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ABSTRACT

STUDIES OF LEAVES OF MODERN PLATANACEAE, CERCIDIPHYLLACEAE,

AND TETRACENTRACEAE AND COMPARISON WITH PLATANUS-LIKE AND

CERCIDIPHYLLUM-LIKE LEAVES IN THE BLACKHAWK FORMATION, LATE
CRETACEOUS, UTAH

By

David H. Huber

The assessment of the taxonomic affinities of fossil
leaves of Cretaceous or Tertiary age is dependent upon a
careful understanding of any morphologically similar extant
leaves. To understand the familial affinities and
potential infraspecific variability of some platanoid
leaves from the Upper Cretaceous Blackhawk Formation of
central Utah, the leaves of four extant species, Platanus
Xhybrida, P. occidentalis, P. racemosa, and P. lindeniana
were studied. Cercidiphyllum-like leaves from the same
formation were compared to 1leaves of the extant
Cercidiphyllaceae and Tetracentraceae. Heterophyllic
patterns in the first three Platanus species were
identified and quantitatively described. Several gross
morphological and architectural characters follow
progressive patterns of change in the heterophyllic series.
As previous workers have noted, the Platanaceae can be
recognized by a combination of several foliar morphological

characters. The Blackhawk platanoid fossils show
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platanaceous affinities and are similar to Credneria. The
Cercidiphyllum-like leaves have more features in common

with the Tetracentraceae.
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I. INTRODUCTION

Considerable paleotaxonomic work on Cretaceous
angiosperms was accomplished in the late 19th Century by
such pioneers as Leo Lesquereux (e.g. 1883, 1892) and John
Newberry (e.g. 1898). Published floras from this time
often covered fossil assemblages that are quite difficult
in terms of both diversity of taxa and inadequate
preservation. Recent Cretaceous angiosperm studies, while
benefitting from a wealthy heritage in these extensively
published floras, are finding that many of the early
taxonomic assignments are generally in need of extensive
revision. Dilcher (1974), Schwarzwalder (1986) and others
consider the primary shortcoming of these early studies to
be methodological: reliance upon too few characters of
unproven systematic value, and uncritical lumping of the
fossils into modern taxa. In the past two decades renewed
activity, new discoveries, and methodological refinement
have provided significant advances in our understanding of
Cretaceous flowering plants.

Recent approaches to the paleosystematics of fossil
leaves have sought more objective and rigorous methods than
those commonly employed by early workers. Hickey (1973,
1979) and Dilcher (1974) have provided a base for
standardizing foliar characteristics and Hickey and Wolfe
(1975) compiled a survey of diagnostically useful foliar

architectural features of many extant angiosperm higher
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taxa. Early angiosperm foliar studies have thereby gained
more objective taxonomic criteria, and the fruits of these
recent studies are now much more empirically appealing.
This study involves two types of fossil leaves from
the Blackhawk Formation, of early Campanian age from
central Utah. Parker (1976) made a paleoecological study
and floristic inventory of this Cretaceous flora. However,
his systematic analysis treated only the ferns,
gymnosperms, and two species of palms. The diverse dicot
assemblage from the Blackhawk was largely untreated
systematically although he did assign tentative names to
many of the fossil dicots for use in his paleoecological
analyses. Two of the most abundant angiosperm leaf types
were assigned by Parker to Platanus and Cercidiphyllum.
Coarse preservation and the fragmented nature of most of
these fossil leaves limits the scope of analysis of their
morphologic features, but some of them do show marginal
foliar details, and third and fourth order venation.
Several nearly whole leaf impressions are also present.
Platanoid and trochodendroid 1leaf types (i.e. 1leaf
morphologies suggesting alliance with the Platanaceae and
Trochodendrales/ Cercidiphyllales, respectively) are among
the most common Cretaceous and Paleogene fossils.
Unfortunately, even though they are frequent components of
fossil floras, typical taxonomic treatments of them have
been ambiguous and unparsimonious, rather than biologically
realistic. Concerning the platanoids, Brown (1962)

Suggests a synonymy for the Paleocene Platanus raynoldsii

2
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which includes 38 taxa and encompasses previous generic
assignments to Acer, Aralia, Cissus, Populus, Quercus,
Sterculia, and others! Perhaps this is not so surprising
considering the enormous phenotypic plasticity of the
modern genus Platanus. Brown (1962) laments the situation,
"after observing the great variation shown by leaves from
living species of Platanus, I am amazed that paleobotanists
have had the temerity to describe as many fossil species as
they have."

The case for the trochodendroids is also confusing
because of the uncritical approach of early workers in
regard to leaves with actinodromous and acrodromous
venation. Genera such as Populus, Smilax, Zizyphus, Ficus,
and others have been frequently confused with the
trochodendroids. This situation is indeed complex, and
Crane (1984) aptly remarked concerning the numerous late
Cretaceous and early Tertiary Cercidiphvllum-like leaves
that, "although they exhibit a fundamentally uniform
pattern of major venation, the variation in shape and the
details of venation pose considerable systematic
difficulties."

The objectives of this study are to assess the
affinities of several Blackhawk leaf morphotypes to extant
Platanaceae, Cercidiphyllaceae, and Tetracentraceae based
on a detailed morphological examination of the fossils and
leaves from representatives of these modern families. The

external morphology of leaves of four species of extant
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Platanus were characterized quantitatively. The leaves of
several other species were also examined in less detail.
Particular attention was focused on the morphological
variability present within individuals of three species of
Platanus because the physiognomic plasticity of this genus
was found to be more pronounced and of greater regularity,
and hence more systematically important, than expected.
This foliar heteromorphism was treated in greatest detail
for one species, Platanus Xhybrida. The foliar morphology
of both 1living species of Cercidiphyllum and the single
living species of Tetracentron were characterized and
compared with the Blackhawk trochodendroid fossils. It was
hoped that studies of the range of variation inherent in
the modern taxa would facilitate recognition and

interpretation of the platanoid and trochodendroid fossils.
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II. GEOLOGY OF THE BLACKHAWK FORMATION

The exposures of the Blackhawk Formation from which the
plant fossils used in this study were collected occur in
the Wasatch Plateau of central Utah (Figure 1). Upper
Cretaceous and Lower Tertiary rocks form an escarpment
along the eastern edge of the Wasatch Plateau which extends
from Price River south to Salina Canyon, Utah. The
Blackhawk Formation and the Castlegate Sandstone together
form the upper part of the Wasatch Plateau escarpment.
They also form the major cliffs of the Book Cliffs, a
continuous, pronounced escarpment extending for nearly 200
miles from central Utah to Grand Junction, Colorado (Parker
1976). Outstanding profiles of the sedimentary facies
deposited by the epicontinental seas are afforded by the
Cliffs which, in many places, run approximately normal to
the ancient strand line.

The sedimentary facies of the Blackhawk Formation were
deposited 1in response to transgressive--regressive
movements of the epicontinental Western Interior Seaway and
the associated river systems which flowed eastward from the
western highlands into the sea. Young (1966) identified
several environmental belts which paralleled the western
edge of the epicontinental sea from offshore marine,
through coastal margin, and inland to the western
highlands. Particularly noteworthy of these
paleoenvironments are the swamps which were responsible for

the well known economically important coals of the
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Blackhawk. In the region of study, active coal mining
occurs in the Blackhawk Formation and Ferron Sandstone.

The stratigraphic relationship of the Blackhawk
Formation to related formations is shown in Figure 2.
Detailed descriptions of the stratigraphy and geology of
the Blackhawk Formation can be found in Fisher et al (1960)

and Spieker (1925).
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Utah

lkiloneterl !
" miles

COLLECTION LOCALITIES

e

1 Cox Swale

2 Black Diamond Mine (abandoned)
3 Knight Mine (abandoned)

4 Taylor Flat

§ Pipe Springs

¢ Water Hollow Road

Figure 1. Fossil plant collection localities in
the Wasatch Plateau. The areal extent of the
Blackhawk Formation is indicated by stippling
(reproduced from Parker, 1976, Figure 1).
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III. TERRESTRIAL PALEOECOLOGY

OF THE BLACKHAWK FORMATION

The environments of deposition of the plant-bearing
sediments of the Blackhawk Formation as described by Parker
(1976) are summarized below.

Identification of the Blackhawk environments of
deposition was based upon sedimentological and biological
criteria. Three fluvial environments were inferred from
the amount of organic content of the sediments, grain size,
and unique sedimentary and biological features. A swamp
environment was identified by high organic content (darker
gray color), abundance of clay silt, the presence of
agquatic plants, leaf mats, in situ stumps and roots, and
the absence of current structures such as ripple marks or
cross-bedding. Point bar environments were distinguished
as those with 1little organic material, fine-grained to
coarse sandstone, current structures such as ripples and
cross-bedding, and high energy deposition features such as
water-worn wood and fragmented leaves. The third fluvial
environment differentiated was the bottomland that bordered
the fluvial channels. Low-energy deposition in a
terrestrial environment, less organic content than the
swamps, grain size equal to silt but with some sand and
clay, raindrop casts, and invertebrate trails were some of
the characteristics wused by Parker to distinguish
bottomland environments. In general, the bottomlands are

intermediate in nature between swamps and point bars.
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In addition to the above criteria Parker (1976) relied
upon the abundances of the fossil taxa and their presumed
equivalence to modern taxa to reconstruct the paleoecology
of these three fluvial environments. A fossil plant
importance index consisting of relative density plus
relative frequency was tabulated for the commonest species
in each depositional environment. Both allochthonous and
autochthonous depositional settings are represented by the
Blackhawk leaf assemblages.

Since Parker'’s study, quantitative studies comparing
the nature and distribution of modern 1leaf detritus in
allochthonous assemblages to source vegetation have shown
specific limitations inherent in these leaf assemblages
(Spicer, 1981, Spicer and Wolfe, 1987). Specifically, they
have shown that the relative abundances of leaf taxa in an
allochthonous assemblage are unlikely to directly represent
the relative abundances of the same taxa in the source
vegetation. However, Spicer and Wolfe (1987) also showed
that the distribution of leaves in even high energy
depositional environments (e.g. deltaic deposits) does
reflect the occurrence of taxa in a wide range of source
communities. Those Blackhawk leaf assemblages of an
autochthonous origin, such as the swamp assemblages, would
have been subjected to different taphonomic constraints.
Probably, these assemblages represent the dominant elements
in a flora more reliably than low energy allochthonous
deposition.

Parker also recognized that some Blackhawk species,

10



particula:
taphonomi
indices pr
distribut:
relative
indices fr
pisreprese:
source con
autochthonq
The

occupied 1
Some that
than a mj)
and their
anni

(15.0), Br
ayma)

leag Parke,
abundant a
include the
%enera Cory

Ultotte,

Iy SUbStan
1nhabiting

The urn



particularly angiosperms, may be underrepresented for
taphonomic reasons. Therefore, while the importance
indices probably identify the commonest species and their
distribution, they may be limited as an indication of
relative abundance in the source vegetation. Importance
indices from allochthonous assemblages could be expected to
misrepresent the relative frequencies of the taxa in the
source communities to a greater degree than indices from
autochthonous assemblages.

The fluvial swamps on the Blackhawk floodplain
occupied local basins and were quite variable in size.
Some that Parker measured varied from about 50m to more
than a mile in extent. The dominant trees of the swamps
and their importance values are Seguoia cuneata (43.4),
Rhamnites eminens (18.1), Protophyllocladus polymorpha

(15.0), Brachyphyllum macrocarpum (13.8), and "Platanus"
raynoldsii (10.8). Poor preservation of angiosperm leaves

lead Parker to suggest that Rhamnites eminens could be as
abundant as Sequoia. Less frequent trees in the swamps
include the conifers Androvettia sp., Metaseqguoia sp., and
Widdringtonites reichii, and angiosperms assigned to the
genera Cornus, Salix, Dryophyllum, Myrtophyllum, Ficus, and
Manihotites. Though an updated systematic study has not
been made to verify the identifications to such taxa, there
is substantial evidence of the diversity of the flora
inhabiting these swamps.

The understory of the Blackhawk swamps contained three

11
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~palm species. Geonomites imperialis was the most common

understory shrub and formed local palm thickets. At the
Water Hollow locality erect stems spaced about 2 meters
apart, apparently buried in situ, are associated with
numerous mats of palm leaves. The other two palms,
occurring less frequently, are Paloreodoxites plicatus and
Sabalites montana.

Herbaceous understory plants are poorly represented in
the paleoswamp flora. No angiospermous terrestrial herbs
are recognized although two ferns, Cyathea pinnata and
onoclea hebridica, were part of the understory vegetation
but they were infrequent. The paucity of herbaceous plants
could be due to either their rarity in the flora, poor
preservation, or our inability to recognize them. Two
aquatic angiosperms, Nymphaeites dawsoni and Trapa paulula,
are also known.

The swamp conifers represented a fairly diverse group.
In addition to the more common species mentioned above,
Nageiopsis, Podozamites, and Moriconia were also present.
The shrubby gymnosperm Nageiopsis was found at only one
locality where approximately 1000 oval blades were present.
Six of the Blackhawk swamp conifers apparently became
extinct by the end of the Cretaceous. Parker (1976)
suggested that these conifers were restricted to the
fluvial and coastal swamps associated with the
epicontinental sea and therefore became extinct when the
regression of the seas eventually eliminated the swamps.

The Blackhawk hardwood bottomland community was

12
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developed on land of slightly higher elevation than the
swamps. Four arborescent angiosperms were the most common
taxa as indicated by their importance indices:
"Cercidiphyllum" arcticum (27.3), "Rlatanus" raynoldsii
(21.2), Dryophyllum subfalcatum (19.0), and unknown dicot
#2 (13.4). "Cercidiphyllum" arcticum is the most abundant

leaf-type in the entire Blackhawk collection and occurs in
nearly every bottomland collecting site. Other angiosperms
which were common 1locally in the bottomlands are
Laurophyllum coloradensis, Manihotites georgiana,
Myrtophyllum torreyi, and Phyllites vermejoensis. The
curious leaf, Manihotites, is most frequent in bottomland
sediments. Conifers are much less important in the
Blackhawk bottomlands habitats than in the swamps and
include Segquoia cuneata, two species of Protophyllocladus
and Moriconia cyclotoxon. Palms apparently were not an
important understory constituent in the hardwood
bottomlands although Geonomites imperialis did occur there.

Vines (Menispermum dauricumoides) may have been present in
the understory. As in the swamp community, Osmunda

hollicki, a fern, appears to have been the primary
herbaceous understory plant.

The third paleocenvironment of the Blackhawk floodplain
was the point bars. Point bar sandstones are lens shaped
and attained thicknesses of 9m or more, and some of those
studied by Parker (1976) ranged up to 275 meters in length.

Plant fossils in the point bar sediments generally show the

13
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effects of high energy transport, including water-worn wood
pebbles and fragmented leaves originally deposited as
flutsam on accretion surfaces of interlayered cross-
laminated and horizontally bedded fine to coarse sand.
Most of the taxa found in the point bars are also present
in the swamp and bottomland sediments. The gymnosperms,
Araucarites and Podozamites are an exception and, in fact,
were the most abundant taxa represented by megafossils in
the point bar environments. Interestingly, the leafy twigs
of Araucarites and leaflets of Podozamites are often
present in relatively undamaged condition suggesting that
these trees might have grown on or near the point bars.
Modern araucarians and cycads are not found on such sites,
and Parker (1976) suggested the possibility of a piedmont
or upper delta origin for these specimens, especially in
light of their durability in transport. In situ roots of
unknown affinity also occur in the point bars as they do
near the surface of point bars of modern meandering
streanms.

Balsley and Parker (1983) reported an additional type
of swamp environment which occurred between the floodplain
swamps and the foreshore. These paralic backshore swamps
were characterized by brackish groundwater and sea water
spray. Of more than 50 paralic swamps observed by Balsley
and Parker, one species of Araucaria was the only plant
present. It was apparently rooted in sand with little peat
development. Similar environmental conditions are

tolerated by four modern species of Araucaria which inhabit
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beaches and rocky shorelines of Australia and New Caledonia
(Balsley and Parker, 1983).

Unique opportunity for observing the Blackhawk swamp
environment is also afforded by local coal mines. The mine
roof shales, which overlie the coal, were the result of
rapid deposition in the swamp by overbank sediments
(Balsley and Parker, 1983). This jn situ burial preserved
remarkable features of the swamp forest floor which are
visible in the roof shales of the mines following coal
extraction. Perhaps most impressive of these fossils are
the many tree bases and hundreds of dinosaur tracks.

The bases of trees preserved in situ as vitrain are
common in some Blackhawk coal mine roofs. Five distinct
types of tree bases, distinguished by the size and form of
the radiating roots, have been recognized. Palm stumps
occur in groups in some mines in conjunction with abundant
palm leaf litter (Geonomites imperialis). Balsley and
Parker (1983) suggest that the most common types of tree
bases may represent several types of conifers. More than
500 of thesé stumps have been observed and in one section
of mapped roof they occurred with a density of about 395
trees per acre. The largest specimen of a stump/root
system is an individual with a trunk nearly 3 meters in
diameter, roots 1 meter in diameter near the trunk, and a
total root spread of 8.5 meters. Tree trunks, 1lying
horizontally on the original peat surface, are also common

in certain mine roofs.
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Numerous dinosaur tracks occur in many Blackhawk coal
mine roof shales, usually in association with fossil tree
stumps (Balsley and Parker, 1983). A five-toed, a four-
toed, and five types of three-toed tracks have been
observed. Occasional short trackways of bipedal dinosaurs
are obvious although most tracks are too congested to
distinguish the movements of one animal. Quadruped tracks
may have been present but were not discernable. Balsley
and Parker (1983) reported that they had seen several
thousand dinosaur tracks and that every observed occurrence
of fluvial overbank sediments overlying coal contained
tracks.

A paleoclimatic interpretation of the Blackhawk region
was proposed by Parker (1976). His interpretation utilized
leaf physiognomy and fossil wood rather than the
"ecological equivalence" method where climatic tolerances
of fossil taxa are inferred from the climatic tolerances of
presumed closest 1living relatives. The Blackhawk 1leaves
primarily fall into the microphyll and notophyll leaf size
classes; the majority of species possessed entire margins
and about 40% of the species had drip-tips. In addition to
leaves, fossil wood from fluvial sediments and coals
exhibited distinct growth rings. Parker (1976) concluded
that the paleoclimate was probably subtropical and
seasonally dry.

An alternative estimation of the climate of the
Campanian of the Western Interior has recently been

proposed by Wolfe and Upchurch (1987) and Upchurch and
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Wolfe (1987). Using foliar physiognomy and cuticular
analysis, these authors inferred that the late Campanian of
the Western Interior had a megathermal climate with
subhumid conditions. Both of these concurrent papers also
suggested a climate of low seasonality although Wolfe and
Upchurch (1987) indicate that this interpretation is based
on a preliminary assessment of fossil woods. Several
occurrences of Paraphyllanthoxylon, a fossil wood which
lacks growth rings, as well as other occurrences of woods
with weakly developed growth rings (including a
dicotyledonous wood from the Campanian of western Wyoming),
were cited by them. The low seasonality aspect of their
suggested climate is based on a very small sample of wood
and requires much more substantial documentation. In
addition, Upchurch and Wolfe (1987) indicate that 1leaves
from the Late Cretaceous are typically smaller than the
notophyllous size class, and drip-tips and vine habits are
represented by low diversity, in low-middle latitude
vegetation (ca 30 to 45 degrees N) from both the eastern
United States and southern Rocky Mountains. A high
equability climate with a latitudinal temperature gradient
of about 0.3 C/1 latitude for the Campanian is also
suggested (Wolfe and Upchurch, 1987). Modification of
these paleoclimatological interpretations, at least with
regard to the Blackhawk setting, is probably necessary
because of Parker’s (1976) observations of Blackhawk leaves

and woods, particularly with respect to the larger 1leaf
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size, growth rings, and frequent drip-tips of the Blackhawk

specimens.
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EARLY FOSSIL HISTORY OF THE PLATANOIDS AND TROCHODENDROIDS

Cretaceous angiosperm studies have been the object of
intensified research over the past decade or two. Some of
the reasons for the mounting interest have been the
discovery of new fossil localities with well-preserved
reproductive organs (e.g. Friis, 1984),new understanding of
previously known fossils (e.g. Crane and Dilcher, 1984),
significant new leaf floras (e.g. Spicer, 1981), detailed
stratigraphic control of relevant megafossil assemblages
(e.g. Doyle and Hickey, 1976) and renewed interest in
floral and faunal changes across the K/T boundary (e.g.
Hickey, 1984, and Wolfe and Upchurch, 1986). Both
magnoliid and non-magnoliid angiosperms have been found in
Cretaceous strata of increasing age. Several symposium
volumes have recently focused on the early diversification
of the angiosperms (Beck, 1976, Dilcher and Crepet, 1984,
and Friis, Chaloner, and Crane, 1987) and at least one
symposium (University of Reading, 1988) is scheduled for
the near future on the origins and evolution of the
Hamamelidae. Prominent in discussions of the radiations
and early vegetation of the angiosperms in the Cretaceous
and early Tertiary are the platanoid and trochodendroid
groups (e.g. Crane, 1989 and Spicer, Wolfe, and Nichols,
1987). The following section is a brief overview of the
early fossil history of the platanoids and trochodendroids
drawn principally from North American sources.

Evidence for the existence of angiosperms in Early
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Cretaceous rocks is based on leaves, reproductive organs
and pollen. However, different types of angiospermous
structures do not usually cooccur in specific deposits nor
do they present a coordinated sequence of evolutionary
development: pollen provides the oldest fossil record of
the group; leaves appear later in the Cretaceous; and
finally reproductive organs appear in still younger
Cretaceous strata. Friis and Crepet (1987) are of the
opinion that angiospermous affinities have not been
adequately demonstrated for any of the approximatley 20
known pre-Albian reproductive organs that have been
associated with angiosperms. However, unequivocal evidence
of angiosperms from as early as the Hauterivian is known
from fossil pollen (Brenner, 1984; Hughes and McDougall,
1987). The abundance and diversity of fossil angiosperm
pollen then increases through the Barremian and Aptian
intervals (Crane, 1987). Leaves are first known from 2Zone
I of the Potomac Group of the eastern United States which
corresponds to the Barremian-Aptian interval. Few leaf
types are known from this locality and those present are
generally small with less organized venation (Hickey and
Doyle, 1977).

Albian strata are the first to show significant
diversity in leaves, flowers, fruits, seeds, and pollen.
Friis and Crepet (1987) indicate that flowers, fruits, and
seeds are known from both North America and Asia at this
time and represent both magnolialean and non-magnolialean

plants. Potomac Group rocks from Maryland (Upper Albian)
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have yielded more than 20 different taxa representing
various dispersed reproductive organs (Friis, Crane, and
Pedersen, 1986, and Crane, Friis, and Pedersen, 1986).
Three of the six angiosperm subclasses, Magnoliidae,
Hamamelidae, and Rosidae, may be present in these Albian
sediments (Friis and Crepet, 1987). Among this Potomac
Group material and also from the Cedar Mountain Formation
of western Colorado (Dilcher and Eriksen, 1983) are the
first occurrences of platanoid flowers. The Potomac Group
platanoid fossils consist of unisexual, sessile, spherical
heads of staminate and pistillate flowers borne on
elongated inflorescence axes (Crane, Friis, and Pedersen,
1986). These features plus jn situ tricolpate, reticulate
pollen, and cuticle from pistillate inflorescences suggest
a close relationship to extant Platanaceae. Other
characteristics though are distinct from the modern family:
a well developed perianth, floral parts in fives, the
absence of dispersal hairs subtending each carpel, and
smaller pollen size. The Cedar Mountain fossils are
infructesceﬁces with elongate axes which bear sessile
clusters of fruits (Dilcher and Eriksen, 1983). Friis and
Crepet (1987) indicate that some other upper Albian
inflorescences which may be platanoid were figured by Brown
(1933) and named by him as Sparganium aspensis.

The sequence of leaves from the mid-Cretaceous Potomac
Group of Maryland provide a varied array of 1leaf types

which have been used to illustrate the early morphological
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diversification of the angiosperms (Hickey and Doyle, 1977,
and Doyle and Hickey, 1976). Middle to late Albian leaves
possessed greater physiognomic variability than Aptian to
early Albian leaves. Leaf types found in the Albian are
pinnatifid and pinnately compound 1leaves (Sapindopsis),
cordate, palmately veined leaves with a serrate margin
("Populus" potomacensis and other trochodendroids), and
palmately 1lobed, palinactinodromously veined platanoids.
Hickey and Doyle (1977) show what they believe represents a
sequence of increasing advancement for these platanoid
leaves. Araliaephyllum obtusilobum, from the upper Aptian
(middle Subzone II-B), is classified with the lowest
(first) rank of the Potomac Group platanoid leaves because
its secondary veins are only moderately regular.
Stratigraphically higher, upper Subzone II-B contains the
platanoid "Sassafras" potomacensis which possesses greater
regularity than A. obtusilobum in its secondary and
tertiary veins (second rank). Highest in the Potomac
sequence (Subzone II-C and Zone III) are the platanoids
with percurrent tertiary veins and more ordered quaternary
veins (third rank leaves) which are named Araliopsoides
cretacea. Hickey and Doyle (1977) note that unlobed,
pinnately veined platanoid leaves similar to those from the
Dakota Group of Kansas (Protophyllum, Betulites, and
Populites) occur in other presumably correlative
localities. That some of the Potomac Group platanoids are
closely related to extant Platanaceae has been confirmed by

the cuticular studies of Upchurch (1984). Although
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considerable attention has been focused on the Potomac
Group sequence, significantly greater diversity of
platanoids is known from the upper Albian of western
Kazakhstan, USSR (Schwarzwalder, 1986). Kutuzkina (1974)
reports that these Russian sites contain six species of
Platanus, two species of Credneria, and one species each of
Protophyllum and Pseudoaspidiophyllum.

By the Cenomanian angiosperms accounted for
approximately 75% of the taxa of megafossil assemblages,
remaining at about this 1level through the early Tertiary
(Crane, 1987). A major radiation of magnoliids occurred in
the Cenomanian, and many of the megafossil floras were
dominated by platanoids and related hamamelids (Crane,
1987). Typical of the platanoid-hamamelid group are leaves
assigned to Aralia, Betulites, Platanus, Sassafras, and
Viburnpum from the Dakota Sandstone Flora of central Kansas
(Crane, 1987). Indeed, the abundance of platanoid-
hamamelid foliage in the mid-Cretaceous is readily seen by
a perusal of various published floras such as Berry (1916),
Lesquereux (1874, 1892) and Hollick (1930) for North
America or Kutuzkina (1974) for the USSR. Schwarzwalder
and Dilcher (in press) revised the status of thirty two
species of Cenomanian Platanaceae using phenetic analysis
and erected or emended five genera (Dischidus, Eurylobum,
Eoplatanus, Credneria, and Aspidiophyllum) to better define
this highly variable complex.

An increased diversity and abundance is also true for
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angiosperm reproductive organs from the Cenomanian of North
America and Europe (Friis and Crepet, 1987). 1In addition
to apocarpous gynoecia of magnoliidean affinity which
already existed, syncarpous gynoecia, cyclically arranged
floral parts, and other novel morphologies appeared in the
record. Platanoid flowers and other small catkin-like
inflorescences were regular elements of the floras;
platanoid heads are known from Middle Cenomanian floras in
Czechoslovakia (Friis and Crepet, 1987) and elongate axes
bearing more than 20 sessile heads (named Platanus primaeva
by Lesquereux, 1892) are known from the Cenomanian Dakota
Formation (Dilcher, 1979). Friis (1984) reported a
remarkably productive site in Sweden where more than 100
angiosperm taxa, consisting of flowers, fruits, seeds and
anthers, are present. Among this Swedish material are
well-preserved staminate and pistillate ©platanoid
inflorescences identical to those from the Early Cretaceous
Potomac Group of Maryland except that the male flowers have
thick, conspicuous perianth parts and a unique anther
connective (Friis and Crepet, 1987).

The megafossil record of the vegetation of the
Cenomanian shows the frequent presence, and occasional
dominance, of platanoid and related hamamelid leaves.
Major platanoid-containing floras extended across the
northern hemisphere from North America to Greenland and
Europe and into eastern and central Asia (Schwarzwalder and
Dilcher, in press). Hickey (1984) suggests that there may

have been two peaks in platanoid diversity in the Late
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Cretaceous. The first peak in diversity occurred in the
Cenomanian and included the taxa known as Protophyllum,
Aspidiophyllum, Pseudoprotophyllum, and (Credneria. The
other potential radiation of these 1leaf types may have
occurred in the Maastrichtian. Upchurch and Wolfe (1987),
commenting on 1low-middle paleolatitude megafloras, note
only one peak in diversity and abundance for platanoid and
inferred platanoid derivatives in the Early Cenomanian.

Platanoid plants probably attained their greatest
importance in the vegetation of high 1latitudes. Alaskan
North Slope megafloras, with few exceptions, have been
designated as polar broad-leaved deciduous forest (Wolfe
and Upchurch, 1987). This unique vegetation type, which
has no modern analog, is characterized by low taxonomic
diversity, large, thin leaves, low percentages of entire-
margined species, some deciduous gymnosperms, and leaf fall
controlled by Arctic night (Wolfe, 1985). Temperatures for
the North Slope (paleolatitude up to 85 N) during the
Cenomanian have been estimated to be about 10 C by Spicer
and Parrish (1986). This polar broad-leaved deciduous
forest, over the Middle Cenomanian-Late Maastrichtian
interval, has low physiognomic diversity with platanoid,
"Viburnum”, and trochodendroid 1leaf types (Upchurch and
Wolfe, 1987). The platanoid and Protophyllum leaf types
attained their greatest diversity in Alaska during the
Cenomanian (Spicer and Wolfe, 1987).

The Platanaceae of the early Tertiary is represented
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by two taxa known in unusual detail. From the Paleocene of
Scotland, Crane et al. (1987) have described a compound
leaved plane tree known as Platanites hebridicus. Each
leaf is composed of three leaflets: the terminal leaflet is
large, trilobed and virtually identical to the leaf blades
of extant subgenus Platanus while the lateral leaflets are
ovate, asymmetrical and much smaller. Staminate
inflorescences have been found associated with Platanites
which are also nearly identical to the extant Platanus
kerrii except that the achenes differ in being narrowly
ellipsoidal rather than obovoid and in lacking dispersal
hairs. Pollen size and morphology are indistinguishable
from the modern subgenus Platanus. Crane et al. (1987)
suggested that similar fossil platanaceous leaves (Platanus
appendiculata, Negundo decurrens, Platanus guillelmae, and
Cissus marginata) may also be circumscribed by Platanites,
but they did not propose any new combinations.

Another early Tertiary plane tree, ranging from the
Middle to Late Eocene of Oregon, is currently the most
completely documented of any fossil angiosperm taxon.
Manchester (1986) described this plane tree on the basis of
leaf architecture, stem and petiole anatomy, pistillate and
staminate inflorescence morphology, fruit anatomy, and jin
situ pollen. Reconstruction of the tree is not based on
the mutual attachment of organs to one another, but rather
on the repeated co-ocurrence of the organs in question.
The leaves have palinactinodromous primary venation, deep

sinuses separating 5-9 palmately arranged lobes, and were
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originally placed in Aralia (Araliaceae) by Lesquereux
(1878). Recognition that these 1leaves belonged to the
Platanaceae was first made by MacGinitie (1941), who
reassigned them to Platanophyllum. Recently, Wolfe and
Wehr (1987), while retaining the leaves in the Platanaceae,
erected a new genus, Macginitiea, for them. Macginitiea
angustiloba is the name for the foliage of the plane tree
Manchester described from a multiple-organ perspective.
Three other species of Macginitiea (M. gracilis, M.
whitneyi, and M. wyomingensis) have also been described

from the Paleogene of western North America, but the
infructescences and dispersed stamen groups found
associated with these species are virtually identical to
those found with M. angustiloba (Manchester, 1986). Wood
of the "M. angustiloba plant" is known as Plataninium
haydenii and is nearly identical to modern Platanus wood
except for the lack of simple vessel perforations.
Pistillate inflorescences and infructescences, consisting
of long axes with 10 or more sessile or pedunculate,
globose heads, are also quite similar to modern Platanus,
but differ in having a well-developed perianth and lacking
dispersal hairs on the fruits. An infructescence
(Macginicarpa) found associated with M. wyomingensis in the
Green River Formation of Colorado contains at least 16
fruiting heads. Staminate inflorescences (Platananthus
synandrus) of the "M. angustiloba plant" are similar to

Late Cretaceous staminate heads in having 5 stamens per
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floret and a relatively conspicuous perianth. However,
Platananthus 1is distinct from both the Cretaceous
platanoids and modern Platanpus by having stamens shed in
floral clusters held together by intertwining epidermal
hairs. Pollen from Platananthus synandrus is
distinguishable from modern Platanus pollen only on the
basis of its smaller size (Zavada and Dilcher, 1986).
Additional distinct leaf morphologies are also known
for other Tertiary Platanaceae. Platanus neptuni has
simple, elliptical to obovate leaves with pinnate primary
venation which makes it similar to Platanus kerrii, the
only extant member of subgenus Castaneophyllum (Walther,
1985, Schwarzwalder and Dilcher, in press). Fruits of P.
neptuni, collected from the Miocene of Denmark, are
reported by Friis (1985) to be quite similar to modern
Platanus achenes. Staminate inflorescences of P. neptuni,
although poorly preserved, show features suggestive of both
Macginitiea and modern Platanus (Manchester, 1986)..
Palmately compound leaves are another morphology recently
added to the Platanaceae. The genus Dewalquea, from Late
Cretaceous and early Tertiary floras, contains several
palinactinodromously compound 1leaf types with suggested
affinities to both Fagaceae and Platanaceae (Crane, 1988).
Walther (1985) erected Platanus fraxinifolia to accomodate
one of the Dewalquea species which closely resembled modern
Platanus on the basis of cuticular morphology. Many other
species of Platanus from the Tertiary could be mentioned

here, including those with 1leaf morphologies remarkably
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similar to extant Platanus, but such a survey is beyond the
scope of this review.

The fossil record of the Cercidiphyllaceae,
Tetracentraceae and other members of the Trochodendrales
has always been difficult to assess because of the large,
heterogeneous, and systematically difficult complex of
leaves which require evaluation. The preponderance of
leaves known as trochodendroids have been placed in the
Cercidiphyllaceae although genera other than Cercidiphyllum
are usually erected, especially for Late Cretaceous and
Early Tertiary fossils, to accomodate the taxa. The
Tetracentraceae have only rarely been recognized as
fossils.

Among the new foliar physiognomic types appearing in
the Middle-Late Albian interval are trochodendroid leaves
which are characterized by a shallowly cordate base,
palmate venation, and serrate margins (Upchurch and Wolfe,
1987). Crabtree (1987) reports Trochodendroides from the
Middle Albian of the Northern Rocky Mountain region. By
the Early Cenomanian, Arctic vegetation, termed
"physiognomically stereotyped" by Upchurch and Wolfe
(1987), contained a large component of trochodendroids (and
platanoids) which had first appeared at middle
paleolatitudes. Crane (1989) notes that trochodendroid
leaves possibly referable to the Trochodendrales are known
from the mid-Cretaceous of Eurasia and North America,

including three Potomac Group (mid-late Albian) species,
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"Populus" potomacensis, Populophyllum reniforme, and
Menispermites potomacensis. Maastrichtian megafossil
floras from the Aguilapollenites province also include

significant contributions from the trochodendroids, such as
the Nyssidium/Joffrea lineage, the Nordenskioldia lineage,
and probable Trochodendrales (Crane, 1987). Muller (1981)
places the first occurrence of the Cercidiphyllaceae in the
Campanian based upon dispersed pollen. He further noted
that only one report of Tertiary Cercidiphvllum pollen is
known between the Cretaceous record and the extant genus.

Several fossil Trochodendrales, particularly from the
Paleocene, are known from well preserved, multiple organ
perspectives. Nordenskioldia, one of the most common
reproductive structures from the latest Cretaceous and
Early Tertiary of the Northern Hemisphere, is an
infructescence consisting of long, branched axes that bear
cup-like receptacles which each contain a whorl of about 15
fruitlets (Crane, Dilcher, and Manchester, 1986).
Vegetative shoots of the Nordenskioldia plant bear long and
short shoots, and the purported leaves of the plant
("Cocculus" flabella) have been identified on the basis of
repeated association. Crane (in press) feels that this
plant is closely related to the Trochodendraceae.

From the Paleocene and Eocene of Britain, Crane (1984)
has reconstructed a member of the Cercidiphyllaceae from
several organs which have been found to cooccur repeatedly.
The "Nyssidium plant", as he has termed it, is known from

leaves, infructescences, fruits, and seeds. The leaves are
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known as Trochodendroides prestwichii and constitute up to
80% of the fossil leaves at several 1localities. An
alliance of this plant to Cercidiphyllum is most strongly
suggested by the leaves although they do lack a distinct
long- and short-shoot system. The infructescences are
named Nyssidium arcticum and are 1like Cercidiphyllum in
general follicle construction, including the free nature of
the follicles. The lack of easily definable pistillate
flowers, winged seeds, and the distinct course of the raphe
further 1link these two taxa. Dissimilarities with the
extant genus include an elongated infructescence and
various features of the follicles and seeds; staminate
inflorescences, flowers and pollen are yet unavailable for
comparison.

Similar fruits from the Paleocene of West Greenland
have been named Nyssa arctica by Heer in 1869 (in Crane,
1984). Heer (1870) then went on to name five other species
of Nyssidium fruits. Crane (1984) regards both of these
genera to be conspecific and closely related to his British
Paleocene fossils.

Crane (1984) also notes from the literature several
occurrences of Cercidiphyllum wood. Wood has been reported
from the London Clay, the Upper Miocene of central
Washington State, and the Oligocene of Czechoslovakia.

Another remarkably well known fossil member of the
Cercidiphyllaceae is Joffrea speirsii which has been

collected from the Late Paleocene of Alberta, Canada (Crane
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and Stockey, 1985). This plant is known from pistillate
inflorescences with attached carpels, folliculate
infructescences, seeds, seedlings, leaves, shoots and
possibly staminate inflorescences. As with the Nyssidium
plant, several characters, including inflorescence,
follicle, and seed features, distinguish Joffrea from
Cercidiphyllum. Particularly noteworthy is the presence of
over 8000 seedlings of Joffrea at the Joffre Bridge
locality in Alberta (Stockey and Crane, 1983). Associated
sediments at this 1locality also contain Platanus 1leaves
(including seedlings), Glyptostrobus, Metaseguoia,
Equisetum, and Azolla. It has been suggested that plants
of the Cercidiphyllum/Joffrea/Nyssidium complex were

opportunistic colonizers on the Paleocene floodplains
(Crane and Stockey, 1985).

Other Cercidiphyllum-like leaves have been collected
from western Canada by Bell (1949) and Chandrasekharam
(1974). Bell assigned the name Trochodendroides arctica to
his Upper Cretaceous 1leaves, while Chandrasekharam
recognized three species, Cercidiphvllum genesevianum, C.
cuneatum, and C. flexuosum, from the Paleocene Paskapoo
Formation of Alberta. Hickey (1977) reported
Cercidiphyllum genetrix from the Early Tertiary Golden
Valley Formation. He found this taxon to exhibit greater
foliar variability than extant C. japonicum. Tanai (1981)
has reported both Cercidiphvllum and Tetracentron from the
Paleogene of northern Japan, and commented that

Cercidiphyllum-like leaves are abundant in the Tertiary of
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MATERIALS AND METHODS

The fossil collections used in this study were made by
Parker (1976) and others from the Blackhawk Formation of
central Utah. Nearly 7500 specimens were collected by him
and utilized in reconstructing the paleoenvironments of the
Blackhawk. Precise locality and stratigraphic information
can be found in Parker (1976). The Blackhawk "flora" is
both large in number of species and diverse, with Parker
(1976) recognizing one thalloid-type plant, one club moss-
like plant, fourteen ferns, twelve gymnosperms, and eighty-
six angiosperms of which five are monocots. The fossil
leaves designated by Parker as Platanus and Cercidiphyllum
are the most abundant of the angiosperm fossils.
Additional collections were made in the Blackhawk Formation
at several of Parker’s previous localities in the summer of
1985 to supplement existing material. Leaves of extant
members of the Platanaceae, Cercidiphyllaceae, and
Tetracentraceae were examined from individuals collected on
the campus of Michigan State University or from specimens
in the herbaria of Michigan State University and University
of Michigan. Platanus racemosa leaves were collected from
native trees in northern California.

The state of preservation of the fossils has been an
important limitation in this study. High energy transport
and deposition has resulted in the fragmentation of most
leaves. 1In some cases, coarse grain size has not allowed

the preservation of very fine features such as ultimate
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venation. In other cases, for example the majority of
Cercidiphyllum-like leaves, preservation in siltstone has
still generally failed to record ultimate venation.
Another problem with the Cercidiphyllum-like leaves is that
many of them were buried in mats, so that while they can be
identified to morphotype, they are mostly unuseable for
detailed systematics.

The evaluation of the taxonomic affinities of the
fossil leaves in this study requires critical examination
of leaf characters within their putative extant families.
Characterization of the extant families is based upon both
qualitative and quantitative criteria. Parker’s entire
collection as well as the material from the 1985 field
season failed to yield any reproductive organs resembling
known Platanaceae, Cercidiphyllaceae, or Tetracentraceae.
Therefore, only foliar features were utilized in this
study. The quantitative measurements of the modern leaves
were made using a millimeter ruler and clear plastic
protractor.

Leaf area and perimeter measurements were greatly
facilitated by the VICOM image processing facilities of the
Pattern Recognition and 1Image Processing Lab (PRIP)
operated by the Engineering Department at Michigan State
University. The VICOM image processor can perform many
operations on images it acquires directly through a camera,
and therefore is a rapid method for dealing with large
quantities of leaves. To enter the image of a leaf into

the VICOM, pressed leaves were placed on black construction
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paper on the floor beneath the camera. The camera was a
Panasonic WV-CD 50 with a Computar TV Lens (1:1.3, 50mm, f
stop at 1.3). The camera lens was positioned 186 cm from
the leaves and situated at a right angle to them. First, a
leaf would be digitized by the VICOM, then an interactive
thresholding operation would be performed on it. This
process converts the leaf into an image composed of pixels.
The VICOM takes this image obtained through thresholding
and reports its area and perimeter in terms of pixels.
Each image can be 512x512 pixels in size. The thresholding
operation introduced the most significant error into the
area and perimeter measurements because of the difficulty
of recognizing the point (threshold) at which the borders
of the digitized image exactly matched the borders of the
leaf. This error was typically of minor importance.
Repeated measurements were made on every eighth to tenth
leaf to assess the variability in the system and the
precision of my thresholding operation. Differences in the
area of a single leaf ranged only from .35% to 1.5%;
differences in the perimeter values for a single leaf
ranged from .67% to 24%, although most perimeter values
varied between 1 and 7 percent. Perimeter measurements
varied to such a degree because the pixels were rectangular
and leaf shape varied greatly, especially with respect to
the size and number of teeth.

Another feature of this system which proved extremely

helpful was the draw facility. This allowed me to "patch"
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holes in the leaves caused by insects, breakage, or poor
thresholding by filling in these portions of the digitized
lamina. Missing leaf margins were difficult to reconstruct
because of the unpredictability of tooth size and spacing.
However, the "patching" always returned the leaf image to a
state closer to the undamaged original. Area measurements
were converted from pixels to millimeters by a conversion
factor of one pixel equaling .30821 mm? (.49mm x .629mm).
Perimeter measurements were converted from pixels to
millimeters by a conversion factor which was the mean of
the two unequal sides of a pixel (.5595mm were said to
equal one pixel unit length). The petioles of the leaves
were excluded from the image that the VICOM analyzed by
covering them with black paper so that they matched the
background. Appendix B is a copy of the VICOM command file
used for these operations.

The leaf architectural measurements made of the fossil
and modern leaves follow the terminology of Hickey (1973,
1979). The macroscopic foliar architecture of four extant
species of Platanus, Tetracentron sinense, Cercidiphyllum
japonicum, and Cercidiphyllum magnificum were described
from personal collections or herbarium material.
Cercidiphyllum japonicum and C. magnificum have already
been described in great detail by Chandrasekharam (1974).
Therefore, to avoid unnecessary duplication, his work
should be consulted for detailed descriptions of the
individual species. I freely drew upon his work to

supplement personal observations for making a summary
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statement of the most important foliar features of the
Cercidiphyllaceae. Of the four species of Platanus
described in detail, foliar heteromorphism was most
thoroughly documented in P. Xhybrida. Some attention was
also directed at the foliar heteromorphism found in P,
occidentalis and P. racemosa, but sucker shoots and
inflorescence-bearing shoots were not collected for P,
occidentalis, and shoots of P. racemosa became available
too late in the study to make detailed measurements of
themn. Platanus racemosa and P. lindeniana represent
platanaceous leaf forms with rather narrow lobes, commonly
numbering five, and P. Xhybrida and P. occidentalis
represent broader, predominantly three-lobed forms.

Shoots of P. Xhybrida and P. occidentalis were
collected in late summer to ensure that maximum leaf
expansion had occurred. A mature tree of both species and
the sucker shoots from a recently felled tree were used for
sampling. Whole shoots were collected rather than
individual leaves because of the pronounced heterophylly
and heteroblasty exhibited by these species. Dispersed
leaves, canopy shoots, and sucker shoots from the base of
trees of P. racemosa were collected by Mr. Patrick Fields
in northern California.

Eighteen different measurements were taken of the
Platanus species and the fossil platanoids. Thirteen
different measurements were taken of Tetracentron,
Cercidiphyllum, and the fossil trochodendroids. A
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statistical summary of these data is presented in Appendix
C. The original data are on file at the paleobotany
laboratory at Michigan State University.

Many of the measurements were straightforward, but
some require explanation. Leaf length is the maximum
length of the lamina; leaf width is the greatest distance
between lateral 1lobes or teeth. The widest distance
between lobes refers to the most distal 1lateral 1lobe on
each side of the leaf, and may or may not correspond to the
leaf width measurement. Sinus incision distance refers to
the distance from the most lateral point of a lobe to the
center of the lobe sinus. Both lobes were measured on each
leaf. The unlobed lamina refers to that portion of the
lamina which occurs between the point of lamina--petiole
conjunction and the sinuses of the upper lateral 1lobes.

Angles involving the margin of the lamina were
difficult to assess because the margins often lacked
uniform curves and usually possessed teeth of highly
variable size. The two measurements affected by these
irregularities are the angles between central and lateral
lobes, and the angle of the lamina base. Both of these
cases frequently involved the presence of large teeth which
tended to obscure the position of the hypothetical
untoothed margin that is needed for consistency in
measurements. To include the marginal irregularities
caused by large teeth would greatly inflate or deflate the
desired angles. This problem was countered by measuring

across the base of the first tooth to occur on each side of
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the lobe sinus and the first tooth on each side of the
lamina base. This treated the margin as if the particular
tooth did not exist, and thereby somewhat alleviated the
influence of variable tooth size on the lamina shape. The
values reported for these two features should be regarded
a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>