborn (1947, pl. 6, fig. 4), and
Chaney and Axelrod (1959 pl. 17, fig 2).
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Chaney and Axelrod (1959) suggested that the near-
est living relative to Populus lindgrenii may be P.
heterophylla Linnaeus, and also concur with Fields
(1996) that P. voyana is more like P. tremuloides
(aspen). Populus heterophylla (swamp cottonwood)
is widely distributed in coastal lowlands of eastern
North America from Massachusetts to Louisiana
and inland floodplains of Ohio and southern
Michigan (Searcy and Ascher, 2001).

SALIX LAEVIGATOIDES

1950a Salix laevigatoides Axelrod, p. 55; pl. 2,
fig. 10.

REFERRED SPECIMENS: leaf UOF38136A (Fig.
14F).

DISCUSSION: The diagnostic characters of Salix
are lanceolate leaves with semicraspedodromous to
brochidodromous secondary venation and reticu-
late tertiary venation. Axelrod (1950a) did not offer
a formal diagnosis of this species, and a supplemen-
tary diagnosis can be offered as follows.

Leaves firm in texture; margin chiefly entire,
may be finely serrate; leaf narrowly lanceolate;
3.51t0 11.4 cm long; 1.2 to 2.6 cm wide; elliptic to
ovate; midrib thick; secondaries more than 7 pairs,
thin, alternate, arising from midrib at high angle,
secondary veins brochidodromous to semicraspe-
dodromous; tertiary veins orthogonal reticulate.

Salix is diverse in the fossil record back to the
Eocene (Collinson, 1992). Many Neogene Salix
species have a serrated margin unlike our speci-
men, and the following species can be excluded
on this basis: Salix californiana (Condit, 1944b),

S. desatoyensis (Axelrod, 1995a), S. edenensis
(Axelrod, 1950b), S. florissantii (Berry, 1934), S.
hesperia (Chaney and Axelrod, 1959). S. inquiren-
da (Axelrod, 1995a), S. kempfii (Ashlee, 1932), S.
paradisensis (Brown, 1949), S. payettensis (Axel-
rod, 1944e), S. pelvida (Axelrod, 1995a), S. rama-
leyi (Meyer, 2003), S. spokanensis (Brown, 1936),

S. truckeana (Axelrod, 1950b), S. venosiuscula
(Chaney and Axelrod, 1959). Oblong leaf shape
excludes S. owyheeana (Chaney and Axelrod, 1959)
and S. wildcatensis (Axelrod, 1995a), obovate shape
distinguishes Salix boisiensis (Chaney and Axelrod,
1959), S. williamsii is short oblanceolate (Brown,
1949), S. edenensis is narrow oblanceolate (Axel-
rod, 1950b), and three species, S. churchillensis,

S. kernensis and S. vaccinifolia, are narrow linear
(Axelrod, 1939, 1940, 1995a). Axelrod (1995a, p.
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Figure 15: Cape Blanco fossil mahogany, ash, elms, birch and alder: A, Cercocarpus nevadensis; B-D, Sorbus
idahoensis; E, Corylus macquarrii; F-G, Alnus harneyana; H-1, Ulmus speciosa; A, leaf UOF42121B; B, leaf
UQOF42406B; C, leaflet UOF38053A; D, leaflet USNM645807; E, leaf UOF42025A; F, leaf UOF42024B; G, leaf

S1645813; H, leaf USNM645814; I, leaf UOF42408.

44) provides a key to seven Miocene species, which
we followed to assign the entire and erose margined
lanceolate Salix specimens from Cape Blanco to S.
laevigatoides.

The nearest living form to Salix laevigatoides is
Salix laevigata Bebb of California, Nevada, Arizona,
and southernmost Oregon (Argus, 2007).

SALIX SUCCORENSIS

1959 Salix succorensis Chaney and Axelrod, p.
154; P1. 16, fig. 8.

REFERRED SPECIMENS: leaves USNM645812
(Fig. 14D), UOF42122A (Fig. 14E).

DISCUSSION: The large length to width ratio,
small size, entire margin, and 452 angle of sec-
ondary departure are characters unique to Salix
succorensis, and distinguish it from other narrow,
entire-margined species such as S. churchillensis
(Axelrod, 1995a), S. edenensis (Axelrod, 1950b), S.
kernensis (Axelrod, 1939), S. pelviga (Axelrod
(1985), S. storeyana (Axelrod, 1995a), and S. vac-

cinifolia (Axelrod, 1940). The specimens from Cape
Blanco are a very good match for the leaf figured by
Buechler et al. (2007), which has an entire mar-

gin. This echoes the comments of Fields (1996, p
411) who describes the margin as “faintly or non-
toothed”. However, the figured specimen of Chaney
and Axelrod (1959) shows teeth, whereas the Cape
Blanco specimens are entire-margined.

Modern species most closely resembling Salix
succorensis are S. nigra Marshall, and S. longipes
Anderson (Chaney and Axelrod 1959), which was
later reassigned to S. caroliniana (USDA 2009).
Salix nigra is widespread in eastern North America
from Quebec to Minnesota and south to Texas and
Florida, but S. caroliniana is found from Pennsyl-
vania to Kansas and south to Texas and Florida
(Argus, 2007).

ORDER ROSALES
FAMILY ROSACEAE
CERCOCARPUS NEVADENSIS
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1991 Cercocarpus nevadensis Axelrod, p. 51; pl. 17,
figs. 6-13.

REFERRED SPECIMEN: UOF42121B (Fig 15A).

DISCUSSION: This distinctive small leaf is
represented by only two complete specimens from
Cape Blanco. Other Neogene fossil Cercocarpus
include C. antiquus with more closely spaced sec-
ondary veins, C. ovatifolius with wider leaves, C.
cuneatus and C. eastgatensis with steeply upswept
secondaries, and C. linearifolius and C. holmesii
with very narrow leaves (Axelrod, 1944e, 1950c,
1985, 1991).

The modern species most similar to C. nevaden-
sis was reported as Cercocarpus betuloides Nuttall
by Axelrod (1991), which has since been reassigned
to Cercocarpus montanus or mountain mahogany
(USDA 2009). Cercocarpus montanus is a shrub
widespread in the United States west of Louisi-
ana to Minnesota, and is a useful browse plant for
livestock and deer (Brotherson et al., 1984; USDA,
2009). Among the varieties of living Cercocarpus
montanus, our fossil leaves are most like C. mon-
tanus var. paucidentatus, found in central Arizona
and New Mexico south to Mexico City, Mexico (Lis,
1992).

SORBUS IDAHOENSIS

1985 Sorbus idahoensis Axelrod, p. 169; pl. 29,
figs. 2, 6-7, 10.

REFERRED SPECIMENS: leaflets UOF42406B
(Fig. 15B), UOF38053A (Fig. 15C), USNM645807
(Fig.15D).

DISCUSSION: Although based on only three
specimens, these leaflets are unique because of their
strongly serrate margin, narrow lanceolate shape,
and irregular auxiliary veins between secondaries.

Sorbus diversifolia and S. nupta have leaflets
more deeply dissected than our specimens (Cock-
erell, 1910). Sorbus alvordensis MacGinitie (1933)
and S. harneyensis Axelrod (1944e) are similar in
size and shape but have acute, forward-directed
teeth like those of oak. Sorbus chaneyi LaMotte
(1936) and S. mcjannetii (Axelrod, 1991) have
different proportions with almost elliptical leaflets.
Sorbus cassiana has narrower linear leaflets (Axel-
rod, 1995b).

Axelrod (1985) suggests European mountain ash
(Sorbus aucuparia) as a modern equivalent, but that
species has more symmetrically elliptical leaflets.
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A better match for the acuminate apex of the Cape
Blanco specimens is American mountain ash (Sor-
bus americana Marshall), widespread in eastern
North America from Georgia north to Quebec, and
inland from Minnesota to Wisconsin, Illinois, and
Tennessee (USDA, 2009).

FAMILY ULMACEAE
ULMUS SPECIOSA

1898 Ulmus speciosa Newberry, p. 80; pl. 45,
figs. 3, 4.

REFERRED SPECIMENS: USNM645814 (Fig.
15H), UOF42408 (Fig. 151).

DISCUSSION: Doubly serrate Ulmus has been
distinguished from singly serrate Zelkova, but that
difference is inconsistent, and Tanai and Wolfe
(1977, p.3) offer the following differentiae. “In
Zelkova, the tertiary veins are typically thin, widely
spaced, and fork conspicuously midway between
the secondary veins, in contrast to Ulmus in which
the tertiary veins are thick, more widely spaced,
and at least half the tertiary veins are unbranched”.

The keys of Tanai and Wolfe (1977) and of Meyer
and Manchester (1997) were followed in assigning
our specimens to Ulmus speciosa. The tertiary ve-
nation, and prominent asymmetrical bases observed
in our specimens are identical to Ulmus speciosa.
Axelrod (1991) was not satisfied with the key of
Tanai and Wolfe (1977) and includes U. owhyeeana
within U. speciosa. Meyer and Manchester (1997)
also distinguish U. chaneyi for large leaves with
subsidiary teeth on both the apical and basal sides
of most of the primary teeth, and smaller narrow
leaves comparable with U. paucidentata.

Meyer and Manchester (1997) consider that the
most similar living species to Ulmus speciosa, is
U. americana Linnaeus, which is native to North
America from Saskatchewan south to Texas and
eastward to the east coast (USDA, 2009).

ORDER FAGALES
FAMILY BETULACEAE

Leaves of the birch family have compound ser-
rate margins and typically straight secondary veins.
Here we differentiate large leaves with widely
spaced secondaries, and three-ordered serrate mar-
gin into Alnus harneyana, and the small leaves into
Betula thor. There are some similarities with Cory-
lus, which has distinctive high relief venation and
leaf base supplied by parallel tertiary veins (Wolfe
and and Tanai, 1980). The genera Alnus and
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Figure 16: Cape Blanco fossil beech and oaks: A-C, Fagus washoensis; D, Quercus sp. indet.; E, Quercus prelo-
bata; F-G, Quercus simulata; H, Quercus hannibalii; I, “Lithocarpus” nevadensis; J-K, Chrysolepis sonomensis;
A, leaf UOF42078A; B, leaf UOF38057A; C, cupule UOF42387B; D, immature acorn UOF42401A; E, leaf UO-

F42138A; F, leaf UOF42142B; G, leaf S1645811; H, leaf UOF42105A; I, leaf UOF42088; J, leaf USNM645808; K,

leaf UOF38056A.

Betula were distinguished by Chaney and Axelrod
(1959, p. 158) as follows, “(a) the leaves of Alnus
are characterized by strong subsecondaries which
diverge from the abaxial side of the secondaries in
the outer part of the blade, whereas if subsecond-
aries are present in Betula they are only weakly
developed; (b) in leaves of comparable size, Betula
has more numerous and more closely spaced sec-
ondaries than Alnus; (c) in shape Alnus is generally
wider in the lower half of the blade, not near the

middle of the blade like Betula; (d) the marginal
outline is more even in Betula than in Alnus.” Axel-
rod (1985) stressed the need to consider the whole
leaf, but lamented the rarity of complete fossil
leaves of Betulaceae. Fossil Betulaceae have been
much debated in the literature (Wolfe 1966; Axel-
rod, 1985; Fields, 1996) but a useful review of the
family has yet to be presented. Our fossil leaves are
membranaceous and many are torn, indicating less
resistance to transport than
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associated leaves.
ALNUS HARNEYANA

1959 Alnus harneyana Chaney and Axelrod, p.
158-159: pl. 21, figs. 3-9

REFERRED SPECIMENS: UOF42024B (Fig. 15F),
USNM645813 (Fig. 15G).

DISCUSSION: A subcoriaceous to membrana-
ceous texture, straight and uniform secondaries,
and rounded teeth all mark this species. The fine
details of venation were preserved in the Cape
Blanco specimens, but no complete leaves were
recovered. Many leaf base fragments were found
that match the description of Chaney and Axelrod
(1959).

Among other Neogene fossil alders, the most
similar is Alnus fairi which has more teeth between
the secondary veins than our fossils, and is ovate
rather than elliptical (Wolfe, 1966). Alnus hetero-
donta has blunter compound teeth, and A. new-
berryi has well-spaced narrow to glandular teeth,
and an acuminate apex (Meyer and Manchester,
1997). More finely dentate and sharply pointed
compound teeth are found in Alnus adumbrata
(Wolfe, 1966), A. carpinoides (LaMotte, 1936), A.
corrallina (LaMotte, 1952), A. corylina (Wolfe 1966,
including A. cappsii, A. barnesii, and A. schmidtae
according to Axelrod, 1985), A. evidens (Wolfe,
1966), A. fossilis (Chaney and Axelrod, 1959), A.
healyensis (Wolfe, 1966), A. hollandiana (Chaney
and Axelrod, 1959), A. largei (Wolfe, 1966), A.
latahensis (Axelrod, 1991 including “A. relatus”),
A. merriami (Axelrod, 1944d), A. microdontoides
(Axelrod, 1998), and A. rubroides (Axelrod, 1944d).
Alnus latahensis (Axelrod, 1991), and A. spokanen-
sis (Axelrod 1995a) are both narrower leaves with
secondary veins swept more steeply forward. Alnus
pyramidensis is large (more than 18 cm long) and
obovate (Axelrod, 1991).

The extant species suggested by Chaney and
Axelrod (1959) and Axelrod (1985) as closely
resembling Alnus harneyana is Alnus tenuifolia
(thinleaf alder). This name is now a variety of the
modern species, Alnus incana (Linnaeus) Moench
ssp. tenuifolia (Nuttall) Breitung, and its range is
western North America from New Mexico north
to Saskatchewan and Nunavut, and California to
Alaska (USDA 2009).

BETULA THOR
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1926 Betula thor Knowlton, p. 35; pl. XVII, fig 3
REFERRED SPECIMEN: UOF42025A (Fig. 6A)

DISCUSSION: Small size, elliptical shape,
serrate margins, and deep teeth characterize this
species (Chaney and Axelrod, 1959).

Several species originally described as Betula
have since been transferred to Alnus (Wolfe, 1966;
Meyer and Manchester, 1997). Ovate shape and less
deep teeth are found in Betula angustifolia (Meyer
and Manchester, 1997), B. idahoensis (Smith, 1939),
B. multinervis (Condit, 1938), B. praenigra (Berry,
1916), and B. vera (Chaney and Axelrod, 1959). Bet-
ula nanita is a very small, probably immature leaf,
with secondary veins at low angle to the midrib
(Chaney, 1920). Betula lacustris is similar in vein
density and tooth incision but widely deltoid in
outline (MacGinitie, 1933; Smith, 1941).

Most living birch leaves have a deltoid or orbic-
ular shape unlike Betula thor, which is most like
Betula nigra Linnaeus (Chaney and Axelrod, 1959),
or river birch, found today in the southeastern
United States from Texas to Minnesota, Maine and
Florida (USDA, 2009).

FAMILY FAGACEAE

Fossil leaves of oak and beech have moderate
relief suggestive of coriaceous texture, secondary
veins terminating in teeth or directly into the mar-
gin, and orthogonal areoles of well lignified high-or-
der veins (Jones, 1986; Manchester and Dilhoff,
2004).

CHRYSOLEPIS SONOMENSIS

1985 Chrysolepis sonomensis (Axelrod) Axelrod,
p- 144, pl. 10, figs. 1-3

REFERRED SPECIMENS: USNM645808 (Fig.
16]), UOF38056A (Fig. 16K)

DISCUSSION: These entire margined, medi-
um-sized, lanceolate leaves with thick midribs and
clear tertiary venation are common in the Cape
Blanco flora, and widespread in Miocene floras of
Nevada (Axelrod, 1985, 1991). These leaves are
superficially similar to Magnolia, such as M. lata-
hensis (Y.D. Kim et al., 2004), which differ in less
regularly spaced secondary veins and denser tertia-
ry venation. Miocene Chrysolepis convexa, includ-
ing type material of “Castanopsis perplexa” Brown
(1940), has a smaller elliptical leaf with rounded
apex (Axelrod, 1985).
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The most similar modern species suggested by
Axelrod (1985) for this fossil species is Chrysolepis
sempervirens (Kellog) Hjelmquist (bush chinqua-
pin), which ranges from California to Oregon and
Nevada (USDA 2009).

FAGUS WASHOENSIS

1936 Fagus washoensis La Motte, p.119, pl.8,
figs. 2, 3, 5.

REFERRED SPECIMENS: leaf UOF42078A (Fig.
16A), UOF38057A (Fig. 16B), possible valvate cu-
pule UOF42387B (Fig.16C)

DISCUSSION: The Cape Blanco specimens are
singly serrated with regular tooth spacing; apical
and basal sides of the teeth convex; sinus rounded;
apex simple. Secondaries diverge from primary
from 30-60° and are craspedodromous straight to
each tooth apex. A plausible cupule shows apical
splits and has prickly appendages, but is fragmen-
tary, and so uncertain (Fig. 16C).

We follow Fields (1996), who synonymized two
Fagus species based on the existence of a size gra-
dation between them, and so did not recognize the
smaller Fagus idahoensis of Chaney and Axelrod
(1959). The type specimen of “Fagus” bonnevillen-
sis Chaney (1920) has more strong curved second-

ary veins than Fagus (Meyer and Manchester, 1997).

Leaves of Fagus pacifica (Meyer and Manchester,
1997) are larger (47-83 mm long) and F. langevinii
(Manchester and Dillhoff, 2004) even larger (52-193
mm), and both are obovate, rather than ovate like
our specimens. Fagus lambertensis (Berry, 1916) is
almost as wide as long and has more closely spaced
secondary veins. Pseudofagus idahoensis is a larger
leaf and has subsidiary teeth not seen in our speci-
mens (Smiley and Huggins, 1981).

The most similar modern plant to Fagus wash-
oensis is American beech, Fagus grandifolia
Ehrhardt, which is found in eastern North America
from Quebec south to Florida, and Ontario south to
Texas, with outlying populations in Utah (USDA,
2009).

“LITHOCARPUS” NEVADENSIS

1985 Lithocarpus nevadensis
Axelrod, p. 145; pl. 8 figs. 8-10; pl. 24, figs. 1-7.

1991 Lithocarpus nevadensis
Axelrod, p. 38; pl. 9, figs. 4-5.

1995b Lithocarpus nevadensis
Axelrod, p. 49; pl. 15, fig. 6.

REFERRED SPECIMENS: UOF42088 (Fig. 161).

DISCUSSION: “Lithocarpus nevadensis” was
separated from similar Quercus species by Axelrod
(1985). This fossil may be better assigned to the
genus Notholithocarpus proposed by Manos et al.
(2008) to distinguish North American tanoak from
Asian Lithocarpus, because Notholithocarpus has
leaves with unbranched secondary veins extending
into teeth like our fossils, and also “Lithocarpus”
klamathensis (Axelrod, 1944d). North American
Notholithocarpus is distinct from Asian leaves
of Lithocarpus, which have branched secondary
veins and are entire to only partly toothed, with
acuminate leaf apices (Jones, 1986). The primary
differences between “L.” nevadensis and Quercus
simulata are the spacing of the teeth, which are fur-
ther apart in “L.” nevadensis, and the shape of the
secondary veins which are curved in “L.” nevaden-
sis, and straight in Q. simulata. These observations
are in addition to the differences outlined by Axel-
rod (1991, p 38) of “L.” nevadensis having a more
coriaceous texture and blunter teeth. “Lithocarpus”
klamathensis (Axelrod 1944d) has a wider leaf
tapering to a more acute apex, unlike the slender
tapering leaf of “L.” nevadensis.

The most similar modern species to “Lithocar-
pus” nevadensis is Notholithocarpus densiflorus
(Hook. and Arnold) Manos et al. (2008) of Oregon
and California (USDA, 2009).

QUERCUS HANNIBALIT

1930 Quercus hannibali Dorf, p. 86; pl. 8, figs.
8-11

REFERRED SPECIMEN: UOF42105A (Fig. 16H)

DISCUSSION: These coriaceous, entire-mar-
gined, lanceolate leaves have a thick midrib con-
trasting with weak secondaries, and the tertiary
vein mesh is so dense that individual tertiary veins
are difficult to distinguish.

Chaney and Axelrod (1959) differentiate sublan-
ceolate Quercus hannibalii from oval to ellipsoidal
leaves of Q. dayana with differences in venation,
and from Q. simulata by lack of teeth. In Quercus
hannibalii there is a slight curve where secondary
veins meet the midrib, and tertiary veins are mostly
percurrent, as they are in Cape Blanco specimens.
Quercus hannibalii has been synomymized with Q.
pollardiana by Axelrod (1995b), but ovate leaves
of Q. pollardiana are crenate to serrate (Axelrod,
1995b, 2000; Retallack, 2004a). Quercus pasadori
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Figure 17: Cape Blanco fossil pecan, salal, rhododendron and madrone: A-B, Carya bendirei; C-E, Gaultheria pri-
morica; F-G, Rhododendron sierra; H-1, Arbutus xalapoides; A, USNM645806; B, UOF42358B; C, UOF42358A;
D, UOF42113A; E, UOF422206A; F, UOF42251A; G, UOF42206A; H, UOF115014B; I, UOF42374A.

(Axelrod, 2000) and Q. orindensis (Dorf, 1930;
Axelrod, 1938) are smaller leaves that are broadly
ovate to oval leaves (Axelrod, 2000). Quercus turn-
eri is a small ovate leaf, with acute apex (Axelrod,
1939). Also distinct are entire-margined, oblanceo-
late leaves of Quercus smileyana (Chaney and Axel-
rod, 1959). Quercus oberlii is narrow elliptical to
linear (Buechler et al. 2007). These are entire-mar-
gined leaves are like those of living live oaks, and
are very distinct from spiny sclerophyllous “holly”
oaks, chartaceous “chestnut” oaks, and deeply
lobed “white” and “red” oaks (Jones, 1986).
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The modern plant most similar to Quercus han-
nibalii is Quercus vaccinifolia Kellog, or huckle-
berry oak, found in Oregon, California and Nevada
(USDA, 2009).

QUERCUS PRELOBATA

1944a Quercus prelobata Condit, p. 43; pl. 7, figs.
3,4

REFERRED SPECIMEN: UOF42138A (Fig. 16E)

DISCUSSION: Quercus prelobata is a fossil oak
distinguished by rounded lobes (Chaney and Axel-
rod, 1959). A whole leaf was not recovered from
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Cape Blanco, but complete mid-leaf lobes were
collected which contribute to our confidence in this
assignment. Quercus prelobata is generally a small
leaf (Retallack, 2004a), but the size range of this
species was expanded by Buechler et al (2007) to
include leaves up to 14.5 cm long. Fungal fruiting
bodies discussed by Buechler et al (2007) were not
observed on the Cape Blanco specimens.

Round-lobed oak leaves are generally regarded
as “white oaks” (Jones, 1986), distinct from acute-
lobed oak leaves, such as Miocene Quercus pseudo-
Iyrata (Condit, 1944a). Other round-lobed oak
leaves, such as Quercus winstanleyi are obovate and
less deeply lobed than Q. prelobata (Condit 1944a;
Chaney, 1944a, 1944b). Quercus douglasoides and
Q. moragensis are small leaves with only three very
broad lobes on each side (Condit, 1944b; Axel-
rod, 1944b, 1944d). Quercus duriuscula has lobes
rounded at the end, but subtriangular rather than
domed in outline (Dorf, 1938).

Quercus prelobata is found in few Miocene
floras (Axelrod, 1944c, 1950a; Chaney and Axel-
rod, 1959; Retallack, 2004a), and is similar to many
species of white oaks (Jones, 1986). In overall size
and dissection of the lobes Q. prelobata is most like
living Quercus lobata, the valley oak, or roble, of
California (USDA, 2009).

QUERCUS SIMULATA

1898 Quercus simulata Knowlton, p. 728-729;
pl. 101, figs. 3, 4; pl. 102, figs. 1, 2.

REFERRED SPECIMENS: UOF42142B (Fig. 16F),
USNM64581 (Fig. 16G).

DISCUSSION: Quercus simulata is a common
component of Miocene floras and has been the
subject of multiple taxonomic revisions and reas-
signments (MacGinitie, 1933; Chaney and Axelrod,
1959; Axelrod, 1985, 1995a, 1995b; Meyer and
Manchester, 1997; Buechler et al., 2007). A thor-
ough discussion is provided by Fields (1996, pages
363-379), who develops the concept of a “Quercus
simulata morphoplex”. The primary problem with
this species is substantial morphological variation
from toothed to entire margined specimens. The
Cape Blanco specimens of Q. simulata have teeth
with spines and straight secondary veins.

Fields (1996, p. 375) lists 17 modern species that
various authors have suggested resembled Quercus
simulata. Chaney and Axelrod (1959) compared it
with several species of Asiatic oaks, and of these,

our leaves are most similar to living sawtooth oak,
Quercus acutissima Carruthers, of Japan and south-
east Asia, but now cultivated from Masschusetts
south to Florida (Whittemore, 2004; USDA, 2009).

FAMILY JUGLANDACEAE
CARYA BENDIRET

1959 Carya bendirei (Lesquereux) Chaney and
Axelrod, p. 155; pl. 19, fig 1-5.

REFERRED SPECIMEN: leaf apex USNM645806
(Fig. 17A), husk valves UOF42358B (Fig. 17B).

DISCUSSION: The primary recognition crite-
ria are the curved secondary veins which diverge
from the primary at a ~90° angle. Obovate shape,
fine serration, transition from brochidodromous to
craspedodromous, and thin leaf substance are also
diagnostic (Chaney and Axelrod, 1959; Axelrod,
1991). Also found on the same slab as a leaf frag-
ment was a split pecan-like fruit husk (Fig. 17B),
but attributing it to the same species is uncertain
because Carya bendirei was established on the basis
of leaves (Chaney and Axelrod, 1959).

Fossil Carya egregia has wider leaflets more
symmetrically lanceolate (LaMotte 1936). Carya ty-
phinoides has smaller ovate leaves (Condit, 1944b).
Carya libbeyi has leaflets with acuminate apex and
lanceolate shape (Meyer, 2003). Reexamination of
“Hicoria pretexana” (Berry, 1916), found closer
similarity with living Carya aquatica and C. tomen-
tosa (Stults and Axsmith, 2015), with more strongly
acuminate apex than seen in our apical fragment.
“Carya” antiquorum also has an acuminate tip and
lacks successive branching of the secondary veins
near the margin characteristic of Carya (Manches-
ter, 1987). There is also a fossil record of nuts with
separate specific epithets: Carya washingtonensis,
C. florissantensis (Manchester, 1987) and C. tennes-
seeensis (Huang et al., 2014) are nuts twice the size
of the husks found with our specimens. DNA anal-
ysis of modern species reveals that North Ameri-
can and Asian clades of Carya are distinct clades,
although there were at least two distinct intercon-
tinental exchanges indicated by fossil fruits during
the Eocene and Miocene (Zhang et al., 2013)

Most modern species of Carya have an acum-
inate leaf apex (USDA, 2009), unlike complete
leaves of C. bendirei (Chaney and Axelrod, 1959).
Carya cordiformis, C. glabra, and C. ovata have
ovate to lanceolate leaves (USDA, 2009), more sym-
metrical than fossil C. bendirei. The closest living
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leaves to Carya bendirei are found in Carya texana
Buckley (black hickory), which also has relatively
narrow nuts like our specimen (Fig. 17B). Carya
texana ranges from Texas to Kansas and Illinois to
Georgia (USDA, 2009).

ORDER ERICALES
FAMILY ERICACEAE
ARBUTUS XALAPOIDES

1950b Arbutus prexalapensis Axelrod, p.113,
pl.3, fig.11-14.

1952 Arbutus xalapoides LaMotte, p. 73.

REFERRED SPECIMENS: leaves UOFD42374A
(Fig. 17D), UOF115014B (Fig. 17E).

DISCUSSION: These are coriaceous, ovate, en-
tire-margined to weakly crenate leaves with round-
ed apex. Secondary veins are thick near the midrib,
but taper strongly halfway to the margins, leading
to dome-like wrinkling between proximal second-
ary veins and obscure distal secondary veins.

Modern and fossil Arbutus menziesii (Hannibal,
1911; Mason, 1934), and our fossils from Cape Blan-
co are entire-margined unlike dentate fossil leaves
attributed to Arbutus: A. idahoensis (Axelrod, 1991,
1995a, 1995b), A. matthesii (LaMotte, 1936; Axel-
rod, 1995a, 1995b), A. opaca (Smith, 1941), and A.
trainii (MacGinitie, 1933; Axelrod, 1991). Arbutus
mohavensis (Axelrod, 1939) has a single lateral
tooth, and also is distinguished by short, obovate
outline. Arbutus stewartii (Axelrod, 1987) is ellip-
tical rather than ovate, but otherwise similar to our
specimens.

Serrated leaves distinguish living strawberry tree
(Arbutus unedo) found around most of the Mediter-
ranean Sea (Sealy and Webb, 1950), but introduced
to North America (USDA, 2009). Arbutus xalapen-
sis and A. arizonica have elliptical leaves, smaller
than our specimens, which are most like obovate
leaves of living Arbutus menziesii Pursh (Pacific
madrone), now distributed from California to Brit-
ish Columbia (USDA 2009).

RHODODENDRON SIERRAE

1944b Rhododendron sierrae Condit p. 87, pl.
20, fig. 6.

REFERRED SPECIMENS: leaves UOF42251A
(Fig. 17F), UOF42206A (Fig. 17G).

DISCUSSION: The secondary veins of these cori-
aceous, entire-margined leaves are at high diver-
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gence angle and uniform spacing, but have brochi-
dodromous loops close to the leaf margin. Complete
leaves illustrated by Condit (1944b) are obovate,
with a long tapering base.

Rhododendron weaveri leaves are elliptical
and smaller (Wolfe, 1966). Rhododendron chaneyi
(Brown, 1946) and R. deweyense (Axelrod, 1998)
have obtuse leaf bases, whereas our specimens are
cuneate at the base. Miocene Rhododendron sp. of
MacGinitie (1933) is linear lanceolate and has sec-
ondary veins at a lower angle to the midrib than in
our specimens. The reliable fossil record of Rhodo-
dendron goes back to the Paleocene, and its center
of diversity is in China (Collinson and Crane, 1978;
Wang and Tiffney, 2001).

Rhododendron sierrae is a larger leaf than most
living Rhododendron species (especially those
commonly called azaleas) and has obovate leaves
unlike the lanceolate leaves of R. maximum (USDA,
2009). Rhododendron sierrae resembles modern
Rhododendron macrophyllum D. Don ex G. Don
(coast thododendron), of western North America
from northern California through British Columbia
(Thompson et al., 1999; USDA, 2009).

GAULTHERIA PRIMORICA

2007 Gaultheria primorica Pavylutkin, p.305, fig.
7, pl. 3, fig. 1, 2.

REFERRED SPECIMENS: leaves
UOF42358A (Fig. 17C), UOF42113A (Fig. 17D) UO-
F42231A (Fig. 17E).

DISCUSSION: These coriaceous leaves have
strongly marked eucamptodromous secondary veins
and weakly percurrent to perpendicular tertiary
veins. They are entire margined to weakly crenate,
and ovate to obovate, with a truncate base that
lacks strong secondary veins. Looping secondary
veins are well back from the margin, and the basal

secondaries extend more than a third of the length
of the leaf.

Other fossil leaves with eucamptodromous sec-
ondaries and perpendicular tertiaries are Parrotia
brevipetiolata (Meyer and Manchester, 1997) and
Cordia oregona (Chaney and Sanborn, 1933), but
those leaves have parallel and more numerous
secondary veins. Our fossils show markedly
non-parallel secondary veins and less regular tertia-
ry veins, most like Gaultheria primorica (Pavlyutin,
2007). The North American fossil record of Gaulthe-
ria is limited to two specimens from the Latah flora
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Figure 18: Cape Blanco fossil hydrangea, basswood, viburnum, and unidentified: A, Unidentified angiosperm;
B-D. Hydrangea bendirei; E-G, Tilia pedunculata; H-1, Viburnum lantanafolium; A, leaf UOF38115B; B, flow-
er sepal UOF42273B; C, leaf UOF42251A; D, leaf base UOF42221A; E, leaf base UOF42180B; F, fertile bract
UOF42260; G, leaf UOF42380B; H, leaf apex USNM645809; I, leaf UOF42263.

that were originally described as Arbutus matthesii
(Brown 1936) and then later transferred to Gaulthe-
ria pacifica Brown (Brown 1946). These fossils
differ from ours in their serrate margin.

Five living species of Gaultheria in North
America are smaller leaved than our fossil, which is
most like the remaining species, Gaultheria shallon
Pursh (salal), a common coastal shrub from Califor-
nia north to Alaska (USDA, 2009).

FAMILY TILIACEAE
TILIA PEDUNCULATA

1920 Tilia pedunculata Chaney, p. 179, pl. 19,
figs. 3-4.

REFERRED SPECIMENS: leaf base UOF42180B
(Fig. 18E), bract UOF42253 (Fig.18F), leaf
UOF42380B (Fig. 18G).

DISCUSSION: A single specimen of a narrow
bract (Fig. 18E) has the characteristic disorganized
venation of Tilia pedunculata Chaney (Meyer and
Manchester, 1997, pl. 40, fig. 6). Also found were
dentate leaves with craspedodromous secondaries
and asymmetrical cordate base (Figs. 18F-G) broad-
ly comparable with Tilia aspera, which LaMotte
(1935a) considered conspecific with T. pedunculata
bracts in the early Miocene Eagle Creek flora and
middle Miocene 49 Camp flora. In the Oligocene
Bridge Creek floras of Oregon there are two species
of Tilia bracts, T. circularis and T. pedunculata, and
three species of Tilia leaves, T. aspera, T. fossilensis,
and T. lamottei, but it is uncertain which belong
with each other (Meyer and Manchester, 1997). Our
early Miocene Tilia leaves associated with bracts of
Tilia pedunculata are included in that species, rath-
er than the larger and wider Oligocene leaf species
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T. aspera.

Unlike our specimens, Tilia williamsii is camp-
todromous and entire-margined (Sanborn, 1947).
Our leaves show some similarity with associated
leaves of Viburnum lantanafolium Berry (1929),
which has different semicraspedodromous and
non-parallel secondary veins (Oliver, 1934; Chaney
and Axelrod, 1959).

Living Tilia tomentosa with deltoid leaves is
distinct from our specimens, and Tilia americana
varieties americana and heterophylla are also
almost as wide as long (USDA, 2009). Wide leaves
also distinguish European and Asian cultivars of
Tilia (linden or lime trees) introduced to the United
States. Our elongate ovate leaves are most like Tilia
americana Linnaeus var. caroliniana (Miller) Cas-
tiglioni (Carolina basswood), found from Texas and
Missouri through Tennessee and North Carolina
and south to Florida (USDA, 2009).

ORDER CORNALES
FAMILY HYDRANGEACAEAE
HYDRANGEA BENDIREI

1902 Hydrangea bendirei (Ward) Knowlton, p. 309.

REFERRED SPECIMENS: sepal UOF42273B (Fig.
18B), leaves UOF42251A (Fig. 18C), UOF42221A
(Fig. 18D)

DISCUSSION: A single sepal 18 mm long and 12
mm wide has the radiating venation of Hydrangea,
and bases of additional sepals reveal the character-
istic tetramerous symmetry (Fig. 18A). Associated
leaves are semicraspedodromous with numerous
percurrent veins and finely dentate margin (Figs.
18B), though entire margined and decurrent near
the base (Fig. 18C).

Fossils of Hydrangea fraxinifolia have sepals
that are orbicular, and narrow leaves with acumi-
nate tip (Meyer, 2003). Orbicular sepals also
distinguish Hydrangea knowltonii (Manchester et
al., 2015) and H. alaskana, which vary in having
three or four sepals (Hollick, 1925). Hydrangea cali-
fornica has sepals that are subquadrate (MacGinitie,
1941). The sepals of Hydrangea incerta are only a
third the size of our specimens (Cockerell, 1908).
Hydrangea russellii is based only on leaves which
are about twice the size of our specimens, and with
quilt-like relief of the lamina (Chaney and Sanborn,
1933). Our specimens are most like Hydrangea
bendirei from the middle Miocene of the Columbia
Plateau, with leaf bases that range from truncate to
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cuneate (Chaney and Axelrod, 1959; Smiley et al.,
1975).

Living North American Hydrangea arborescens
and H. radiata have leaves with cordate base and
H. quercifolia is deeply lobed. Our specimens are
most like Hydrangea cinerea (ashy hydrangea) of
the southeastern United States from Oklahoma to
Mlinois and Georgia and north to Massachusetts
(USDA, 2009).

ORDER DIPSACALES
FAMILY ADOXACEAE
VIBURNUM LANTANAFOLIUM

1929 Viburnum lantanafolium Berry, 1929, p
264; pl. 60, fig. 6.

REFERRED SPECIMENS: leaf apex USNM645809
(Fig. 18H), leaf fragment UOF42263 (Fig. 18I).

DISCUSSION: These fragments have distinctive
non-parallel craspedodromous secondaries that
lead into low blunt teeth widely spaced along the
margn. Tertiary venation is well marked, and weak-
ly percurrent.

Many Cretaceous and early Tertiary leaves have
been assigned to Viburnum, but associated fruits
show they were unrelated (Manchester, 2002).
Among Neogene fossil species of Viburnum, prom-
inent teeth distinguish V. grahamii (Fields 1996
p- 515). Trilobate shape distinguishes Viburnum
whitebirdensis (Ashlee, 1932) and V. ribesiforme (La
Motte, 1944). Strong basal tertiary veins distinguish
Viburnum thomae and “Ficus” quisumbingi is a
larger leaf with more prominent teeth (Chaney and
Sanborn, 1933). More complete leaves of Viburnum
lantanafolium like our specimens have been figured
by Berry (1929), Oliver (1934), and Brown (1936).

Most modern North America species of Vibur-
num have prominently dentate margins, but our
entire-margined to sparsely dentate leaf is most like
Viburnum nudum Linnaeus (Possum haw), found in
the southeastern United States from Texas to New
York and Florida (USDA, 2009).

DICOTYLEDONAE GEN. ET SP.
INCERTAE SEDIS

REFERRED SPECIMEN: leaf UOF38115B (Fig.
18A).

DISCUSSION: A small lanceolate entire-mar-
gined leaf has brochidodromous secondary veins
that diverge from a stout midrib at high angle. The
petiole curves strongly as if it were borne horizon
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Table 5: Cape Blanco flora fossil quantities and similar modern plants

Fossil species Parts No | Nearest living relative

Equisetum miocenicum Graham 1963 stem 4 Equisetum telmataeia (northern giant horsetail)
Sequoia affinis Lesquereux 1855 leaf, cone 3 Sequoia sempervirens (coast redwood)

Pinus carmelensis Axelrod 2000 leaf 4 Pinus ponderosa var. benthamiana (ponderosa pine)
Picea sookensis LaMotte 1935 Seed, cone | 25 | Picea sitchensis (sitka spruce)

Charcoal charcoal 14 | Conifer charcoal

Frayed wood wood 8 Conifer wood

Poaceae sp. indet. leaf, spike | 9 Wide-leaf grass

Persea pseudocarolinensis Lesquereux 1878 leaf 12 | Persea carolinensis (avocado)

Umbellularia oregonensis Chaney 1925 leaf, calyx |2 Umbellularia californica (Oregon myrtlewood)
Mahonia trainii Arnold 1936 leaf 10 | Mahonia lanceolata (Mexican grapeholly)
Platanus paucidentata Dorf 1930 leaf 3 Platanus racemosa (California sycamore)
Exbucklandia oregonensis (Chaney) Brown 1946 | leaf 10 | Exbucklandia longipetala (changbanmatihe).
Populus eotremuloides Knowlton 1898 leaf 20 | Populus balsamifera (balsam poplar)

Populus lindgrenii Knowlton 1898 leaf 7 Populus heterophylla (swamp cottonwood)
Salix laevigatoides Axelrod 1950 leaf 30 | Salix laevigata (red willow)

Salix succorensis Chaney and Axelrod 1959 leaf 6 Salix nigra (black willow)

Cercocarpus nevadensis Axelrod 1991 leaf Cercocarpus montanus (mountain mahogany)
Sorbus idahoensis Axelrod 1985 leaf 4 Sorbus americana (American mountain ash)
Ulmus speciosa Newberry 1898 leaf 12 | Ulmus americana (American elm)

Alnus harneyana Chaney and Axelrod 1959 leaf 3 Alnus incana (gray alder)

Betula thor Knowlton 1926 leaf 3 Betula papyrifera (paper birch)

Chrysolepis sonomensis (Axelrod) Axelrod 1985 | leaf 49 | Chrysolepis chrysophylla (golden chinquapin)
Fagus washoensis LaMotte 1936 leaf, calyx | 6 Fagus grandifolia (American beech)
“Lithocarpus” nevadensis Axelrod 1985 leaf 19 | Notholithocarpus densiflorus (tanoak)
Quercus hannibalii Dorf 1930 leaf, acorn | 63 | Quercus chrysolepis (canyon live oak)
Quercus prelobata Condit 1944 leaf 3 Quercus lobata (Oregon live oak)

Quercus simulata Knowlton 1898 leaf 16 | Quercus acutissima (sawtooth oak)

Carya bendirei (Lesquereux) Chaney and leaf 5 Carya texana (black hickory)

Axelrod 1959

Arbutus xalapoides LaMotte 1952 leaf 2 Arbutus menziesii (madrone)

Rhododendron sierrae Condit 1944b leaf 8 Rhododendron macrophyllum (rhododendron)
Gaultheria primorica Pavylutin 2007 leaf 40 | Gaultheria shallon (salal)

Tilia pedunculata Chaney 1920 leaf, bract 23 | Tilia Americana var. caroliniana (' basswood)
Hydrangea bendirei Knowlton 1902 leaf, flower | 2 Hydrangea cinerea (ashy hydrangea)
Viburnum lantanafolium Berry 1929 leaf Viburnum nudum (possumhaw)
Dicotyledonae gen. et sp. indet. leaf 1 Herbaceous weed?
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tally on a vertical axis.

The size and shape of this leaf is reminiscent
of Salix churchillensis Axelrod (1991) the vena-
tion does not loop up into the blade to simulate a
marginal vein. The secondary veins on this leaf are
cladodromous to brochidodromous. Arctostaphylos
fergusoni (Axelrod, 1950a), Vaccinium sonomen-
sis (Axelrod, 1944d), and V. sophoroides (Chaney
and Axelrod, 1959) are comparably small leaves,
but wider and elliptical. Other broadly compara-
ble leaves are Cercocarpus linearifolia (Axelrod,
1950a), C. praeledifolius (Berry, 1929), Condalia
mohavensis (Axelrod, 1939), and Dodonea califor-
nica (Axelrod, 1950b), which are longer with stron-
ger orthogonal secondary veins. These are all shrub
and tree genera, but the strong basal curvature of
our specimen, lacking in all these comparisons,
suggests an herbaceous plant, with a single erect
axis. The botanical nature and modern affinities of
this fossil are unknown.

VEGETATION RECONSTRUCTION
The Cape Blanco flora includes at least 28 unique
angiosperm leaf forms, most of them identifiable
to the species level, as well as one horsetail, three
conifers, and at least one monocot. Table 5 shows
the numbers of specimens of each form, as well as
the most similar extant plant summarized from the
foregoing discussion.

PHYTOGEOGRAPHY: The assemblage of leaves
observed in the Cape Blanco flora is a combination
of forms that are well documented and commonly
observed in the Miocene of the Pacific Northwest
(Chaney and Axelrod 1959; Smiley et al., 1975;
Buechler et al., 2007) and a few exotic forms
(Chaney and Axelrod, 1959; Meyer and Manchester,
1997; Huang et al., 2017). The dominance of oaks,
for example, is observed in many Miocene localities
and has been used as evidence for the onset of dry-
ing and cooling climate in western North America
(Axelrod, 1985, 1995a, 1995b). Also common and
diverse in Miocene floras are Betulaceae, Juglanda-
ceae, and Rosaceae, which are all present at Cape
Blanco.

Four distinct groups of fossils in the Cape Blanco
assemblage can be recognized from the geographic
distribution of their nearest living relatives (Table
5). A first group is indigenous species similar to
those found today in the region around Cape Blan-
co. These include the following 12 species similar
to modern plants in the Oregon Coast Range: Equi-
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setum miocenicum, Picea sookensis, Pinus carmel-
ensis, Umbellularia oregonensis, Populus eotremu-
loides, Salix laevigatoides, Alnus harneyana,
Chrysolepis sonomensis, ”Lithocarpus” nevadensis,
Arbutus xalapoides, Rhododendron sierrae, and
Gaultheria primorica.

A second group of southwestern species now
found in California or Mexico, includes the fol-
lowing 6 species: Sequoia affinis, Mahonia trainii,
Platanus paucidentata, Cercocarpus nevadensis,
Quercus hannibalii, and Quercus prelobata.

A third group of species with living relatives
found in the southeastern United States, includes
the following 11 species Persea pseudocarolinen-
sis, Populus lindgreni, Salix succorensis, Sorbus
idahoensis, Ulmus speciosa, Betula thor, Fagus
washoensis, Carya bendirei, Tilia peduncularis,
Hydrangea bendirei, and Viburnum lantanafolium.

A fourth group of exotic species with living rela-
tives only in southeast Asia, includes the following
2 species: Exbucklandia oregonensis and Quercus
simulata.

The group of species still living near Cape Blan-
co is encouraging from the perspective of vegetation
changes due to global warming, because it implies
that common elements of coastal spruce forests and
salal scrub will persist with anticipated climate
change (Retallack et al., 2016). The California-Mexi-
co group, in contrast, is similar to northern
California coast redwood forest and oak forests of
the northern Great Valley of California (Barbour et
al., 2007). This group is evidence that important el-
ements of these plant communities migrated north
of their current range during early Miocene paleo-
climatic warming, as perhaps they will again. The
southeastern North American group is also conspic-
uous, and not unexpected, because Miocene floras
of the Columbia Plateau have long been known to
include southeastern elements (Chaney and Axel-
rod, 1959). The southeastern connection has been
confirmed by DNA sequencing of exceptionally
well preserved fossil leaves from Clarkia, Idaho,
including Liriodendron (Baghai, 1988), Magnolia (S.
Kim et al., 2004), and Taxodium (Soltis et al. 1992).
A humid warm corridor at middle altitudes during
the early to middle Miocene may have connected
the southeastern and northwestern United States,
because Miocene humid climate (Alfisol) paleosols
were extensive at moderate elevations, but arid cli-
mate (Aridisol) paleosols were widespread in
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intermontane valleys (Sheldon, 2003; Retallack,
2007, 2009). Nor is the exotic East Asian element

a surprise (Chaney and Axelrod, 1959; Wu et al.,
2009; Huang et al., 2017). Genera still endemic to
the western United States, but with much greater
specific diversity in Asia include Mahonia (Y. D.
Kim et al., 2004), Carya (Zhang et al., 2013), Rho-
dodendron (Collinson and Crane, 1978; Wang and
Tiffney, 2001), Gaultheria (Middleton, 1991; Pavy-
lutin, 2007), Tilia (Manchester, 1994) and Viburnum
(Winkworth and Donoghue, 2005). Asian migration
routes through Beringia are also invoked to ex-
plain the Miocene appearance in North America of
elephants (Lambert and Shoshani, 1998), beardogs
(Hunt, 2002), gelocid deer (Webb, 2008), and gavials
(Whiting et al., 2016). The Cape Blanco flora is a
unique Miocene assemblage with large-leaved taxa
requiring greater warmth than at present, as well as
indigenous temperate Miocene plants.

Many of the larger leaves from Cape Blanco
have prominent midribs and a coriaceous texture,
suggesting an evergreen habit as in live oaks, rather
than deciduous. Broadleaf evergreens along with
the large number of oaks of the Cape Blanco flora
falls within the notophyllous broad-leaved ever-
green forest of Wolfe (1979), suggesting a mean
annual temperature between 13 ¢ C and 20 ¢ C.
Although the presence of conifers suggests lower
temperatures, they are occasionally present in the
notophyllous broad-leaved evergreen, or ‘oak-lau-
rel” forests of Wolfe (1979). A more likely explana-
tion for rarity of conifers in the Cape Blanco flora is
that they lived on hillslopes above a coastal lagoon
surrounded by broadleaf trees.

PALEOECOLOGY: Living relatives of the Cape
Blanco flora include dominant species of several
modern vegetation types: the Picea sitchensis (sitka
spruce) coastal forest and Gaultheria shallon (salal)
coastal shrubs of Oregon (Franklin and Dyrness,
1988), and the Sequoia sempervirens (coast red-
wood) forest of coastal mountains, and Quercus
lobata (valley oak) woodland of the northern Great
Valley of California (Barbour et al., 2007).

Sitka spruce evergreen forests include salal as
an understorey shrub, but salal forms an extensive
monodominant scrub on the outermost coastal ter-
races and slopes above beaches or rock headlands
(Franklin and Dyrness, 1988). Other modern plants
of Oregon salal community with similar species in
the Cape Blanco flora are Equisetum telmataeia,
and wide-leaved grasses. On higher slopes of sitka

spruce forests the following modern species have
relatives in the Cape Blanco flora: Umbellularia cal-
iforniana, Rhododendron macrophyllum, Arbutus
menziesii, Alnus rubra and Populus trichocarpa
(Franklin and Dyrness, 1988). Early successional
forms within these forests include the following
modern species with similarities to the Cape Blanco
flora: Alnus rubra, and Gaultheria shallon (Franklin
and Dyrness, 1988).

The coast redwood forests of California extend
20 km into southern Oregon (Franklin and Dyr-
ness, 1988), some 80 km south of Cape Blanco, but
a single tree grew to maturity between 1720 and
1820 years ago near Waldport, Oregon, (Gavin et al.,
2013), which is 260 km north of California. Other
plants of California coast redwood forest similar
to fossils from the Cape Blanco flora include other
conifers (Pinus ponderosa), hardwoods (Arbutus
menziesii, Notholithocarpus densiflorus, Quercus
chrysolepis, Umbellularia californica), wetland
trees (Populus trichocarpa, Salix laevigata), and
shrubs (Cercocarpus montanus, Gaultheria shallon,
and Rhododendron macrophyllum: all in cpLowB-
WS of Barbour et al., 2007).

Valley oak (Quercus lobata) is not only charac-
teristic of woodlands of the northern Great Valley,
but found in the inland zone of the northern coast
redwood forest, along with conifers (Sequoia sem-
pervirens, Pinus ponderosa), hardwoods (Arbutus
menziesii, Quercus chrysolepis, Umbellularia cali-
fornica), wetland trees (Populus trichocarpa, Salix
laevigata), and shrubs (Alnus incana var. tenuifolia,
and Cercocarpus montanus: all in ipLoBWS of Bar-
bour et al., 2007).

The closest ecological analog of the Cape Blanco
flora is thus with the northern fringe of the Cali-
fornia coast redwood community, but the presence
of many modern coastal taxa in the fossil flora is
encouraging for their persistence in a regime of an-
ticipated global warming when coast redwoods may
migrate northward (Retallack et al., 2016). Compar-
ison with the California coast redwood community
is not exact because the Cape Blanco flora includes
avocado (Persea) and Asian exotic plants (Exbuck-
landia), but similar plants may also be replicated
in the future as plants of gardens and parks become
naturalized (Boersma et al., 2006). Coastal fog is
a critical environmental control of the modern
California coastal redwood community, and has
been declining more in California than Oregon with
increased summer maximum temperature from
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1951-2008 (Johnstone and Dawson, 2010). The
anomalously warm year of 2005 in Oregon showed
delayed early-season upwelling but stronger
late-season upwelling of cold water, and consequent
fog, consistent with predictions of global warming
models (Barth et al. 2007).

PALEOTOPOGRAPHY: Paleoelevation of the
Cape Blanco flora based on sedimentology is sea
level, because the tuffaceous beds prograded into
shallow marine and beach sands, and were then
overlain by comparable sandstones with marine
fossils (Figs. 3-5). Topographic relief of at least 70 m
is revealed by sea stacks of Jurassic Otter Point For-
mation and pebbles in the sandstone of Floras Lake
(Armentrout, 1980; Leithold and Bourgeois, 1983).
There are also indications from the flora itself of a
mountainous hinterland and local river margins or
wetlands. Modern wetland species similar to fossil
plants in the Cape Blanco flora include Equisetum
telmataeia, Populus trichocarpa, and Salix laevi-
gata (Franklin and Dyrness, 1988; Barbour et al,
2007). On the other hand, the dominant conifers are
similar to Picea sitchensis, Sequoia sempervirens,
and Pinus ponderosa, which grown on well drained
soils of alluvial terraces and slopes. Valley oak
(Quercus lobata) is now found on inland portions
of the coast redwood belt (Barbour et al., 2007),
perhaps indicating valleys to deliver comparable
leaves to the Cape Blanco flora.

TAPHONOMY: The Cape Blanco flora is tapho-
nomically unusual. Some fossil leaf deposits are
fossil leaf litters preserved on a paleosol (Retallack
and Dilcher, 1988, 2012; Retallack, 2018), and many
others are preserved in shales of large meromictic
lakes (Ferguson, 1985; Spicer, 1991). There are no
root traces in the deposit, nor are the fossiliferous
gray siltstones varved and fissile (Figs. 3-5). The
massive siltstones at Cape Blanco have some leaves
that are folded, fragmented, skeletonized, and
cutting across bedding planes like leaves in leaf
litter (Figs. 12B, 12E-F, 16A), but others are spread
out flat as in lacustrine deposits (Figs. 14A, 15H,
16], 17F). These fossil leaves in massive siltstone
can be contrasted with basal pumice bearing tuffs
that have most of the conifer and charcoal remains
(Fig.10A-E, H-K). Such differences in modern
leaves in sedimentary environments (Gastaldo,
1989, Gastaldo et al., 1989) are evidence for traction
deposition of the comminuted charcoal and conifer
remains in fluvial levees or crevasse splays. In con-
trast the more or less intact fossil leaves

33

collected from Cape Blanco had a range of sizes and
shapes suggesting that no systematic exclusion of
forms occurred. For the leaf-bearing siltstones, we
envisage a locally ponded environment of the distal
portion of a mudflow from volcanic ash, as ob-
served after modern eruptions (Kuenzi et al.,1979;
Scott, 1988). This mechanism of rapid deposition
would not have mechanically sorted and fragment-
ed remains as thoroughly as in the basal conifer and
charcoal bed, but did sweep up leaf litter. As shown
by modern studies of leaf litter taphonomy (Burn-
ham, 1989; Greenwood, 1992; Ellis and Johnson,
2013; Retallack, 2018), there may be a bias toward
more coriaceous and sclerified leaves in the Cape
Blanco flora, reflecting the exclusion of herbaceous
and spring ephemeral plants.

PALEOCLIMATIC IMPLICATIONS

PHYSIOGNOMIC METHOD: The shape and size

of modern leaves has been shown to correlate with
temperature and precipitation (Bailey and Sinnott,
1916; Wolfe 1993; Wilf et al., 1998). The relation-
ships are based on the whole composition of the
flora, with the proportion of species with serrated
margins deceasing with warmer temperatures (Bai-
ley and Sinnott, 1916) and leaf size increasing with
increased precipitation (Wilf et al., 1998). One
advantage of the physiognomic method is that it is
ataxonomic, and emphasizes overall leaf shape and
margin character without addressing venation or
other taxonomically significant features.

Two techniques of physiognomic interpretation
are multivariate analysis of a suite of leaf morpho-
logic characters associated with many climate
parameters (Wolfe, 1993), and univariate analysis of
a single morphological feature correlated with a sin-
gle measured climate variable. Both methods have
advantages and disadvantages, the multivariate
method can yield more data, yet suffers from lack of
transparency, variables that co-vary, and difficulty
in defining the error of results. The univariate meth-
od is straight forward and transparent, but may not
extract the full measure of data from the flora. Both
methods suffer from a lack of theoretical underpin-
ning and thus solely rely on empirical observations.
Here we apply the two most robust univariate anal-
ysis, those that estimate mean annual temperature
and mean annual precipitation, to the Cape Blanco
Flora. A least squares linear regression of leaf mar-
gin state and mean annual temperature allows for
estimates of ancient mean annual temperature. The
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relationships are robust and differ only slightly in
different parts of the world: East Asia (Wolfe, 1979;
Wing and Greenwood, 1993; Su et al., 2010), Bolivia
(Gregory-Wodzicki, 2000), Australia (Greenwood et
al., 2004), North and South America (Wilf, 1997),
and Central and North America (Miller et al., 2006).
The Central and North American calibration of
Miller et al. (2006) is most appropriate and compre-
hensive for the Cape Blanco flora.

There are 28 angiosperm leaf forms in the Cape
Blanco flora, 12 of them have entire margins. Using
the equation of Miller et al. (2006), where T is leaf
estimated mean annual temperature (°C), and F is
the fraction of species in the flora that have entire
margins.

T=29.0F +1.32

Mean annual temperature of the Cape Blanco
Flora estimated in this way was 13.7 + 4.6 © C (the
error is from the nomogram of Miller et al., 2006).
This result corresponds well with the floristic indi-
cations of comparable modern vegetation in north-
ern California. The current mean annual tempera-
ture at Cape Blanco is ~11 ¢ C (Wolfe, 1993).

The mean annual paleoprecipitation (P in cm) at
Cape Blanco can be estimated in a similar fashion
following Wilf et al. (1998), using parameter S
which is the sum of the percentage representation
in the flora of mesophylls (4500-18225 mm?),
macrophylls (18225-164025 mm?), and megaphylls
(>164025 mm?) in the flora, as follows.

P=3.77.S +47.0.

The percent of mesophylls and larger in the
Cape Blanco flora is 46.7%, and this gives a mean
annual precipitation of 223 cm (+ 95 cm, -68 cm).
This is more than the 195 cm per year observed
today at Cape Blanco (Wolfe, 1993).

OTHER EARLY MIOCENE FLORAS: Our results
for paleotemperature can be compared with other
floras of the same geological age for two other late
early Miocene floras from the west coast of North
America: the ~18 Ma, Temblor (Renney, 1972), and
Seldovia (Wolfe and Tanai, 1980) floras (Fig. 19).
Coastal floras are ideal for comparison with sea
surface temperatures because their interpretation
is not complicated by paleoaltitude or rain shadow
effects.

The Temblor flora was recovered from the Tem-
blor Formation at a locality 9 miles north of Coalin-
ga, California, USA, which Renney (1972) regarded

as middle Miocene and ~15.5 Ma. The stratigraphy
of the region has since been revised and based on
lithology, the plant fossil beds described by Ren-
ney (1972) correlate with the estuarine facies tract
of Bridges and Castle (2003). This updates the age
of the fossil flora to 17.5 + 1 Ma based on regional
bounding surfaces and their correlation to the glob-
al sea level curve of Haq et al. (1987). The estuarine
facies tract is the second of five facies tracts that
range from incised valley to subtidal.

The Seldovia Point flora (Wolfe and Tanai, 1980)
was recovered from multiple localities within the
late early Miocene Tyonek Formation (Calderwood
and Fackler, 1972), in the Kenai Peninsula, Alaska.
Based on stratigraphic position and correlation, the
age of the formation is late early Miocene to early
Middle Miocene (16 to 18 Ma). Low gradient fluvial
deposition along with the formation thickness, areal
extent, and duration of deposition, all suggest that
the unit was deposited near sea-level (Wolfe and
Tanai 1980).

The margin type for fossil plant species from the
Temblor and Cape Blanco floras was recorded, and
the percent of entire margins was calculated. The
determination of character state was from figures
and descriptions of Renney (1972). Wolfe and Tanai
(1980) reported the percentage of entire species for
the Seldovia Point flora. Based on the number of
entire leaves, leaf mean annual temperature (Miller
et al., 2006) was calculated (Table 6).

EVIDENCE FROM MARINE OXYGEN ISO-
TOPES: The early Middle Miocene (15.5 to 16.5
Ma, N-8) benthic foraminifera compilation (n=83)
of Savin et al. (1985) was used to estimate late early
Miocene sea surface temperature. To follow the
calcite/water §*O temperature equation of Erez and
Luz (1983), it was necessary to estimate the isotopic
composition of the early Miocene ocean at the sam-
ple latitudes ocean by using equation one of Zachos
et al. (1994) and adding a -0.5 %o ice volume correc-
tion. Zachos et al. (1994) used the same ice volume
correction value for their early Oligocene study.
The sea surface temperature estimates are the circle
symbols on the plot of absolute latitude verses tem-
perature (Fig. 20). The entire global dataset is used
because the northeastern Pacific region Miocene has
been little sampled by deep sea drilling (e.g., Wood-
ruff and Savin, 1989). The Holocene temperature
measurements also used data compiled by Savin
et al. (1985) and followed the same method of sea
surface estimation, however no ice volume
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Figure 19: Cape Blanco flora compared with other early Miocene floras at different latitudes today.

Table 6: Paleotemperature estimated from fossil floras following Miller et al. (2006)
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Location Tremblor | Cape Blanco | Seldovia
Latitude north (o) 36 43 59
Total forms 31 28 54
Entire margined species 21 12 9
Leaf mean annual temperature (°C) 21.0 13.7 6.2
Error (20) after Miller et al. (2006) 3.8 4.6 2.6
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correction was used. Modern weather station data
for the west coast of North America (Bryson and
Hare, 1974) and South America (Schwerdtfeger,
1976) are also plotted on Fig. 20A.

EARLY MIOCENE TEMPERATURE GRADIENTS:
The four global data sets are plotted with modern
latitude on the x-axis and temperature (® C) on the
y axis, Figure 20A. A subset of the global data sets
was also analyzed. The Northern Hemisphere, tem-
perate latitude (23.3 2 N to 66.6 2 N), portions of the
data sets, and their least squares linear regressions
are shown in Figs 20B and 20C.

Linear regressions of the four global data sets
showed very different slopes for marine (0.3) and
coastal (0.6), and student t-test confirmed with
greater than 99.9% confidence that these slopes
were distinct.

The Northern Hemisphere temperate latitude
subset, however, is more interesting. The fossil leaf
slope and the modern temperature slope could not
be differentiated with greater than 95% confidence.

The Miocene and Holocene isotope slopes could
not be differentiated from each other with greater
than 90% confidence, but they were different than
the modern and leaf slopes. The offsets of the
slope-coincident regressions are 5.2 °C for the leaf
versus modern 4.2 °C for the Miocene versus Holo-
cene isotopes as measured at 45 °N. In both cases
the Miocene measurements are warmer.

The global data set when considered from a
latitude perspective fails to yield compelling re-
sults, probably because the northern and southern
hemispheres have fundamentally different land
and ocean distributions. Furthermore, to accurately
model the temperature gradient from equator to
pole data should be evenly distributed among the
latitudes and this is not the case with the isotopic
and leaf data sets.

The most robust result of this study is that the
offset between the Miocene leaf and modern regres-
sions (5.2 °C) and the Miocene isotope and Holo-
cene isotope regressions (4.2 °C) is within one de-
gree Celsius. This magnitude of temperate increase
matches the temperature increase predicted for the
interval 2013 to 2100 (Ciais et al., 2013).

The coincident slopes of the modern and fossil
data sets are also of note. That the fossil leaf and
modern weather station data have the same latitudi-
nal gradient ~ -0.6 ¢ C/degree latitude suggests that

fossil leaves are an accurate climate predictor. The
coincident slopes for the isotope data suggest that

the equations used to convert measured 5O to sea
surface temperature in °C may have a large control
of the °C results or that the Miocene and Holocene
oceans had the same latitudinal temperature gradi-
ent.

But, which gradient is correct, the one based
on marine oxygen isotopes or on fossil-leaves? It is
likely that both are correct. The ocean temperature
is moderated both by the high heat capacity of wa-
ter and ocean currents, which are dominated by the
cold southerly California Current (Freeland et al.,
2003; Johnstone and Dawson, 2010). This current
creates the distinctive summer-dry seasonality of
Oregon (Dallman, 1998; Barth et al., 2007), which
can be recognized well back into the Miocene (Re-
tallack, 2004b). Air has a lower heat capacity than
water, and so its temperature is more sensitive to
energy differences between the equator and pole.
This discrepancy may explain why the land-based
measurements have a steeper latitudinal tempera-
ture gradient. The coincident offset in the tempera-
tures between the oceans and land may be due to
the climate buffering capacity of CO, which
increased the heat capacity of the atmosphere and
can, through atmospheric circulation, transfer heat
between the oceans and continents resulting in a
similar overall temperature increase.

The recognition of shallower gradients in iso-
topic data calls for caution when using these data
to predict polar and tropical land temperatures, as
they may be over and under predicted, respective-
ly. The possibility of warmer low latitudes during
Miocene time challenges models where the global
heat budget is predominantly accommodated by an
increase in high latitude temperature (Crowley and
Zachos 2000; Nikolaev et al. 1998).

The Miocene remains an important time for un-
derstanding global climate change because tectonic
arrangements during Miocene time were similar
to today (Herold et al. 2008), however two major
changes with the potential to drastically change
ocean circulation, the closure of the Panamanian
isthmus (Duque-Caro, 1990), and the opening of the
Bering Strait (Marincovich and Gladenkov, 1999),
preclude direct comparisons. Promising modeling
results (Motoi et al., 2005) have begun to address
and quantify the results of ocean circulation differ-
ences between the early Miocene and today.
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CONCLUSIONS

At 18.26 + 0.86 Ma, during the early Miocene,
a rhyodacitic eruption in the Western Cascades
blanketed the Klamath terrain with pumice and ash,
which overwhelmed a catchment leading to a local
coastal progradation. Leaves of the trees growing
at that time were carried along with the ash and
deposited in a lagoon near the shore. These fossils
have been identified following a long tradition of
Miocene paleofloristic paleobotany in the Pacific
Northwest (Chaney and Axelrod, 1959; Smiley et
al., 1975). Based on the size and margin state of the
leaves (Wilf et al., 1998; Miller et al., 2006), a mean
annual temperature of ~14° C and a mean annual
precipitation of ~223 cm/yr can be estimated for
the Cape Blanco flora, compared with 112 C and
195 cm today (Wolfe, 1993). Cape Blanco paleotem-
perature can also be compared with comparable
paleotemperature estimates from the Temblor flora
of California (Renney, 1972) and the Seldovia flora
from Alaska (Wolfe and Tanai, 1980), as well as
paleotemperatures estimated from oxygen isotopic
analysis of benthic foraminifera (Savin et al., 1985).
The leaf data estimate a latitudinal gradient of ~
0.6° C/degree latitude, and the isotopic predicted
gradient is ~0.3 ¢ C/degree latitude. Both results
agree that the mean annual temperature at 45°
latitude north was 4-5 ¢ C warmer than today in the
late early Miocene.

Both paleobotanical and oxygen isotope methods
estimate that the late early Miocene in the northern
hemisphere was ~5° C warmer than today. This
magnitude increase is the same as models predict
occurring by 2100 (Ciais et al., 2013). The predict-
ed atmospheric CO, in 2100 is also the same as is
estimated for the late early Miocene, 612 + 24 ppm
(Breecker and Retallack, 2014). The global data
set was inconclusive and the temperate Northern
Hemisphere had to be considered independently for
compelling results to be obtained. The latitudinal
gradients predicted by fossil leaf measurements did
not match those from the sea. This may reflect dif-
ferences in temperature of the ocean and the land
which remain a forceful driver of Mediterranean
seasonality in Oregon (Dallman, 1998; Barth et al.,
2007).
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