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Abstract—Fossil plants were collected from five stratigraphic levels in Cañon del Cobre, New Mexico. These
floras are compositionally typical of the Late Pennsylvanian, particularly of the later part, the Virgilian (Gzhelian).
Conspicuous elements are Alethopteris zeilleri, Macroneuropteris scheuchzeri, Danaeites emersonii, Sphenophyllum
verticillatum, Sphenophyllum oblongifolium, and Sphenophyllum angustifolium, Annularia carinata, Asterophyllites
equisetiformis, Sigillaria brardii, and other, less common forms typical of wetland floras, such as Pseudomariopteris
cordato-ovata. Walchian conifers and Taeniopteris were encountered rarely. For the most part, these floras appear
to have been growing on bars or along the margins of braided streams, resulting in frequent burial of plants,
particularly calamite stems, in upright position, or preservation of tangled masses of sphenophyll stems and
leaves, largely in siltstones. Finer-grained deposits, seemingly representing small lakes, were strongly dominated
by pteridosperms.

INTRODUCTION
The Pennsylvanian-Permian transition in the Pangean low latitudes records a general change from wetland floras dominated by primitive seed plants, marattialean tree ferns, and lycopsids, to floras of seasonally dry environments, dominated by derived seed plants, including
conifers, callipterids, and other groups not represented or poorly represented in the wetlands (Potonié, 1893; Kerp and Fichter, 1985). These
two floras can be considered, broadly, to be distinct biomes (DiMichele
et al., 2005). These distinctions reflect different environmental conditions in the lowlands caused by differences in ambient climate (Montañez
et al., 2007; DiMichele et al., 2008, 2009a). Oscillations between the two
biomes began during the Middle Pennsylvanian (e.g., Falcon-Lang et al.,
2009), with both wetland and seasonally dry floras becoming common,
at different times, in basinal lowlands during the Late Pennsylvanian
(DiMichele and Aronson, 1992). The seasonally dry flora came to predominate in the Permian equatorial lowlands.
The Pennsylvanian Subperiod has long been recognized as a time
of major ice accumulations in at least the southern polar regions, resulting
in a pattern of regular glacial-interglacial oscillations (Wanless and Weller,
1932; Wanless and Shepard, 1936). Recent work suggests that ice volume declined significantly during the late Middle Pennsylvanian (Fielding et al., 2008). The Late Pennsylvanian appears to have been a period
of tropical warmth, especially the early part when derived, xeromorphic
floras first become common in lowlands (Cridland and Morris, 1963;
Feldman et al., 2005). The tropical regions appear to have become generally wetter in the later Late Pennsylvanian, at least in central and western
Pangaea. Ice again became prominent at or just before the PennsylvanianPermian transition (Fielding et al., 2008; Rygel et al., 2008). These changes
in ice volume, possibly attributable to changes in atmospheric CO2
(Montañez et al., 2007), may have been major drivers of the climate
changes that affected terrestrial edaphic conditions and, thence, vegetational distributions during the Pennsylvanian-Permian transition.
Because of the distinct environmental preferences of the two principal floras/biomes, the change from one to the other is not locally or
regionally useful as a biostratigraphic marker. Temporal internal changes
within each biome may record useful evolutionary trends. The periodic
(or episodic) cycling between these biomes records areal and temporal
changes in environmental conditions that favor one of these biomes over
the other.
Basins preserving this transition are strung out along the late

Paleozoic equatorial region in North America and Europe (Euramerica).
In most of them, the exact Carboniferous-Permian systemic boundary
cannot be located precisely due to the lack of marine beds that provide
the indices needed to correlate any particular section to the global standards and with equivalent sections in the other basins. However, each
basin records the same basic pattern of transition from dominance of the
wetland flora to dominance, or at least commonness, of the flora typical
of subhumid to semi-arid climates. From west-to-east, the transition
generally is marked by increasingly longer persistence of wetlands, marked
by coal beds and the relative proportions of the two biomes.
In New Mexico, this transition includes the typical change from
predominance of wetland floras to more xeromorphic floras typical of
seasonal drought. There are, however, no indicators of persistent wet
climatic intervals, such as coals (lacking), and a variety of geological
indicators suggest that periods of low moisture availablility were the
most common conditions.
This paper focuses on floras from Cañon del Cobre, in northcentral New Mexico (Fig. 1). It details the composition of these floras,
their environmental and paleoecological significance, and their biostratigraphic implications. Plant fossils have been known from Cañon del
Cobre since the late 1800s (Fontaine, 1890), and have been recognized
explicitly as of Pennsylvanian age since the 1960s (see Hunt and Lucas,
1992). For the most part, the plants have served as somewhat ambiguous
biostratigraphic markers, in some conflict with vertebrate age estimates
(Hunt and Lucas, 1992), suggesting ages from late Middle Pennsylvanian
(Desmoinesian), through earliest Permian. The purported Middle Pennsylvanian age has been reassessed (DiMichele and Chaney, 2005) and
will be reconsidered here in more detail.
GEOLOGY
The upper Paleozoic rocks of Cañon del Cobre encompass the
Upper Pennsylvanian to Lower Permian El Cobre Canyon Formation
and the Lower Permian Arroyo del Agua Formation, together making up
the Cutler Group (Lucas and Krainer, 2005). Eberth and Miall (1991)
described the El Cobre Canyon Formation as consisting of sediments
deposited in shallow, ephemeral braided streams. Similarly, Lucas et al.
(2005) described these rocks as having formed from a “low sinuosity
river system with locally vegetated interfluves and floodplain surfaces.”
They described trace fossils, including Scoyenia burrows and trackways
of arthropleurid arthropods, the latter consistent with open vegetation
on river floodplains. Also common are ferric soils, immature calicisols,
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FIGURE 1. Index map and stratigraphic column. United States with the state of New Mexico shaded. Cañon del Cobre area enlarged to show spatial and
elevational relationship between various plant localities labeled A-E, oldest to youngest. Stratigraphic column with stratigraphic position of plant localities
(names to left of rock column and associated locality numbers, both USNM and NMMNH, to the right).

and calcareous rhizoconcretions in paleosols, in combination indicative
of strongly seasonal climates with periodic moisture limitation (Lucas et
al., 2005).
Our own observations suggest that, in the El Cobre Canyon Formation, paleosols commonly have petrocalcic concretions, and that the
calcic content increases, on average, upward through the section. In some
places, the carbonate nodules are intergrown into thick beds of nodular
pedogenic carbonate, several decimeters thick. These observations suggest that climate was strongly seasonal with evapotranspiration exceeding rainfall for much of the year, at least during the times of paleosol
formation. The climatic signatures of these paleosols often contrasts
strongly with that inferred from the megafossil flora preserved in channel-fill deposits cut into them. Such contrasts suggest longer-term patterns of climatic oscillation, with plant preservation occurring differentially during the wetter periods.
AGE OF THE EL COBRE CANYON FORMATION
Biochronological age estimates of the El Cobre Canyon Formation
range from late Middle Pennsylvanian (Desmoinesian) through Early

Permian (Wolfcampian) depending on the fossil group. Palynology
(Utting, 2001), based on limited sampling, provides a very broad range of
possible ages, ranging from late Middle to Late Pennsylvanian. However, as the author notes, the limited numbers of samples require that
these estimates be treated with caution. Plants are quite sensitive to
facies-environmental variables, so attribution of age based on floristic
data can be misleading if there are strong environmental signals in the
rock sequence from which the samples were drawn. Often, environment
will be the major controlling variable, and can greatly confound interpretations of age (see, for example, the debate of the age of the Dunkard
Formation of the Appalachian region: Barlow, 1975).
Macrofossil plant remains from the El Cobre Canyon Formation
have been interpreted to indicate an age as old as late Desmoinesian (late
Middle Pennsylvanian) and as young as Virgilian (late Late Pennsylvanian) (Hunt and Lucas, 1992, and reports of other investigators noted
therein). The most recent analysis (DiMichele and Chaney, 2005) estimated the age to be late Late Pennsylvanian, probably later Virgilian. The
flora is broadly consistent with European (e.g., Wagner, 1985; Doubinger
et al., 1995; Laveine, 1989) and American (Blake et al., 2002; DiMichele

et al., 2004, 2005) floras of this age in containing such long-ranging,
mainly Late Pennsylvanian species as Alethopteris zeilleri,
Pseudomariopteris cordato-ovata, Sphenophyllum oblongifolium,
Annularia carinata, and Sigillaria brardii. It also contains more typically later Late Pennsylvanian species, such as, Sphenophyllum
angustifolium, Sphenophyllum verticillatum, and Odontopteris lingulata
(Wagner, 1984; Castro, 2005). As such, the flora falls broadly into
Wagner’s (1984) Sphenophyllum angustifolium or Autunia conferta
biozones, which correlate with the Stephanian C. However, it should be
understood that the stratigraphy of Late Pennsylvanian terrestrial deposits is in the process of revision at this time, particularly as delimited
by plant fossils (Doubinger et al., 1995; Wagner, 1998). Given the relatively small, and depauperate flora described from Cañon del Cobre, a
well-constrained age determination cannot be made with confidence, although the flora, to the degree presently known, can be placed in the Late
Pennsylvanian, probably the Virgilian in American terminology (Blake et
al., 2002), likely equivalent to the Gzehlian and within the Stephanian B
or C in international terminology (Wagner, 1984, 1988; Heckel and
Clayton, 2006).
The vertebrate chronology of the Cutler Group is discussed by
Lucas et al. (2005). They note the occurrence of Desmatodon, Limnoscelis
and a primitive Eryops in the lower El Cobre Canyon Formation, which
is consistent with a latest Pennsylvanian to earliest Permian age, and in
conformance with earlier interpretations of the El Cobre Canyon Formation vertebrates as of latest Pennsylvanian age (Fracasso, 1980; Lucas,
2002). Vertebrates from the Arroyo del Agua Formation, better known in
nearby Arroyo del Agua, indicate an unambiguous Early Permian age
(Langston, 1953; Lucas, 2002: Lucas and Krainer, 2005; Lucas et al.,
2005).
MATERIALS AND METHODS
Fossil plants were collected from 21 sites representing five stratigraphic horizons from the El Cobre Canyon Formation exposed within
Cañon del Cobre (Figs. 1-3). Collections were made in as unbiased a
manner as possible, meaning that all hand samples that showed any
indications of fossil plant debris were collected. The collection sizes
from any individual excavation varied from more than 100 specimens to
only a few, with most sites yielding between 25 and 95 hand samples.
All collections are housed in the Paleobotanical Collections of the
National Museum of Natural History, Smithsonian Institution in Washington, DC. Each collecting locality has been given a unique locality
number. All photographed specimens have been given unique collection
numbers.
Specimens were identified using a hand-lens and microscope. Cuticles were not prepared. During the process of identification, each collection was quantified to establish the relative abundances of the component species. This was carried out using the quadrat method of Pfefferkorn
et al. (1975), in which each hand specimen is treated as a sampling
quadrat, and taxa are identified as having occurred once if present on a
quadrat/hand-sample, regardless of how large the remains or how numerous (e.g., one pinnule counts the same as more than one, if all occur on the
same quadrat). Both sides of each specimen were considered. Counterparts were not counted twice. This kind of analysis produces a frequency distribution in which the relative abundance of a taxon is reported as a percentage of the sample quadrats on which it was identified,
i.e., all taxa could, hypothetically, occur at 100% abundance. This method
tends to reduce the relative abundance of the dominant forms and raise
the abundance of the rare forms, compared to point-count methods or
counts of individual plant parts (Wing and DiMichele, 1995). This handsample/quadrat method was chosen for several reasons. It can be applied
easily to museum collections (the basis of this study), assuming those
collections were made in an unbiased manner (meaning that an attempt
was made while collecting to preserve the proportions of specimens as
they were found in the excavation, not concentrating “better” material or
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particular taxa). A quantification can be accomplished rapidly, even with
large collections. It overcomes problems of “what to count,” which is
especially problematic in Pennsylvanian collections, where some taxa
are known mainly as stems of various sizes, others as large leaves, others
mainly as isolated pinnules of larger fronds; if sample size is not too
large, thus the “hand sample” prescription, the potential bias of counting
one large stem or leaf fragment as equal to one tiny pinnule is minimized,
due both to the large number of samples and to the relatively small size
of a “quadrat.” In addition, empirical studies show that this method
preserves the basic dominance-diversity structure of the assemblage
(Lamboy and Lesnikowska, 1988; DiMichele et al., 1991).
Specimens were photographed digitally, mostly under natural light.
All photographs were processed in Adobe Photoshop.
FLORA
Lycopsids
Lycopsid stem remains identified as Sigillaria brardii (Fig. 4)
consist of leaf scars with rounded upper and lower edges, sharply pointed
lateral angles, and distinct foliar parichnos below a small leaf trace. Ligule
pits are not well marked. The scars are not part of well-developed leaf
cushions. Scars are separated by interareas with vertically oriented lines
that weakly converged around the scar areas.
Sigillaria remains were rare in the fossil assemblages; only two
stem specimens were found. These remains were associated with cones
identified as Sigillariostrobus and ribbon-like axes with central thickenings (midveins?) that are interpreted either as leaves or rootlets of sigillarian
stigmaria (Fig. 5). We lean toward the identification of these structures as
leaves, given the overall parautochthonous nature of this flora, the sedimentary environment (active stream channels or lake deposits) and their
relative abundance.
The presence of S. brardii is an indication of the persistence of
wetter areas within these channel settings, though sigillarians, or at least
some of them, appear to have been tolerant of somewhat drier conditions
than those typical of lepidodendrids (Phillips and DiMichele, 1992;
Pfefferkorn and Wang, 2009).
Calamitales
The calamitalean sphenopsids are represented by stem, foliage
and reproductive remains (Figs. 6-10). Stem remains consist mainly of
Calamites sp., consisting of typically ribbed stems lacking branch scars
at the nodes (Figs. 6, 7; see Fig. 6.4). These kinds of specimens generally
are described as “pith casts,” though we have challenged this conventional wisdom (DiMichele et al., 2009b), arguing instead that many calamite stems preserved in compression preservation are, in fact, stem
casts or compressed stems, comparable to modern Equisetum. Following
Rössler and Noll (2006), we see the Calamitales as a much more diverse
group structurally and taxonomically than has been appreciated, at least
in recent work.
Calamite foliage is attributable to Annularia carinata (Kerp, 1984;
Kerp and Fichter, 1985) (Figs. 8, 9.2), possibly Annularia spicata (Fig.
9.1) and Asterophyllites equisetiformis.
Annularia carinata is characterized by leaves of unequal length,
forming ovoid whorls of varying diameter. The individual leaves are
spatulate in form and have mucronate tips (these specimens may also be
referred to Annularia mucronata; the taxonomy of Annularia is in need
of revision). Populations of this species frequently are confused for
mixed assemblages of Annularia sphenophylloides (smaller whorls) and
Annularia stellata (larger whorls). Each of these latter species has symmetrical whorls formed by leaves of approximately equal length. Leaves
of A. sphenophylloides are spatulate and mucronate. Large mucronate,
spatulate leaves often have been attributed to A. stellata, but this appears
to be incorrect given that the type of A. stellata has lanceolate leaves.
Three forms of calamite cones occur in the El Cobre assemblage;
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FIGURE 2. Field photos. 1, Copper mine locality with arrows indicating the east-west extent of the outcrop. 2, Closeup of the finely-laminated sediment
of USNM 42293 at the Copper Mine locality from which sparse plant remains were collected. 3, Arroyo wall with the myriapod trackway-producing
sandstone bed low along right side of wash. Arrow indicates finely laminated red micaceous beds from which fossil plants (USNM 42125 and 42126) were
recovered. 4, Closeup of plant-bearing beds above trackway-producing sandstone. 5, Large sandstone ridge into which “uranium” adits were dug. The right
arrow indicates position of the north adit (USNM 42296); left arrow indicates location of south adit (USNM 42297 and 422598). 6, Thick sandstone ledge
at the south adit; there is a small clay lens from which USNM 42297 was collected. Note quarter sheet of newspaper to the left of lense for scale.
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along the lateral margins and curved distal margin of the leaf, so some
traverse a relatively short, arched path. Along the leaf margin, the vein
density appears to be about 35.
Pteridosperms

FIGURE 3. Field photo. Copper mine outcrop, view from east to west. The
finely laminated beds, seen in Figure 2.2, are at the distant end of the out
crop in the image. In the near ground are specimens, from the sandier more
fluvial facies, laid out on a fallen sandstone block.

all are rare. The three include Palaeostachya sp. (Fig. 10), which is
locally common, Calamostachys sp., which is rare, and Macrostachya
sp. (Figs. 9.3, 9.4), represented by two specimens.
Sphenophylls
Three species of Sphenophyllum were identified in the collections
from Cañon del Cobre plus one additional potentially distinct form.
Sphenophyllum angustifolium (Figs. 11.1, 11.2, 11.4, 11.5, 11.7)
consists of whorls of six narrow leaves, each with four to six veins,
terminating in long pointed teeth. Two veins enter the base of a leaf and
fork near the base, rarely again prior to termination. The edges of the
leaves also can be deeply lacerate. Two pairs of leaves project at sub-90o
angles to the stem, and two additional leaves, one on each side, project at
nearly a 90o angle to the stem, or are slightly deflected toward the base of
the stem.
Sphenophyllum verticillatum (Figs. 11.3, 11.6, 12.3, 12.4, 12.5)
leaf whorls are nearly round, containing six leaves. The leaves are wedgeshaped and broaden greatly from a narrow base. They have arcuate distal
margins, with rounded, but mucronate, teeth. Generally, two veins enter
the base of the leaf and fork two to three times before terminating in a
terminal tooth. Because of the rounded distal leaf margin, the veins terminate at slightly different distances from the base. Along the margin of
larger leaves there can be as many as 20 veins. R.H. Wagner suggests
comparing the specimens illustrated in Figures 11.3 and 11.6 with
Parasphenophyllum Asama (Asama, 1970), in that the teeth are somewhat elongate and bluntly pointed and the distal margins are not clearly
set off from the lateral margins .
Sphenophyllum oblongifolium (Figs. 12.1, 12.6, 13.1, 13.2, 13.4,
13.5) is characterized by whorls consisting of six leaves. Two opposite
pairs of leaves project at sub-90o angles to the stem. Two additional
leaves form a basal bib, directed roughly parallel to the stem. Leaves have
eight to ten subparallel veins, forking generally one to two times before
terminating in small, pointed teeth at the leaf margin. The distal margins
of the leaves can be lacerate, in addition to toothed.
A single isolated specimen is herein identified as Sphenophyllum
(Parasphenophyllum) cf. thonii (Fig. 13.3). The small leaf is approximately 5 mm wide and has a distinctly rounded distal margin with small,
shallow, blunt teeth. Two veins enter the base and may branch as often as
five to six times before terminating at the margin. Veins terminate all

The most commonly encountered pteridosperm foliar remains are
Alethopteris zeilleri and Macroneuropteris scheuchzeri. All other pteridosperm foliage is rare, and includes Odontopteris cf. lingulata,
Odontopteris cf. brardii, Pseudomariopteris cordato-ovata, and isolated
pinnules, possibly of neuropteroid affinity.
A few specimens in the collection were identified tentatively as
Odontopteris cf. lingulata (Figs. 14.1, 14.4 & 14.5, perhaps Figures 14.1,
14.2 and along the edge of Fig. 25.5) based on pinnule shape and venation. Odontopteris lingulata has been designated Mixoneura lingulata by
Wagner and Castro (1998). The specimens from Cañon del Cobre are
quite similar to Macroneuropteris scheuchzeri, and some of the ones
shown here may be. They are large, tongue-shaped with undulatory
sides and a bluntly rounded to broadly pointed apex. The midvein is well
developed, but appears to consist of a bundle of veins rather than a single
vein; it extends about two-thirds the length of the pinnule before splaying broadly into secondary veins. The secondaries are relatively widely
spaced and strong, arching steeply before curving to meet the pinnule
margin at about 45o. Lateral veins branch three or more times before
reaching the pinnule margin. Like M. scheuchzeri, O. lingulata may have
smaller, rounded pinnules positioned basipetally to the large, linguloid
forms. These smaller pinnules vary in number from one to many, generally lack midveins, and have a rounded shape. We found only one possible example of this configuration.
Pinnae bearing small, triangular pinnules with broad attachment to
the rachis, multiple veins enter the base of the pinnule, and no obvious
midvein were encounted rarely and always in fragmentary preservation
(Figs. 14.2, 14.6). The identification of such pinnae is difficult and cannot be made with confidence. The specimens in the collection resemble
taxa such as Lescuropteris genuina or Odontopteris brardii.
Alethopteris zeilleri (Figs. 15-17) pinnules are somewhat variable
in shape, degree of confluence with adjacent pinnules, and the degree of
angularity with which the pinnules join the pinna rachis. Generally
straight-sided with bluntly rounded apices, some pinnules may be enlarged in the middle and taper gradually to a broadly triangular apex.
Pinnules may be nearly free to the base and only weakly confluent with
adjacent pinnules, or the confluence may be well developed. The pinnule
surface is strongly vaulted, leading to a sunken midvein, which extends
about two-thirds of the distance from the base to the pinnule apex.
Venation is dense, with veins forking first near the midvein of the pinnule
and generally once more before terminating at the margin, which they
meet nearly at right angles. Pinnule shape and size can be variable within
a pinna. Pinnules decrease in size, become more triangular in shape and
increasingly confluent toward the terminus of a pinna, which ends in an
elongate, narrow, terminal pinnule. Note, R.H. Wagner suggests that
these specimens bear comparison with Alethopteris virginiana Fontaine
and White.
Macroneuropteris scheuchzeri (Figs. 19, 20, possibly Figs. 14.1
and 14.3) pinnules are generally found in isolation. They are straight
sided to slightly falcate, with a thin lamina and little vaulting. The pinnule base is shallowly cordate, with a single point of attachment to the
pinna rachis. Large pinnules may have two lobes or free smaller, round
pinnules at their bases. These smaller pinnules also may be found in
isolation. The pinnule midvein is strong and extends about 80% of the
distance from the pinnule base to the tip. Lateral veins are fine, dense and
broadly arched, reaching the pinnule margin at an angle of about 30o.
Lateral veins may fork three or more times before reaching the margin. In
many pinnules, small, stiff, apically directed hairs are present, most
commonly on the abaxial surface, and mostly along the midvein or in the
basal third of the pinna; such small, adpressed hairs are diagnostic of this

80

FIGURE 4. Sigillaria brardii. USNM 528655 from loc 42122; 1a, part; 1b, counterpart. Both 2 x.

species, in combination with its shape, size, and venation.
Pseudomariopteris cordato-ovata (Fig. 21, possibly Fig. 33.2)
occurs rarely in the collection. Specimens consist of isolated pinnae
bearing small, rounded to triangular pinnules with acuminate apices, and
constricted, but still broadly attached bases. The pinnules are distinctly
inclined toward the pinna apex. Some pinnules may have basal lobes.
Venation is obscure, probably due to a thick pinnule lamina, which appears to be slightly vaulted, with a thickened or inrolled margin. A midvein
is present, mainly in the lower part of the pinnule. Secondary veins are
widely spaced and thin, arching steeply through the pinnule lamina.
Importantly, the terminal portion of the pinnule ends in a spine-like
prolongation, characteristic of plants in this genus, which is thought be a
vine (Krings and Kerp, 2000; Krings et al., 2003).
A single, isolated pinnule was encounted that may be assignable to
Neurocallipteris cf. planchardii (Fig. 19.3) (see Cleal et al., 1990). The
specimen is auriculate, otherwise straight sided, with a broad, rounded
apex, wide lamina relative to length, and a relatively flat base. The midvein
is thin and extends through two-thirds of the length of the lamina. Lateral
veins are fine, dense, and arch steeply through the lamina, meeting the
margin at an angle of 30o- 45o. Clearly, a positive identification is not
possible.
Small isolated pinnules of ambiguous, but likely pteridospermous
affinity were found. These pinnules have a neuropteroid shape, with a
broadly rounded apex, straight to rounded sides, and a tapering ovate
base (Fig. 18). The venation, however, is not neuropteroid, but more

alethopteroid in character. The midvein is straight and extends through
about three-quarters of the lamina, becoming more narrow apically
throughout its length. The dense lateral veins arch upward from the
midvein but shortly become subhorizontal, forking two to three times
before reaching the margin at a high angle, nearly perpendicularly in some
specimens.
Axes most likely attributable to pteridosperms were found at
most collecting localities. The axes varied from striate to striate and
punctuate (Fig. 33.3) to variously smooth. Others were ribbon like and
resembled stigmarian rootlets (Figs. 33.1, 33.4, 33.5), though their affinity could not be established. Seeds of indeterminate affinity were common at certain sites. These large, platyspermic, ovoid to cordate seeds
(Figs. 34.1-34.7) are of indeterminate affinity; they may be cordaitalean
or attributable to one of the pteridosperms, though the latter option
seems unlikely. Only a single ribbed, likely pteridosperm seed was found
(Fig. 34.8)
Other Seed Plants
Cordaitalean leaves (Fig. 22) are characterized by broad, flat laminae, 2-3 cm wide, that have fine, parallel veins that branch occasionally.
The lamina enlarges gradually from the base, is straight-sided throughout
most of its length, and tapers toward a bluntly pointed apex.
Fragmentary Taeniopteris, similar to T. abnormis (T. multinervis
has been placed in synonymy with T. abnormis by Barthel, 1976; see
also Wagner and Martínez Garcia, 1982), were found rarely (Fig. 23).
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FIGURE 5. Lycopsid leaves and cones. 1, Lycopsid leaves, USNM 539039 from loc 42123 x 2. 2, Lycopsid leaf, USNM 539031 from loc 42121 x 1. 3,
Lycopsid cone, USNM 539038 from loc 42122, x 2.

These leaves have wide laminae, nearly 4 cm. Midveins also are wide,
nearly 0.5 cm. Lateral veins depart from the midvein at right angles and
proceed without inflection to the leaf margin. Lateral veins branch immediately adjacent to the midvein and may branch one or more times before
reaching the margin.
Walchian conifers (Fig. 24) were preserved only as small fragments. Most of these specimens have leaves that appear, probably due
to the nature of their exposure in the rock matrix, as narrow and needle
like, with an upward curving aspect, not adpressed to the stem. However, when exposed by breaks paralleling the outer (abaxial) surfaces,
along the edge of a shoot, these leaves are revealed as 3-4 mm long and
1.0-1.5 mm wide with acuminate apices. They resemble Walchia
pinniformis. A single conifer cone scale was found (Fig. 24.2). Preservation was poor but the scale appears to be multilobed, consistent with a
walchian affinity.
Ferns
Sterile and fertile foliage attributable to Danaeites emersonii is a

common element of the collections (Figs. 25, 26). Sterile foliage is similar
to Polymorphopteris (Acitheca) polymorpha (Zodrow et al., 2006). Pinnae bear large subopposite pinnules with a constricted but broadly attached base, sides that can be slightly convex or acropetally convex and
acropetally weakly concave, with a bluntly pointed tip and vaulted
laminae. Terminal pinnae are small, and rounded, with the pinnules getting rapidly smaller basipetally; those adjacent to the terminal pinnule
may have odontopterid venation, with several veins entering the base
without a well developed midvein. The midvein of more proximal pinnules is sunken and extends two-thirds or less of the distance from the
base to the tip of the pinnule. Venation is “polymorphopterid” (sensu
Wagner 1958b), meaning that lateral veins initially arch steeply upward
and branch close to their point of insertion into the midvein; each derivative vein then tracks at increasing inflexion from the midvein and branches
again, within one-third of the distance to the leaf margin, the final branched
segments extending the long distance to the leaf margin, which they
contact at a high angle of 60o or more, being nearly horizontal with the
rachis in the lower, basipetal portions of a pinnule. Veins can be dense.

FIGURE 6 (Next page). Calamites sp. 1, Calamites sp., 3D cast, 1a and 1b, different views of same specimen, USNM 538814 from loc 42128 x 0.5. 2,
Calamites sp., 3D cast, USNM 528487 from loc 42128, x 1. 3, Calamites sp., 3D compacted cast, USNM 536769 from 42994 x 1. 4, Calamites sp., branch
scars, USNM 539022 from loc 42120 x 1. 5, Calamites sp., USNM 539023 from loc 42120 x 1.
FIGURE 7 (Following page). Calamites sp. 1, Calamites sp., compression, USNM 536777 from loc 42995 x 0.5. 2, Calamites sp., USNM 536771 from
loc 42294 x 0.5. 3, Calamites sp., USNM 536775 from loc 40621 x 2. 4, Calamites sp., USNM 538803 from loc 42128 x 2. 5, Calamites sp., ribs not
visible, USNM 536772 from loc 42994 x 1.
FIGURE 8 (Following page). Annularia carinata. 1, Annularia carinata, USNM 536801 from loc 42293 x 2. 2, Annularia carinata, USNM 536770 from
loc 42293 x 2. 3, Annularia carinata, USNM 536768 from loc 42294 x 2. 4, Annularia carinata, USNM 536770 from loc 42294 x 2.
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FIGURE 9. Annularia cf. spicata, Annularia carinata and Macrostachya sp. 1, Annularia cf. spicata, USNM 528479 from loc 42128 x 4. 2, Annularia
carinata, USNM 528642 from loc 41878 x 2. 3, Macrostachya sp., USNM 539021 from loc 42120 x 1. 4, Macrostachya sp., USNM 536810 from loc
42298 x 2.
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FIGURE 10. Palaeostachya sp. 1, Palaeostachya sp., USNM 536778 from loc 42295; shaded polygon in 1a indicates area of enlargement shown in 1b;
1a x 1, 1b x 2. 2, Palaeostsachya sp., USNM 536791 from loc 42295 x 2. 3, Palaeostsachya sp., USNM 536787a from loc 42295 X2. 4, Palaeostachya
sp., USNM 536767 from loc 42994 x 2. 5, Palaeostsachya sp., USNM 528460 from loc 42128 x 2. 6, Palaeostachya sp., USNM 528462 from loc 42128
x 2. 7, Palaeostachya sp., USNM 528463 from loc 42128 x 2.
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FIGURE 11. Sphenophyllum angustifolium, Sphenophyllum verticillatum. 1, Sphenophyllum angustifolium, USNM 528658 from loc 42120 x 2. 2,
Sphenophyllum angustifolium, USNM 539019 from loc 42120 x 2. 3, Sphenophyllum verticillatum, USNM 539027 from 42121 x 2. 4, Sphenophyllum
angustifolium, USNM 539018 from loc 42120 x 2. 5, Sphenophyllum angustifolium, USNM 539016 from loc 42120 x 2. 6, Sphenophyllum verticillatum,
USNM 539028 from loc 42121 x 4. 7, Sphenophyllum angustifolium, USNM 539029 from loc 42121 x 2.
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FIGURE 12. Sphenophyllum. 1, Sphenopyllum oblongifolium, USNM 528637 and Pecopteris unita pinnules from loc 41875 x 2. 2, Sphenophyllum sp.,
stem, USNM 538821 from loc 42126 x 2. 3, Sphenophyllum verticillatum, USNM 528640 from loc 41875 x 1. 4, Sphenophyllum verticillatum, USNM
539017 from loc 42120 x 4. 5, Sphenophyllum oblongifolium, USNM 528636 from loc 41876 x 1. 6, Sphenophyllum verticullatum, USNM 528654 from
loc 42121 x 2. 7, Sphenophyllum sp., stem, USNM 538821 from loc 42126 x 1. 8, Sphenophyllum sp., stem, USNM 538820 from loc 42126 x 1.
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FIGURE 13. Sphenophyllum sp., Sphenophyllum oblongifolium. 1, Sphenophyllum sp., USNM 536773 from loc 40621 x 2. 2, Sphenophyllum sp.,
USNM 536805 from loc 42299 x 1. 3, Sphenophyllum cf. thonii, USNM 538602 from loc 42293 x 4. 4, Sphenophyllum oblongifolium, USNM 536773
from loc 40621 x 0.5. 5, Sphenophyllum oblongifolium, USNM 538805 from loc 42128 x 4.
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FIGURE 14. Odontopteris cf. lingulata/Macroneuropteris scheuchzeri, Odontopteris cf. brardii. 1, Odontopteris cf. lingulata or Macroneuropteris
scheuchzeri, USNM 536794 from loc 42296 x 2. 2, Odontopteris cf. brardii, USNM 528477 from loc 42178 x 4. 3, Odontopteris cf. lingulata or
Macroneuropteris scheuchzeri, USNM 536788 from loc 42295 x 2. 4, Odontopteris cf. lingulata, USNM 528466 from loc 42128 x 2. 5, Odontopteris cf.
lingulata, USNM 528464 from loc 42128 x 2. 6, Odontopteris cf. brardii, USNM 536781 from loc 42295 x 2.
FIGURE 15 (Facing page). Alethopteris zeilleri. 1, Alethopteris zeilleri, USNM 528644 from loc 41877 x 2. 2, Alethopteris zeilleri, USNM 528657 from
loc 42120 2a with shaded polygon indicating area of enlargement seen in 2b; 2a x 1 2b x 2. 3, Alethopteris zeilleri, USNM 538842 from loc 42120 x 2.
4, Alethopteris zeilleri, USNM 538809 from loc 42128 x 2. 5, Alethopteris zeilleri, USNM 536804 from loc. 42299 x 2. 6, Alethopteris zeilleri, USNM
538810 from loc 42128 x 2. 7, Alethopteris zeilleri, USNM 538898 from loc 42298 x 2.
FIGURE 16 (Following page). Alethopteris zeilleri. 1, Alethopteris zeilleri, USNM 538840 from loc 42120 x 2. 2, Alethopteris zeilleri, USNM 538841 from
loc 42120 x 2. 3, Alethopteris zeilleri, USNM 538844 from loc 42120. 4, Alethopteris zeilleri, USNM 539042 from loc 42123 x 2. 5, Alethopteris zeilleri,
USNM 538845 from loc 42120 x 2. 6, Alethopteris zeilleri, USNM 539030 from loc 42121 x 1. 7, Alethopteris zeilleri, USNM 539037 from loc 42122
x 2.
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FIGURE 18. Indeterminate pteridosperm pinnules. All specimens illustrated here are of uncertain affinity. They may be referred to a Neurocallipteris
species such as N. planchardii, an undescribed form of Neuropteris, or even to Alethopteris (though their venation is not like that of A. zeilleri). 1, USNM
536813 from loc 42297 x 2. 2, USNM 536783 from loc 42295 x 2. 3, USNM 536816 from loc 42297 x 2. 4, USNM 536796 from loc 42296 x 4.

Fertile foliage is of the same size and shape as the sterile, but lacks clearly
defined veins, which are obscured by reproductive organs. The sporangia
are arranged circular sori that are closely packed, extending to the margin
of the pinnule in elongate clusters at right angles to the midvein.
A number of forms attributable to Pecopteris accounted for a few
percent of most collections, and rarely are common to abundant. Most
are characterized by small to medium sized pinnules with broad to slightly
constricted basal attachments to the subtending rachis (Figs. 27.1-27.4,
27.6, 28, 30.2). Many of these pecopterid pinnules or partial pinnae
appear to be fragmentary bits of large fronds with lobate pinnule-pinna
architecture, which, where the pattern of lobing and associated venation
could be seen more fully, conform broadly to the concept of Lobatopteris
(Fig. 29) (Wagner, 1958a). Venation in the lobatopterid forms varies in a
regular manner. In some pinnules venation is simple throughout a pinnule. This grades into pinnules in which some veins are once-branched,
which then grades further into pinnules with more complex vein branching architectures approximating those typical of lobatopterid pecopterids
(Wagner, 1958a). Lobatopterid venation stereotypically is characterized
by veins that branch in a fasciculate candelabra-like manner, each successive forking occurring toward the interior of the fascicle. Terminal pinnules, where seen, are small, terminating in a gradually tapering, elongate
pinna tip, with pinnules that become progressively smaller in size, without fusion. The specimens illustrated in Figure 29 can be compared
tentatively with Lobatopteris (Pecopteris) tenuinervis of Fontaine and
White (1880).
Pinnae of Pecopteris (Ptychocarpus) unita (Figs. 12.1, 27.5) consist of small pinnules of rectangular aspect, with a broad basal attachment to the rachis and slight confluence between adjacent pinnules, straight
parallel sides, and a blunt, often nearly flat tip. In other instances, these
pinnules may be fused laterally for nearly their full length, leaving just a
free scalloped margin to the pinna. The midvein of a pinnule varies from
acropetally curving at the base, straightening out about one-third from
the base of the pinnule lamina, to straight from the rachis to somewhere

between two-thirds and completely to the pinnule margin. Lateral veins
arch steeply upward in a concave path from their point of midvein
insertion to the margin, often forming what can be described as a fascicle.
In the most extreme cases nearly all lateral veins reach the margin in the
upper 25% of the pinnule.
Nemejcopteris feminaeformis (Figs. 30.1, 30.3, 30.4) is a filicalean
fern of zygopterid affinity. It is easily recognizable by the form of its
pinnules. These are small, broadly attached, narrow, and with serrate
pinnule margins that extend onto a blunt tip. The pinnule midvein is
weak and follows a somewhat irregular path. Lateral veins are high angle
and terminate in the marginal serrations; they may fork one time, about
half-way between midvein and margin.
Sphenopteris biturica was identified from fragmentary pinnae bearing small pinnules with sharply pointed, shallow teeth (Figs. 31.1, 31.431.8). Larger pinnules may have six or more teeth per side, borne on
larger shallow, somewhat rounded lobes. Pinnules shrink gradually in
size in the vicinity of the pinna apex, creating an elongated appearance,
with the terminal pinnule being small and slightly fused to the nearest
lateral pinnules. Venation is difficult to observe. It appears to be sparse,
with a thin midvein that persists to near the pinnule apex, the lateral
veins terminating in the pinnule teeth. These specimens look similar to
those described as S. biturica by Wagner (1985).
Commonly encountered at some sampling horizons are partial
fronds of sphenopterid aspect, similar to Oligocarpia gutberi or O.
leptophylla (Fig. 32). On the largest specimens, the ultimate pinnae are
borne at nearly right angles to the next higher order rachis, in alternate and
opposite arrangement. These pinnae shrink in length, gradually approaching the apex of the next higher order pinna, creating an overall, somewhat
pointed aspect to the higher-order pinna. Ultimate pinnae reach lengths
of about 2 cm. The pinnules are free up to the apical area of the pinna,
where they fuse laterally, forming an enlarged laminar, apical pinnule,
which is of rounded form. There may be a slight enlargement of the basal
basiscopic pinnule, though this could not be determined with certainly

FIGURE 17 (Previous page). Alethopteris zeilleri. 1, Alethopteris zeilleri, USNM 538827 from loc 42125; 1b with shaded polygon indicating area of
enlargement seen in 1a; 1a x 2, 1b x 0.5. 2, Alethopteris zeilleri, USNM 538824 from loc 42125 x 2. 3, Alethopteris zeilleri, pinna tip, USNM 538832 from
loc 42125 x 4. 4, Alethopteris zeilleri, USNM 538823 from loc 42125. 5, Alethopteris zeilleri, USNM 538822 from loc 4215 x 1. 6, Alethopteris zeilleri,
USNM 538830 from loc 42125 x 2. 7, Alethopteris zeilleri, USNM 538831 from loc 42125 x 2.
FIGURE 19 (Facing page). Macroneuropteris scheuchzeri, Neurocallipteris cf. planchardii, Macroneuropteris/Odontopteris lingulata. 1, Macroneuropteris
scheuchzeri, USNM 539034 from loc 41221 x 1. 2, Macroneuropteris scheuchzeri, enlargment of 19-1, x 1.5. 3, Neurocallipteris cf. planchardii, USNM
528461 from loc 42128 x 2. 4, Macroneuropteris scheuchzeri, USNM 539025 from loc 42120 x 2. 5, Macroneuropteris scheuchzeri, USNM 538843 from
loc 42120 x 1. 6, Macroneuropteris scheuchzeri or Odontopteris lingulata, USNM 536807 from loc 42299 x 2. 7, Macroneuropteris scheuchzeri, USNM
536814 from loc 42297 x 2. 8, Macroneuropteris scheuchzeri, USNM 538812 from loc 42128 x 4. 9, Macroneuropteris scheuchzeri, USNM 539033 from
loc 41422 x 4.
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FIGURE 21. Pseudomariopteris cordato-ovata. 1, Pseudomariopteris cordato-ovata, USNM 528638 from loc 41878 x 2. 2, Pseudomariopteris cordatoovata, USNM 539040 42123 x 4.

FIGURE 20 (Facing page). Macroneuropteris scheuchzeri. 1, Macroneuropteris scheuchzeri, USNM 538816 from loc 42126 x 1. 2, Macroneuropteris
scheuchzeri, USNM 538818 from loc 42126 x 2. 3, Macroneuropteris scheuchzeri, USNM 538817 from loc 42126 x 2. 4, Macroneuropteris scheuchzeri,
USNM 539035A from loc 42125 x 2. 5, Macroneuropteris scheuchzeri, USNM 538828 from loc 42125 x 2. 6, Macroneuropteris scheuchzeri, USNM
538829 from loc 42125 x 2. 7, Macroneuropteris scheuchzeri, USNM 538825 from loc 42125 x 1. 8, Macroneuropteris scheuchzeri, USNM 528641 from
loc 41878 x 1. 9, Macroneuropteris scheuchzeri, USNM 538826 from loc 42125 x 2.
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FIGURE 23. Taeniopteris sp. 1a, Taeniopteris sp., USNM 536812a from loc 42298 x 2. 1b, Taeniopteris sp., USNM 536812b from loc 42298 x 2. 2,
Taeniopteris sp., USNM 536815 from loc 42297 x 2.

due to the quality of preservation. Pinnules are shallowly lobed. The
pinnule lamina appears to be thin, given its weak carbonization and the
clarity of the veins. The midvein is flexuous and could be argued to
extend nearly to the tip of the pinnule in some instances; in most cases
the midvein forks and becomes indistinguishable from the lateral veins
somewhere between one-half and two-thirds of the distance from the
base of the pinnule. Lateral veins are sparse and mostly extend straight to
the margin at about a 30-45o angle; the basalmost veins, particularly on
the basiscopic side, tend to curve upward strongly as they approach the
pinnule margin. Veins may be unforked or may fork widely, one or more
times before reaching the margin of the pinnule.
FLORISTIC PATTERNS
Flora was sampled at 21 locations from five stratigraphic horizons. There are compositional and taphonomic differences among these
sampling levels (Fig. 1; Table 1).
The lowest horizon, designated “Copper Mine,” consists of coarse
siltstone and fine sandstone that appears to have been deposited in an
active channel setting with flashy discharge, perhaps briefly abandoned
parts of a braided stream, where plants were growing on bars in the
stream or along the channel banks. Several examples of upright calamite
stems were noted and collected. These were up to 9 cm in diameter and
appeared to have been buried rapidly, in place. Some flattened calamite
stems were over 25 cm in diameter. Large mats of Sphenophyllum also
were common at one site, suggesting burial of mats or thickets of lowgrowing habit, close to the site of growth. Calamite remains dominated
most of the collections from this horizon. Sphenophylls, cordaitalean
foliage (and large, possibly cordaitalean seeds), and Oligocarpia each
were common at one of the collecting sites.
The second stratigraphic horizon from the bottom, designated
“Myriopod trackway” because of the large arthropleurid track found at
that level (Lucas et al., 2005), contains a flora previously described by

Hunt and Lucas (1992). Collections were obtained from two beds of
micaceous, finely to thickly laminated red siltstone with a clay matrix.
The flora from the lower of the two beds, from which 90 hand samples
were collected, contains only Alethopteris zeilleri and Macroneuropteris
scheuchzeri. The specimens are large, though fragmentary, and appear to
have been deposited in standing quiet water; the sediments are laminated
claystones to fine siltstones and the plant fossils are undistorted and
flat-lying on all lamina/bedding surfaces. A considerably smaller collection was obtained from the upper bed in this interval. This collection was
dominantly Macroneuropteris scheuchzeri, with common indeterminate
sphenophyll stems and sparse Annularia carinata whorls. This flora
also appears to have been deposited in a lake or quiet body of water.
Three collections were obtained from the third stratigraphic horizon, designated “El Cobre Canyon 3”. Two of these, both very small
voucher collections, come from organic-rich, fine sandstone with
interlaminated layers of organics, consisting of plant material of various
sizes, including comminuted plant debris. The plant material is somewhat jumbled and appears to have been deposited rapidly during a period of waning flow, carried partly in bedload. Most noteworthy is the
occurrence of a single specimen of Walchia. The third collection, consisting of nearly 100 hand samples, was obtained from a gray siltstone with
fine-sand stringers. No species dominates this diverse flora. The most
common elements, represented on more than 10% of the hand samples,
include the tree-fern foliage Danaeites, calamite stems, an indeterminate,
small-pinnuled Pecopteris, and Oligocarpia gutberi. Some of the calamite remains were preserved in situ, upright, buried in place. As with most
of the previously discussed collections, this flora appears to have been
deposited under slackening flow in an active stream channel deposit,
perhaps in a braided channel with variable, possibly flashy or seasonal
changes in water volume. Walchia is represented in this third collection
by a single specimen.
The fourth collecting horizon, designated “El Cobre Canyon 1,”

FIGURE 22. Cordaites sp. 1, Cordaites sp., USNM 536803 from loc 42293; 1a with shaded polygon indicating area of enlargement seen in 1b; 1a x 1, 1b
x 4. 2, Cordaites sp., USNM 528480 from loc 42128 x 1. 3, Cordaites sp., USNM 528484 from loc 42128 x 1. 4, Cordaites sp., USNM 528481b from loc
42128 x 1. 5, Cordaites sp., USNM 536790 from loc 42295 x 1.
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FIGURE 24. Walchia sp. 1, Walchia sp., USNM 538799 from loc 42127 x 4. 2, Walchia sp., USNM 538806b cone scale from loc 42298 x 4. 3, Walchia
sp., USNM 528482a from loc 42128 x 4. 4, Walchia sp., USNM 536627a from loc 42298 x 4. 5, Walchia sp., USNM 528482b from loc 42128 x 4. 6,
Walchia sp., USNM 536811 from loc 42298 x 4.

FIGURE 25 (Facing page). Danaeites emersonii. 1, Danaeites emersonii, USNM 538808 from loc 42128 x 2. 2, Danaeites emersonii, USNM 538804 from
loc 42128 x 2. 3, Odontopteris lingulata, USNM 538919 from loc 42296 x 2. 4, Danaeites emersonii, sterile foliage, USNM 536780 from loc 42295 x1.
5, Danaeites emersonii with tips of Odontopteris cf. lingulata, USNM 536795A from loc 42296 x 1. 6, Danaeites emersonii, USNM 536798 from loc
42296 x 4. 7, Danaeites emersonii, USNM 536784 from loc 42295; 7a x 1, 7b x 4.
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FIGURE 26. Danaeites emersonii fertile foliage. 1, Danaeites emersonii, USNM 536779 from loc 42295 x 2. 2, Danaeites emersonii, USNM 536786 from
loc 42295 x 1. 3, Danaeites emersonii, USNM 536799 from loc 42296 x 3. 4, Danaeites emersonii, USNM 539036 from loc 42122 x 3.
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FIGURE 27. Pecopteris sp., Pecopteris unita. 1, Pecopteris sp., USNM 528469 from loc 42128 x 1. 2, Pecopteris sp., USNM 528649 from loc 41877 x
2. 3, Pecopteris sp., USNM 536789 from loc 42295 x 2. 4, Pecopteris sp., USNM 528468 from loc 42128 x 2. 5, Pecopteris unita, USNM 528637 from
loc 41875; 5a with shaded polygon indicating area of enlargement seen in 5b; 5a x 2, 5b x 8. 6, Pecopteris sp., USNM 528478 from loc 42128 x 3.
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FIGURE 28. Pecopteris sp. 1, Pecopteris sp., USNM 539015 from loc 42120 x 4. 2, Pecopteris sp., USNM 538811 from loc 42128 x 4. 3, Pecopteris sp.,
large USNM 539032 from loc 42121 x 5. 4, Pecopteris sp., USNM 528467 from loc 42128 x 2. 5, Pecopteris sp., USNM 528470 from loc 42128 x 2. 6,
Pecopteris sp., USNM 539026 from loc 42120 x 2. 7, Pecopteris sp., USNM 538815 from loc 42128 x 4.
FIGURE 29 (Facing Page). Lobatopteris sp., cf. L. tenuinervis. 1, Lobatopteris sp., USNM 536793 from loc 42295 x 2. 2, Lobatopteris sp., USNM 538837
from loc 42294 x 4. 3, Lobatopteris sp., USNM 538807 from loc 42128 x 2. 4, Lobatopteris sp., USNM 536792 from loc 42295 x 2.
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FIGURE 30. Nemejcopteris feminaeformis, fertile Pecopteris sp. 1, Nemejcopteris feminaeformis, USNM 536806 from loc 42299 x 4. 2, Fertile Pecopteris
sp., USNM 538802 from loc 42128 x 2. 3, Nemejcopteris feminaeformis, USNM 539012 from loc 42120 x 4. 4, Nemejcopteris feminaeformis, USNM
528653 from loc 42120 x 2.
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FIGURE 31. Sphenopteris biturica. 1, Sphenopteris biturica, USNM 539061 from loc 42299 x 4. 2, Sphenopteris sp., USNM 536797 from loc 42296 x
2. 3, Sphenopteris sp., USNM 539011 from loc 42120 x 4. 4, Sphenopteris biturica, USNM 538848 from loc 42120 x 2. 5, Sphenopteris biturica, USNM
539024 from loc 42120 x 5. 6, Sphenopteris biturica, USNM 538847 from loc 42120 x 4. 7, Sphenopteris biturica, USNM 538846 from loc 42120 x 2.
8, Sphenopteris biturica, USNM 539014 from loc 42120 x 2.

108

FIGURE 32. Oligocarpia gutbieri/leptophylla. 1, Oligocarpia gutbieri/leptophylla, USNM 528656 from loc 42120; 1a with shaded polygon indicating
area of enlargement seen in 1b; 1a x 2, 1b x 4. 2, Oligocarpia gutbieri/leptophylla, USNM 536782b from loc 42295 x 2.
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FIGURE 33. Miscellaneous unknowns. 1, Smooth axes, possibly lycopsid rootlets, USNM 528472 from loc 42128 x 1. 2, Unidentified foliage, USNM
528639 from loc 41878 x 4. 3, Punctate axis, USNM 538839 from loc 42120 x 2. 4, Ribbon-like axes, probably lycopsid rootlet, USNM 538801 from
loc 42128 x 2. 5, Ribbon-like axis, probably lycopsid rootlet, USNM 536785 from loc 42295 x 2.

110

FIGURE 34. Seeds. 1, Seed, USNM 538813 from loc 42128 x 1. 2, Seed, USNM 538833 from loc 42295 x 1. 3, Seed, USNM 538834 from loc 42294 x
1. 4, Seed, USNM 538835 from loc 42294 x1. 5, Seed, USNM 538836 from loc 42294 x 1. 6, Seed, USNM 538838 from loc 40621 x 1. 7, Seed, USNM
538800 from loc 40621 x 1. 8, Seed, USNM 539041 from loc 42123 x 1.
TABLE 1. El Cobre Canyon flora: Composition by stratigraphic level.

was the bed on which we focused most of our collecting activity. The
eight separate USNM collections consist of dark gray siltstones and
sandstones with abundant mica, variably iron-rich, poorly bedded, bearing poorly sorted, often jumbled plant material. Preservation of the plant
material is variable, although frequently relatively good. The plants appear to have been deposited rapidly, suggesting local transport and deposition in active stream channels. One collection (USNM 41875) a
heterolithic bed of thinly bedded finer and coarser siltstones and fine
sandstones, suggesting transition from channel to still-water conditions.
These collections contain a diverse flora typical of a Late Pennsylvanian
wetland. Most are dominated by or rich in Alethopteris zeilleri with
significant amounts of Macroneuropteris scheuchzeri, Pecopteris
(Pecopteris unita and Pecopteris spp.), Sphenophyllum (S. oblongifolium,
S. verticillatum, and S. angustifolium), and Sigillaria brardii, including
its cones and foliage. With the exception of a single, questionable conifer
cone scale, this flora appears to be drawn from a wet substrate environment probably growing under a relatively seasonally wet, perhaps humid-to-subhumid climate regime.
The final, and stratigraphically highest (youngest), collecting horizon is designated “Uranium Mine.” The matrix of all four Uranium
Mine collecting sites consists of micaceous coarse siltstone and fine
sandstone with considerable iron staining. The plant fossils vary from
jumbled in the sediment to flat lying, and appear to have been transported locally and probably deposited rapidly from flood and during
post-flood slack water conditions, much like the other deposits of siltstone and fine sandstone described above. The assemblage includes large
axes as well as finer plant material. There is no segregation of plant taxa
within the assemblage. Most noteworthy about the composition of these
assemblages is the mixture of the tree fern foliage Danaeites and plants
more typical of seasonally moisture limited conditions, perhaps
subhumid-to-semiarid conditions: Walchia pinniformis, Taeniopteris sp.,
and Odontopteris cf. lingulata. More generally “wet” environment plants
are rare (Alethopteris zeilleri and Macroneuropteris scheuchzeri, calamite remains, and sphenophylls).
DISCUSSION
The flora of the El Cobre Canyon Formation is heterogeneous
among the 21 collecting localities from five distinct horizons, but ap-

pears to be drawn largely from a common regional species pool, allowing
for the vagaries of sampling and small specimen numbers. It consists
mainly of plants typical of wet substrates, characteristic of Pennsylvanian wetland vegetation from coal basins of central and eastern North
American through central Europe. Only at the youngest horizon are
plants typical of drier conditions a conspicuous element of the flora.
The floral composition, particularly the combined presence of
Alethopteris zeilleri, Sphenophyllum verticillatum, Sphenophyllum
angustifolium, Annularia carinata, Pseudomariopteris cordato-ovata,
Oligocarpia gutberi/leptophylla, and Sphenopteris biturica strongly suggests a later Late Pennsylvanian age, Virgilian in regional terminology,
Stephanian C in global terrestrial terminology. Sigillaria brardii, Danaeites
emersonii, Nemejcopteris feminaeformis, Odontopteris cf. brardii and
Sphenophyllum oblongifolium are all consistent with a Late Pennsylvanian (Stephanian) age.
The occurrence of small numbers of conifers (Walchia) and
Taeniopteris is consistent with landscape heterogeneity created by climatic seasonality, and with the sedimentary style. The presence of these
plants requires a somewhat more extended discussion.
It is clear that floras dominated by xeromorphic plants are
stratigraphically intercalated throughout the Late Pennsylvanian with
typically wetland floras throughout the Euramerican equatorial region
(Broutin et al., 1990; DiMichele and Aronson, 1992; Kerp, 1996, 2000;
DiMichele et al., 2008). Such stratigraphic, bed- or formational-scale
intercalation likely reflects climate oscillation between seasonally dry,
semi-arid to subhumid climate regimes and humid climates on time scales
of tens of thousands of years. The combination of apparently
parautochthonous, environmentally contrasting mixed floras at some of
the Cañon del Cobre collecting sites requires the existence of a mixture of
physical conditions on the landscape from which the flora was drawn.
In the case of the El Cobre Canyon Formation, there is strong
evidence that most of the plant remains typical of wetter substrates
represent mainly plants growing within and along channels or on the
margins of lakes. For example, there are numerous examples of in situ
calamite stems buried upright, in place. And, in several collections,
Sphenophyllum specimens formed masses, as if buried in place or transported only short distances from stream banks or exposed intra-channel
bars. These deposits also typically have abundant preserved organic
matter and plant remains that cross bedding surfaces, indicating that such
organic material was likely carried in bed load, with periodic, rapid deposition. In the few instances of lake-like deposits, the floras were of
monotonously low diversity, and appeared to consist of elements floated
from the margin of the water body into a quiet depositional setting,
largely the seed ferns Alethopteris zeilleri and Macroneuropteris
scheuchzeri.
Evidence of plants growing within the stream channel itself, of
flashy discharge, and rapid burial of upright plants, all suggest seasonally
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dry conditions (Fielding et al., 2009). Under such conditions, the landscape around the channel systems would be expected to be far more
heterogeneous than under more uniformly wet climatic conditions. In
such conditions, it would be possible to have typically “wetland” plants
growing in close proximity to xeromorphic species typical of seasonallydry landscapes. Prolonged drought increases the microhabitat heterogeneity of a landscape and encourages local variability, resulting in strong
ecological contrasts between wetter stream corridors and drier interfluves.
The paleobotanical patterns at Cañon del Cobre suggest an increase in seasonal moisture limitation in the youngest deposits. This is
consistent with patterns identified in other Late Pennsylvanian deposits
from western America (e.g., Mapes and Gastaldo, 1987; Rothwell and
Mapes, 1988; Mamay and Mapes, 1992; DiMichele et al., 2005). Cañon
del Cobre floras are significantly different from younger deposits to the
south in New Mexico. Those from Carrizo Arroyo, which span the
Pennsylvanian-Permian boundary (Lucas and Zeigler, 2004), and thus
are likely slightly younger than El Cobre, are dominated by plants more
typical of seasonally dry settings (Tidwell et al., 1999), including conifers, callipterids and the probable seed fern Sphenopteridium
manzanitanum (DiMichele et al., 2004). Floras from the Bursum Formation have been identified still further to the south, in Socorro County, at
the Pennsylvanian-Permian boundary (DiMichele et al., unpublished),
dominated by a seasonally dry flora of callipterids, conifers and
cordaitaleans. This pattern of the progressive appearance of ever drier
floras is one generally identified for the transition between the Pennsylvanian and Permian, though it is not certain that it occurs in a time
equivalent manner across the Euramerican portion of Pangaea. What is
certain is that at least two, if not more, distinct biomes, characterized by
different dominant taxa, coexisted in tropical and paratropical latitudes
during the late Paleozoic. The origin and dynamics of the distinct biomes
that developed across the Carboniferous-Permian boundary has been
difficult to interpret for many years. However, information is slowly
emerging that sheds light on this enigmatic period. We have every reason
to believe that further field studies (e.g. Looy, 2007) will continue to
reveal the details of the links between the ecological processes and evolutionary origins of the assemblages and their constituent lineages.
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