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Abstract—Late Middle through Late Pennsylvanian fossil plant assemblages, and the strata from which they were 
collected, are described from Socorro County, New Mexico, U.S.A. The flora is diverse and consists of a mixture of 
taxa generally considered typical of both wetland and seasonally dry habitats. The overall climate likely varied in 
synchrony with glacial-interglacial cycles, the effects of which were felt across the tropics. However, in the absence of 
coals and other such indicators of humid climates, it is likely that the climate norms fell between subhumid and arid 
in this part of the western Pangean continent, which was at the time nearly equatorial. The flora includes the following 
major taxa: Arborescent lycopsids, Sigillaria, Bergeria, and Asolanus; Calamitalean axes and foliage attributable to 
Annularia and Asterophyllites; Sphenophyllalean sphenopsids; Marattialean fern foliage mostly unidentifiable but 
some attributable to either Polymorphopteris or Lobatopteris; a variety of small ferns; medullosan pteridosperms 
of the genera Alethopteris, Barthelopteris, cf. Callipteridium, cf. Laveinopteris, Macroneuropteris, Neuropteris, 
Neurocallipteris, Odontopteris, and Reticulopteris; Callipterid Lodevia; Dicranophylls, Dicranophyllum; Conifers 
Ernestiodendron, and Walchia; Cordaitaleans; Neoggerathialean Charliea; and forms of uncertain affinity, 
Taeniopteris and Sphenopteris germanica. The flora also contains a variety of reproductive organs, including many 
types of seeds. Most of the floral elements can be found across tropical Pangea from present-day western North 
America into the central regions of the supercontinent in present-day Europe.  Nearly all of the assemblages are 
of allochthonous origin, with some rare and notable exceptions, and were deposited in coastal plain to nearshore 
environments.  Thus, most of the plant remains are fragmentary, and many identifications are tentative. Total 
biodiversity is difficult to estimate due to the vagaries of preservation and disarticulation of the plants, but a rough 
approximation is somewhere between 50 and 60 species, depending on how determinations are made and on the 
number of unique but fragmentary specimens that could not be identified with confidence.

INTRODUCTION
The area east-northeast of Socorro, New Mexico, USA, in Socorro 

County, largely between the Cerros de Amado and the Joyita Hills, but 
also in Abo Pass, preserves an extensive section of upper Paleozoic 
strata that contains terrestrial plant and animal body and trace fossils. In 
this report, we document the composition and stratigraphic distribution 
of land plants from the Atrasado Formation, of Middle and Late 
Pennsylvanian age in Socorro County. The upper part of the Gray Mesa 
Formation, which lies immediately below and in disconformable contact 
with the Atrasado Formation, also receives brief consideration. Most of 
the collections are of allochthonous origin, preserved in environments 
varying from active floodplain channels and splays, to lakes, lagoons, 
nearshore brackish-to-marine settings (e.g., Lerner et al., 2009), and 
even hypersaline sabkhas (Falcon-Lang et al., 2011).  Consequently, 
they sample relatively large swaths of the landscape surrounding the 
site of deposition and are mostly of a “mixed” character, including 
wetland and dryland elements.  A few collections appear to represent 
parautochthonous to autochthonous deposits, some of which have 
already been reported in the literature (Falcon-Lang et al., 2011, 2016; 
Lucas et al., 2013a, b).

It is our objective here to document these floras compositionally, 
to illustrate them, and to show the stratigraphic ranges of taxa identified 
in the study area.  The floras represent more than 15 years of collecting, 
carried out concurrently with studies of physical stratigraphy, 
biostratigraphy, structural geology, and ichnology.  Consequently, they 
represent one of the best-referenced assemblages of Pennsylvanian 
plant fossils in the USA.  The scrappy nature of many of the plants 
presents challenges to their identification, and leaves many of the 
taxonomic determinations in question.  However, the mixed wetland-
dryland floristic composition of the floras and the long stratigraphic 
interval through which they occur, makes this collection an important 
baseline for the composition of western Pangean vegetation during the 
late Paleozoic.
GEOLOGICAL SETTING OF FOSSIL-PLANT COLLECTIONS

East-northeast of Socorro, in the Cerros de Amado/Mesa del Yeso 

area, upper Paleozoic strata crop out on multiple fault blocks along the 
eastern side of the north-south-trending Rio Grande rift (Fig. 1).  On 
these fault blocks, an 805-m-thick Pennsylvanian section is exposed 
(Lucas et al., 2009a-c; Krainer and Lucas, 2013a; Nelson et al., 2013a, 
b) (Fig. 2). The fossil plants reported herein come primarily from this 
area in Socorro County, which lies to the east of US Interstate Highway 
25 and the Rio Grande, in a large tract of land under the jurisdiction of 
the U.S. Bureau of Land Management (Fig. 3). Collections also were 
made from the northeastern part of Socorro County, in the Abo Pass 
area (Figs. 1, 4), which includes portions of the stratigraphic intervals 
where fossil plants were not found in the main study area.  

At the base of the Pennsylvanian section, the Sandia Formation 
unconformably overlies Precambrian basement and is a 162-m-thick 
succession of siliciclastics (notably quartzose sandstone and 
conglomerate, and shale) and limestones (mostly coarse-grained 
bioclastic wackestone/packstone). The overlying Gray Mesa Formation 
is 233 m thick and can be divided into three members: Elephant 
Butte Member (oldest; 95 m of limestone and shale with a prominent 
10-m-thick sandstone bed near the base), Whiskey Canyon Member 
(35 m of mostly very cherty limestone), and Garcia Member (103 m of 
diverse limestone, conglomerate, sandstone and shale). The overlying 
Atrasado Formation is 290 m of interbedded silicilclastics (mostly shale 
and arkosic sandstone) and varied limestones. The Atrasado Formation 
is divided into eight members that are either dominantly carbonate or 
mixed siliciclastic-carbonate (ascending order): Bartolo (mixed), Amado 
(carbonate), Tinajas (mixed), Council Spring (carbonate), Burrego 
(mixed), Story (carbonate), Del Cuerto (mixed) and Moya (carbonate). 
A return to more terrestrial strata is represented by the Carboniferous-
Permian boundary beds of the Bursum Formation (Krainer and 
Lucas, 2009, 2013b), a unit consisting of marine limestones and red-
bed siliciclastics, many of which are terrestrial deposits, including 
paleosols, and with newly discovered limnic or lagoonal deposits that 
contain plants. The conodont-defined base of the Permian lies within 
the Bursum Formation, although an argument can be made to place it at 
the Bursum base, the traditional boundary based on fusulinids (Lucas, 
2013; Lucas et al., 2013d). The Bursum Formation in the Cerros de 
Amado area is as much as 120 m thick. It is succeeded, unconformably, 
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by the Abo Formation, a sequence of early Permian red beds consisting 
of floodplain deposits, including channels and paleosols (Lucas et al., 
2013b), with abundant plant fossils and animal trace fossils (Voigt et 
al., 2013), and occasional vertebrate skeletal remains (Berman, 1993; 
Berman et al., 2015).  The Abo Formation is overlain conformably by 
the Yeso Group, deposits of an arid coastal plain (Lucas et al., 2013c) 
that mostly lack plant fossils but have a record of animal trace fossils.

The age of the Pennsylvanian section that lies east-northeast 
of Socorro is provided by fusulinid and conodont biostratigraphy 
(Lucas et al., 2009a; Barrick et al., 2013). In the Atrasado Formation 
interval, most of the age data comes from conodonts extracted from 
marine limestones that are in the same stratigraphic sections and on 
the same fault blocks as many of the plant fossil localities. This is 
important because it provides a level of biostratigraphic control of 
the Atrasado Formation plant localities (Appendix 1) rarely seen in 
the paleobotanical literature. Indeed, viewed globally, the Atrasado 
Formation plant-fossil localities discussed here are one of the few plant 
records for this time period that is precisely linked to the Pennsylvanian 
marine biostratigraphic record. Recently, Opluštil et al. (2016) have 
tied fossil plant stratigraphic distribution patterns in Europe, including 
the time period considered in this paper, to a geologic time scale based 
on radiometric dates. 

In the description that follows, we provide basic details of 
each of the major formational units in Socorro County from which 
Pennsylvanian plant fossils have been recovered.  Within that context, 
some details are provided about the collecting sites, their relative 
stratigraphic position, and lithological characteristics.  The areas in 
which collections were made and many specific collecting sites are 
illustrated for the purposes of documenting the characteristics of the 
landscape at this time and to provide a permanent record of the details 
of particular excavations.

Sandia Formation
The Sandia Formation is at the base of the Pennsylvanian section in 

the area east-northeast of Socorro (Fig. 2), where it rests unconformably 
on granitic rocks.  It contains a wetland flora much like that found in 
similar-aged strata throughout Euramerica. Collections were made at 
the long-abandoned clay pits where Herrick (1904) described a “coal 

FIGURE 1. Regional map showing location of study areas east-
northeast of Socorro and in Cañada de Montosa.

FIGURE 2. Stratigraphic units described in this paper.
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FIGURE 3. Geologic map of main study area, east-northeast of Socorro, NM. The main formations and members mentioned in the text are shown.  
Individual collecting localities cannot be shown due to the scale of the map projection. The road that bisects the study area is the Quebradas 
Backcountry Byway.
forest flora” and at several nearby sites. Elements of this flora have 
been described (Lucas et al., 2009b), principally the lycopsids.  Our 
collections have not been studied in detail, but will be described 
elsewhere as part of a more comprehensive analysis of the paleobotany 
of the Sandia Formation. The Sandia Formation across the state of New 
Mexico contains coal beds, some of which were mined commercially 
in the past. The presence of coal beds and the associated flora, typical 
of mid-Pennsylvanian wetlands, points to a climate that was wetter than 
that later in the Pennsylvanian. Opportunities for discovering additional 
Sandia floras in central Socorro County are poor because the formation 
crops out in such a small area, and shale exposures are few.  We will not 
discuss details of the Sandia Formation or its flora further in this report.

Gray Mesa Formation
The Desmoinesian rocks of the Gray Mesa Formation are largely 

of marine origin and contain evidence of eustatic allocyclic overprinting 
(Elrick and Scott, 2010; Nelson et al., 2013a), with occasional exposure 
surfaces and siliciclastic interbeds, the latter containing rare, scrappy 
plant remains.  The Gray Mesa Formation (Fig. 3) consists primarily 
of marine limestone, much of which is cherty and with shale interbeds 
ranging from a few centimeters to several meters thick. It is divided 
into three members, the Elephant Butte, Whiskey Canyon, and Garcia, 

in ascending order. Scrappy, allochthonous fossil plant remains were 
identified in shales of the Whiskey Canyon (U.S. National Museum 
locality [USNM] 43571) and Garcia (USNM 43480) members.  The 
Garcia Member fossils were collected at the base of a small, limestone-
filled channel (Fig. 5.1). Those from the Whiskey Canyon Member (Fig. 
5.2) were collected from a shale bed within a series of thin limestone 
beds (Fig. 5.3). Further to the south, in Sierra County, silicified wood, 
identifiable only as the general coniferopsid Dadoxylon, was collected 
from the Garcia Member of the Gray Mesa Formation.  The wood was 
found at the base of a paleochannel in gypsiferous mudstone.  The exact 
age of this wood is uncertain, between latest Desmoinesian and early 
Missourian.

Atrasado Formation
Plant fossils appear in large numbers and in relatively good 

preservation in the Atrasado Formation of late Desmoinesian through 
Virgilian (Kasimovian through Gzhelian) age (determined by conodont 
correlation – see Lucas et al., 2009a; Barrick et al., 2013). The Atrasado 
Formation is divided into a series of members, discussed individually 
below.  The Desmoinesian-Missourian boundary, which is the 
boundary between the Middle and Upper Pennsylvanian, occurs within 
the Amado Limestone (Lucas et al., 2009a; Barrick et al., 2013). The 



28

FIGURE 4. Detailed geological section in Cañada de Montosa in northeastern Socorro County. Position of plant collections is noted by USNM 
locality numbers.
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Missourian-Virgilian boundary lies within the upper part of the Tinajas 
Member according to Barrick et al. (2013), and the Kasimovian-
Gzhelian boundary thus is near the base of the overlying Council Spring 
Limestone Member, the lowermost of a series of limestone-shale units 
that encompass the upper part of the Atrasado Formation; these include 
the Council Spring, Burrego, Story, Del Cuerto, and Moya members.  

The great majority of the Atrasado Formation paleofloras 
documented here appear to be allochthonous, given their depositional 
settings and the nature of the plant preservation.  Several are 
parautochthonous, and two or three (depending on how beds 
are correlated between outcrop exposures) are almost certainly 
autochthonous. Floras are rare and scrappy in the lower part of the 
Atrasado Formation, in the lower Bartolo Member.  They are more 
abundant in the uppermost Desmoinesian part of the Bartolo Member 
and Missourian Tinajas Member. They become infrequent again in 
the Virgilian, where they tend to be present in isolated siliciclastic 
beds between aerially widespread marine limestones (Barrick et al., 
2013; Lucas et al., 2013a). These Middle and Upper Pennsylvanian 
floras, from western Pangea, include an abundance of taxa typical of 
environments with seasonal precipitation, in great contrast to the better 
known, contemporaneous floras from the coal fields of central Pangea, 
presently the eastern and Midwestern US, and Europe.

Bartolo Member, Atrasado Formation
The Bartolo Member is the lowest lithostratigraphic unit of the 

Atrasado Formation (Fig. 2). It lies in sharp contact with the top of 
the Gray Mesa Formation (Garcia Member) and is overlain by the 
Amado Limestone (Fig. 6.1). Fossil plants were collected from the 
Bartolo Member at 26 separate excavations at nine stratigraphic levels 
described below. The different levels can be recognized across the study 
area based on their stratigraphic position relative to laterally persistent 
limestones, sandstones, or other markers, permitting them to be assigned 
informal stratigraphic designations (Appendix 1). Most of the flora is 
allochthonous and appears to have been deposited in coastal, nearshore, 
estuarine, or lagoonal settings, based on the presence of brackish 
marine invertebrate remains. A notable exception is represented by one 
or more beds (correlations are uncertain due to spatial separation and 
partial cover of the intervening areas) that contain autochthonous plant 

accumulations, dominated by the remains of medullosan (Neuropteris) 
pteridosperms. 

The lower two-thirds of the Bartolo Member in the main study 
area east of Socorro consist of several thick successions of coarsening 
upward, gray shale separated by beds of calcareous sandstone and 
congolmerate or sandy siliceous limestone. These may represent 
shifting lobes of a delta, deposited over a relatively short period of time. 
Bartolo shale 1

The lowermost plant-bearing shale bed in the Bartolo Formation 
(Bartolo shale 1) is capped by pale orange-weathering calcareous 
sandstone to congolmerate, which is cross-bedded, feldspathic and 
contains highly fragmented remains of marine invertebrates (Fig. 
6.2, 6.3).  This sandstone grades upward into marine limestone with 
shale partings. Fossil plants are differentially concentrated in the lower 
part of the Bartolo shale 1 horizon, and are rare to absent from most 
of the bed. Plants are especially abundant in shallow channel fills. 
Skeletonized brackish-to-marine macroinvertebrate fossils (Fig. 6.4, 
6.5) are intimately associated with the plant debris throughout this 
unit and also were concentrated in the beds with more abundant plant 
remains. Collections made from Bartolo shale 1 include USNM 43482, 
and 43525 in the lower half of the bed, and, 43479, 43527, and 43593 in 
the upper half.  In Cañada de Montosa, near Abo Pass, in northeastern 
Socorro County (USNM 44050), the basal Bartolo is a fluvial-deltaic 
sandstone (Figs. 4, 6.6) that bears the remains of large plant axes, likely 
flattened tree trunks.
Bartolo shale 2

Bartolo shale 2 is separated from shale 1 by an interval of mixed 
carbonate and siliciclastic beds (Fig. 7.1). These consist at the base of 
the conglomeratic sandstone mentioned above, which is 2 m or less 
in thickness and grades upward into a 3-m thick sequence of micritic 
limestone/mudstone with chert bands and then to a cherty, skeletal 
marine limestone in which bits of vertebrate bone and shark teeth 
are present.  The plant-bearing horizon is a greenish gray siltstone, 
generally with poor fissility and uniform grain size. Plant remains 
are sparsely distributed throughout; rare beds of concentrated plant 
material were found, but were rare and thus difficult to locate and trace 

FIGURE 5. Gray Mesa Formation outcrops. 1. Garcia Member. Fossil plant collection site (black arrow, USNM 43480) is in a shale parting below 
the base of, and scoured into by, a small channel filled by limestone beds. Angularity of the channel-filling beds can be seen next to the figure (D. 
Chaney). 2. Whiskey Canyon Member. Horizontally disposed limestone beds have been disrupted by faulting. 3. Whiskey Canyon Member. Fossil 
plants were collected from a shale bed (double-headed black arrow, USNM 43571) within the stack of thin limestone beds.
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laterally.  All plant remains are allochthonous and consist of small 
fragments. Macroinvertebrate shells were intermixed with the plants, 
mainly bivalves, and a nautiloid also was found, indicating proximity 
to normal marine conditions. Shale 2 is capped by another thick bed 
of conglomeratic sandstone that grades into a cherty marine limestone 
(Fig. 7.2, 7.3) The following collections were made from shale 2: 
USNM 43480, 43526, 43542, 43894, and 43895.
Sandstone above Bartolo shale 2

A small number of plant fossils were found at one locality in the 

sandstone above Bartolo shale 2 or in float likely derived from that 
sandstone.  The sandstone has flaggy bedding and is differentially 
cemented at the collecting site (Fig. 7.4; USNM 43601). The plant 
specimens are attributed to Cordaites and Sigillaria. The Sigillaria 
specimen is noteworthy, in particular, because arborescent lycopsid 
remains are uncommon in both the Bartolo and Tinajas collections.  
Bartolo shale 3

Bartolo shale 3 is gray and silty.  Coarse-grained marine limestone 
beds are present below and above (Fig. 7.3, arrows; Fig. 7.5), both in 

FIGURE 6. Bartolo Member, Atrasado Formation, lowermost beds. 1. Entire section of the Bartolo Member in area immediately east-northeast
of Socorro. Black arrow on right marks contact with the underlying Gray Mesa Formation. Black arrow at skyline, on left, marks the Amado 
Member, immediately overlying the Bartolo Member. For scale, a person can be seen in the streambank to the left of the lower arrow. 2. Bartolo  
shale 1 (lowermost shale bed). Contact with Gray Mesa Formation in stream at base of bank. Top of shale bed (at white arrows) marked by orange  
weathering, calcareous conglomerate; note float blocks at top of slope, most prominent on left side of image. USNM locality 43525. 3. Lowermost  
Bartolo shale showing contact with overlying calcareous sandstone and conglomerate beds. USNM locality 43593. 4. Pelecypod from lowermost  
Bartolo shale. USNM locality 43525. 5. Snails from lowermost Bartolo shale. USNM locality 43525. 6. Sandstone bed at base of Bartolo Member,  
northeastern Socorro County, USNM locality 44050 (J. Nelson, S. Lucas, S. Elrick).
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FIGURE 7. Bartolo Member, Atrasado Formation. GM – Gray Mesa Formation. B1 – Lowermost Bartolo shale. B2 – 2nd Bartolo shale. B3 – 3rd 
Bartolo shale. 1. Lower portion of Bartolo showing shales 1 and 2, each capped by a resistant, calcareous sandstone (white arrows).  Additional 
shale-sandstone couplets can be seen above B2. 2. 2nd Bartolo shale capped by calcareous sandstone. USNM locality 43526. 3. 2nd and 3rd Bartolo 
shales, each capped by calcareous sandstone or siliceous limestone bed (white arrows). USNM locality 43542 (Shale B2). 4. Sandstone above 2nd 
Bartolo shale. USNM locality 43601 (S. Elrick). 5. 3rd Bartolo shale. Float blocks of siliceous limestone derived from immediately above. USNM 
locality 43676 (D. Chaney).
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sharp contact with the shale.  The shale contains comminuted plant 
debris and occasional, mostly fragmentary, larger plant remains; one 
relatively large cordaitalean leaf was found at USNM locality NM2012-
02 (Fig. 8.3). The shale also contains the remains of brackish to marine 
invertebrates, including linguloid brachiopods and bivalves. Collections 
were made at two places in shale 3: USNM 43676 and 44069.
Bartolo shale 4

No plant fossils were found in Bartolo shale 4. It contains 
Dunbarella, suggesting brackish salinity, similar to the other shales in 
the Bartolo Member.
Bartolo shale 5

In the 5th Bartolo shale, plant fossils are found in a gray to brown 
siltstone (Fig. 8.1-8.2). Pectinacean bivales, indicative of brackish to 
marine salinities, also are present. At its base, the siltstone is in sharp 
contact with a marine limestone bed; this limestone separates the 4th 
and 5th shales (Fig. 8.2, arrow); a calamitalean stem was found in the 
matrix of the limestone bed.  At the top of the shale is another marine 
limestone (Fig. 8.1, arrow).  Two collections were made from Bartolo 
shale 5: USNM 42143 and 44048.
Bartolo autochthonous Neuropteris beds

The most distinctive bed in the Bartolo is in the upper part of 
the formation (Fig. 9.1, 9.2, 9.3).  Here, a siltstone bed, or possibly 
several closely spaced beds, enclose an autochthonous accumulation 
of Neuropteris foliage and axes. Exposures of this deposit were found 
at three widely spaced locations (shown in Fig. 9.2, 9.3 and 9.4), 
separated by as much as 2.5 km.  At all locations, the succession of 
beds is approximately the same (illustrated by the excavation shown in 
Fig. 9.4), even though thicknesses may vary.  The entire plant-bearing 
unit is 1-2 m thick.  It rests on a gray, clayey siltstone that is blocky and 
contains fine carbonized roots; this appears to be a paleosol. Above the 
rooted zone is an organic-rich siltstone with abundant plant remains, 
particularly foliage.  This bed grades upward into a gray siltstone filled 

with prostrate axes of various sizes, without preferred orientation (Fig. 
9.5, 9.6), in which Neuropteris laminate foliage, thin rooted layers, and 
occasional remains of other plants also are present.  The axes are up 
to 10 cm in width and 125 cm in fragmentary length and most likely 
were the stems and rachises of the plants that bore the Neuropteris 
laminate foliage.  Upright axes were not found. Prostrate stems and 
foliar remains did not cross bedding planes, which, in combination 
with the lack of preferred orientation, suggests that they were entombed 
gradually where they fell, and probably under quiet water conditions.  

We interpret these beds as siliciclastic-swamp deposits fringing the 
coastline.  The paleosol below the deposit is similar to the seat earth of 
a coal bed.  The lower parts of the plant-bearing deposit likely represent 
a stagnant swamp setting with relatively low rates of siliciclastic influx.  
Later, the rate of sediment accumulation increased, entombing whole 
plants, which were of the thin-stemmed, flexuose medullosan habit 
described by Wnuk and Pfefferkorn (1984) and illustrated in growth 
position by Falcon-Lang (2009). Occasional rooted zones, covered by 
thicker beds filled with axes and laminate foliage, suggest pulses of 
flooding after which the swamp vegetation reestablished.  At all sites 
the plant bed is capped by siltstone with comminuted plant debris, 
grading into sandstone—a coarsening upward sequence.
Uppermost Bartolo deposits

The two stratigraphically highest collections in the Bartolo 
Formation come from a 3-m-thick sequence of interbedded siltstone, 
sandstone, claystone and a thin limestone immediately below the 
Amado Limestone (Fig. 10.1, 10.2). The lower collection (Fig. 10.1-
10.3) is from a silty sandstone about 18 cm thick, just below a 50-cm-
thick, planar-bedded sandstone (Fig. 10.4).  Plant material from this bed, 
at USNM localities 42140 and 43567, is mostly comminuted debris.  
The upper plant-bearing bed, USNM 43568 (Fig. 10.1, 10.2), is a silty 
limestone, 30 cm thick, organic-rich at its base, resting on a bioturbated 
siltstone. Immediately above the plant bed is a silty, non-fossiliferous 
claystone.  The base of the Amado Limestone is approximately 50 cm 
above the upper plant bed.

FIGURE 8. Bartolo Member, Atrasado Formation. 1. 5th Bartolo shale bed. Shale is sandwiched between marine limestones; at base of photograph 
(covered) and at top (arrow). Jacob’s Staff = 5 ft. USNM locality 44048 (J. Nelson). 2. Base of 5th Bartolo shale. Arrow marks the upper surface of 
a marine limestone immediately below plant-bearing shale. USNM locality 42143. 3. 3rd Bartolo shale. Cordaitalean leaf (not collected). USNM 
Field locality NM2012-02.



33

FIGURE 9. Bartolo Member, Atrasado Formation. A – Amado Limestone at skyline. 1. General view of section. Bracket (at arrow) delimits the 
upper part of the Bartolo in which the uppermost plant beds are located. 2. Main excavation site (arrow) exposing autochthonous Neuropteris beds. 
USNM localities 42139, 42141. 3. Secondary site of Neuropteris beds. USNM locality 43598. 4. Third site of Neuropteris beds. Note organic-rich 
layer at base of excavation. USNM locality 42144. 5. Pteridosperm axes exposed in excavation. Scale slightly >10 cm in circle. USNM locality 
42141. 6. Pteridosperm stems exposed in excavation. USNM locality 42141.
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FIGURE 10. Uppermost Bartolo Member. A – Amado Limestone. 1. Two uppermost Bartolo collections. One from shale below a sandstone bed 
(lower arrow). USNM locality 43567. The other from a silty limestone bed (upper arrow). USNM locality 43568. 2. Closeup of USNM 43567 
(lower arrow) and 43568 (upper arrow). Interval of interbedded siliciclastics and limestones below Amado Limestone. (J. Nelson). 3. Excavation 
USNM 42140, at same stratigraphic level as USNM 43567, which is out of photograph to the left. 4. Closeup of USNM 42140, immediately below 
sandstone bed. Note: For orientation, the same juniper tree can be seen in the center of 10.1 and middle right of 10.3; also in 9.2.
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Amado Member
The Amado Member is a widely persistent, ledge-forming unit of 

fossiliferous marine limestone with shale interbeds, averaging 15 m 
thick. No fossil plants were found in this unit.  Analyses of conodonts 
(Barrick et al., 2013) indicate that the unit is primarily of Missourian 
age, although in one place, conodonts of late Desmoinesian age were 
found near the base.

Tinajas Member, Atrasado Formation
The Tinajas Member of the Atrasado Formation is separated from 

the Bartolo Member by the limestone-dominated Amado Member. 
The Tinajas Member is overlain conformably by the Council Spring 
Limestone (Figs. 2, 11).  The Tinajas Member is of Late Pennsylvanian 
age, primarily Missourian (Barrick et al., 2013), and consists of 
interlayered beds of siliciclastics (shale, sandstone and claystone), 
marine limestone, and minor gypsiferous carbonate.  Gypsum is most 
abundant in the lower half of the member. Lithologies in the lower 
part of the Tinajas Member vary laterally to a considerable extent, 
particularly the siliciclastic and gypsiferous beds, which differ in 
character, thickness and extent.  

More fossil-plant bearing beds are present in the Tinajas Member 
than in any of the other members of the Atrasado Formation. Forty 
excavations were made from 16 fossiliferous horizons.  All but one 
of these are adpression assemblages (adpression = compression 
and impression preservation, sensu Shute and Cleal, 1987) from 
shales and siliciclastic-rich limestones.  One horizon includes in 
situ permineralized fossil tree stumps found in a micritic limestone, 
together with autochthonous prostrate logs at the contact of the micritic 
limestone and an overlying gypsiferous carbonate bed (Falcon-Lang et 
al., 2011, 2016).
Lower Tinajas lithologies

The lowermost fossiliferous unit of the Tinajas Member is an 
organic-rich shale several meters above the top of the Amado Member. 
Collections were made at five separate locations (Fig. 12; USNM 
localities 43469, 43473, 43589, 43590, 43591), and the sequence of 
lithologies was the same at each of these localities.  The fossiliferous 
organic shale is approximately 1.5-2 m thick, consisting of finely 
laminated shale.  This bed rests in sharp contact on a micritic limestone. 
It becomes less friable and more carbonate-rich in the upper several 
centimeters, where it may become a finely bedded, platy limestone 
with scrappy plant fossils (Fig. 13). This then is overlain by a gypsum-
rich carbonate, 10 cm-1 m in thickness, interbedded with thin layers of 
micritic carbonate (which also may contain plant scraps), which is then 
overlain by a micritic carbonate bed approximately 30 cm thick.  The 
upper micrite bed contains roots and the bases of coniferophyte tree 
trunks (described in Falcon-Lang et al., 2011, 2016).  Fossil plants are 
generally rare in the organic-rich shale and appear to be allochthonous.  
The shale also contains conchostracans, ostracods, fish scales, and 
insect wings.  It most likely represents a lacustrine, or possibly lagoonal, 
deposit; no marine or brackish water indicators were found.

As mentioned above, the upper part of the organic-shale bed locally 
is enriched in carbonate, which may crop out as a platy limestone.  
Highly fragmented, allochthonous plant remains were collected from 
this facies at two additional, nearby excavations, USNM localites 

43544 (Fig. 13.1) and 43470 (Fig. 13.2) made at a single site. 
USNM locality 43477, based on its position relative to the Amado 

Member, is at approximately the same stratigraphic level as the lower 
organic shale in the Tinajas Member.  However, at the site (Fig. 14.1), 
which is 2 km to the west-northwest of the outcrop area of the organic 
shale, there is no evidence of organic shale or gypsiferous layers.  The 
plant-bearing bed is a siltstone, 4.5 m in thickness, clay-rich in the 
upper and lower thirds, with sparse, fragmentary, allochthonous plant 
remains concentrated in the middle.  Marine limestones bracket the 
plant beds at this locality (Fig. 14.2).  The plant-bearing shales also 
contain high-spired gastropods, spirobids/microconchids on the plant 
remains, and small bivalves.  We interpret this as a nearshore, probably 
brackish marine-embayment deposit.
Tinajas gypsum-carbonate bed

A gypsiferous carbonate bed is present in the lower part of the 
Tinajas Member (Fig. 15.1), approximately 14 m above its contact with 
the underlying Amado Member (Falcon-Lang et al., 2011).  This bed 
crops out in at least three areas separated by ~ 4 km, one to the north and 
two to the south of the BLM Quebradas Backcountry Byway road; these 
areas are likely preserved remnants of a more widespread deposit.  The 
geological sections in the northern and southern areas are identical, as 
is the stratigraphic position of the beds in the overall Tinajas succession 
(Fig. 16).  The carbonate-gypsum bed is 1-2 m thick, although this 
varies considerably due to weathering, recrystallization and, perhaps, 
flow in response to tectonism.  It shows undulatory lamination, where 
not recrystallized (Fig. 15.2), consistent with subaqueously deposited 
wind-blown clastics and possible eolian dunes (Elrick et al., this 
volume). Examination of disaggregated sediment under the microscope 
indicates that the deposit is composed mainly of carbonate, with an 
abundant admixture of gypsum. Embedded within the carbonate-
gypsum bed are upright tree trunks preserved as silicified petrifactions 
(Fig. 15.3). The carbonate-gypsum bed rests on a limestone sequence, 
which is typically less than a meter thick, containing marine invertebrate 
fossils in its lower part, and becoming micritic in the upper decimenter.  
Above the micritic layer is a porous, vuggy carbonate (tufa) of irregular 
thickness (Fig. 15.4).  The micritic part of the limestone contains large 
fossil roots associated with in situ tree trunks that are present just above 
(Fig. 15.5). The tufa layer is thickest surrounding the bases of trees that 
extend down to the micritic limestone bed (Fig. 15.6). We interpreted 
this deposit as sediment accumulation in a sabkha-like environment 
(Falcon-Lang et al., 2011). 

The fossil trees preserved in the carbonate-gypsum bed, and 
embedded in the tufa and limestone below were identified as belonging 
to two coniferopsid genera, Macdonaldodendron and Giblingodendron 
(Falcon-Lang et al., 2016). These taxa also have been identified in 
lower Permian strata from southern New Mexico (Falcon-Lang et al., 
2014). The size range of the tree stumps is considerable, as large as 
1 meter in diameter (Fig. 17.1), depending on where the shoot-root 
transition is placed, with most being in the range of 20-40 cm (Fig. 
17.2), some smaller. Prostrate logs, which were all found at the micrite-
tufa level, are generally broken up and difficult to measure accurately.  
Those few that did appear mostly intact are in the same diameter range 
as the most common stumps, 20-40 cm, although specimens up to 80 
cm also were found. At one location, USNM 43543, 45 stumps were 

FIGURE 11. Tinajas Member, Atrasado Formation showing contacts with other members, below and above. B – Bartolo Member, A – Amado 
Member, T – Tinajas Member, C – Council Spring Member.  Arrows mark contacts between the members. Person for scale in oval.
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FIGURE 12. Tinajas Member, Atrasado Formation. Lowest organic-rich shale, below thick, primary gypsum bed. O – organic shale. G – Gypsum.
1. Arrow points to organic shale bed with thin gypsum cover. USNM locality 43589. 2. Close up of 12.1 to show thin gypsum (white surface layer).
USNM locality 43589. 3. Thin gypsum above organic shale. USNM locality 43590. 4. Thick gypsum bed above organic shale. USNM locality 
43469 (J. Nelson). 5. Moderately thick gypsum bed above organic shale. USNM locality 43591. 6. Thick gypsum showing irregularity of contact 
with organic shale, likely due to dissolution and remobilization of the gypsum by modern weathering. USNM locality 43473 (D. Chaney).
measured on a gently inclinded dip slope over an area of 1.4-ha, and 
found to be randomly distributed (not in a spatially ordered array or 
clumped).  Two of the more closely placed, in situ stumps are shown 
in Figure 17. 3.  Evidence of lateral branching is rare among the large 
population of prostrate trunks, but where preserved, indicates that 
some trees and branches attained considerable size (Fig. 17.4 shows 
a lateral branch base 15 cm in diameter on a trunk 32 cm in diameter, 
stripped of outermost tissues).  Fossil wood samples collected from this 
sequence of beds bear the following USNM locality numbers: 43466, 
43476, 43468, 43470, 43483, 43490, 43491, 43492, 43543, 43588, 
43589, 43600.  Tidwell et al. (2000) also reported an in situ tree stump, 
surrounded by a ring of tufa, from this level in a micritic layer between 
two beds of marine limestone.  Falcon-Lang et al. (2016) suggested 

that this specimen was most likely a poorly preserved example of 
Macdonaldodendron maximus. 
Tinajas siltstone below black shale

Two closely spaced levels of plant-bearing strata are located 
a short distance above the carbonate-gypsum level (Fig. 18.1). The 
lower level was identified at a single site in Arroyo de los Pinos (Fig. 
18.2).  Plant fossils were found in a 65-cm-thick, coarsening-upward 
siltstone (Fig. 18.3, 18.4) that is gray at the base and increasingly brown 
upward, in which there are several calcareous layers.  Plant remains are 
concentrated in the basal 2 cm, and comminuted plant debris is present 
throughout the unit.  The collections from this plant bed are designated 
USNM 41894 and 41913. Below this bed is approximately 20 cm of 



37

FIGURE 13. Tinajas Member, Atrasado Formation.  Upper beds of organic-rich shale, below gypsum bed.  1. Outcrop in small ravine.  Arrow 
points to fossil-plant-bearing beds of USNM localities 43470 and 43544. 2. Thin-bedded, platy, fossil-plant-bearing limestone. USNM locality 
43470. 

FIGURE 14. Tinajas Member, Atrasado Formation. USNM locality 43477. 1. General view of locality area, a former mineral excavation (at 
arrow).  Note steeply dipping limestone bed to left. 2. Collection site, from shales beneath limestone bed. (N. Jud, D. Chaney)

siltstone, containing root structures in the upper parts together with 
vertic features, suggesting that it is a paleosol.  Below the paleosol is a 
limestone that is heavily brecciated, probably by pedogenesis.  The thin 
interval of strata between this plant-bearing bed and the overlying black 
shale is mostly covered at the site.
Tinajas black shale

We designate the upper level as the “Tinajas black shale,” which 
was collected at numerous sites in the area.  The Tinajas black shale 
bed, 5-7 m thick, is found in the middle of the Tinajas Member and, as 
noted above, is a distinctive marker bed found at all outcrops where this 
interval of the Tinajas Member crops out (Lerner et al., 2009).  However, 
other than the arroyo highwall exposure described in detail by Lerner et 
al. (2009), this shale is only partially exposed at any one site due both to 
its thickness and to its propensity to weather and erode, which results in 
low slopes covered by talus and vegetation.  Consequently, most of our 
study sites are in the cut banks of arroyos (e.g., Fig. 19.1-19.3, 19.5). 
The shale is finely laminated (Fig. 19.6) and friable, and is enriched 
in clay. It contains abundant siderite nodules in a wide range of sizes, 
conspicuous as lags on outcrop, making the bed easily identifiable 
wherever it crops out.  The shale contains a diverse assemblage of 
animal and plant remains (Lerner et al., 2009).  The most common 
animal remains are conchostracans (Martens and Lucas, 2005), but the 
fauna also includes a variety of other invertebrates, including insects.  

The plants are generally small fragments and are allochthonous.  They 
occur throughout the thickness of the shale bed.  This bed was identified 
throughout much of the study area, encompassing >5 ha.  We interpret 
its depositional environment as limnic with minimal bottom disturbance 
by current or waves, perhaps with intermittent marine connection but 
mostly nonmarine, possibly sometimes brackish, salinities.  

The sequence of beds above the Tinajas black shale varies 
across the study area.  At the best exposure in Arroyo de las Pinos 
(Lerner et al., 2009), it is overlain by a thin limestone containing the 
distinctive pectinacean bivalve Dunbarella (indicative of brackish 
water) and above that by limestones with abundant normal marine 
macroinvertebrates. Fossil-plant collections from the Tinajas black 
shale include the following: New Mexico Museum of Natural History 
and Science (NMMNHS) L-4667 and USNM 43597 and 44070 from 
the upper portion of the shale bed; USNM 43478 and 44049 from the 
middle of the bed; and USNM 41895, 42145 and 43474 from the lower 
part of the shale bed.  In addition, at one site, a large, silicified fossil log 
was found on a hillslope (USNM locality 42142; Fig. 19.4) above the 
portion of the black shale exposed at USNM 42145 (Fig. 19.3); due to 
cover on the slope, it was not possible to determine if this log weathered 
out of the Tinajas black shale or from siltstone beds immediately above 
the shale.
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FIGURE 15. Tinajas Member, Atrasado Formation, Carbonate-Gypsum Bed and associated strata. 1. Gypsum-rich carbonate bed. Note heavy 
weathering. A sabkha-like deposit. USNM locality 43466. 2. Detail of gypsum-rich carbonate bed showing lamination brought out by differential 
weathering. USNM locality 43466. 3. Gypsum-rich carbonate bed resting on a tufa layer (T), which forms the upper part of a micritic limestone 
(L). Dark object next to geology hammer is trunk of fossilized tree, embedded in the gypsum, rooted in the micrite. USNM locality 43491. 4. 
Cross-sectional view of limestone (L) and tufa (T) beds below gypsum-rich carbonate. USNM locality 43543. 5. Large, woody, fossilized root in 
micritic limestone below gypsum-rich carbonate. USNM locality 43543. 6. Tree trunk rooted in micritic limestone, surrounded by a ring of vuggy 
tufa. Scale ~ 25 cm. USNM locality 43543.
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1.5 km north of the main black-shale exposure on Arroyo de los Pinos, 
the black shale is overlain by a thick bed of marine limestone that grades 
upward into a sequence of interbedded limestone and shale, with a lens 
of cherty, marine limestone, then into a plant-bearing siltstone, capped 
by the orange-weathering limestone (Fig. 20.1). A flora was collected 
at USNM 43596, from the upper 50 cm of the siltstone immediately 
below the orange-weathering limestone.  That siltstone is 2-m-thick, 
coarsening upward, gray in color and becomes calcareous at the top, 
grading into limestone.  The fossil plants from the excavation are 
allochthonous. Silicified fossil wood fragments in talus also appeared to 
originate from the plant-bearing siltstone. Additional collections from 
this level were made at USNM localities 43668-43670, and 44071. 
The plant-bearing deposit possibly formed in a nearshore, brackish to 
normal marine embayment.  The orange-weathering limestone rests 
immediately above this, and in erosional contact with it. 

The entire sequence described in the paragraph above, between 
the lower limestone and the orange limestone, may be equivalent to a 
thin parting within the orange-weathering limestone that is present at 
localities to the south of Arroyo de los Pinos and that contains plant 
fossils and silicified wood (Fig. 20.2). 
Tinajas olive siltstone

Immediately above the orange-weathering limestone is an olive-
colored siltstone, described below.  At the base of this siltstone an in 
situ fossil tree stump was found near Arroyo de los Pinos (USNM 
43493).  The siltstone surrounding the fossil wood is dark gray, darker 
than the rest of the siltstone bed above it.  The stump and the olive 
siltstone making up the slope above are illustrated in Fig. 20.3.  The 
stump was not identified to a specific taxon.  However, this finding as 
well as the report by Tidwell et al. (2000) indicate that in situ fossil-tree-
stump horizons exist at several levels in the middle part of the Tinajas 
Member.  In addition, the remains of fossil logs were found at other 
horizons (as noted above, USNM 42142), including above the Tinajas 
Member.  For example, loose pieces of fossil wood (Fig. 20.5) were 
found associated with a shale bed within the Council Spring Member 
(Fig. 20.4), which immediately succeeds the Tinajas Member, as well 
as the Burrego Member, which is above the Council Spring. Because 
these silicified logs occur in laminated, fissile shale and siltstone that 
lack any indication of rooting or soil formation, we interpret them as 
driftwood.

Numerous Tinajas Member collections were made from the 
lower portion of the olive-colored siltstone that rests conformably on 
the orange-weathering limestone (USNM localities 41898, 41909-
41911, 41919, 41920, 42096-42099 42112, 42119, 42131-42134, 
43475, 43489). A widespread, and locally thick (> 1 m) sandstone 
bed is present about midway through the olive siltstone sequence, and 
the upper part of the siltstone unit consists of interbedded siltstone 
and laminated micritic limestone, possibly of algal origin. The unit is 
overlain by a marine shale bed followed by the Council Spring Member 
(Fig. 21.1).  Total thickness of the olive siltstone unit varies from 15 
to 30 m (Figs. 21, 22, 23).  In the lower half, exposed along Arroyo de 
los Pinos (Plate 21.2) and small tributaries (Figs. 21.3, 22) thereof, thin 
beds of sandstone and siltstone are interbedded and contain abundant, 
allochthonous plant remains.  Plant remains, mainly axes (stems and 
foliar remains), also were found in the locally prominent, iron-rich 
sandstone bed in the middle of the shale unit (Fig. 21.2, 21.3).

Farther to the southwest of the Arroyo de los Pinos exposures, 
about 0.5 km from Ojo de Amado, the olive siltstone unit crops out 
in a low hillslope (Fig. 23.1).  The thickness here is about 15 m, and 
the character is much the same as at the other collecting sites; overall, 
however, coarser grained beds are less prominent.  Plant fossils were 
found through a wide thickness of the unit, but are concentrated in an 
interval about 20 cm thick; several excavations were made (Fig. 23.2). 
A thin, lenticular sandstone bed is present immediately above the beds 
from which the plant collections were made (Fig. 23.3).  This bed is 
channel-form with an erosional base, and exhibits wave ripples, trough 
cross stratification, and hummocks (Fig. 23.4); it may be a subaqueous 
storm-channel deposit. We interpret the olive siltstone unit to be a 
shallow, nearshore embayment or lagoon that was shallowing upward, 
perhaps under increasingly arid conditions, recorded by the appearance 
of shallow-water, algal micrites interbedded with siltstone.  In the lower 
portions, plant material was carried in from the surrounding landscape 
and deposited in dense accumulations. 

Council Spring Member
The Council Spring Member is a widely continuous unit of 

FIGURE 16. Complete stratigraphic section of the Tinajas Member 
in the area north of the Quebradas Backcountry Byway, Cerrillos del 
Coyote. For lithographic symbols legend, see Figure 4. 
Tinajas orange-weathering limestone

The most distinctive marker bed above the black shale is a 
widespread, orange-weathering, marine limestone (Fig. 20.1).  This 
limestone yielded conodonts of the middle Missourian Idiognathodus 
eudoraensis Zone, which provide a relatively precise age for the 
underlying black shale (Barrick et al., 2013). In the Midcontinent, this 
conodont makes its appearance in the Eudora Shale Member of the 
Stanton cyclothem (Heckel, 2013). The strata between the black shale 
and this orange-weathering limestone bed vary locally.  Approximately 
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FIGURE 17. Tinajas Member, Atrasado Formation. Fossil tree stumps exposed by weathering of gypsum-rich carbonate. 1. The largest tree stump 
observed. NMMNHS specimen P-78828. USNM locality 43600. 2. A tree stump of the size more typically encountered. At approximately the 
same scale as 17.1. USNM locality 43476. (N. Jud). 3. Pair of closely spaced, small tree stumps. USNM locality 43543. 4. Segment of tree trunk 
from a fallen log bearing a lateral-branch base, 15 cm in diameter. USNM specimen 616617. USNM locality 43600.

siliceous, algal marine limestone about 5 to 10 m thick. It forms ledges 
to small cliffs and lacks significant clastic interbeds. Silicified wood 
was observed in float, in areas that suggest derivation from the Council 
Spring Member, however no in place plant remains were observed.

Burrego Member, Atrasado Formation
The Burrego Member of the Atrasado Formation consists of 

interbedded carbonates and siliciclastics of Virgilian age (Figs. 2, 4). The 
carbonate beds were deposited in marine environments; comparatively 
fine-grained siliciclastic beds frequently contain a fauna of bivalves, 
gastropods and other invertebrates suggestive of deposition in brackish-
water conditions. At USNM 43896 and 43897, in Cañada de Montosa, 
near Abo Pass in northeastern Socorro County, collections were made 
from the upper 1 m of a > 2 m thick siltstone bed (Fig. 24).  The plant 
remains are allochthonous and variably fragmented.  Individual plant 
accumulations could not be traced laterally for any great distance, and 
appeared to be locally concentrated in small, erosional troughs. The 
plant-bearing siltstone here is overlain, in gradational contact, by a 
marine limestone.  

Story Member
The Story Member is bedded to massive marine limestone 

commonly 10 to 15 m thick. It forms ledges to small cliffs and lacks 
significant clastic interbeds. No fossil land plants were observed. 

Del Cuerto Member
The Del Cuerto Member is a relatively thin, clastic-dominated 

interval between the Story and Moya members.  No plant fossils were 
observed in this this unit.

Moya Member, Atrasado Formation
The members of the Atrasado Formation between the Burrego 

and Moya members—Story and Del Cuerto—yielded no plant remains 
during our exploration. However, collections were made from the north 
and south walls of a small box canyon in the uppermost limestones of 
the Moya Member of the Atrasado Formation, in Cañoncito de la Uva 
(Fig. 25.1).  These collections (USNM 43461, 43462) are the highest 
made in the Atrasado Formation and are of Virgilian age (Barrick 
et al., 2013) (Figs. 2, 3).  Allochthonous, highly fragmentary plant 
remains are present in an approximately 3-m thick bed of greenish, 
interlayered hard, calcareous, micaceous siltstone and more finely 
bedded, more friable siltstone (Fig. 25.2); the bed also contains the 
remains of pectinacean bivalves.  This bed is present between two 
marine limestones assigned to the Moya Member.  Plant remains are 
concentrated in an approximately 10 cm thick interval in the middle 
of the unit at each of the two excavations (Fig. 25.3, 25.4).  The plant 
remains are highly fragmented and almost certainly allochthonous, and 
are associated with abundant comminuted plant debris.

FLORA OF THE ATRASADO FORMATION
Lycopsids

Asolanus camptotaenia Wood
Asolanus Wood is an arborescent lycopsid known by its distinctive 
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FIGURE 18. Tinajas Member, Atrasado Formation, Tinajas Black Shale, underlying beds, and overlying orange-weathering limestone. 1. Exposure 
of fossiliferous beds in Arroyo de los Pinos. The widespread Tinajas Black Shale is marked by left-hand arrow (New Mexico Museum of Natural 
History and Science locality L-4667).  A localized plant bed beneath the black shale is marked by right-hand arrow (USNM localities 41894, 
41913). L – nodular limestone below plant bed and paleosol. The brownish vertical face above greenish plant beds is Quaternary alluvium. 2. 
Lower fossiliferous bed sequence from nodular limestone, to paleosol, to thinly bedded plant-bearing shale, to blocky siltstone.  The interval 
between this bed and black shale is covered. Arrow points to main plant-bearing beds. L – nodular limestone below plant bed and paleosol. 3. 
Detail of plant-bearing beds (arrow) below black shale. 4. Excavation of plant-bearing beds below black shale. (D. Chaney in all photographs)

bark pattern.  Leaf cushions are small, widely separated on the stem 
surface, slightly higher than wide and < 1 cm in either dimension. 
Between cushions are strongly developed striations that run in two 
opposite helices; this gives the stem surface a markedly herringbone 
pattern.  Asolanus was considered by Wood (1869) to be a subgenus of 
Sigillaria.  It is now treated as an independent genus of the Sigillariaceae 
(e.g., Pšenička et al., 2012). 

A single, allochthonous specimen of Asolanus was found in 
siltstones of middle Missourian age, Tinajas Member (Fig. 26.1, 26.2).  
This occurrence is within the known stratigraphic range of the taxon 
(e.g., Wagner and Álvarez-Vázquez, 2010a).  The plant is generally rare 
throughout its range and is not known in anatomical preservation.
Bergeria worthenii (Lesquereux) Álvarez-Vázquez and Wagner

Bergeria Presl in Sternberg has been emended recently by Álvarez-
Vázquez and Wagner (2014), who discuss the genus and its included 
species at length, including the history of the name, higher level 
taxonomy, and morphology.  Among the species they attribute to the 
emended genus is one formerly included in Lepidodendron Sternberg, 
as L. worthenii Lesquereux.  This distinctive plant is characterized by 
leaf cushions that are narrow and elongate, are widest near the center to 
upper third and lack distinctive keels. The plants did not abscise their 
leaves. Therefore, although a leaf attachment area appears to be present 
in many adpression specimens, it is not a leaf scar but results from 

the splitting of the rock matrix across the stem surface, separating the 
leaves from the stem.  Perhaps most immediately striking, however, are 
the transverse wrinkles that cover the entire leaf cushion surface, both 
above and below the point of leaf attachment.  Although not specifically 
reported in anatomical preservation, it is likely that Bergeria is related 
to Paralycopodites Morey and Morey (see DiMichele, 1980 for 
anatomical details), a plant-bearing distinctive bisporangiate cones 
attributed to Flemingites Brack-Hanes and Thomas; originally classified 
as Lepidostrobus Brongniart. The anatomy of these cones is described 
by Brack (1970).  This group is the most phylogenetically primitive of 
the arborescent lycopsids (Bateman et al., 1992).

Two specimens exhibiting all the characteristics of Bergeria 
worthenii were recovered, one each, in two different collections from 
the same bed, at the base of the Bartolo Member, just above its contact 
with the Gray Mesa Formation (Fig. 26.3-26.6). 
Cf. Sigillaria Brongniart or Cf. Synchysidendron DiMichele and 
Bateman

A single, poorly preserved specimen, preserved as ironstone (Fig. 
27.1, 27.2), was found in the upper part of the Bartolo Member. Generic 
identification of this specimen remains in question.  A few leaf cushions 
(Fig. 27.2) are well enough preserved to hint at a diamond shape, 
14 mm high x 8 mm wide, and somewhat protruding from the stem 
surface, with slightly, and oppositely, inflected tails at apex and base.  
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FIGURE 19. Tinajas Member, Atrasado Formation, Tinajas Black Shale. 1. Main exposure of shale (arrow) in Arroyo de los Pinos, described by 
Lerner et al. (2009). Upper part of shale. NMMNHS locality L-4667. 2. Exposure to south of Arroyo de los Pinos site. Lower part of shale. USNM 
locality 43474. 3. Exposure to SE of Arroyo de los Pinos site. Lower part of shale. USNM locality 42145. 4. Large, silicified fossil log found 
either in the upper part of the black shale upslope from locality USNM 42145 (pictured in 19.3) or immediately above it. USNM locality 42142. 
5. Exposure ~ 1.6 km N of Arroyo de los Pinos site. Upper part of shale. USNM locality 43597. (D. Chaney in all photos). 6. Laminated shale. 
USNM locality 43597.

Although not well preserved, the leaf scar appears to be quite large and 
occupies much of the upper half of the cushion. There is no indication 
of infrafoliar parichnos.  In the areas that are completely decorticated, 
a pattern of long, straight cells can be observed, representing the 
periderm tissue.

Leaf cushions of this size that protrude and are relatively wide 
compared to length are typical of certain forms of Sigillaria and 
also of Synchysidendron, but not of its phylogenetic sister genus, 
Diaphorodendron DiMichele (Bateman et al., 1992). The closeness 
of this evolutionary relationship between Synchysidendron and 
Diaphorodendron is indicated by the similarities in their anatomies 
and reproductive structures (Bateman et al., 1992), which are distinct 
from those of Lepidodendron and its close relatives (Bateman et al., 

1992; DiMichele and Bateman, 1992; Bateman, 1994; DiMichele et al., 
2013). If this specimen were referred to Sigillaria it would belong to the 
Subsigillarian group, in which vertically disposed rows of leaf cushions 
are not clearly marked. In the Eusigillarian group, more commonly 
found in Lower and Middle Pennsylvanian strata, the stem has distinct 
vertical ribs on which the leaf cushions are borne.  This late Middle 
Pennsylvanian specimen is below the stratigraphic range typical for 
Sigillaria brardii, to which it bears some resemblance.
Sigillaria brardii Brongniart

Sigillaria is rare in the Socorro Pennsylvanian floras.  It occurs 
with certainty only in the Missourian Tinajas Member, at two 
stratigraphic levels. In these specimens, the leaf cushions show the 
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FIGURE 20. Tinajas Member, Atrasado Formation, Exposures above the Tinajas Black Shale. 1. Upper bench of the orange-weathering marine 
limestone.  Excavations USNM locality 43596 immediately below the limestone bed. (J. Nelson, D. Chaney). 2. Orange-weathering limestone 
bed, USNM field locality NM2016-02.  Fossil wood at base of Jacob’s staff. (S. Elrick). 3. In situ fossil tree stump (USNM locality 43493) above 
orange-weathering limestone in base of olive siltstone. Jacob’s staff ruled in feet. 4. Council Spring Member (arrow). 5. Silicified fossil wood from 
between Council Spring and Burrego members (USNM locality 43472).
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FIGURE 21. Tinajas Member, Atrasado Formation, Olive shale, Arroyo de los Pinos. 1. Main exposure on arroyo. Council Spring Member 
(upper arrow). Prominent sandstone bed (lower arrow). Person for scale in oval. 2. Lower part of the shale. Location of principal collecting sites. 
Prominent sandstone bed (arrow). USNM localities 41898, 41909-41911, 41919, 41920, 42096-42099, 42132-42134. 3. Lower part of the shale 
on tributary to main arroyo. Prominent sandstone bed (arrow). USNM locality 43489.

lozenge-shape typical of the species (Fig. 27.3-27.5).  In one unfigured 
specimen (USNM 539092), the leaf cushions are widely spaced and, 
running through the middle of the specimen is an impression of the 
vascular strand of the stem (at high magnification, this can be seen to 
be composed of elongate cells, some of which have helical thickenings 
on the walls).

Sigillaria brardii is the most common lycopsid in Euramerican 
Late Pennsylvanian wetland deposits and is found in the Permian in 
both Euramerica and Cathaysia (e.g., Schindler et. al., 2004; DiMichele 
et al., 2006; Wang et al, 2009a; Wagner and Álvarez-Vázquez, 2010a; 
Pšenička et al., 2014).  The plant is known from both adpression 
preservation and anatomical preservation (Delevoryas, 1957), and 
occurs in both mineral substrate and peat substrate wetlands. It may 
have been tolerant of environments with fluctuating, occasionally low 
water tables (Pfefferkorn and Wang, 2009).
Additional lycopsid organs

A small number of lycopsid sporophyll specimens have been 
identified in the late Desmoinesian and Missourian (Fig. 27.6, 27.7). 
A few of these are attributable to Lepidostrobophyllum hastatum 
(Lesquereux) Chaloner (e.g., Fig. 27.7). Only those from the Missourian 
can be identified to this genus and species with confidence, however. 
Some of the questionable specimens may be coniferous cone bracts 
(e.g., 27.6).  The Desmoinesian specimens are not well preserved and 

should be considered only tentative identifications.  
Long, narrow, single-veined leaves, attributable to lycopsids, have 

been found primarily in the Missourian Tinajas Member (Fig. 27.8, 
27.9).  With one exception, a co-occurrence with Sigillaria brardii, 
these leaves are not associated with any identifiable stem remains.  They 
tend to occur in clusters.  As deciduous organs, likely shed throughout 
the life of the parent plant, their isolation from other lycopsid organs, 
particular in allochthonous deposits, is not unexpected.

Sphenopsids
Calamitalean stems

The stem remains of calamitaleans can be directly attributed to 
foliage remains in some instances (e.g., Barthel, 1980) but are usually 
found isolated, in fragmentary preservation.  Their preservation as 
flattened organic matter, sometimes showing “fraying” of vascular 
bundles (e.g., USNM 539124), rules out the interpretation of these 
remains as “pith casts.” They are the remains of stems, stripped 
to various degrees of the thin outer covering of epidermis and 
subepidermal parenchymatous layers (DiMichele and Falcon-Lang, 
2012).  In the Atrasado Formation, these remains occur from the 
Bartolo Member through the Tinajas Member, but in a relatively small 
number of collections, and rarely as quantitatively abundant parts of 
the assemblage.
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FIGURE 22. Tinajas Member, Atrasado Formation, Olive Shale, tributary of Arroyo de los Pinos. USNM localities 42112 and 42119. Council 
Spring Member (upper arrow). Prominent sandstone bed (lower arrow).

We have classified these stem remains into four categories.  Most 
common are undeterminable calamitalean stem remains, classified as 
Calamites Sternberg (see Cleal et al., 2012a, regarding the authority for 
this name).  Stem remains classified as C. cistii Brongniart (Fig. 28.1) 
have narrow ribs that alternate at the nodes.  The ribs have acuminate 
tips, and there is no swelling or contraction at the nodes. It is possible 
that some of the material attributed here to C. cistii is, in fact, C. gigas 
Brongniart; this is suggested by distinctive pointed rib ends, and their 
occasional irregularity in position (the ribs may not alternate regularly, 
and the nodes may be slightly angular).  However, due to the small 
size of the specimens, not enough detail can be adduced to make such 
an identification with certainty (see below, re: foliage and reproductive 
organs).

Remains attributed to Calamites suckowii Brongniart (Fig. 28.2) 
are similar to C. cistii in having straight, narrow ribs alternating at the 
nodes with no notable contraction or swelling.  However, in C. suckowii 
each rib bears a small round scar just below its apical terminus at the 
node.  There is also a group of stems we identify as Calamites cf. C. 
suckowii (Fig. 28.3), in all ways identical to C. suckowii except for the 
shape of the apical rib scar, which is oval and somewhat larger than 
in C. suckowii. Barthel (2004, p. 43) has suggested that both of these 
species may represent only the basal or even below-ground portions 
of upright stems. Figure 28.1 illustrates a specimen that appears to be 
tapered at the base, possibly near its point of attachment to a rhizome.
Calamitalean foliage

Calamitalean foliage occurs throughout the Atrasado Formation in 
low abundance and at relatively few localities. In most instances, this 
foliage is fragmentary and, therefore, does not illustrate all the features 

that would lead to a confident identification. 
Annularia carinata (Gutbier) Schimper & Metacalamostachys 
dumasii (Zeiller) Barthel

Annularia carinata (Fig. 28.4, 28.5) is characterized by ovoid 
whorls of spatulate leaves with a prominent single vein and mucronoid 
tips.  There are generally between 10-20 leaves per whorl.  The 
leaves in a population of fossils vary considerably in length, leading 
to characterization of A. carinata populations as A. stellata (=A. 
spinulosa) and A. sphenophylloides.  Kerp (1984) attributed this foliage 
to Calamites gigas and the strobili to Metacalamostachys dumasii, 
which is the only calamitalean strobilus identified in the Socorro 
collections (Fig. 28.6). M. dumasii occurs at two Tinajas Member 
localities, where it is found in association with A. carinata.  M. dumasii 
is distinctive due to its diminutive size. Specimens in the collection 
are fragmentary, precluding determination of their lengths; they are 
2-3 mm in width.  Whorls of sporangia are inserted between whorls 
of bracts that are initially horizontally disposed and turn up sharply 
beyond the sporangia.
Annularia spicata (Gutbier) Schimper

Foliage attributable to Annularia spicata (Fig. 28.7, 28.8) was 
found at a single locality low in the Tinajas Member.  Foliage is small; 
leaves are < 3 mm long and < 1 mm wide and fusiform, possibly with 
mucronate tips.  There are 8 leaves per whorl.  The supporting stem, 
though slender, shows the typical ribbed appearance of sphenopsid 
aerial axes.

According to Remy and Remy (1959), Doubinger et al. (1995), 
and others, this species may occur in the Westphalian, but is more 
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FIGURE 23. Tinajas Member, Atrasado Formation, Olive Shale, approximately 0.5 km ESE of Ojo de Amado. USNM locality 43475. 1. General 
view of outcrop. Excavations at level of person. Lower arrow = sandstone bed. Upper arrow = Council Spring Member. 2. Excavations. 3. Small 
sandstone channel, possibly a storm channel, within the shale. (H. Falcon-Lang). 4. Detail of small channel-form feature in Fig. 23.3.
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FIGURE 24. Burrego Member, Atrasado Formation. General view of Burrego Member exposed on BNSF Railroad cut, northeastern Socorro 
County.  Exposure of plant-bearing siltstone (arrow) in a sequence of marine carbonate and brackish-to-marine siltstone beds. USNM localities 
43896 and 43897.

common in Stephanian and Permian strata. Barthel (2004) notes that 
although present in the Stephanian, the plant is most abundant in the 
Permian.  Specimens of this species have been reported as uncommon 
elements in many floras from the western United States investigated 
by the authors, in strata ranging from the Virgilian through the middle 
of the early Permian (e.g., DiMichele and Chaney, 2005; DiMichele et 
al., 2006).
Annularia spinulosa Sternberg

Calamitalean foliage of a wide morphological variety has 
been attributed over many years to the species Annularia stellata 
(Schlotheim) Brongniart.  Barthel (2004) declared this name to be 
illegitimate, and replaced it with A. spinulosa.  The specimen from the 
Socorro floras (Fig. 28.9, 28.10) has fusiform, lanceolate leaves, up to 
~18 mm long and ~2 mm maximum width, with a prominent single 
midvein and an estimated 20 leaves per whorl.  The leaves may form a 
very narrow sheath at their point of attachment to the stem. Two whorls 
are preserved, separated by 21 mm.

This taxonomic attribution is based on a single, fragmentary 
specimen from the latest Desmoinesian upper Bartolo Member. Under 
the definition of the Westphalian-Stephanian boundary engendered by 
the adoption of the Cantabrian, this part of the Desmoinesian would be 
considered Stephanian, and thus within the generally accepted range of 
A. spinulosa in Europe. 

The A. stellata/A. spinulosa concept has been broadened greatly 
by use. According to Barthel (2004), the species in its narrow sense has 
lanceolate, fusiform leaves with acuminate tips. Frequently, however, 
specimens with spatulate leaves have been attributed to this species, 
particularly if the leaves are relatively long and numerous per whorl.  
A thoroughgoing revision of calamitalean foliage taxonomy is needed.
Asterophyllites equisetiformis (Schlotheim ex Sternberg) Brongniart

Asterophyllites equisetiformis is characterized by whorls of dense, 
upswept, linear-lancolate leaves of narrow width, nearly parallel sides, 
and a tapered, acuminate apex with a single medial vein. This type 
of foliage can be confused with Annularia spinulosa or Annularia 
pseudostellata Potonié, depending on the preservation.  Barthel (1980) 
correlated this species with the strobilius Palaeostachya thuringiaca 
(Weiss) Barthel. 

The species is rare in the Socorro floras, occurring in three 

collections from two beds, all in the Tinajas Member, of Missourian 
age (Fig. 28.11).  The largest collection (USNM locality 41895) is 
allochthonous, from the thick black-shale interval in the middle of the 
Tinajas Member, which we interpret to have been deposited in a coastal 
lake (Lerner et al., 2009). This depositional setting is important because 
all but one of the specimens appear to have been resident in water for a 
considerable period and to have become softened by decay, the leaves 
irregularly disposed, rendering identification difficult.

The general rarity of Asterophyllites equisetiformis in the Sororro 
collections is puzzling and may reflect the lack of widespread swampy 
terrain in the region during the later Middle and Late Pennsylvanian. A 
study of Virgilian floras of north-central Texas (DiMichele et al., 2005; 
Tabor et al., 2013) found A. equisetiformis to be the most common 
calamitalean, occurring in all facies types examined.  However, it was 
nearly the only species in organic shales or in small gray claystone, 
siliciclastic partings within organic shale beds (presumed to be small 
drainage channels).  In contrast, species of Annularia were most 
common in floodplain shales, thus in settings with some degree of 
seasonal water-table fluctuation and possibly greater degrees of 
disturbance. 
Sphenophyllum Brongniart

Many specimens attributable to Sphenophyllum could not be 
attributed to a particular species.  Several specimens resembled 
described species, but preservation was insufficient to make a secure 
identification.  Noteworthy in this regard were specimens bearing some 
similarilty to Sphenophyllum emarginatum Brongniart in the Bartolo 
Member. Most of the rest were represented by isolated, generally 
fragmentary foliage, or by stem remains with a bit of unidentifiable 
foliage in attachment.
Sphenophyllum oblongifolium (Germar and Kalfuss) Unger

Sphenophyllum oblongifolium is a groundcover sphenopsid with a 
long stratigraphic range from late Middle through Late Pennsylvanian, 
and a wide paleogeographic range (Storch, 1980).  It is characterized 
by whorls of six leaves, two pairs projecting roughly orthogonal to 
the stem, and the third pair forming a “bib” on the basiscopic side of 
the whorl and oriented approximately in the same line as the stem. 
The veins are widely spaced and prominent, run from the base to the 
terminal margin of the wedge-shaped leaf, dividing once or twice in 
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FIGURE 25. Moya Member, Atrasado Formation. 1. View of box canyon on Cañoncito de la Uva, looking east. Plant fossils were collected from 
shale between the limestone bench at the skyline and the bench at stream level. 2. USNM locality 43602 showing bedding of fossiliferous siltstone. 
3. USNM locality USNM 43461A on north wall of box canyon.  Plant bed at arrow. 4. USNM locality 43461B on south wall of box canyon.

their trajectory, and terminate in one of the triangularly pointed teeth 
that line the relatively squared-off distal margin.  The leaves may have 
a terminal sinus that divides them.

This plant is rare in the Atrasado Formation (Fig. 28.12), occurring 
at one locality in the Bartolo Member and two in the Tinajas Member.  
All specimens are fragmentary and consist of single whorls of leaves. 
Wagner (1984) notes the first appearance of this plant in the lower 
Cantabrian of Europe (late Desmoinesian equivalent), consistent with 
its stratigraphic distribution in the Atrasado Formation.
Sphenophyllum thonii Mahr

As with other Sphenophyllum occurrences, S. thonii is rare and 
represented only by a handful of specimens, all isolated leaves (Fig. 
28.13), at two collecting sites from two levels in the Tinajas Member.  
These leaves are triangular in shape with straight sides and a terminal 
margin that is broadly rounded.  The terminal margin is fringed with 
teeth that are quite long in some specimens.  Venation is dense, and 
veins divide several times between the base of the leaf and their 
termination in one of the teeth.

Kerp (1984) distinguished Sphenophyllum thonii from Lilpopia 
raciborskii (Lilpop) Conert and Schaarschmidt. He noted that 
sphenophylls with leaves that have the broad triangular shape and dense 
venation of S. thonii but with entire margins had been attributed to S. 
thonii var. minor Sterzel.  In Kerp’s opinion, such leaves are attributable 
to L. raciborskii; he suggested that those leaves with a terminal margin 
fringed by long teeth should be retained as S. thonii, although noting 
that the problem has not been satisfactorily resolved.  We retain the 
distinction here and base our determination on the presence of elongate 
teeth.
Sphenophyllum verticillatum (Schlotheim) Zeiller

Isolated sphenophyll leaves attributable to Sphenophyllum 

verticillatum (Fig. 28.14) were found rarely in four collections at three 
stratigraphic levels in the Tinajas Member.  The leaves are overall 
narrow elongate-triangular with nearly straight lateral margins and 
a somewhat rounded distal margin with small rounded teeth.  The 
veins are relatively sparse, distinct, and fork two or three times before 
terminating in the teeth.  Remy and Remy (1959) noted that this species 
can almost be considered an index fossil for the Stephanian in Western 
Europe.  Wagner and Álvarez-Vázquez (2010) document its range in 
Spain from upper Stephanian B (Saberian) through Stephanian C.

Marattialean Tree Ferns
Marattialean fern foliage can be very difficult to identify in 

fragmentary preservation due to systematic changes in pinnule shape and 
venation complexity throughout the large fronds of many marattialean 
fern species.  Consequently, overlaps in these characteristics may 
occur among species that can be seen to be clearly distinct when larger 
segments of fronds are examined. Because all of the marattialean 
remains encountered in the Socorro County collections are small 
fragments, the identifications must be considered tentative, even at the 
general levels at which they are presented.  We basically have grouped 
similar forms together without being certain of their generic or species 
level affinities.  To complicate this matter further, Cleal (2015) has 
suggested abandonment of the long-used name Pecopteris (Brongniart) 
Sternberg for this type of foliage because the type specimen is not a 
marattialean.  We follow that admonition here. As a final note, the 
taxonomy of Pennsylvanian and Permian pecopterid foliage is in need 
of comprehensive revision; as part of that process, Wittry et al. (2014), 
have renamed one of the marattialean genera Lobatopteris Wagner 
as Crenulopteris Wittry, Glasspool, Béthoux, Koll and Cleal; but see 
Wagner and Álvarez-Vázquez (2016) for a rebuttal.

Some specimens of marattialean foliage have been given tentative 
identifications, and these are discussed below.  However, the great 
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FIGURE 26. Asolanus and Bergeria. 1-2. Asolanus camptotaenia. USNM specimen 630728. USNM locality 42098 (Tinajas olive shale). 3-4. 
Bergeria worthenii. Field Photograph. USNM locality 43525 (lower Bartolo). 5-6. Bergeria worthenii. USNM specimen 539365. USNM locality 
43525 (lower Bartolo).  Scale bars = 1 cm.

majority of specimens simply have been classified as “marattialean 
fern foliage undifferentiated” in Table 1.  All of these undetermined 
specimens are from the Late Pennsylvanian Tinajas, Burrego, and 
Moya members.
Marattialean foliage, cf. Polymorphopteris Wagner or Lobatopteris 
Wagner

A number of isolated pinnules or short segments of pinnae bearing 
a few pinnules were found abundantly at one collecting site and more 
rarely at several others (Fig. 29.1-29.3).  All are from Missourian 
strata. At one locality, a single specimen of Aphlebia also was found, 
likely attributable to this same plant, given the absence of other types 
of marattialean fern foliage from the site. The pinnules are elongate, 
up to 10 mm in length, and 3.5 mm in width in the largest specimen 
found to approximately 1.8 mm in length and 1.5 mm in width in the 
smallest specimens, which are, thus, nearly oval in shape.    Pinnules 
have straight, subparallel sides in larger specimens to rounded sides in 
specimens of small dimensions. In the largest specimens, the margins 
may be lobed. The pinnules taper slightly from apex to base, making 
them somewhat triangular, ending in a bluntly acuminate tip; they are 
broadly attached at the base.  Insertion is slightly angular.  The midvein 
is straight in larger specimens and slightly to markedly decurrent in 
smaller pinnules; it extends to very near the pinnule apex, where it 
divides equally.  Lateral veins are coarse, prominent, relatively sparse, 
well separated, and not notably seriate.   It would appear that the veins 
were much more resistant to decay than the lamina in which they were 
embedded because there is rarely any trace of the latter preserved.  The 
lateral veins fork widely at their point of attachment to the midvein or 
slightly beyond, from which point the resulting veins arch toward the 
margin.  In all but the smallest specimens, each vein resulting from the 
initial dichotomy divides a second time, generally at the same distance 
from the margin, at between 1/2 to 2/3 of the laminae width, occurring 

closer to the margin in smaller specimens.  The veins contact the margin 
at a slightly oblique angle (not orthogonal). 

These specimens described above conform broadly to Wagner’s 
(1958, 1959) concepts of Polymorphopteris and Lobatopteris. Both 
have variation in pinnule size that correlates with venation complexity, 
lobate margins in larger isolated pinnules, and decurrent midveins in 
the small pinnules (suggesting derivation by lobing of larger pinnules/
pinnae).  The venation in these pinnules is like that of Polymorphopteris 
in having the double, in-parallel forking of the lateral veins resulting in 
four ultimate veins per vein cluster.  Like Lobatopteris, however, the 
veins fork widely and are somewhat curved, are relatively sparse, and 
have a less than orthogonal contact with the margin. 

The similarity to Polymorphopteris appears to be greater, based 
on the in-parallel, double forking of the ultimate veins.   The specimens 
cannot, however, be assigned to any species known to the authors.  
At one excavation (USNM 42119), from the same bed as the other 
collections in which these pinnules and pinna fragments are relatively 
abundant, two small fragments of marattialean foliage were found in 
which the lateral veins meet the margin at an angle of ~90 o, a feature 
typical of Polymorphopteris. These are the only specimens with this 
morphology found in the bed. They probably belong to the same taxon 
as described above, and all other features are the same as above. Were 
these Lobatopteris, they should have displayed the characteristic 
candelabra pattern of vein dichotomy characteristic of that genus.  

Although foliage of this type is nearly always attributed to the 
marattialean ferns, recent research has discovered seeds attached to 
foliage closely approximating that of polymorphopterid or lobatopterid 
marattialeans (Krings and Schultka, 2010).  The morphology of the 
attached seeds led Krings and Schultka to suggest affinity with the 
pteridosperm group, Callistophytales.  Although the foliage described 
here is of Late Pennsylvanian age, and the German material is of 
Middle Pennsylvanian age, caution is warranted in making a final 
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FIGURE 27 (facing page). Mixed lycopsid remains. 1-2. Cf. Synchysidendron or Sigillaria. 2. Shows that some of the leaf cushions have vaguely 
diamond shapes and large leaf scars (at arrow).  On the right side of image the elongate cells of the periderm tissue are visible, beneath the leaf 
cushions. USNM specimen 636837. USNM locality 43601 (upper Bartolo). 3. Sigillaria brardii showing expansion of interareas between leaf 
scars, USNM specimen 539095, USNM locality 41895 (Tinajas black shale). 4-5. Sigillaria brardii. USNM specimen 636838. USNM locality 
43489 (Tinajas olive shale). 6. Possible lycopsid sporophyll or coniferous cone bracts. USNM specimen 630627. USNM locality 42112 (Tinajas 
olive shale). 7. Lepidostrobophyllum hastatum. USNM specimen 630553. USNM locality 43478 (Tinajas black shale). 8. Lycopsid leaf with base. 
USNM specimen 539096. USNM locality 41895 (Tinajas black shale).  9. Lycopsid leaf. USNM specimen 539094. USNM locality 41895 (Tinajas 
black shale).  Scale bars = 1 cm. Scale bar in 27.6 also applies to 27.7.

determination of affinity due to the fragmentary nature of the material.
Marattialean fern foliage, rugose adaxial surface 

Two fragmentary specimens of marattialean foliage with a 
distinctively rugose adaxial surface were found at two different 
collecting sites, one of Desmoinesian age and one of Missourian age.  
These fragments differ greatly in size, and not all their features can be 
determined, thus we hesitate to consider them to be members of the 
same taxon.  Clear taxonomic affinities cannot, however, be established.  

In Desmoinesian, Middle Pennsylanian shales of the lower 
Bartolo Member, a single fragment of a marattialean fern rachis, 1.9 cm 
long, was found (Fig. 29.4, 29.5).  The pinnules borne on this rachis are 
small, approximately 3 mm in length and 2 mm in width, with parallel 
sides and a bluntly rounded apex.  They are inserted at an angle and 
broadly attached at the base.  The midvein is strong, decurrent at the 
base and extends nearly 90% of the distance to the pinnule apex. Lateral 
veins fork near the midvein, arch strongly toward the margin and meet 
the margin at an oblique angle to the midrib.  In the single pinnule 
where it can be observed, the upper limb of the first vein dichotomy 
may dichotomize again, prior to reaching the margin obliquely, but well 
out along the vein path.  The adaxial surface of the pinnules is rugose, 
suggesting surface hairs.

In Missourian, Late Pennsylvanian shales of the Tinajas Member a 
single fragmentary rachis was found that bears rather large marattialean-
type pinnules that are 12.5 mm long by 4.2 mm wide (Fig. 29.6, 29.7).  
Pinnules/pinnae are slightly falcate and have an undulate surface and 
weakly crenulate margin, perhaps indicating the presence of sori on the 
lower surface, beneath the lamina. The lateral margins are parallel and 
slightly undulatory.  The midvein is thin but prominent and extends to 
near the pinnule tip and is weakly decurrent at the base.  Lateral veins 
are not clearly visible but appear to be sparse, fork near the midvein, 
and possibly extend to the margin without further dichotomy, reaching 
it at a low angle. Lateral venation is obscured by the rugose adaxial 
surface of the pinnules/pinnae, possibly indicating a tomentum.  The 
base is constricted, suggesting that the “pinnules” may be pinnae.  

The safest identification of these specimens is “marattialean fern 
foliage” (with due caution as noted above regarding the discovery 
of seed-bearing plants with lobatopterid/polymorphopterid foliage 
– Krings and Schultka, 2010).  The rugose upper surface, the small, 
roundish pinnules with a decurrent midvein, and the multiply 
forked lateral veins, are consistent with a lobatopterid morphology 
(Wagner, 1959).  The most common lobatopterid in the late Middle 
Pennsylvanian/Desmoinesian is Lobatopteris vestita (Lesquereux) 
Wagner (= Crenulopteris acadica [Bell] Wittry, Glasspool, Béthoux, 
Koll and Cleal). The morphological similarity of the Late Pennsylvanian 
specimen, despite the size difference, may indicate a close relationship, 
possibly L. lamuriana (Heer) Wagner. Alternatively, these specimens 
may be more closely related to Lobatopteris, based on pinnule vaulting 
and the rounded aspect of the smaller pinnules.  For comparison, both 
of the suspect lobatopterid specimens are illustrated in adjacent panels 
in Figure 29 (Fig. 29.4 and 29.6), including high magnification views 
of their rugose surfaces (Fig. 29.5 and 29.7).
Marattialean fern foliage, small pinnules

This morphotype is represented by a single specimen from the 
Tinajas Member.  It has tiny pinnules, 2 mm long by 1.2 mm wide, 
widely and even spaced, and subopposite along a rachis segment (Fig. 
29.8, 29.9). The pinnules are broadly attached, slightly swollen at the 
base, nearly orthogonal in their insertion on the rachis, with straight, 
parallel lateral margins and a blunt apex.  The midvein is well marked, 
straight, non-decurrent or only slightly so, and extends to near the apex 
of the pinnule. No secondary venation is preserved.  This specimen 
preserves insufficient characteristics for a certain identification, but it 
is similar in gross form and what little is preserved of its venation to 
species of the the “Pecopteris arborescens-cyathea group.”

Small Ferns
Fragmentary foliage of small ferns can be difficult to identify, even 

when well preserved.  The material described here is almost uniformly 
small, often ghost-like fragments of compound leaves.  Consequently, 
identifications must be treated as tentative only.  Small fern foliage is 
not common in the collections, which may reflect three principal things: 
(1) the delicacy of the foliage in many instances, which, in combination 
with the largely allochthonous nature of the assemblage, may have 
led to destruction during transport, (2) the lack of abscission of the 
leaves, reducing the likelihood that the remains of such plants would 
be commonly transported into preservational settings (e.g., Scheihing, 
1980), or (3) an unintended collecting bias that results from the rock 
breaking preferentially to larger specimens; this would happen when 
the rock breaks to the greatest plane of weakness resulting from the 
presence of larger pieces of lamina. 

In addition to the species described below, there were other 
specimens tentatively assigned to a variety of species, which are listed 
in the species-range table (Table 1).  These are generally not well 
preserved, often are represented by single specimens, and could not be 
photographed adequately.  A few are illustrated in Figure 30, but most are 
not illustrated here. These include the following, tentatively identified 
taxa: Hymenophyllites sp. (Plate 30.1), Oligocarpia sp. (Plate 30.2), 
Renaultia cf. hemingwayi, Renaultia cf. lebachensis, cf. Senftenbergia 
plumosa (Plate 30.3), and Sphenopteris cf. chaerophylloides/rutaefolia.
Alloiopteris erosa (Gutbier) White

Alloiopteris is considered to be the foliage of zygopterid ferns 
(Brousmiche, 1983). Three small fragments were identified as A. 
erosa from three stratigraphic levels, two in the Tinajas Member, of 
Missourian age, and one in the Burrego Member, of Virgilian age; this 
species was reported by Brousmiche (1983) to be most prominent in the 
Westphalian but also to extend into the Stephanian in Europe.  

The specimens consist of small pinna fragments (Fig. 31.2, 31.3) 
bearing small (~2 mm long) pinnules that are inclined toward the pinna 
apex, are slightly connate, and distinctly toothed on both the lateral 
and apical margins.  The venation is very simple; a decurrent midvein 
gives rise to ascending lateral veins that may be unbranched or branch 
a single time, terminating in the teeth.
Cf. Asterotheca damesii (Stur) Brousmiche

Three specimens of small, delicate, fertile foliage (Fig. 31.4, 31.5) 
were found in a single excavation in the upper part of the Tinajas Member.  
Pinnules are of elongate shape, approximately 4 mm in maximum 
length and 1.5 mm in width.  In the largest specimen, the pinnules are 
arranged in a subopposite manner on pinnae slightly less than 2 cm in 
length; these pinnules appear to be lobed or toothed, the pointed teeth 
inclined acroscopically.  Ultimate pinnae are spaced approximately 7 
mm apart, have an oblique, decurrent insertion, are 0.4 mm in width, 
longitudinally striated, and vary from straight to curved.  On the best 
preserved specimen, there is a suggestion of alternate insertion of the 
ultimate pinnae on the next order rachis, which is about 2 mm in width 
and also longitudinally striated. Small sporangia, or possibly synangia, 
crowd the surface of the pinnules, which we presume to be the abaxial 
sides; preservation makes it difficult to ascertain the structure of these 
sporangia/synangia.

These specimens compare generally with what Brousmiche 
(1983) has described as Asterotheca damesii.  In some of the larger 
fertile foliage, synangia may crowd the lower surface of the laminae, 
obscuring other features.  Although this species has been attributed to 
the Marattiales, this attribution seems unlikely, given the size of the 
foliage, its shape, and that it does not fit within the spectrum of foliage 
types that typify Pennsylvanian marattialean foliage.  In any event, the 
identification here must be considered quite tentative, given the poor 
preservation of the material.
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FIGURE 28 (facing page). Sphenopsids. 1. Calamites cistii. USNM specimen 630732. USNM locality 42097 (Tinajas olive shale). 2. Calamites 
suckowii. USNM specimen 539397. USNM locality 43525 (lower Bartolo). 3. Calamites cf. C. suckowii. USNM specimen 630729. USNM 
locality 42097 (Tinajas olive shale). 4-5. Annularia carinata. USNM specimen 630579. USNM locality 42141 (Bartolo Neuropteris beds). 6. 
Metacalamostachys dumasii. USNM specimen 630782. USNM locality 43489 (Tinajas olive shale). 7-8. Annularia spicata. USNM specimen 
630713. USNM locality 43477 (lower Tinajas). 9-10. Annularia cf. A. spinulosa. USNM specimen 630578. USNM locality 42141 (Bartolo 
Neuropteris beds). 11. Asterophyllites equisetiformis. USNM specimen 539113. USNM locality 41895 (Tinajas black shale).12. Sphenophyllum 
oblongifolium. USNM specimen 539115. USNM locality 41895 (Tinajas black shale). 13. Sphenophyllum thonii. USNM specimen 630625. 
USNM locality 42112 (Tinajas olive shale). 14. Sphenophyllum verticillatum. USNM specimen 630550. USNM locality 42119 (Tinajas olive 
shale). Scale bars = 1 cm.

FIGURE 29. Marattialean foliage. 1. cf. Polymorphopteris sp. USNM specimen 630547. USNM locality 42119 (Tinajas olive shale). 2. cf. 
Polymorphopteris sp. USNM specimen 630593. USNM locality 42489 (Tinajas olive shale). 3. cf. Polymorphopteris sp. USNM specimen 630768. 
USNM locality 42119 (Tinajas olive shale). 4-5. cf. Lobatopteris vestita. USNM specimen 630688. USNM locality 43526 (lower Bartolo). 6-7. 
Marattialean foliage, possibly Lobatopteris lamuriana. USNM specimen 630718. USNM localty 43477 (lower Tinajas). 8-9. Marattialean foliage 
with very small pinnules. USNM specimen 508812. USNM locality 42133. Scale bars = 1 cm. Scale bar in 29.9 also applies to 29.5 and 29.7.

Cf. Corynepteris similis (Sternberg) Kidston
Four specimens of distinctive morphology were found in strata 

from both the Bartolo Member and the Tinajas Member.  These 
specimens are similar in many ways to Corynepteris similis as 
illustrated by Brousmiche (1983).  They consist of ovoid to slightly 
triangular pinnules with small, rounded teeth fringing the margin all 
around (Fig. 31.6, 31.7).  Pinnules are broadly attached to the rachis, 
with some degree of constriction in larger specimens.  Venation is well 
marked; a midvein extends part way through the lamina, and secondary 
veins fork once or twice before terminating in one of the marginal teeth.

Corynepteris similis is known only from the Bolsovian, so 
attribution of the Atrasado Formation specimens to this taxon is 
unlikely.  Nonetheless, they are enough like this species for it to serve 
as a point of comparison.
Cf. Radstockia sphenopterioides Kidston

Radstockia is a form of fertile foliage sometimes attributed to the 
Marattiales, but of uncertain affinity.  We identified several fragmentary, 
poorly preserved specimens from one locality in the Tinajas Member 
of Missourian age and one in the Burrego Member of Virgilian age 
that might be attributable to this taxon (Fig. 31.8, 31.9).  They consist 

of elongate, narrow pinnules, approximately 2.5 mm in maximum 
length and 0.8 mm in width.  The pinnules are broadly inserted on the 
rachis and steeply inclined acropetally.  They appear to bear elongate 
sporangia/synangia on their abaxial surfaces; these sporangia project 
distinctly and appear to hang down from the leaf lamina.  They can be 
seen on both sides of some of the pinnules.  See Brousmiche (1983) for 
illustrations of this plant.  The Tinajas Member specimens bear closest 
comparison with R. sphenopteroides, which is known from the Asturian 
(Westphalian D) of Europe.
Cf. Zeilleria frenzlii (Stur) Kidston

A single, small and fragmentary specimen of deeply lobed foliage, 
quite small in size, was found in the Moya Member of Virgilian age 
(Fig. 31.10, 31.11).  It bears comparison with Zeilleria Kidston, and 
is most like Z. frenzlii. The specimen is from the terminal, laminate 
portions of a leaf and consists of long, narrow, mostly free lobes that 
are united only at their base to adjacent lobes.  The lobes are somewhat 
clustered into what might be considered the penultimate laminated 
segments; thus, a distinction between pinna and pinnule cannot be 
made. The individual lobes are somewhat club-shaped, constricted at 
the base, gradually expanding to a bluntly rounded apex.  There appears 
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FIGURE 30. Small ferns. 1. Hymenophyllites sp. USNM specimen 636919. USNM locality 43897 (Burrego Member). 2. Oligocarpia sp. USNM 
specimen 635839. USNM locality 43896 (Burego Member). 3. Cf. Senftenbergia plumosa. Field photograph. USNM locality 42112 (Tinajas olive 
shale). Scale bars = 1 cm.
to be a single vein per lobe.

According to Brousmiche (1983), Zeilleria is a eusporangiate fern, 
which she places in the order Urnatopteridales.  Z. frenzlii is known 
only from the Bolsovian/early Moscovian of Europe, making this an 
unlikely identification for the specimen found here, which is younger, 
of Virgilian age, roughly approximating the Stephanian C/Gzhelian.  
The specimen also is similar to Germera mendescorreae (Teixeira) 
Brousmiche, which, in vegetative form, compares closely with some 
species of Zeilleria (Brousmiche, 1983).  However, the pinnule lobes 
of G. mendescorreae are not as deeply incised as in the New Mexico 
specimen, nor are they constricted at the base.  G. mendescorreae is 
found in the Bolsovian and Westphalian D of Europe, extending into 
Atlantic Canada.

A somewhat more distant comparison may be made with 
Dichophyllum flabellifera (Weiss) Kerp and Haubold. Dichophyllum 
has been identified in strata as old as Missourian elsewhere in the 
United States (e.g., Garnett, Kansas: Cridland and Morris, 1963). A 
discussion of the taxonomic practice surrounding this name is provided 
by Kerp and Haubold (1988b).

Pteridosperms
Alethopteris zeillerii Ragot ex Wagner

One fragmentary specimen from the Tinajas Member is attributed 
to Alethopteris zeilleri, a widespread and stratigraphically long-ranging 
species.  The specimen preserves pinnules attached to rachis fragments 
(Fig. 32.5, 32.6).  Pinnules are decurrent, only very slightly confluent 
and elongate, with widths >2x lengths. Lateral margins are relatively 
straight.  Pinnule apices are not preserved.  The midvein is straight, 
thickened at its point of attachment to the rachis, and extends to near 
the apex.  Lateral veins arch over a very short distance to being at 
nearly right angles to the midvein and meet the margin at nearly right 
angles.  The veins fork several times and form fascicles.  Vein density 
is about 30 veins/cm of margin, which is low for A. zeillerii. Therefore, 
this identification should be treated with caution, especially given the 
fragmentary and singular nature of the specimen.
Alethopteris sp. (cf. A. pseudobohemica)

Three specimens of Alethopteris sp., from two localities in 
the Tinajas Member are compared here with A. pseudobohemica, A. 
bohemica and A. zeillerii.  One specimen consists of two pinnules, the 
basal-most portion missing, so that the immediate attachment to the 
supporting rachis is not shown (Fig. 32.1, 32.2). Another specimen 
shows the base attached to a rachis segment, but lacks the pinnule apex 
(Fig. 32.3, 32.4).  The third is an apical fragment (not figured). Pinnules 
are broad, about 1.5 cm in length and 0.7-0.9 cm in width, with slightly 
convex margins and a broad, rounded to slightly acuminate apex.  The 
specimen showing the base indicates that the pinnules are decurrent 
and possibly non-confluent, with the acroscopic side somewhat incised.  
The midvein is well developed and persists through 75% of the pinnule 
length.  Lateral veins arch away from the midvein and meet the margin 
at 90 degrees or slightly less, the angle increasing apically.  Veins fork 
at least once, sometimes twice.  Vein density is relatively low, about 30 
veins/cm of margin. 

These specimens may simply be variants of the same species as 
the above-described specimen, which we have attributed tentatively 
to A. zeillerii, which is certainly possible given the small sample 
numbers of Alethopteris in the overall collection and their fragmentary 
nature, thus limiting appreciation of range of variation.  They bear 
some resemblance to Alethopteris pseudobohemica Wagner, which 
Wagner (1968) based on a single specimen that occurred in the same 

beds as A. bohemica Franke, with which it shares many morphological 
similarities.  He further suggested that the type specimen may simply 
be a variant of A. bohemica.  We have chosen the A. pseudobohemica 
affinity because of the relatively low vein density and the relatively 
broad height:width of the pinnules.
Barthelopteris germarii (Giebel) Zodrow & Cleal

Barthelopteris Zodrow & Cleal is a monotypic genus of 
pteridosperms.  Pinnules, generally found isolated, are characterized 
by reticulate venation, comprising a meshwork of polygons, the size 
of which decreases toward the margin of the pinnules.  A midvein is 
well developed and may extend through most of the pinnule length. 
According to Barthel (2006), pinnules vary from 20-70 mm in length 
and 5-20 mm in width.  The two specimens in the Socorro collections 
(Fig. 33) come from one locality in the Bartolo Member.  They conform 
to the features of B. germarii in most respects; however, the midveins in 
the two specimens are confined to the lower ½ of the pinnule laminae, 
not extending to the pinnule apical regions.  These specimens would 
be from the lower part of the range of B. germarii, which is reported 
from as low as the upper Cantabrian in Europe, with which the Bartolo 
Member most likely correlates.
Cf. Callipteridium virginianum (Fontaine and White) Wagner and 
Álvarez-Vázquez 

Two specimens of similar morphology were found in one of the 
lower Bartolo Member shales, which is of late Desmoinesian age (Fig. 
34.1–34.4).  They bear a resemblance to Callipteridium virginianum. 
However, the identification must be treated with considerable caution 
because the morphological match is not exact, and the Bartolo Member 
specimens are well below the reported stratigraphic range of this 
species, which is from the Cassville Shale of West Virginia, of late 
Virgilian age (Blake and Gillespie, 2011). 

The specimens are characterized by elongate pinnules, 6-7 mm 
in length and 3-3.5 mm in width, broadly attached to a stout rachis, 
with a slightly oblique insertion.  Pinnule lateral margins are straight, 
but somewhat expanded to incipiently lobed at the base and bluntly 
rounded to bluntly acuminate at the tip.  The midvein is well developed 
and extends nearly to the tip of the pinnule.  Lateral veins are well 
marked, fork near their attachment to the midvein and may fork again, 
reaching the margin obliquely at a low angle, but not orthogonally.  
There are approximately 40 veins per cm of margin. Where organic 
matter is preserved, it may obscure the venation as viewed from the 
adaxial surface, suggesting that the laminae may have been relatively 
thick limbed. The adaxial surface of these pinnules also is slightly 
rugose (Fig. 34.3, 34.4), suggesting the presence of a sparse tomentum.

It must be considered that these specimens may be more closely 
aligned with Alethopteris than with Callipteridium.  C. virginianum 
was first attributed to Alethopteris by Fontaine and White (1880) 
and has been so treated by subsequent authors, prior to the revision 
of Wagner and Álvarez-Vázquez (2010b). The relatively low angle, 
strong venation, well developed, long midvein, and basal lobing also 
are not inconsistent with Alethopteris pontica Zeiller (see description 
in Wagner, 1968).
Dicksonites plukenetii (Schlotheim ex Sternberg) Sterzel

Dicksonites Sterzel is foliage attributable to the pteridosperm 
group Callistophytales (Galtier and Béthoux, 2002), specifically the 
anatomically preserved Callistophyton Delevoryas and Morgan.  The 
genus has been fully reconstructed and known to have a scrambling, 
ground cover habit (Rothwell, 1981; Galtier and Béthoux, 2002).  The 
Callistophytales have a long stratigraphic range, from the Middle 
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FIGURE 31. Small ferns. 1. Aphlebia sp. Attributable to marattialean or filicalean ferns. USNM specimen 630760. USNM locality 43489 (Tinajas 
olive shale). 2-3. Alloiopteris erosa. USNM specimen 630777. USNM locality 43489 (Tinajas olive shale). 4-5. Asterotheca damesii. USNM 
specimen 508808. USNM locality 42133 (Tinajas olive shale). 6- 7. Corynepteris similis. USNM specimen 629718. USNM locality 43526 (lower 
Bartolo). 8-9. Radstockia sphenopteroides. USNM specimen 636897. USNM locality 43897 (Burrego). 10-11. Cf. Zeilleria frenzlii. USNM 
636841. USNM locality 43602 (Moya). Scale bars = 1 cm; scale bar in 31.2 also applies to 31.6.

Pennsylvanian in Euramerica through the Permian in China (Seyfullah 
and Hilton, 2011). Phylogenetic analyses (Hilton and Bateman, 
2006) find them to be among the most derived of the late Paleozoic 
pteridosperms, a possible sister group of the extant Cycadales.  The 
order may include more genera than Callistophyton/Dicksonites; 
Krings and Schultka (2010) have suggested a callistophytalean affinity 
for a seed-bearing plant with lobatopterid/polymorphopterid foliage 
from the Middle Pennsylvanian, and Krings et al. (2001) suggest a 
similar affinity for the pteridosperm Pseudomariopteris.  

Three specimens attributable to Dicksonites plukenetii were 
found, one from the Bartolo Member of late Desmoinesian age, and 
two from the Burrego Member of Virgilian age (Fig. 34.5). The best 

specimen, from the Bartolo, consists of a segment of penultimate rachis 
bearing several ultimate rachises, > 2 cm in length, bearing numerous 
pinnules (10 pinnules).  The pinnules are ovoid to subtriangular with 
roughly parallel, but undulatory lateral margins, and bluntly rounded 
apices.  A midvein is variably developed, strongly so in some pinnules, 
extending through 2/3 of the pinnule lamina, and weakly so in others, 
present only at the base.  Lateral veins are widely spaced, divide at least 
once, and sometimes twice prior to meeting the margin at a shallow 
angle, and appear, overall, to be slightly variable in pattern from one 
pinnule to the next.  Terminal pinnules are small, broadly rounded, and 
fuse basally with subjacent lateral pinnules, giving them a somewhat 
elongate appearance with undulatory lateral margins.
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FIGURE 32. Alethopteris. Tinajas Member. 1-2. Alethopteris sp. cf. A. pseudobohemica. USNM specimen 630724. USNM locality 43477. 3-4. 
Alethopteris sp. cf. A. pseudobohemica. USNM specimen 630785. USNM locality 43489. 5-6. Alethopteris zelleri. USNM specimen 630759. 
USNM locality 43489. Scale bars = 1 cm.

FIGURE 33. Barthelopteris germarii. Lower Bartolo Member. 1-2. USNM specimen 630679. USNM locality 43482. 3-4. USNM specimen 
630680. USNM locality 43482. Scale bars = 1 cm.

A small scrap of foliage (not illustrated) that we have tentatively 
identified as Pseudomariopteris cordato-ovata was found in the Tinajas 
black shale, suggesting a callistophytalen in that assemblage also.  As 
noted above Krings et al. (2001) suggest an affinity of that genus with 
the Callistophytales.
Cf. Eusphenopteris Simon-Scharold

A small scrap of foliage was found in the collections from the 
Burrego Member, Virgilian age, that bears a vague resemblance to the 
genus Eusphenopteris (Fig. 34.6).  The two preserved pinnules may 
be the basal portions of trilobed pinnules that have been truncated by 
preservation or splitting of the enclosing rock.  The pinnule laminae 
are arched.  A midvein is short, present only at the base, and from it 
lateral veins depart in a spray dividing once or twice before reaching 
the margin.  Ultimate veins dichotomize broadly at least twice prior to 
reaching the margin, once near the midvein and once in midlamina, and 
possibly a third time near the margin. 

Eusphenopteris is a lyginopterid pteridosperm, with a wide 
geographic and stratigraphic distribution in the Pennsylvanian (e.g., 
Cleal, 2008).  The most comprehensive treatment of the genus is that 
of van Amerom (1975).  The specimen described here is too poorly 
preserved to attribute to any of the described species.
Cf. Laveinopteris rarinervis (Bunbury) Cleal, Shute & Zodrow

One specimen in the collections (USNM 630607), an isolated 
pinnule, has some of the characteristics of Laveineopteris rarinervis 
(Fig. 37.6). The pinnule is 10.5 mm in length and 5.5 mm in width.  It 
has straight, parallel lateral margins, an asymmetrically tapered apex, 
more steeply angular on the basal side, a basiscopic auricle, slightly 
incised acroscopic base, and a narrow point of attachment to a short bit 
of rachis. The midvein is thick at the base and extends to near the apex 

of the pinnule.  Lateral veins are thick, forked widely 1 to 2 times, and 
sparse, < 15/cm of margin.  The most notable of features suggesting 
a Laveineopteris affinity are the low density of broadly forked veins, 
the long midvein, extending over ¾ of the distance from base to apex, 
and the small size of the pinnules and their firm attachment to a rachis 
segment, all typical of this species. Intitially we considered this isolated 
specimen a variant form of Neuropteris ovata because of the prominent 
basal auricle, which is not typical of L. rarinervis.  

Potentially problematic for a Laveineopteris rarinervis 
identification, however, is the stratigraphic location of the specimen.  It 
is derived from the Tinajas Member, from the upper part of the Olive 
Shale unit, thus making it late Missourian in age.  In Europe, this 
species, in fact the entire genus, Laveineopteris, is considered to be 
restricted to the Middle Pennsylvanian (Cleal, 1984, 1991, 1997; Cleal 
and Shute, 2003). Thus, its occurrence in the Missourian (Stephanian) 
of western Pangea may be doubtful.  Nonetheless, the morphological 
similarity to species of Laveinopteris, and L. rarinervis in particular, 
merits consideration.

It also is possible that this specimen is a mixoneurid odontopterid.  
Odontopteris schlothemii Brongniart, which has great variation in 
pinnule shape, including small pinnules of neuropterid-form with 
sparse venation (Barthel and Amelang, 2011). Comparable specimens 
have been illustrated by Castro (2005) as Mixoneura wagnerii Lorenzo.  
Smaller pinnules of M. wagnerii, in particular (e.g., Castro, 2005, plate 
VIII, figure 2, in the upper portions of the pinna), have somewhat 
neuropterid shapes and venation of the same density as the specimen 
illustrated here.  Less likely candidates are other Stephanian-age taxa 
with neuropterid pinnule shapes and sparse, coarse venation, including 
the following from the Saint-Étienne flora (Doubinger et al., 1995): 
Neuropteris praedentata Gothan, Odontopteris cantabrica Wagner, and 
O. pseudoschlothemii de Maistre.  
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FIGURE 34. 1-4. cf. Callipteridium virginianum. Lower Bartolo Member. 1-2. USNM specimen 629729. USNM locality 43526. 3-4. USNM 
specimen 629727. USNM locality 43526. 5. Dicksonites plukenetii. USNM specimen 636916. USNM locality 43897 (Burrego Member). 6. cf. 
Eusphenopteris sp. USNM specimen 635854. USNM locality 43896 (Burrego Member). Scale bars = 1 cm.

Macroneuropteris scheuchzeri (Hoffmann) Cleal, Shute & Zodrow 
Macroneuropteris scheuchzeri is one of the most common and 

widespread pteridosperm species in upper Middle through Upper 
Pennsylvanian wetland deposits (Stull et al., 2012).  The plant was a 
small tree with fronds about a meter in length (Laveine and Belhis, 
2007), possibly of mangrove-like habit (Falcon-Lang, 2009).  The 
pinnules were caduceus, so foliage of this plant is most often found as 
isolated pinnules, often in large accumulations.  The pinnules are easily 
recognized by their large size, several centimeters in length and more 
than a centimeter in width, lingulate shape, and cordate-shaped base, 
sometimes with two small lobes or free round pinnules.  The pinnule 
apex varies from tapered and rounded to tapered and acuminate. 
Venation is fine; the midvein is generally a thin vein bundle from which 
lateral veins diverge in a graceful arc, meeting the margin at an angle.

Most central to the Macroneuropteris scheuchzeri identification 
is the presence of small hair-like structures on the pinnule surface.  
These had long been considered hairs (trichomes), but Zodrow (2014) 
analyzed them and found their chemical composition to be distinct 
from that of the cuticle.  Laveine and Oudoire (2015) then examined 
numerous specimens and concluded that these features are, in fact, not 
located on the surface of the pinnule but are subepidermal and, most 
likely, are resin ducts.  Rachial remains of M. scheuchzeri also are 
highly identifiable because pinnule abscission left behind a small spine 
(Fig 35.7). In consideration of the great variation in size and relative 
abundance of these hair-like resin ducts, M. scheuchzeri may, in fact, 
not be a single species, but a species complex (Darrah, 1969).

In comparison with the frequent occurrence of this plant elsewhere 
in equivalent-age Pennsylvanian strata, Macroneuropteris scheuchzeri 
is not commonly found in the Socorro floras.  A small number of 
specimens were unequivocally identified, based on the criteria 
discussed above (Fig. 35.1, 35.6), including a few rachial elements 
without attached pinnules (Fig. 35.7). However, the plant was only 
identified in strata of the Tinajas and Burrego members, thus only in 

the Late Pennsylvanian, Missourian and lowermost Virgilian, parts of 
the section. Microchonchids were found attached to a pinnule at one 
locality (USNM 42119) (Fig. 35.5, 35.6).
Neuropteris ovata Hoffmann  

Neuropteris ovata is likely a species complex that includes a 
number of species or varieties (Cleal and Zodrow, 1989). All share 
the characteristics of auriculate pinnules and a tendency to become 
odontopteroid near pinna tips, accompanied by broadened attachment 
to the rachis and some degree of fusion between the terminal pinnule 
and those immediately subjacent to it.  Midveins are often indistinct 
and composed of numerous veins.  The various forms differ in pinnule 
shape, vein density, midvein development and terminal pinnule size 
and shape.  We note several different morphologies of this basic form.  
Unfortunately, due to lack of preserved cuticle, we cannot differentiate 
these forms beyond the level of outline shape and venation pattern.
Neuropteris ovata of typical form

Neuropteris ovata in its most characteristic and widely recognized 
general form is represented in the collections mainly by isolated 
pinnules or pinna fragments that have been transported to the site of 
deposition. The variation in these pinnules is illustrated in Figures 
36, 37.1-37.5, and 38.1, 38.2, although there are other variants not 
illustrated here.  The particular variations of note are the degree of 
basiscopic auricle development on lateral pinnules, the degree of fusion 
of subterminal pinnules to one another and the base of the terminal 
pinnule, and the thickness and density of the lateral veins. Specimens 
assigned to N. ovata are present in both the Bartolo (Fig. 36.1, 36.2) and 
Tinajas members, although they are rare in the Bartolo Member.  Those 
with characteristics most typical of the species are concentrated in the 
lower and middle beds of the Tinajas Member.  

Pinnules have high vein densities, mid-30s to mid-40s per cm of 
margin.  The midvein bundle is superficial, not sunken into the lamina 
and tends to insert at right angles into the supporting rachis (not notably 
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FIGURE 35. Macroneuropteris scheuchzeri. 1-2. “Hairs” well marked on pinnule. USNM specimen 630769. USNM locality 43489 (Tinajas Olive 
Shale unit). 3-4. “Hairs” well marked on pinnule. USNM specimen 630740. USNM locality 41920 (Tinajas Olive Shale unit). 5-6. Note attached 
microchonchids (spirobids) at arrows. USNM specimen 630549. USNM locality 42119 (Tinajas Olive Shale unit). 7. Typical axis after pinnules 
have been shed, showing remaining “spines.” USNM 636840. USNM locality 43597 (Middle Tinajas). Scale bars = 1 cm.

decurrent).  The midvein extends no more than half-way up the pinnule 
before dissipating into the lamina as a spray of veins. Lateral veins 
are fine, and arc smoothly outward from the midvein bundle without 
become flexuose. Pinnule venation is asymmetrical; veins on both sides 
initially ascend steeply, but those on the acroscopic side arc to meet 
the margin at nearly 900, whereas those on the basiscopic side deflect 
only slightly in their course and meet the margin at a relatively steep 
angle. A basiscopic auricule is present; the acroscopic base is either 
incised or slightly auriculate.  The apex is blunt, slightly basiscopically 
truncated, and thus asymmetrical, giving many pinnules a squared-off 
shape.  Lateral margins are slightly flexuose.

Terminal pinnules are rather broad, more like those attributed 
to Neuropteris flexuosa, longer than wide, but still inflated.  They 
acutely taper to a narrowly rounded tip.  The last lateral pinnule may 
be fused to the base of the terminal pinnule. In general, however, the 
pinnules immediately below the terminal are not fused; several may be 
mixoneuroid in form, with broad bases and lacking a clear midrib, but 
these are generally relatively few in number.

The specimens we have assigned to N. ovata are similar in some 
respects to N. flexuosa (see Bashforth et al., 2016a, for a detailed 
comparison of these two species), particularly in the presence of large, 
inflated terminal pinnules (of which we have only a few examples).  
However, in light of vein densities much higher than those of N. 
flexuosa, and given the lack of flexuose vein trajectories, we believe an 
N. ovata assignment is more likely.

In two collections, one from the Middle and one from the Upper 
Pennsylvanian, typical Neuropteris ovata foliage is associated with 
Cyclopteris fimbriata Lesquereux (Fig. 38.3).  The largest number 
of such specimens are from the autochthonous Neuropteris beds in 
the Bartolo Member (Desmoinesian age) – see below.  These large, 
obiculoid pinnules are thought to have been inserted on the frond along 
the petiole, prior to the issuance of any pinnae.  They are typified by a 
fringe along the curving outer margin, caused by the projection of vein 
endings surrounded by thin strips of laminar tissue.

Neuropteris cf. ovata form 1
A distinctive type of foliage, distinct from typical Neuropteris 

ovata but within the overall range of variation of the species, was 
found at high density in a single bed of the upper Bartolo Formation. 
The foliage was densely packed in an autochthonous accumulation, 
including rachises and thin, long, flexuous stems (the leaning growth 
habit of Wnuk and Pfefferkorn, 1984) (Fig. 9.5, 9.6). This foliage is 
similar in many respects to N. ovata var. sarana (Bertrand) Cleal and 
Zodrow (Cleal and Zodrow, 1989) and might be attributed to that variety, 
or may belong to some other variety within the larger N. ovata complex.  
However, the lack of basal auriculae on most pinnules, straight lateral 
margins, elongate pinnule shape, symmetrical blunt tips, sunken mid-
vein bundle, and symmetrical lateral venation suggest segregation from 
N. ovata in the sense of the type species (see comments in Cleal and 
Zodrow, 1989).

Laminate foliage is densely veined; vein densities fall between the 
low 30s and low 40s per cm of margin.  The veins arch to meet the 
margin at a steep angle in smaller pinnules; in larger pinnules, veins 
continue their arc farther to meet the margin nearly perpendicular.  The 
arc of the lateral venation is symmetrical on either side of the midvein.  
The midvein, which may have a slightly decurrent insertion, is formed 
by a bundle of individual veins that persists through the basal ⅔ of the 
pinnule lamina before dissipating into a spray of smaller veins that arc 
to the pinnule margin.  The midvein is set within a depression on the 
pinnule surface, suggesting that the pinnule lamina was arched.  Pinnule 
L:W ratios vary from 2 to > 4, with most in the range of 2.5; thus, the 
pinnules appear to be elongate.  The pinnule margins tend to be straight 
and end in a bluntly symmetrical, rounded apex.  In some pinnules, 
especially near the end of pinna, a small basal auricle can be present on 
the basicopic side, but most of the pinnules are not auriculate.  There 
is great size variation in the pinnules that make up the assemblage, as 
illustrated in Figures 39 and 40.

Terminal pinnules in these specimens are morphologically 
variable (Figs. 39.1-39.4, 40.3, 40.4).  Some are relatively long and 
narrow, others wide.  Only a limited amount of fusion is observed 
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FIGURE 36. Neuropteris ovata. 1-2. USNM specimen 630561. USNM locality 42141 (Bartolo). 3-4. USNM specimen 630719. USNM locality 
43477 (lower Tinajas). 5-6. USNM specimen 630720. USNM locality 43477 (lower Tinajas). 7-8. USNM specimen 630717. USNM locality 
43477 (lower Tinajas). Scale bars = 1 cm.
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FIGURE 37. Neuropteris ovata or N. ovata-like forms, and cf. Laveineopteris rarinervis. Tinajas Member, Olive Shale unit. 1-2. USNM specimen 
630735. USNM locality 42098. 3-4. USNM specimen 508815. USNM locality 42133. 5. USNM specimen 629731. USNM locality 42099. 6-7. 
Cf. Laveineopteris rarinervis or Neuropteris ovata -like form, but with markedly sparse venation and small pinnule size.  USNM specimen 630607. 
USNM locality 43475. Scale bars = 1 cm.

between the terminal pinnule and those immediately below it.  A few 
specimens from apical regions of pinnae demonstrate a transition from 
long, entire pinnules to smaller, odontopteroid pinnules (Fig. 40.7). The 
location of the pinnae with such pinnule-transitions within the large 
frond-like compound leaves of this plant could not be determined from 
the evidence at hand.

Further in keeping with identification of these specimens as 
variants of Neuropteris ovata is the presence of fimbriate cyclopterid 
pinnules (Fig. 38.3), which were found more commonly in this bed than 
in any other N. ovata-bearing deposit.  Such fimbriate cyclopterids are 
characteristic of the species.
Neuropteris cf. ovata form 2

A single specimen (Fig. 41), most likely attributable to Neuropteris 
ovata, but distinct from both the typical form and N. cf. ovata form 1, 
was found in the autochtohonous, neuropterid-rich beds of the upper 
Bartolo Member, in which N. cf. ovata form 1 is dominant.  This unique 
specimen, a fragment with several pinnae, is characterized by clearly 
separated, elongate, relatively narrow pinnules with a cordate to slightly 
basiscopically auriculate base and bluntly rounded apex.  The basipetal 
half of the pinnule base becomes adherent to the rachis in the distal 
several centimeters of the pinna, but without becoming connate with 
adjacent pinnules, which is the characteristic morphology of N. ovata 
specimens; the acroscopic portion of the pinnule remains free.  The 
terminal pinnule is elongate and narrow.  The midvein of the pinnules is 

weakly developed, forming more of a central region of denser venation 
than a distinct midrib; it extends as a depression about ⅔ – ¾ of the 
distance from pinnule base to apex, suggesting that the pinnules may 
have been arched.  The ultimate venation is relatively sparse, at about 
30 veins/cm of margin, but the veins are delicate and thin, making them 
appear more widely separated than in specimens with thicker veins. 
The venation is very steep, particularly on the basiscopic side of the 
pinnule, and reaches the margin at that steep angle; venation arches 
somewhat more on the acroscopic side, but is still steep, meeting the 
margin at about 45°.

It is probable that this specimen is simply a variant of N. cf. ovata 
form 1, which makes up the majority of the specimens from the host 
shales at USNM locality 42141. Foliage that is vaguely N. ovata-like, 
but with delicate, relatively high-angle ultimate venation, also occurs 
in the Tinajas Member. This specimen also bears comparison with 
Neuropteris obliqua (Brongniart) Zeiller in the general elongate nature 
of the pinnules, their pattern of fusion with the rachis, and their steep 
venation. However, this species is characteristic of much older strata 
(e.g., Wagner and Álvarez-Vázquez, 2010a).  
Neuropteris cf. ovata large terminal pinnules

A small number of specimens was found in both the Bartolo 
(USNM 43526, 42141) and lower part of the Tinajas (USNM 43526) 
members that compare with Odontopteris (Fig. 42) but are more likely 
to be portions of Neuropteris ovata fronds, perhaps from the lower 
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FIGURE 38. Neuropteris ovata-like forms and Cyclopteris. 1-2. USNM specimen 630738. USNM locality 41920 (Tinajas Member, Olive Shale 
unit). This form of N. ovata has thin, relatively sparse lateral veins. 3. Cyclopteris fimbriata. USNM specimen 630572. USNM locality 42141 
(Bartolo Neuropteris beds). Scale bars = 1 cm.

portions of the frond. The specimens are characterized by the presence 
of high vein densitiesranging between the mid-30s and mid-40s per 
centimeter and a central region but not a clearly developed midvein, 
both typical of N. ovata.  The lateral veins arch strongly but gradually 
toward the margin, which they meet at slightly less than right angles.  All 
the specimens appear to be terminal pinnules, and fall into two groups: 
(1) Large pinnules up to 4 cm in length > 1 cm in width.  These pinnules 
have undulatory margins with undulations increasing toward the base 
(Fig. 42.3-42.6). (2) Ovoid terminal pinnules up to approximately 2.5 
cm in length and 1.3 cm in width, with weakly undulate margins, the 
undulations becoming slightly more prominent toward the base.  At the 
uneven base of the terminal pinnule, smaller, slightly oval (as opposed 
to round), odontopteroid lateral pinnules are developed (Fig. 42.1, 
42.2, 42.7, 42.8); because all pinnae are incomplete, it is not possible to 
ascertain how many of these smaller, lateral pinnules might have been 
present.  The undulatory margins and the small, odontopteroid lateral 
pinnules also are consistent with the morphology of N. ovata.

We initially considered that these specimens might represent 
Odontopteris lingulata (Goeppert) Schimper.  However, as pointed out 
in review, the morphology of the specimens, particularly the undulate 
margins and the strong taper to the apex in some, cast doubt on this 
identification.  Furthermore, this species in Europe is considered to 
occur in rocks that would be of Virgilian age in the United States 
(Barthel, 2006).  
Neurocallipteris planchardii (Zeiller) Cleal, Shute & Zodrow

Several isolated pinnules or pinnule-bearing rachises were found 
that bear some similarity to Neurocallipteris planchardii.  In most 
specimens, the pinnules are linguloid with a cordate base, straight to 
slightly undulate lateral margins and a bluntly rounded apex (Fig. 43.1-
43.6).  Pinnule L:W are generally ≥2:1. In most specimens, pinnules are 
borne at right angles to the rachis, but tend to be acroscopically inclined 
in the terminal portions of pinnae.  Vein density is high, ranging from 
the 40s into the 50s per centimeter of margin.  The midvein is straight 
and is present throughout ⅔ or more of the pinnule length.

As noted by Laveine and Dufour (2013), this species is generally 
rare and often found only as isolated pinnules.  Specimens attributed to 
Neurocallipteris planchardii have been reported from Missourian-age 

shales in the Kinney Brick Pit, 110 km to the NNE (DiMichele et al., 
2013).

There are a number of variants that we have placed in this 
group, but which may represent species other than Neurocallipteris 
planchardii.  For example, some pinnules in the specimen illustrated in 
Figure 43.5, 43.6 are weakly auriculate and have an indistinct midvein, 
similar to Neuropteris ovata; however, at 50 veins per cm of margin, the 
vein density is higher than is typical of N. ovata, and not all pinnules 
are auriculate.  Several other specimens, also with vein densities of 
approximately 50 per centimeter of margin (e.g., Fig. 43.7, 43.8) are 
more rectangular in outline and have asymmetrically truncated apices.
Neuropterids incertae sedis with high vein densities 

A variety of neuropterid specimens were found that have high vein 
densities, between 50 and 70 veins per centimeter of margin.  These 
are mainly isolated pinnules, but include a few pinna fragments. A 
selection of these specimens, representing the range of variation found, 
is illustrated in Figure 44.  The specimens have characteristics of various 
taxa: USNM 630775 (Fig. 44.1, 44.2) has a shape similar to pinnules 
of Macroneuropteris scheuchzeri but differs by having a much more 
prominent midvein, and the lamina lacks the characteristic resin ducts 
or “surface hairs.” USNM 630726 (Fig. 44.3, 44.4) and USNM 630544 
(Fig. 44.5, 44.6) are broadly similar to Neurocallipteris planchardii but 
differ in that the pinnule margins have a more pronounced curvature, 
and the pinnules are more steeply inclined in their attachment to the 
rachis (or steep inclincation is suggested by the asymmetry of isolated 
pinnule bases) than is typical for Neurocallipteris planchardii.  USNM 
629733 (Fig. 44.7-44.9) is similar to Odontopteris subcrenulata, 
however, the pinnule is too large and linguloid to be a typical terminal 
pinnule of that species.  We consider these specimens to be of uncertain 
affinity.
Odontopteris cantabrica Wagner

Odontopteris cantabrica is represented in the collections by small 
pinna fragments, most of which preserve some portion of the pinna 
terminus.  Five specimens are derived from two replicate collections 
made in strata of latest Desmoinesian age, specifically the autochthonous 
to parautochthonous assemblage dominated by Neuropteris cf. ovata 



62

FIGURE 39. Neuropteris cf. ovata form 1. Upper Bartolo Member, autochthonous Neuropteris beds. 1-2. USNM Specimen 630567. USNM 
locality 42141. 3-4. USNM specimen 630559. USNM locality 42141. 5-6. USNM specimen 630661. USNM locality 42139. Scale bars = 1 cm.
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FIGURE 40.  Neuropteris cf. ovata form 1. Upper Bartolo Member, autochthonous Neuropteris beds. The objective of this figure is to illustrate 
the size and shape variation in specimens from this accumulation. All specimens from USNM locality 42141. 1-2. USNM specimen 630577. 3-4. 
USNM specimen 630582. 5. USNM specimen 630576. 6. USNM specimen 630564. 7. USNM specimen 630581. Scale bars = 1 cm.
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FIGURE 41. Neuropteris cf. ovata form 2. Upper Bartolo Member, autochthonous Neuropteris beds. 1-2. USNM specimen 630566. USNM 
locality 42141. Scale bars = 1 cm.

form 1: collections USNM 42141 (Fig. 45.1-45.4) and USNM 42139 
(Fig. 45.5, 45.6). Other specimens were identified in the lower Bartolo 
Member collections from shale 1 and shale 2

The pinnae consist of small ovoid pinnules with rounded to 
somewhat broadly acuminate apices.  Pinnules are more or less 5 mm 
in length and 4 mm in width.  They are slightly constricted at the base 
in proximal locations on the pinna but become more broadly attached 
toward the pinna apex, ultimately fusing into a more solid pinna lamina 
with undulate margins.  Four or more veins enter pinnules from the 
rachis.  These veins ascend upward steeply, forking near the pinnule 
base and again one or two times.  They are pronounced, markedly 
sparse, and widely spaced.  Pinnules fuse laterally to form a gradually 
tapering acuminate apex. The apical pinna region may consist of just a 
few fused pinnules or be quite extensive. 

The closest comparison among the species identified in the 
Socorro County collections is to material identified as Odontopteris 
schlotheimii.  The latter species also has markedly sparse venation, 
but pinnules are larger than those of O. cantabrica.  In addition, in O. 
schlothemii, pinnules fuse toward the pinna apices to form an elongate, 
gradually tapering apical pinnae region, particularly in more apical 
regions of the frond (see illustrations in Barthel, 2006, and Barthel 
and Amelang, 2011).  In the end, distinguishing these two species in 
our collections is also, in part, a matter of conformity to stratigraphic 
position.  O. schlothemii is thought to be a Gzehlian species, and thus 
occurs much higher than O. cantabrica stratigraphically. 
Odontopteris schlothemii Brongniart

A small number of specimens, from six localities in the Upper 
Pennsylvanian Tinajas Member and one in the Burrego Member, 
are within the range of morphological variation of Odontopteris 
schlothemii (Fig. 46).  However, the population is too small, and the 

range of morphological variation too constrained, to make a confident 
identification. The most important feature of these plants is their sparse, 
widely spaced, well marked venation.  Most of the specimens appear 
to represent the terminal segments of a pinna, in which case the pinnae 
have a strong rachis along which pinnules become progressively 
connate, ultimately ending in a terminal segment with a lobed margin.  
Terminal pinnules are linguloid, diminish in width gradually, and end 
in a bluntly rounded tip. One or two steeply decurrent veins supply the 
individuated ultimate pinnules and fork many times to comprise the full 
secondary venation of the lamina.  

Barthel and Amelang (2011) described a large population of 
specimens they attributed to Odontopteris schlothemii from the early 
Permian Manebach Formation of the Thuringian Forest Basin in 
Germany.  The variation in pinnule shape and size is very large and 
could easily result in classification of isolated pinnae and pinnules as 
distinct species, although all share a similar venation pattern. Referring 
to this study as a baseline, the specimens from New Mexico fall within 
the range of variation of the material from Germany, although they 
are considerably older and below the range considered typical for O. 
schlothemii.
Odontopteris cf. O. schlothemii

The most abundant specimens from the Missourian USNM Locality 
41913, lower Tinajas Member, were most similar to Odontopteris 
schlothemii, although varying sufficiently for the assignment to be 
tentative (Fig. 47).  These may be a distinctive species, given the 
morphological uniformity of the relatively large population of remains. 
Pinnules in these specimens are strongly constricted basally, but still 
have a broadened area of attachment to the rachis.  Through this broad 
attachment, several veins enter the pinnule and extend through the 
lamina as a palmate spray. The veins in the basal parts of the lamina are 
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FIGURE 42. Neuropteris cf. ovata large terminal pinnules. 1-2. USNM specimen 629728. USNM locality 43526 (lower Bartolo Member). 3-4. 
USNM specimen 629726. USNM locality 43526 (lower Bartolo Member). 5-6. USNM specimen 630574. USNM locality 42141 (autochthonous 
Neuropteris beds, upper Bartolo Member). 7-8. USNM specimen 630714. USNM locality 43477 (lower Tinajas Member). Scale bars = 1 cm.

short and arch steeply toward the margins; those that extend to the distal 
portions are much longer and straighter.  In the proximal portions of a 
pinna, lateral pinnules are elongate, varying from 1.5-2.5 times longer 
than wide. Towards the apex of a pinna, the lateral pinnules become 
increasingly ovoid to almost circular in shape.  In addition, the pinnules 
are relatively large; lengths are generally over 10 mm but range up to 19 
mm; widths generally between 6 mm and 9 mm, up to 12 mm.  Terminal 
pinnules vary from nearly round to elongate; examples are 13.5 mm 
long by 13.5 mm wide, 15 mm long by 11.5 mm wide, and 16 mm long 
by 10 mm wide.  Vein density is low, ranging from the upper teens to 
low 20s per cm of margin.

The New Mexico specimens encompass less morphological 
variation than found in the much larger population of specimens 
described by Barthel and Amelang (2011). The main similarities are the 
sparse venation and the typically odontopterid architecture. However, 
the New Mexico specimens are not typical of Odontopteris schlothemii. 
They are set apart by the nearly round terminal pinnules and the strong 
constriction of the bases of the lateral pinnules.
Odontopteris subcrenulata Rost

The specimens assigned to this species are mostly fragmentary, 
represented by small segments of pinnae or isolated pinnules (Fig. 48).  
The species occurs in Missourian strata only. If the identification is 
correct, the occurrence here is somewhat older than reported in Western 
Europe.

Pinnules are generally a centimeter or more in length but somewhat 
less in width, presenting an overall rounded aspect.  However, 
the lateral margins are subparallel, particularly in larger pinnules.  
Pinnules are decurrent and broadly attached to the rachis, and can 
have a weakly developed basal auricle and slightly incised acroscopic 
margin.  Venation is fine and dense, with 40 veins or slightly more 

per centimeter of pinnule margin. Multiple veins enter the base of the 
pinnule. In pinnules located distally in pinnae, no clear mid-vein region 
is developed; however, in pinnules located more proximally in pinnae, 
the entering veins are concentrated in the mid-portion of the pinnule, 
forming a false midvein.  Veins arch steeply to the margin, meeting it 
at a steep angle in the distal portions of the pinnule, the contact angle 
decreasing basally and becoming orthogonal in the basal ~25% of the 
lamina.

Few specimens with terminal pinnules or parts of them are 
preserved in the sample suite.  Terminals appear to have been elongate, 
but not tongue shaped. They are partially fused with the immediately 
subjacent lateral pinnules and consequently have undulatory margins 
in their lower portions.  They taper gradually to a bluntly rounded, but 
still narrow apex.

We have chosen to identify these specimens as Odontopteris 
subcrenulata because of the subparallel nature of the pinnule margins 
and the absence of the large, tongue-shaped terminal pinnules that 
characterize O. lingulata specimens.  These also should be compared to 
Neuropteris ovata pinnules from lower portions of fronds.
Odontopteris sp. 

Specimens attributed tentatively to the “small pinnuled” 
odontopterids (e.g., Šimůnek and Cleal, 2004) were identified at several 
localities in the Tinajas and Burrego Members, of Missourian and 
Virgilian age (Fig. 49).  These were not of uniform character and likely 
represent several species.  As with most of the collection, however, 
the specimens are fragmentary, and thus their affinities are difficult to 
determine.

The stratigraphically oldest of these, represented by a single 
pinna bearing two rhomboidal, triangular pinnules (Fig. 49.1, 49.2), is 
possibly attributable to Odontopteris.  The pinnules, each about 10 mm 
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FIGURE 43. Neurocallipteris planchardii. Tinajas Member, Olive Shale unit. 1-2. USNM specimen 630634. USNM locality 42112. 3-4. USNM 
specimen 630552. USNM locality 42119. 5-6. USNM specimen 629734. USNM locality 42099. 7-8. USNM specimen 630734. USNM locality 
41920. Identity of this specimen (and several others like it) is questionable due to obovate shape and asymmetrically truncated apex. Scale bars 
= 1 cm.
long and 5 mm wide, take the form of obtuse triangles that are truncated 
on the long, basipetal margin.  They are strongly incised acroscopically, 
basally auriculate and rather narrowly attached to the supporting 
rachis.  The midvein, if it can be so designated, is strongly decurrent 
and extends through no more than the lowermost 10% of the lamina. 
The ultimate veins of the basiscopic lamina lobe originate from this 
midvein at one or two points, and divide into a spray of veins, most of 
which divide 3-to-4 times, with many of the final dichotomies occuring 
within 0.5 mm of the margin. This produces marginal vein counts of 
> 60, which is nearly twice as dense as is reported for other species 
of the small-pinnuled group of Odontopteris.  The arc of the ultimate 
veins also is greater than typical. The closest comparison may be with 
Odontopteris brardii (Brongniart) Sternberg, a highly variable species 
that has recently been reevaluated by Laveine and Oudoire (2016).  
Some specimens of this species may have a strongly incised acroscopic 
base and a decurrent midrib from which the secondary venation arises.  
The species has a distribution extending from the Middle through the 
Upper Pennsylvanian.  However, the venation is not correct in our 
material to match O. brardii.  

The stratigraphically youngest specimens are represented by 
several pinna fragments from the Burrego Member, of Virgilian age 
(Fig. 49.3, 49.4).  These specimens have longer-than-wide pinnules 
with parallel lateral margins and asymmetrically rounded to truncated 
apices that terminate in a bluntly acuminate tip.  The terminal pinnule, 
preserved in one specimen (Fig. 49.3), is broad and elongate, with a 
narrowly tapering base that does not fuse the subjacent lateral pinnules.  
Venation is sparse. Multiple veins enter the lateral pinnules from the 

rachis, and most proceed in a nearly undeflected course to the apical 
region of the pinnule, forking three to four times.  Similar in many 
respects to Odontopteris brardii, the venation is somewhat too sparse 
for that species.
Odontopteroid specimens of indeterminate affinity

Several fragmentary specimens of indeterminate affinity were 
found in the lower beds of the Bartolo Member, immediately above the 
Gray Mesa Formation (Fig. 50.2-50.6); a species assignment was not 
possible. A morphologically similar specimen (USNM 630706) from 
the Tinajas Member locality USNM 41913 is illustrated in Figure 49.1 
for comparison; at this site, we identified an abundance of specimens as 
Odontopteris cf. O. schlothemii.

Where the rachis is visible in these specimens, it is somewhat 
undulatory.  Lateral pinnules are broadly attached subjacent to the 
terminal pinnule, and those immediately below may be partially to 
nearly completely fused with the terminal.  Pinnules near the pinna apex 
are rounded in shape.  Farther behind the terminal, pinnules become 
narrowly attached, are ovoid with straight to wavy lateral margins, 
and have an indistinct midvein region that extends approximately ½ 
of the way upward from the pinnule base. There are approximately 
30-35 lateral veins per centimeter of margin, and the venation appears 
somewhat coarse.  The secondary veins meet the lateral margins at a 
broad angle, not orthogonally, even in the basal regions of the pinnules.

These specimens encompass a range of morphologic variation 
between that typical of Odontopteris schlothemii and O. subcrenulata. 
However, they are below the typical ranges of both species. Considering 
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FIGURE 44. Neuropterids with high vein densities, ranging between 50 and 70 veins per cm of margin. Possibly attributable to Neurocallipteris 
planchardii, although other assignments are possible. Tinajas Member. 1-2. USNM specimen 630775. USNM locality 43489. 3-4. USNM 
specimen 630726. USNM locality 43477. 5-6. USNM specimen 630544. USNM locality 43478. 7–9. USNM specimen 629733. USNM locality 
42099. Scale bars = 1 cm.

FIGURE 45. Odontopteris cantabrica from the autochthonous Neuropteris beds of the Bartolo Member. 1-2. USNM specimen 630674. USNM 
locality 42141. 3-4. USNM specimen 630673. USNM locality 42141. 5-6. USNM specimen 630656. USNM locality 42139. Scale bars = 1 cm.

that these specimens are all small fragments, positive identification 
seems unwarranted. 
Reticulopteris cf. R. muensteri (Eichwald) Gothan

Two fragmentary specimens were found, one each at two different 
Tinajas Member localities, with venation that bears close similarity 
to Reticulopteris muensteri (Zodrow and Cleal, 1993; Laveine and 
DiMichele, 2003). The specimens have poorly developed midveins 

from which the lateral venation arcs asymmetrically toward the margin, 
contacting one margin at a slightly oblique angle and the other at nearly 
right angles. The secondary veins form a reticulum, composed of large, 
laterally elongate and somewhat irregularly shaped meshes.  Overall, 
however, the anastomoses are irregular, and the location, size and shape 
of the meshes are irregular, but generally decrease in size away from 
the midvein (Fig. 51).  

This type of venation is typical of Reticulopteris.  It differs from 



68

FIGURE 46. Odontopteris schlothemii. Tinajas Member. 1-2. USNM 
specimen 630727. USNM locality 42097. 3-4. USNM specimen 
508811. USNM locality 42133. 5. USNM specimen 636839. USNM 
locality 43597. 6. Field photograph. USNM locality 43596. Scale bars 
= 1 cm.

that found in Linopteris Presl or Barthelopteris Zodrow and Cleal, 
which have much smaller and more regularly organized mesh venation 
in which the long axes of the meshes are more steeply disposed near the 
midvein.  Venation of the specimen described here is similar to that of 
Neuropteris semireticulata Josten in being intermediate in complexity 
between the open dichotomous venation of Neuropteris and the well 
developed mesh-venation of Linopteris and Barthelopteris. Several 
specimens of identical morphology to those reported here were found 
in collections made in Abo Pass, New Mexico, presumably also of 
Late Pennsylvanian age (DiMichele et al., 2017).  The concern with 
these identifications, aside from the fact that all the specimens are 
fragmentary or isolated pinnules, and lack preserved cuticle, is their 
stratigraphic location.  Reticulopteris muensteri is known only from 
the Middle Pennsylvanian of Europe.  However, as noted by Laveine 
and DiMichele (2003), the range of this species in North America is 
not established, and a number of other taxa that are not found in the 
Late Pennsylvanian of Europe occur abundantly in North America 
(such as Macroneuropteris scheuchzeri – see Stull et al., 2012).  These 
specimens also may indicate the existence of a new Reticulopteris 
species; however, more and better preserved material would be needed 
to make such a determination.

Peltasperms
Lodevia cf. L. nicklesii (Zeiller) Haubold and Kerp

Lodevia nicklesii is a peltasperm segregated from the genus 
Callipteris by Kerp and Haubold (1988a), with a somewhat fuller 
description in Kerp and Haubold (1988b). It is characterized by 
flabellate foliage that is described as “biserially segmented,” indicating 

that the ultimate, laminate portions of the foliage can be divided into 
sections along either side of the midline.  The pinna/pinnule lobes are 
club-shaped, rather narrow at the base, expanding gradually to a bluntly 
rounded tip.  The pinna/pinnules are arranged on the ultimate rachis in 
an opposite to sub-opposite manner. There is no midvein.  One, strongly 
decurrent vein enters the base of the ultimate pinna/pinnule and divides 
dichotomously, repeatedly into the lobes.  Vein dichotomies always 
occur near the base of a lobe, but also may occur near the end of a 
lobe.  The veins are nearly straight, and most meet the rounded terminal 
margin. The venation is coarse and widely spaced, giving the laminae 
an almost plicate appearance.

Specimens were recovered from one stratigraphic level, in the 
Missourian Tinajas Member (Fig. 52.1-52.8).  The identification is 
given as “cf.” because of the small size and fragmentary nature of the 
specimens.

The Lodevia cf. L. nicklesii specimens from the Socorro area are 
similar to what we have identified as Sphenopteris germanica. Both 
have flabellate foliage divided into lobes.  The venation in S. germanica 
is considerably finer and somewhat denser than that of L. cf. L. nicklesii, 
and the lobes tend to be less straight-sided and more symmetrical.  The 
specimens also bear some similarity to Raminervia Boyarina, from 
the Permian of the Donets Basin in the Ukraine (Boyarina, 1993, 
2010).  However, Raminervia has better developed midveins, finer, 
more dichotomously branched ultimate venation, and somewhat less 
fasciculate venation, especially as associated with pinna/pinnule lobing 
Autunia Krasser, cf. Autunia sp.

A single fragmentary specimen was found of a fan-shaped, or 
clam-shell shaped organ with radially diverging venation that appears to 
originate at a central point at the base of the structure (Fig 52.9, 52.10).  
The venation is coarse and open-dichotomous.  Veins dichotomize three 
or more times between their point of entry and the marginal rim of the 
specimen.  This object resembles organs that Mamay (1975) identified 
as Sandrewia Mamay, and attributed to the Vojnovskyales.  Kerp 
(1988) reevaluated this after finding specimens of similar morphology 
associated with the remains of Autunia conferta (Sternberg) Kerp and 
other callipterids.

We have found no specimens of Autunia conferta foliage among 
our collections, although there are suspect callipterid remains.  But, 
more problematic for this identification is the stratigraphic position of 
the specimen, which is from the late Desmoinesian Bartolo Member, 
and thus of Middle Pennsylvanian age.  This makes the identification 
suspect, and until more such specimens might be encountered, the 
identification must be considered tentative.

Pteridosperms or Ferns Incertae Sedis
Sphenopteris germanica Weiss

All specimens assigned to Sphenopteris germanica in this study 
are preserved as foliar fragments, often only as the tips of pinnae. This 
is especially the case for specimens from the lower Bartolo Member 
(Fig. 53.1-53.3), where the flora is highly allochthonous and mixed 
with marine invertebrates, perhaps indicating relatively long distances 
of transport offshore.  Because the form of this foliage is of a rather 
generalized “sphenopterid” form, assignment of fragmentary material 
to this species is somewhat perilous.  Nonetheless, the consistent 
occurrence of foliage of this morphology throughout the section lends 
some confidence to the identification of the smaller fragments.  In 
addition, two slightly different morphologies were recognized, one 
with rounded pinnule-lobe apices (Fig. 53) and one with slightly more 
angular to squared-off, pinnule-lobe apical margins (Fig. 54).  These 
are most likely representative of the same taxon, although they were 
kept separate in the analysis and are combined in Table 1.

The collected specimens vary considerably in size, illustrated 
by the widths of the specimens in Figures 53 and 54, both of which 
are illustrated at the same magnification. Despite size differences, 
the specimens share many characters consistently.  One of the most 
significant is the gradational differentiation from pinnules to pinnae. 
Pinnules are generally about 1.5 to slightly less than 2 cm in length.  They 
are borne on pinnae in opposite, alternate insertion.  Pinnules have three 
to five and sometimes seven lobes, the terminal lobe generally being the 
largest.  The degree of separation of the lobes can be slight to nearly 
complete (in which case they might be considered unlobed pinnules 
borne on another order of rachial branching). In most specimens, the 
lobes are relatively broad, but in some (e.g., Fig. 54.2-54.3) they may 
be elongate and rather narrow.  Where visible, one strongly decurrent 
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FIGURE 47. Odontopteris cf. schlothemii. All specimens from USNM locality 41913, Tinajas Member. 1-2. USNM specimen 630698. 3-4. 
USNM specimen 630699. 5-6. USNM specimen 630704. 7-8. USNM specimen 630705. 9-10. USNM specimen 630709. Scale bars = 1 cm.

vein enters the base of the pinnule and gives rise to the ultimate 
venation.  The ultimate venation lacks a midvein. The individual veins 
branch multiple times and terminates at the apical margin.  When well 
preserved, the venation is difficult to observe in adaxial view, as if the 
pinnule lamina were thickened and the veins concentrated in the lower 
part; veins are always visible in abaxial view.  The pinnule margins 
are slightly in-rolled, and the lamina is slightly arced or cupped.  
Several rachial axes are present in the collections.  These are strongly 
longitudinally striated; no transverse striations were noted.  In one 
specimen (Fig. 53.6), a pinna was found in attachment to a higher order 
frond axis of much larger diameter and with strong ribbing, suggesting 
the presence of longitudinally oriented sclerenchyma bundles.

Sphenopteris germanica has generally been considered to be an 

indicator of Permian age (e.g., Remy, 1959; Pfefferkorn and Resnik, 
1980; Barthel, 2006).  However, finds of S. germanica-like plants in 
North American strata otherwise consistently dated as Pennsylvanian 
strongly suggest that populations of this plant were earlier occupants of 
seasonally moisture-limited habitats in western Pangea.  For example, 
Mamay (1992) attributed S. germanica-like foliage to a new species 
of Sphenopteridium (S. manzanitanum Mamay), a genus otherwise 
thought to be characteristic of the Mississippian; his determination was 
based on an associated reproductive structure, not found in attachment.  
DiMichele et al. (2013) discuss the history of the confusion surrounding 
this name, mainly issues surrounding the uses of Sphenopteris 
germanica and Sphenopteridium manzanitanum for morphologically 
indistinguishable specimens of Pennsylvanian age from western North 
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FIGURE 48. Odontopteris subcrenulata. Tinajas Member. 1-2. USNM specimen 629730. USNM locality 42099. 3-4. USNM specimen 630755. 
USNM locality 43489. 5-6. USNM specimen 629732. USNM locality 42099. 7-8. USNM specimen 630541. USNM locality 43478. 9-10. USNM 
specimen 630539. USNM locality 43478. Scale bars = 1 cm.  Scale bar in 48.2 applies to 48.4, 48.6, 48.8 and 48.10.

America.  Comparison of some of these specimens also can be made 
with the callipterids we have identified as Lodevia, which also have 
elongate lobes constituting their pinnae.
Taeniopteris Brongniart, Taeniopteris sp. 

Taeniopteris is an enigmatic, polyphyletic, artificial genus that 
includes both ferns and seed plants, the latter possibly from more than 
one evolutionary lineage. There are numerous species (e.g., Remy 
and Remy, 1975). Recently, Bashforth et al. (2016b), in describing a 
Middle Pennsylvanian occurrence, discuss Taeniopteris morphology 
and comparison with similar forms of foliage, and Yan et al. (2017) 
describe the cuticle of Permian Taeniopteris foliage that link at least 
some forms to the cycadophytic seed plants, as has been long suspected 
(e.g., Mamay, 1973).   Foliage typically is linguloid in shape with 
parallel sides, a tapering base and apex, a strong, often wide, central 
midvein, and lateral veins that run nearly perpendicular to the midvein 
across the lamina.

Several fragmentary specimens fitting the description of 
Taenopteris occur at three Missourian localities in the Socorro area 
(Fig. 55.1-55.5).  Although fragmentary, some aspects of these leaves 
can be described or estimated.  Laminae are 3-4 cm in width, which 
is rather narrow compared to the overall spectrum of Taeniopteris 
specimens encountered in western North American collections, in the 
experience of the authors.  However, midveins are rather wide, 2-4 mm, 
a typical characteristic of many Taeniopteris specimens, especially in 
the middle portions of the leaves.  Secondary, ultimate venation arches 
upward from the midvein but turns to a subhorizontal orientation as 
it crosses the lamina.  The secondary veins appear to fork nearly at 
their insertion point with the midvein and do not fork again; they are 
relatively prominent and widely spaced

Cordaitaleans 
The remains of cordaitaleans occur throughout the Desmoinesian 

and Missourian portions of the section in relatively low abundance.  
Specimens are almost entirely foliage, attributed non-specifically to 

Cordaites Unger (Fig. 56.1-56.3) and Poacordaites Grand’Eury (Fig. 
56.4).  Species differentiation of cordaitalean foliage is achieved 
primarily with cuticular preparations (e.g. Šimůnek, 2000; Šimůnek 
and Florjan, 2013).  Consequently, in the absence of cuticles, we have 
not attempted a more refined classification here. As has been noted 
by many authors, cordaitalean leaves may be either undercounted or 
overcounted due to their superficial similarity to rachial elements of 
pteridosperms and tree ferns, which may have longitudinal striations 
that are superficially similar to vascular bundles.  As an example of 
this problem, consider the specimen shown in Fig. 56.1, which is 
attributed to cordaitaleans with special caution. Alternatively, it could 
represent a pteridosperm axis near the point of stem attachment as 
Cordaites generally shows a tapered leaf base rather than the expanded 
base observed. Cordaitalean leaves generally were quite long and thus 
subject to fragmentation, either during original preservation or during 
collection.  Both wide and narrow specimens were encountered.  One 
of the narrow-leaved specimens appears to show either several leaves 
attached to an unseen axis and resembles Poacordaites Grand’Eury. 
Alternatively, it could be a partially obscured digitate leaf, similar to 
Baiera digitata (Brongniart) Heer (Fig. 56.4).

A single specimen of Artisia Sternberg was found in Missourian 
strata showing distinctive horizontal septae (Fig. 56.5). Artisia is a 
septate pith cast characteristic of some cordaitaleans. A septate pith 
is also seen, however, in some primitive conifers (Hernandez-Castillo 
et al., 2009) and conifer-like plants (Falcon-Lang et al., 2014, 2015). 
The Artisia specimen here illustrated substantially differs from these 
latter specimens in size and septae arrangement/spacing, and closely 
resembles the septate pith casts of known cordaitaleans (Falcon-Lang 
and Bashforth, 2005; Pendleton et al., 2012). A single, poorly preserved, 
and thus questionable, specimen of the cordaitalean reproductive organ 
Cordaitanthus Feistmantel was found in a thin shale bed between 
limestones of the upper Gray Mesa Formation, of Desmoinesian age 
(Fig. 56.6). An alternative interpretation is that this specimen may 
represent a small medullosan axis, so this occurrence should also be 
treated with caution.



71

FIGURE 49. Odontopteris sp., with small, triangular pinnules. 1-2. USNM specimen 630721, USNM locality 43477, lower Tinajas Member. 3. 
USNM specimen 636921, USNM locality 43897, Burrego Member. 4. USNM specimen 636922. USNM locality 43897 Burrego Member. Scale 
bars = 1 cm.
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FIGURE 50. Indeterminate odontopteroid specimens. 1. Comparative specimen (cf. Odontopteris schlothemii) USNM specimen 630706. USNM 
locality 41913 from the Tinajas Member, for comparison. All other specimens from the lower Bartolo Member. 2. USNM specimen 599360. USNM 
locality 43479. 3. Field photograph. USNM locality 43525. 4. Field photograph. USNM locality 43525. 5. USNM specimen 630686. USNM 
locality 43542. 6. USNM specimen 630683. USNM locality 43542. Scale bars = 1 cm. No scales are shown for 50.3 and 50.4; magnification is 
uncertain.
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FIGURE 51. Reticulopteris muensterii. Tinajas Member Olive Shale 
unit. 1-2. USNM specimen 630737, USNM locality 41920. Scale bars 
= 1 cm.

Dicranophylls
Dicranophyllum is a coniferophyte characterized by long, bifid 

to sometimes twice forked leaves.  Its relationship to other conifers 
is uncertain (Barthel, 1977), although its fossil occurrence in the 
Serpukhovian implies that it was an early-diverging clade (Falcon-
Lang et al., 2016).  The specimens in the collection are primarily 
Missourian (Tinajas Member) (Fig. 57.1-57.6), with some rare Virgilian 
occurrences (Burrego Member) and some suspect specimens from the 
Desmoinesian (Bartolo Member) (Fig. 58.1).  Specimens are generally 
of two types: stems with long attached leaves (Fig. 57.1-57.6; Fig. 
58.1) or isolated leaves with certain distinctive characteristics (forked 
examples are shown in Fig. 58.2, 58.3).  A single stem specimen was 
found bearing elongate leaf scars, up to 7 mm high and somewhat less 
than 2 mm in width (Fig. 57.7).

Leafy shoots bear leaves that are sigmoidal to straight with a 
recurved tip, generally 3-4 cm in length, the longest up to 7 cm.  The 
leaves widen at the base, almost clasping the stem.  Leaf angles with the 
stem vary from < 45° (Fig. 57.1, 57.2) to approaching 90° (although the 
initial angle of insertion was less, with the leaf bending away beyond 
a few mm from the base) (Fig. 57.3, 57.4).  A few of these specimens 
suggest leaf bifurcation, but most appear to bear only simple leaves.

Isolated leaves are all fragmentary but appear to be much larger 
than those found in attachment, fragments ranging from 5-7 cm in 
length with widths exceeding 2 mm.  The laminae in all the specimens 
recognized are once forked.  They are characterized by distinctive 
midveins flanked by depressions/furrows.

Two species of Dicranophyllum have been described as occurring 
commonly in strata of the late Middle and Late Pennsylvanian, D. 
gallicum Grand’Eury and D. halleii (Barthel, 2007); Mamay (1981) 
described D. readii from the Missourian of New Mexico, and many 
other species have been described from Europe on the basis of leaves 
alone.  The relatively large size of the leaves in the sample described 
here appears to preclude assignment to D. gallicum, which has relatively 
short leaves of only a few centimeters in length.  On the other hand, D. 
halleii, to which these specimens bear some resemblance, is typically 
found in younger strata of latest Pennsylvanian and early Permian age.  
Thus, we compare these specimens with D. halleii, which also has a 
distinctive, bottle-brush type growth habit (Barthel and Noll, 1999). 

Conifers
A wide range of conifer morphologies occur in the Socorro 

collections. The walchian conifers are thought to be the most primitive 
conifers (see phylogeny in Looy, 2007) and had a growth habit 
resembling the extant Araucaria heterophylla (Norfolk Island Pine): 
a central trunk on which were borne plagiotropic, deciduous branches. 
In classifying the walchian conifers, we largely follow the methods 
outlined in Looy and Duijnstee (2013) and the taxonomic system of 
Visscher et al. (1986), with some modifications.  Thus, we focused 
primarily upon four features of the vegetative shoots.  The first was 
determination of plagiotropic vs. orthotropic habit; because this could 
not be determined for the vast majority of specimens, we assumed that 

FIGURE 52. Lodevia nicklesii (52.1 – 52.6) and cf. Autunia sp. (52.9 
– 52.10). 1-2. USNM specimen 508822. USNM locality 43469 (lower 
Tinajas). 3-4. USNM specimen 508820. USNM locality 43469 (lower 
Tinajas). 5-6. USNM specimen 508821. USNM locality 43469 (lower 
Tinajas). 7-8. USNM specimen 630638. USNM locality 42140 (upper 
Bartolo). 9-10. USNM specimen 630638. USNM locality 42140 
(Bartolo Member). Scale bars = 1 cm.
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FIGURE 53. Sphenopteris germanica with rounded pinnule tips. 1-3 are from the lower Bartolo Member. 1. USNM specimen 539358. USNM 
locality 43525 2. USNM specimen 630684. USNM locality 43542. 3. USNM specimen 629720. USNM locality 43526.  4. USNM specimen 
508832. USNM locality 43469 (lower Tinajas). 4. USNM specimen 539341. USNM locality 43474 (Tinajas black shale). 5. Fragmentary pinna 
attached to a strongly ribbed axis. USNM specimen 539340. USNM locality 43474 (Tinajas black shale). 5. USNM specimen 630601. USNM 
locality 43475 (Tinajas olive shale). 6. USNM specimen 630750. USNM locality 43489 (Tinajas olive shale). 7. USNM specimen 630601. 
USNM locality 43475 (Tinajas olive shale). 8. USNM specimen 630750. USNM locality 43489. Scale bars = 1 cm, all specimens at identical 
magnification.
if they fell broadly within walchian vegetative morphology, they were 
plagiotropic.  Shoot fragments then were sorted on the combination 
of leaf length and width, and the angle inscribed between the leaf and 
stem.  Where possible, we assigned the specimens to described species 
in order to facilitate communication and comparison with already 
published papers. Some taxa lend themselves readily to identification, 
whereas others are more problematic, particularly among the so-called 
walchian conifers, where taxonomic identification in the absence of 
leaf cuticular features can be especially challenging (e.g., Looy and 
Duijnstee, 2013).  
Ernestiodendron filiciforme (Sternberg) Florin

Specimens with the distinctive gross morphology attributed to 
Ernestiodendron filiciforme were identified at three Tinajas Member 
localities, thus all in Missourian strata (Fig. 59.1-59.6).  Specimens of 
this type were classified as Morphotype A by DiMichele et al. (2017). 
These specimens are united by the presence of leaves that take the 
characteristic “C”-shape of E. filiciforme, initially directed downward 
a short distance from the point of insertion on the axis, then curving 

openly to bring the leaf lamina into an approximately parallel alignment 
with the longitudinal axis of the stem.  Total leaf lengths approach 1.5 
mm, and widths are somewhat less than 1 mm.  
Walchia piniformis Schlotheim ex Sternberg 

An intergrading series of morphological variation was found 
among specimens from nine Late Pennsylvanian beds and one Middle 
Pennsylvanian locality. Specimens with this morphology and range 
of variability were described as Morphotype B by DiMichele et al. 
(2017). Leaf shape is sigmoidal in all of these specimens; a broad 
basal attachment area is joined to an upturned tip by a straight section 
of leaf that comprises most of the lamina.  Leaf lengths vary from as 
little as 2 mm on a few specimens, to ~ 4 mm on the great majority of 
specimens.  On large diameter axes, presumed to be main penultimate 
segments of branches or perhaps thin main stems, leaves are as long as 
1 cm or slightly more.  Leaf widths are difficult to determine because 
leaves are often embedded in the rock matrix and could be seen only 
in oblique view.  In the several specimens where leaf width can be 
measured with confidence, it is routinely about 0.8-0.9 mm. On large 
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FIGURE 54. Sphenopteris germanica with somewhat squared-off pinnule tips. All specimens from the Tinajas Member; 1-5 are from the Tinajas 
olive shale. 1. USNM specimen 508792. USNM locality 42132. 2. USNM specimen 630587. USNM locality 42112. 3. USNM specimen 630556. 
USNM locality 42119. 4. USNM specimen 508809. USNM locality 42133. 5. USNM specimen 629737. USNM locality 42099. 6. USNM  
Specimen 630702. USNM locality 41913 (immediately below Tinajas black shale). Scale bars = 1 cm.

diameter axes, which also have the longest leaves, widths are 1.5-1.9 
mm.  The principal point of variation among the specimens is in the 
angle between the leaf and stem, which varies from ~ 60° to less than 
15°; because variation in this feature is continuous, we believe it is not 
particularly useful for taxonomic differentiation.

Specimens with typical Walchia piniformis morphology are 
illustrated in Figure 60.  Several of these specimens, in addition to 
showing the insertion angle and shape of the leaves, also show some 
of the leaf-base patterns found on the stem surfaces.  Specimens with 
relatively wide leaf angles are illustrated in Figure 61.1-61.3. Specimens 
with narrow leaf insertion angles are illustrated in Figure 61.4-61.6. 
All of these specimens fall broadly under Walchia Morphotype B of 
DiMichele et al. (2017).  

The specimen illustrated in Figure 61.7 has some characteristics 
typical of Walchia Morphotype C of DiMichele et al. (2017).  This 
morphotype is differentiated from more typical W. piniformis because 
of the even, cup-like curvature of some of the smaller leaves.  When 
consideration is given to the overall variability in the leaf morphology of 
walchian conifers, even within single collecting localities, particularly 
where cuticular features are absent and linkages to particular types of 
seeds or other reproductive organs are unknown, it seems prudent to 
include all these specimens in the broad concept of Walchia piniformis.

Although all the illustrated specimens of the broadly defined 
Walchia piniformis type are from the Tinajas Member, small pieces of 
walchian branches with a similar type of attached foliage also were 
found in the lower Bartolo Member.  These plant scraps indicate that 
the mixed nature of the floras from this area was a persistent feature 
at least from the late Desmoinesian.  Earlier Desmoinsian strata are 
principally marine, of the Gray Mesa Formation and its equivalents to 
the south (Lucas and Krainer, 2004; Elrick and Scott, 2010; Nelson et 
al., 2013); consequently, no substantial flora has been collected from 
these beds.  No evidence of walchian remains, or of anything other than 
typical wetland plants, has been reported from the older Atokan age 

strata of the Sandia Formation (Lucas et al., 2009).   
Walchians, as a group, also are reported as rare elements in the 

Desmoinesian of Colorado (Arnold, 1941; Lyons and Darrah, 1989) 
and the Illinois Basin (Falcon-Lang et al., 2009; Plotnick et al., 2009).  
They occur more frequently in Missourian strata of the eastern U.S. 
coal basins, occasionally in abundance (Darrah, 1936; McComas, 
1988; Martino and Blake, 2001; Martino, 2017) and from elsewhere in 
North America in strata in the lower part of the Upper Pennsylvanian 
(e.g. Garnett, Kansas – Cridland and Morris, 1963; Winston, 1984; 
Kinney Quarry, New Mexico – Mamay and Mapes, 1992; DiMichele 
et al., 2013; Hamilton Quarry, Kansas – Mapes and Rothwell, 1988; 
Hernandez-Castillo et al., 2009; North-Central Texas – Tabor et al., 
2013).  And, of course, such plants are widely known in Europe, from 
both palynological and macrofossil remains (e.g., Florin, 1938-1945; 
van Hoof et al., 2013).
Walchia Sternberg Walchia sp. (1)

A small number of specimens of conifer shoot fragments similar 
to Walchia Morphotype D of DiMichele et al. (2017) were found at 
three stratigraphic levels from five collecting sites.  One of these, in 
the lower part of the Bartolo Member (USNM 43526), is represented 
by a single specimen (Fig. 62.1). Two (USNM 42469 and 43473) are 
from an organic shale bed in the lower part of the Tinajas Member (Fig. 
62.2-62.6), and two (USNM 43896 and 43897) are from the Burrego 
Member. Leaves are up to 4 mm in length and 1 mm in width.  The angle 
of leaf insertion varies between 30° to 60°. Leaves curve upward from 
their point of insertion and turn sharply to vertical at the tip. The leaf 
base is clasping and slightly decurrent; the midvein can be prominent. 
There is no indication of forking of the leaf tips, which are acuminate.

Walchia Morphotype D is a relatively rare component of the floras 
from Abo Pass reported by DiMichele et al. (2017), but specimens 
are present in three of the four collections believed to be from Upper 
Pennsylvanian strata, and not confined to any particular lithofacies type.  
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FIGURE 55. Taeniopteris spp. 1-2. USNM specimen 630558. USNM locality 42131 (Tinajas olive shale). 3-4. USNM 630736. USNM 42098 
(Tinajas olive shale). 5. USNM specimen 508837. USNM locality 43473 (lower Tinajas). Scale bars = 1 cm, except where divided into mm.

Thus, this type of conifer may be more common in the Socorro County 
collections than we have recorded because of difficulty recognizing it 
in highly fragmentary preservation.  The significance of the Bartolo 
Member specimen is its Middle Pennsylvanian, Desmoinesian age.  
Walchia piniformis-like specimens, similar in gross morphology to the 
one reported here, have been reported from strata of this age in the 
Illinois Basin (Falcon-Lang et al., 2009). 
Walchia sp. (2)

Several specimens from both Middle and Upper Pennsylvanian 
strata comprise this morphotype (Fig. 63.1-63.8).  No specimens of 
this type were identified by DiMichele et al. (2017) in the collections 
from geographically nearby Abo Pass. This may reflect the fact that 
specimens of this form occur at only two sites in the present study area, 
most coming from the lower Bartolo Member; Desmoinesian strata do 
not appear to be part of the Abo Pass section.  The one specimen from the 
lowest fossiliferous bed in the Tinajas Member is from a stratigraphic 
level that also is likely absent from the Abo Pass collections described 
by DiMichele et al. (2017).  

In these specimens, leaves curve upward from their point of 
insertion on the stem, and that curvature increases markedly near the 
tip, which points back to the stem.  Leaf lengths are approximately 5 
mm and widths 1 mm.  The angle with the stem is approximately 30-
40°.  The leaves appear to have been quite stiff, perhaps from drying 
after death, although they also could have been sclerotic in life.

These specimens are not similar to any described form of Walchia 
known to us.  In the recurvation of their leaves, they bear vague 
similarity to Otovicia hypnoides (Kerp et al., 1990), but not enough to 
suggest affinity with that species.  Leaves are uniformly of greater size 
than is typical for O. hypnoides and somewhat narrower.  Additionally, 
O. hypnoides has not been confidently identified elsewhere in the world 
in the Middle Pennsylvanian.

Walchia sp. (3)
Several small, fragmentary conifer specimens of walchian aspect 

were found in silty limestones and carbonate-rich siltstones in the lower 
Tinajas Member, of early Missourian age.  They are divided here into 
three morphotypes; alternatively, the entire collection may represent a 
single taxon, given the peculiar nature of the depositional setting and 
the highly fragmentary nature of the remains.

Several specimens consist of axes bearing triangular-shaped leaves 
approximately 1.5 mm in length and about 0.6 mm in width (Fig. 64.1, 
64.2).  Leaves are slightly arcuate and terminate in a bluntly pointed 
tip.  In some specimens, the remaining organic film appears to be thick 
relative to the size of the leaf, suggesting possible succulence.  The 
abaxial surfaces of the leaves are most exposed, but no surficial features 
or marginal ornamentation is visible.

A second group of specimens from these same beds consists of 
axes bearing somewhat larger leaves, up to 5 mm in length, with widths 
approaching 1 mm, although generally much less in both dimensions 
(Fig. 64.3, 64.4). The leaves are weakly sinusoidal and taper gradually 
to an acuminate tip.  On the leaf abaxial surfaces several longitudinally 
parallel lines are visible, suggestive of stomatal bands.  Overall, in 
miniature, these leaves are not unlike those of Ullmannia Goeppert.

A third group, similar to the second, consists of leaves up to 1.5 
mm in length and 0.6-0.9 mm in width that are only weakly sinusoidal, 
tending to be stiffly arcuate, making a >45° angle with the stem, and 
turning upward notably at the bluntly acuminate tip (Fig. 64.5-64.6).  
As with the second group, faint longitudinal, narrow lines or stripes 
can be observed on the abaxial surfaces of better preserved leaves. As 
with other specimens from this locality, the apparent relatively thick 
leaf laminae, suggest some succulence.  The denseness of the leaves 
in these specimens at first led us to suspect them to be walchian 
ovuliferous dwarf shoots.  However, as seen in Figure 64.6, shown 
at high magnification, the leaves appear to be helically arranged and 
not grouped in a largely two-dimensional array, as are the numerous 
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FIGURE 56. Cordaitalean remains. 1. Leaf base. USNM specimen 508830. USNM locality 43469 (lower Tinajas). 2. Leaf lamina. USNM 
specimen 539089. USNM locality 41895 (Tinajas black shale). 3. Leaf lamina. USNM specimen 630630. USNM locality 42112 (Tinajas olive 
shale). 4. Cordaitalean foliage, cf. Poacordaites sp., attached to an axis, or a specimen of a digitate, ginkgoalean-type plant (e.g. Baiera digitata)? 
USNM specimen 630643. USNM locality 43478 (Tinajas black shale). 5. Artisia, pith cast. USNM specimen 630677. USNM locality 42142 
(immediately above Tinajas black shale). 6. Cf. Cordaianthus sp. USNM specimen 630675. USNM locality 43480 (lower Bartolo). Scale bars = 
1 cm. See also Figure 8.3.
elements of a walchian dwarf shoot.

All of these specimens come from an unusual lithofacies, a 
series of silty limestone beds that lie between an organic shale and 
highly gypsiferous deposits (Fig. 12, 13). Figure 64.4 is included here 
primarily to show a closeup of this lithofacies and the disposition of the 
conifer remains in it.  Given their context, we suspect these beds were 
deposited under semi-arid conditions.
Walchian male cone

A single specimen of a possible walchian polleniferous conifer 
cone was found low in the Tinajas Member, of Missourian age (Fig. 
65.1).  The specimen is characterized by a short stalk, 7 mm long, and 
a cup-like receptacle, 6.5 mm wide at the top. Above the receptacle is 
a 13-mm long region of closely packed, broadly triangular scales with 
mucronate tips.  Such cones are remarkably rare, especially in light of 
the allothchonous nature of most of the collections; these organs were 
likely produced and shed in abundance and were of a construction that 
should have withstood transport.  A possible explanation is the timing 
of their production, perhaps during drier seasons when preservation 
was unlikely, followed by decay.
Conifer ovuliferous cone bracts

Two kinds of cone bracts were identified in the Atrasado 

Formation collections, all from the Tinajas Member. A single specimen 
of Gomphostrobus bifidus (Geinitz) Zeiller was recovered.  In addition, 
a few specimens of an elongate, unforked form occur at a few localities 
(Fig. 65.2-65.3).  Approximately 20 mm in length, these specimens are 
rounded at the base, where they reach a maximum width of 4 mm, then 
taper gradually to an acuminate tip.
Conifer ovuliferous-cone dwarf shoots

Dwarf shoots of conifer ovuliferous cones also are extremely rare, 
considering their woody construction and the abundance in which they 
must have been produced by the parent plants.  All specimens are found 
in allochthonous assemblages. Most that have been found are similar in 
having numerous scales that are fused at the base, free through some 
part of their length, generally in the distal ½, and have acuminate tips 
(Fig. 65.4, 65.8). 

In the Bartolo Member, all dwarf shoots (Fig. 65.4-65.6) are 
from the lowermost shale beds. They are between 5.5 and 14 mm in 
length, consist of several (5 to <10) scales that appear to be organized 
in several layers; no central ovuliferous scale is visible on any of the 
specimens. Neither attached ovules nor ovule attachment scars have 
been observed, so no differentiation could be made between sterile 
and fertile scales.  The range of morphological variation indicated by 
the illustrated specimens indicates that there was diversity among the 
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FIGURE 57. Dicranophyllum. 1-2. USNM specimen 630637. USNM locality 41911 (Tinajas olive shale). 3-4. USNM specimen 508791. USNM 
locality 42132 (Tinajas olive shale). 5. USNM specimen 630722. USNM locality 43477 (lower Tinajas). 6. USNM specimen 508853. USNM 
locality 43544 (lower Tinajas). 7. USNM specimen 630632. USNM locality 42112 (Tinajas olive shale). Scale bars = 1 cm.
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FIGURE 58. Dicranophyllum. 1. Field photograph. USNM locality 43525 (lower Bartolo). 2. USNM specimen 539321. USNM locality 43469 
(lower Tinajas). 3. USNM specimen 508825. USNM locality 43469 (lower Tinajas). Scale bars = 1 cm.

conifer populations in the area at the time.  This diversity hints at the 
presence of more derived conifers, given the few dwarf shoots that 
appear to consist of 5 distinct cone scales, typical of more advanced 
conifers (Looy, 2007). 

In the Tinajas Member (Fig. 65.7-65.10) there is somewhat greater 
variability in form than found in the Bartolo Member.  Specimens 
vary from 12-20 mm in length, and consist of several (5 to >10) sterile 
scales fused at the base, either tapering gradually to an acuminate apex 
or having parallel sides and terminating in a bluntly rounded apex. 
Typically, walchian dwarf shoots are present. One form of these is 
broad, 11.5 mm, and 14 mm in length and consists of numerous (>20) 
sterile scales (Fig. 65.8) that appear to be fused through most of their 
length and possibly to lie in a single plane.  Each scale tapers to an 
acuminate apex that all together form a “fringe” along the top of the 
dwarf shoot. Another form consists of elongate scales that are fused 
only in the lower ¼ to ⅓ of their length and terminate in a bluntly 
rounded apex. Dwarf shoots with a low number of scales (3-5) and 
a centrally located, prominent ovuliferous scale also are present (Fig, 
65.7, 65.9). One such dwarf shoot (64.9) appears to consist of three 
scales (we suggest that two additional scales are hidden from view), the 
lateral two of which have two small, oval scars that may indicate the 
attachment points of now-shed ovules. As in the Bartolo Member, these 
specimens suggest the presence of more derived conifers (Looy 2007), 
but the morphology is better expressed than in the specimens from the 
older collections.   

Permineralized Coniferopsids
As mentioned above, a wide range of coniferopsid morphologies 

occur in the Socorro collections including at least three distinct groups: 
cordaitaleans, dicranophylls, and conifers. This coniferopsid group is 
taphonomically unusual in the Socorro collections, being preserved 
both as adpression floras and permineralized tree trunks. Despite the 
fact that several other groups (sphenopsids, pteridosperms) in Socorro 
County show substantial woody trunks, they notably are not preserved 
in a permineralized state. The reason for this taphonomic partitioning 
may reflect the dryland ecology of coniferopsids rooted in alkali soils, 
whose site of growth favored mineralization. Most permineralized 
material represents autochthonous tree-stumps, with lesser amounts of 
allochthonous logs. The large majority of this permineralized material 
comes from at least three separate horizons in the Tinajas Member of 
the Atrasado Formation; however, there is also one occurrence from the 
Grey Mesa Formation in Sierra County. The permineralized material is 
dealt with separately because it cannot always be assigned securely to a 
particular coniferopsid clade.
Giblingodendron Falcon-Lang, Kurzawe and Lucas

Giblingodendron is a genus erected for the most abundant 

FIGURE 59. Ernestiodendron filiciforme. 1-2. USNM specimen 
508835. USNM locality 43473 (lower Tinajas).  3-4. USNM specimen 
630650. USNM locality 42145 (Tinajas black shale). 5-6. USNM 
specimen 630649. USNM locality 42145 (Tinajas olive shale). Scale 
bars = 1 cm.
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FIGURE 60. Walchia piniformis of typical form. All specimens from the Tinajas Member olive shale. 1-2. USNM specimen 630616. USNM 
locality 43475. 3. USNM specimen 630743. USNM locality 41919. 4. USNM specimen 629736. USNM locality 42099. 5. USNM specimen 
630620. USNM locality 43475. Scale bars = 1 cm.

type of permineralized tree stumps found in the Tinajas Member 
(Falcon-Lang et al., 2016) (Fig. 66). These relatively slender (10-30 
cm diameter), straight-sided stumps are characterized by a septate 
pith and a vasculature composed of a very large number (60-100) of 
helically-arranged mesarch cauline bundles. Whereas the absence of 
attached foliage precludes firm systematic placement of this tree, the 
close anatomical correspondence of the pith and vasculature to that 
of Dicranophyllum leafy shoots suggests an affinity with this conifer-
like group as does its facies co-occurrence with the most abundant 
Dicranophyllum assemblages in the Tinajas Member. The presence 
of marked tree rings confirms that this tree grew under seasonally dry 
conditions.

Macdonaldodendron Falcon-Lang, Kurzawe and Lucas
Macdonaldodendron is a genus erected for the less abundant type 

of permineralized tree stumps found in the Tinajas Member (Fig. 67). 
These large (up to 84 cm diameter) flared stumps are characterized by 
a pith with sclerotic nests and a vasculature composed of helically-
arranged endarch cauline bundles. Similar younger specimens from the 
Permian of New Mexico additionally show embedded triangular leaf 
traces and plagiotrophic branches allowing referral to walchian conifers 
(Falcon-Lang et al., 2014, 2016). The presence of marked tree rings 
confirms that this tree grew under seasonally dry conditions, and the 
persistence of leaf traces through multiple ring boundaries is strong 
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FIGURE 61. Walchia piniformis. 61.1-61.3 are specimens with wider angles of leaf insertion. 61.4-61.6 are specimens with narrow angles of leaf 
insertion. 61.7 is similar to Morphotype C of DiMichele et al. (2017) 1. USNM specimen 630619. USNM locality 43475 (Tinajas olive shale). 2. 
Stem specimen with large leaves. USNM specimen 630703. USNM locality 41913 (immediately below Tinajas black shale). 3. USNM specimen 
630626. USNM locality 42112 (Tinajas olive shale). 4. USNM specimen 630771. USNM locality 43489 (Tinajas olive shale). 5. Field photograh. 
USNM locality 43489 (Tinajas olive shale). 6. Stem specimen with large leaves. USNM specimen 630618. USNM locality 43475 (Tinajas olive 
shale). 7. cf. Morphotype C of DiMichele et al. (2017). USNM specimen 630730. USNM locality 42097 (Tinajas olive shale). Scale bars = 1 cm.

evidence for an evergreen habit.
Dadoxylon Endlicher

Many specimens of fossil wood observed in Socorro County do 
not preserve the pith region, and show only a secondary xylem structure 
with uniseriate to alternate multiseriate bordered pitting, araucarioid 
or cupressoid cross-field pitting, and mostly uniseriate rays. At least 
two morphotypes are seen, representing the Type I and II Dadoxylon 
groups, respectively, of Doubinger and Marguerier (1975). Type I has 
tall rays and multiseriate tracheid pits, similar to many Dadoxylon 
species, including D. materiarum and D. brandlingi. Type II has short 
rays, cupressoid cross-field pits, and predominantly uniseriate tracheid 
pits, similar to Dadoxylon recentium. 

In the absence of further details, these specimens could represent 
the outer wood of Giblingodendron, Macdonalodendron, or other 
coniferopsid taxa. These Dadoxylon specimens are common in the 
Tinajas Member but also include an autochthonous stump specimen of 
Type II Dadoxylon from the Gray Mesa Formation of Sierra County. 

Ovules/Seeds
For simplicity, a technical distinction between ovules and seeds will 

not be made.  All seeds found in the Atrasado Formation were detached 
from their parent plant.  The seeds include several distinctive forms 
that can be assigned with some confidence to circumscribed genera and 
even species.  Most, however, are assignable only to taxa that are based 
on form alone and have no certain phylogenetic implications.  Most of 
the Atrasado seeds are small, ~1 cm or less in maximum dimension.  
A rare few are larger, with only one specimen found to exceed 2 cm 
in length.  Furthermore, seeds are rare in most collections.  This is 
noteworthy, given the preponderance of allochthonous accumulations 
among all the Socorro County collections; common occurrence of 
seeds might be expected, given that seeds are plant organs that fulfill 
their function by abscission and dispersal, can be easily transported 
by wind and water, and are produced in relatively high numbers by 
many taxa.  Their general rarity, and their relatively high diversity (no 
one form is conspicuously more common than the others) might be 
explained by seasonal production, particularly if that production were 
during the drier times of year, or during a transition between wetter 
and drier periods when preservation potential was low.  It also may 
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FIGURE 62. Walchia sp. (1), “Morphotype D.” 1. USNM specimen 629724. USNM locality 43526 (lower Bartolo). 2. USNM specimen 508824. 
USNM locality 43469 (lower Tinajas). 3. USNM specimen 508826. USNM locality 43469 (lower Tinajas). 4. USNM specimen 508823. USNM 
locality 43469 (lower Tinajas). 5. USNM specimen 508844. USNM locality 43473 (lower Tinajas). 6. USNM specimen 508839. USNM locality 
43473 (lower Tinajas). Scale bars = 1 cm.  Scale in 62.4 ruled in mm.
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FIGURE 63. Walchia sp. (2). 1-2. USNM specimen 630669. USNM locality 43527 (lower Bartolo). 3-4. USNM specimen 543964. USNM locality 
43527 (lower Bartolo). 5-6. USNM specimen 630668. USNM locality 43527 (lower Bartolo). 7-8. USNM specimen 644136, USNM locality 
43469 (lower Tinajas). Scale bars = 1 cm.



84

FIGURE 64. Walchia sp. (3). All specimens from the lower Tinajas Member. 1. Field photograph. USNM locality 43470. 2. USNM specimen 
508855. USNM locality 43544. 3. USNM specimen 508859. USNM locality 43544. 4. USNM specimen 508858. USNM locality 43544. 5. USNM 
specimen 508854. USNM locality 43544. 6. USNM specimen 508851. USNM locality 43544. Scale bars = 1 cm for Fig. 64.4, and 0.5 cm for all 
others.

reflect high germination rates, leaving few seeds to be dispersed into 
the sedimentary record, although this seems unlikely (also given the 
fact that no seeds have been found that also preserve attached young 
sporophytes).  The seasonal production-and-release hypothesis is 
further suggested by the occasional discovery of masses of seeds of 
various sizes and shapes in deposits ranging from adpression floras, 
such as those described here, to permineralized peat accumulations 
preserved in coal balls; no such seed accumulations were found in the 
Atrasado Formation, however.

Descriptions of Pennsylvanian-age seeds are scattered in the 
literature.  There are few compilations.  Determinations here were 
based on the illustrations and descriptions in Crookall (1976), with 
consideration of other publications in some cases.  However, because 
few of these fossils can be linked to parent plants, in depth pursuit of 
their affinities would not shed much light on the composition of the 

vegetation from which they were derived.  They are reported here 
simply as “closest matches” to seeds described in the literature, and 
no detailed descriptions are provided.  In general, bilaterally flattened, 
winged seeds are generally considered to be produced by coniferopsids, 
although such seeds have been associated with, or found in attachment 
to, pteridosperms of the Callistophytales (Rothwell, 1981), or suspected 
of affinities with that group (e.g., Krings and Schultka, 2010). Radially 
symmetrical seeds, on the other hand, are generally associated with 
pteridosperms of both medullosan and lyginopteridalean affinities.
Winged, flat seeds 

A variety of flat, circular, oval, triangular or pyriform winged seeds 
occur in the collections, broadly attributable to Samaropsis Goeppert.  
Those most similar to described species include the following: S. 
gutbeiri Geinitz; horizontally elongate, oval seeds, with a narrow wing 
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FIGURE 65. Conifer reproductive organs. 65.4-65.10 are ovluliferous dwarf shoots 1. Male cone. USNM specimen 508857. USNM locality 
43544 (lower Tinajas). 2. Bract. USNM specimen 630690. USNM locality 42099 (Tinajas olive shale). 3. Bract, USNM specimen 539318. USNM 
locality 43473 (lower Tinajas). 4. Field photograph. USNM 43525 (lower Bartolo). 5. USNM 539356. USNM locality 43525 (lower Bartolo). 6. 
USNM specimen 630663. USNM locality 43527 (lower Bartolo). 7. USNM specimen 508836. USNM locality 43473 (lower Tinajas). 8. USNM 
specimen 539132. USNM locality 41895 (Tinajas black shale). 9. USNM specimen 630741. USNM locality 41919 (Tinajas olive shale). 10. 
USNM specimen 630761. USNM locality 43489 (Tinajas olive shale). Scale bars = 1 cm.  

(Fig. 68.1).  S. crassa Lesquereux; small, round seeds with a complete 
wing, notched at the base (Fig. 68.2). Samaropsis cf. S. crassa; 
medium-sized winged seeds with an incomplete wing divided into 
two lobes, unconnected across the micropylar region, and a distinctly 
rugose surface (Fig. 68.3, 68.4). S. pyriformis Barker; oval, vertically 
elongate seeds with a narrow wing and basal sinus (Fig. 68.5).  S. 
crampii Dawson; and long narrow seeds with a wing that completely 
surround the vertically elongate nucule, and are greatly extended on 
both top and bottom (Fig. 68.6, 68.7). Other forms probably attributable 
to the genus include the following: Small, triangular seeds with a wing 
that completely surrounds the nucule (Fig. 68.8, 68.9), and distinctly 
pyriform to vase-shaped seeds with an elongate micropylar region and 
narrow wing (Fig. 68.10). Perhaps most unusual among these seeds 
are rare specimens with an asymmetrical wing, best developed on the 
lateral margins of the vertically elongate nucule.  Two such specimens 
are illustrated.  In that from the Tinajas Member (Fig. 68.11), the wing 
asymmetry is developed on the micropylar end of the seed; in Permian 
strata from the western United States, it has been speculated that such 
seeds may belong to gigantopterids.  In the Bartolo Member specimen 
(Fig. 68.12), the wing asymmetry is developed on a chalazal end, as we 
are interpreting it.
Non-winged, radially symmetrical seeds

Non-winged, radially symmetrical seeds are known in a variety 
of shapes and sizes.  They are, however, uncommon in our collections.  
Most of these are attributed here to the genus Carpolithus Artis, a 
phylogenetically meaningless form taxon of seeds with little or no 
ornament, varying in overall size, shape, and pollen chamber size and 
shape, etc. One of these is attributable to the species C. pseudosulcatus 

Crookall, a vertically elongate seed, 5 mm or less in length and 2.5 
mm or less in width, with vertical ribs or wrinkles and either a smooth 
surface or with some fine striations (Fig. 69.1). Another is similar to C. 
sp. A of Crookall (1975, p. 955), but too small in size to be identical 
with that form; these are small triangular seeds with a relatively flatly 
rounded base, a bifid apex/micropyle, and a thin compression border 
(Fig. 69.2, 69.3). Larger Carpolithus specimens may be forms of larger 
pteridosperm seeds in which the sclerotesta is only weakly ribbed or 
in which the sarcotesta is preserved, obscuring the ribs.  Included are 
several elongate, ovoid seeds, about 8 mm in length by 4-6 mm in width 
with an unornamented, smooth nucule and narrow compression border, 
indicative of a thin sarcotesta (Fig. 69.4-69.6).  A few nearly round 
seeds, about 9-10 mm in diameter, were found that lack a well-defined 
compression border, with distinct, fine, rugose striations curving from 
base to apex. Their apical region is blunt and appears to have a large, 
broadly triangular pollen chamber encompassed within the circular 
outline of the seed (Fig. 69.7).  The largest Carpolithus-type seeds 
range from 14 to 22 mm in length and between 7 mm and 13.5 mm in 
width; considering the maximum sizes attained by some pteridosperm 
seeds, such seeds actually are not very large. Some of these larger seeds 
lack indications of vertically disposed ribs but have indications of a 
thin compression border (Fig. 69.8, 69.9).  Other larger seeds have faint 
indications of ribs, but little or no indication of a compression border 
(Fig. 69.10). 

Additional seeds similar to described forms include the following: 
Holcospermum lagenoides Crookall; vertically elongate, strongly, 
regularly ribbed, somewhat pyriform seed, more than 1 cm in length 
(Fig. 69.11). Trigonocarpus parkinsonii Brongniart; seeds preserved 
without the outer sarcotestal layer with distinct ribs that extend only 
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partially, about ⅔ of the distance, from apex to base (Fig. 69.12). Cf. T. 
candollianus Unger; seeds with ribs extending from a bluntly pointed 
apex to a rounded base, with a slight compression border, suggesting a 
sarcotesta (Fig. 69.13). Rhynchogonium Heer, Rhyncogonium sp.; oval 
seeds with distinctive apical teeth, closed or open, faint ribs, a basal 
collar and short stalk.

Noeggerathiales
Charliea manzanitana is represented in the collections by isolated 

leaves or, in two instances, leaves attached to a common axis (Fig. 
70.1, 70.5).  Leaves are elongate-ellipsoidal in shape with a constricted 
lunate base and an apical margin typically divided into three lobes (Fig. 
70.3, 70.5), although some of the specimens from the lower Tinajas 
and upper Bartolo (one specimen) members terminate in four segments 
(Fig. 68.6, 68.7).  Venation is very clear and gives the immediate 
impression of being parallel. The veins run nearly straight from base to 
apex, terminating in the segments and not at the sinuses between them; 
veins may be unforked through their length or fork equally one or more 
times. Individual leaves in the collection may be up to somewhat more 
than 3 cm in length and 1.3 cm in width (Fig. 70.4).

Mamay (1991) originally considered Charliea to be affiliated with 
cycadophytes and identified the laminate structures as pinnules borne 
on compound leaves. Tidwell and Ash (2003) reevaluated the type 
material of C. manzanitana and described two new species (extending 
the range of the genus back into the Early Pennsylvanian and up to the 
Pennsylvanian-Permian boundary).  In their assessment, the laminae 
clearly are leaves on a plagiotropic branching system, thus linking the 
plant with the Noeggerathiales.  For a recent review of this group, see 
Wang et al. (2009b).  The strongly parallel venation with few forks and 
no anastomoses, and the three to five times divided apex, indicate a 
clear affinity of the Socorro plants with C. manzanitana and not with 
either of the species described by Tidwell and Ash (2003).

DISCUSSION
The Pennsylvanian fossil floras of Socorro County represent 

one of the most continuous paleobotanical records from the western, 
equatorial portions of the Pangean paleocontinent.  Although there are 
some large gaps in the record, such as that of the early Desmoinesian, 
which is represented primarily by marine rocks, the late Desmoinesian 
through end-Pennsylvanian record is extensive.  Preservation is largely 
as adpression fossils, almost always lacking cuticle.  Silicified fossil 
wood is preserved throughout the section, sometimes as in situ, fossil 
tree bases, including roots and the lower portions of trunks (e.g., 
Falcon-Lang et al., 2014, 2016), and more rarely, stems have been 
found anatomically preserved in iron oxides.  

As can be seen from an examination of the plates, most of the 
fossils are preserved in a fragmentary state.  The overwhelming majority 
of plant fossils come from allochthonous accumulations.  Some, such 
as those at the base of the base of the Bartolo Member, were deposited 
either in nearshore marine settings or in lagoonal environments subject 
to incursions of marine water, based on the co-occurrence of marine 
invertebrates with the plant remains.  Terrestrial accumulations range 
from dark, organic shales that appear to have been transported by 
flotation over relatively long distances into quiet lakes of fresh to 
brackish water salinities, to accumulations of fragmentary material, 
intermixed to varying extents with comminuted plant debris, often 
current aligned and deposited in fluvial depositional environments that 
indicate active flow. These allochthonous assemblages likely capture 
more than a local plant community, and thus provide a glimpse of the 
larger landscape surrounding the site of plant preservation. In only 
two kinds of instances were we confident that the plant material had 
been deposited at the site of growth, either as an autochthonous or 
hypoautochthonous accumulation (sensu Bateman, 1991).  One kind 
of accumulation, unquestionably autochthonous, is represented by 

occurrences of coniferophyte tree stumps rooted in lime muds.  For 
the most part, such occurrences are represented by isolated specimens.  
But, at two sites, most likely temporally equivalent, but separated by 
more than a kilometer, large numbers of stumps, and fallen trunks, 
were identified clearly rooted in single beds of micritic limestone, 
and buried by gypsum-rich deposits (Falcon-Lang et al., 2011, 2016).  
The kind of other occurrence, also possibly just a single continuous 
bed, was identified at three sites in strata of late Desmoinesian age. 
In this instance, large numbers of stems, fronds and laminate foliage 
of a neuropterid pteridosperm were found in a mudstone resting 
immediately on a paleosol horizon.  We interpret these (this) deposit 
as a coastal swamp, which would have been a coal bed were it to have 
formed further to the east in equatorial Pangea, in a wetter climate 
setting.

There is considerable contrast between the species richness/
biodiversity of the allochthonous and autochthonous floras.  Diversity 
here is an approximation of whole-plant diversity (sensu Cleal et al., 
2012b), using only a subset of the dispersed organs, and attempting 
to reduce or eliminate counting separately organs likely to be 
derived from the same biological species. Each of the autochthonous 
parautochthonous accumulations was of relatively low diversity, < 
10 species, even when all collecting sites from any one horizon are 
combined.  In contrast, the allochthonous accumulations were much 
more diverse, ranging upward to 40 or more species, depending on 
the size of the sample (Table 1). This comparison is not a reflection of 
collecting intensity, and therefore sample size.  Assemblages from the 
two authochthonous/parautochthonous horizons were sampled in large 
excavations with multiple replicates, as were the largest allochthonous 
assemblages, from the Missourian Tinajas black shale, Tinajas olive 
shale, and Burrego Member shale.  Thus, we infer that these differences 
in taxonomic richness are a reflection of the taphonomic character of 
the individual deposits.

Overall, all of the Atrasado Formation plant-fossil assemblages 
are found in nearshore settings. Most are from terrestrial, fluvial 
environments, some possibly from estuarine settings, given the 
presence of brackish water animal fossils such as linguloids and 
pectinacean bivalves.  The dark shales have been interpreted as 
large, coastal plain lakes with some marine connectivity, possibly 
intermittent, keeping them fresh to brackish in salinity (Lerner et al., 
2009). Most of the Tinajas Member through Moya Member plant 
deposits appear to have been deposited on floodplains or even in active 
channels.  And the autochthonous/hypoautochthonous deposits are 
coastal, possibly fringing coastlines (Falcon-Lang et al., 2011).  In the 
extreme case, nearly all of the plant-bearing shales from the lower ⅔of 
the Bartolo Member evidence marine-to-brackish influence, based on 
the invertebrate animal remains found in close association with the 
plant remains

Stratigraphic Distribution and Taxonomic Identity
In ideal circumstances, taxonomic identity should be based 

on the morphological characteristics of the fossil remains, not on 
the stratigraphic location of the those remains. The major problem 
faced with the floras described here, however, is their generally 
fragmentary, even scrappy nature.  In these circumstances many 
identifications become problematic, particularly when the population 
of morphologically similar specimens is small, so that the range of 
morphological variation is unknown.  For this reason, we have, in a 
number of instances, commented on the conflict between morphological 
species determinations and stratigraphic conflicts with otherwise 
known ranges of these species. Well established stratigraphic ranges 
can help us understand the degree to which we can have confidence in 
the species or generic determinations. However, this study exemplifies 
the problem of working with highly fragmentary plant remains in the 
absence of monographic studies of well preserved floras from the 

FIGURE 66 (facing page). Giblingodendron aridus. 1. General cross-section of small axis showing pith (pi) and secondary xylem (sx) with 
prominent growth rings (gr). NMMNH specimen 60594, TS, scale = 5 mm. 2. Mesarch cauline bundle (cb) at the edge of the pith (pi). NMMNH 
specimen 60594, TS, scale =  250 μm. 3. Longitudinal section of the pith (pi) showing distinct septae (sp) surrounded by the secondary xylem (sx) 
cylinder. NMMNH specimen 60594, RLS, scale = 5 mm. 4. Close-up of the edge of the pith (pi) showing ordered rectangular parenchyma cells 
(pc), pith septae (sp) and resin-filled cells (rc). NMMNH specimen 60594, RLS, scale = 200μm. 5. Leaf trace (lt) departing from near pith edge 
(pi), occluded by traumatic parenchyma (t) at the first growth ring boundary. NMMNH specimen 60594, RLS, scale = 250 μm. 6. Leaf trace (lt), 
encased in sheath of thick-walled rectangular cells, departing through the secondary xylem (sx), and occluded at first ring boundary. NMMNHS 
specimen 60594, TS, scale = 250 μm. 7. 4–6 cupressoid cross-field pits (cfp). NMMNH specimen 60590, RLS, scale = 50μm. 8. Biseriate, alternate 
tracheid pits. NMMNH specimen 60594, RLS, scale = 50 μm. 9. Short uniseriate rays. NMMNH specimen 60590, TLS, scale = 150 μm.
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FIGURE 68. Winged seeds. 1. Samaropsis gutbieri. USNM specimen 630647. USNM locality 43478 (Tinajas black shale). 2 Samaropsis crassa. 
USNM specimen 508847. USNM locality 43473 (lower Tinajas). 3. Samaropsis cf. S. crassa. USNM specimen 630609. USNM locality 43475 
(Tinajas olive shale). 4. Samaropsis cf. S. crassa. USNM specimen 630716. USNM locality 43477 (lower Tinajas). 5. Samaropsis pyriformis. 
USNM specimen 508827. USNM locality 43469 (lower Tinajas). 6. Samaropsis crampii. USNM specimen 630670. USNM locality 42141 (Barolo 
Neuropteris beds). 7. Samaropsis crampii. USNM specimen 630641. USNM locality 42112 (Tinajas olive shale). 8. Samaropsis sp. USNM 
specimen 630611. USNM locality 43475 (Tinajas olive shale). 9. Samaropsis sp. Field photograph. USNM locality 43489 (Tinajas olive shale). 10. 
Samaropsis sp. Field photograph. USNM locality 43596 (immediately above Tinajas black shale). 11. Samaropsis sp. USNM specimen 629738. 
USNM locality 42099 (Tinajas olive shale). 12. Samaropsis sp. USNM specimen 629719. USNM locality 43526 (lower Bartolo). All specimens 
at same magnification; the scale bar in Figure 68.1 = 1 cm.

region, which might provide insights into morphological variability or 
suggest subtle-to-major differences with better known European floras 
or floras from the eastern American coal basins.

It is noteworthy, however, that significant stratigraphic range 
discontinuities have been reported in the literature for many fossil taxa.  
These are of three types. Jablonski (1986) coined the term Lazurus 
taxa for those that reappear after long gaps in their stratigraphic range. 
Erwin and Droser (1993) cautioned that in some cases these may 
reflect evolutionary convergence, which they labelled Elvis taxa, as 
mere imitators of the original form.  More recently, Looy et al. (2014) 
described examples from the late Paleozoic plant fossil record, focusing 
on what they called Methuselah taxa, those appearing well in advance 
of their otherwise documented ranges.  The range discontinuities noted 
in this paper conform primarily to this latter pattern, that is, appearances 
earlier than known ranges in the coal basins of eastern North America 

or Europe.
If these tentative identifications are correct, it implies that many 

species typical of habitats with varying degrees of moisture-stress 
appeared earlier in western Pangea then in the central parts of the 
paleocontinent.  This may not be unexpected, given the much drier 
aspect of western Pangea throughout its history.  Studies of well 
correlated time intervals, such as that of the Verdigris Interval of late 
Desmoinesian time (Cecil et al., 2002), clearly document changes in 
paleosols, sedimentary systems, and plant associations from central to 
western Pangea.  Recently, Bashforth et al. (2016a) documented the 
earlier appearance of late Middle Pennsylvanian palynomorph taxa in 
siliciclastic deposits compared with their better known distributions 
in coals within the same geological sections, suggesting an earlier 
appearance even of certain kinds of wetland taxa in environments with 
periods of water stress.

FIGURE 67 (facing page). Macdonaldodendron giganticus. 1. General cross-section of the inner part of the axis showing sclerotic nests (sn) in the 
pith (pi) and secondary xylem (sx) cylinder with growth interruption (gi). NMMNH specimen 68176, TS, scale = 4 mm. 2. Longitudinal section 
of pith (pi) showing plate-like sclerotic nests (sn) close to the boundary with the secondary xylem (sx). Pith parenchyma cells (pc) locally occur 
between sclerotic nests, although they have been extensively replaced by microcoprolites (mc) in other areas. NMMNH specimen 68176, RLS, 
scale = 1 mm. 3. Boundary of pith (pi) and secondary xylem (sx) showing close-up of large, endarch cauline bundles (cb). Microcoprolites(mc) 
are commonly deposited adjacent to the pith edge. NMMNH specimen 68176, TS, scale = 750 μm. 4. Uniseriate, contiguous, circular tracheid 
pits. NMMNH specimen 68176, TS, scale = 50 μm. 5. Uniseriate rays, some relatively tall. NMMNH specimen 68176, TLS, scale = 300 μm. 6. 
Longitudinal section through a cauline bundle (cb) composed of scalariform-thickened tracheids at the edge of the pith (pi). NMMNH specimen 
68177, TLS, scale = 100 μm. 7. Biseriate, alternate, circular tracheid pits. NMMNH specimen 68177, RLS, scale = 50 μm. 8. 1–2 cupressoid cross-
field pits (cfp). NMMNH specimen 68177, RLS, scale = 50μm
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FIGURE 69. Non-winged seeds. 1. Carpolithus pseudosulcatus. USNM specimen 508834. USNM locality 43469 (lower Tinajas). 2. Cf. 
Carpolithus sp. A of Crookall. USNM specimen 630666. USNM locality 43527 (lower Bartolo). 3. Cf. Carpolithus sp. A of Crookall. USNM 
specimen 630645. USNM locality 43478 (Tinajas black shale). 4. Carpolithus sp. USNM specimen 629722. USNM locality 43526 (lower 
Bartolo). 5. Carpolithus sp. Field photograph. USNM locality 43597 (Tinajas black shale). 6. Carpolithus sp. USNM specimen 630689. USNM 
locality 42099 (Tinajas olive shale). 7. Carpolithus sp. USNM specimen 630676. USNM locality 43480 (lower Bartolo). 8. Carpolithus sp. USNM 
629721. USNM locality 43526 (lower Bartolo). 9. Carpolithus sp. USNM specimen 630612. USNM locality 43475 (Tinajas olive shale). 10. 
Carpolithus sp. USNM specimen 630766. USNM locality 43489 (Tinajas olive shale). 11. Holcospermum lagenoides. USNM specimen 630667. 
USNM locality 43527 (lower Bartolo). 12. Trigonocarpus parkinsonii. USNM specimen 630682. USNM locality 41898 (Tinajas olive shale). 13. 
Cf. Trigonocarpus candollianus. USNM 630610. USNM locality 43475 (Tinajas olive shale). 14. Rhyncogonium sp. USNM specimen 629723. 
USNM locality 43526 (lower Bartolo). 15. Rhyncogonium sp. Field photograph. USNM locality 43525 (lower Bartolo). All specimens at same 
magnification; the scale bar is in Figure 69.8 = 1 cm.

CONCLUSIONS
Over the past 18 years, numerous excavations have been carried 

out in the terrestrial to nearshore marine Pennsylvanian-age strata of 
Socorro County, New Mexico.  The collections of plant fossils that 
have resulted from these excavations cover much of the time interval 
from the Middle Pennsylvanian through the early Permian.  Here we 
have focused in detail on those from the late Middle Pennsylvanian 
(Desmoinesian) through the later Late Pennsylvanian (Virgilian).  The 

flora is primarily allochthonous in origin, and represents a coastal 
vegetation of “mixed” composition, including plants that favored wet 
substrates and those found more typically in habitats with seasonal 
moisture limitation.  The complete mixing of these floral elements in 
the allochthonous assemblages, and equivalence in the type and quality 
of preservation, indicate that they were living in close proximity, likely 
on the same landscape, even if microhabitat partitioned.  As such, we 
interpret the background climate of the region throughout most of the 
time interval in question as varying between subhumid and semiarid 
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FIGURE 70. Charliea manzanitana; specimens in descending stratigraphic order. 1. USNM specimen 636901. USNM locality 43897 (Burrego). 
2. USNM specimen 630595. USNM locality 42112 (Tinajas olive shale). 3. USNM specimen 630543. USNM locality 43478 (Tinajas black shale). 
4. USNM specimen 630696. USNM locality 41913 (below Tinjas black shale). 5. USNM 508840. USNM locality 43473 (Tinajas lower black 
shale). 6. USNM specimen 508829. USNM locality 43469 (lower Tinajas). 7. USNM 630652. USNM locality 42144 (Bartolo Neuropteris beds). 
Scale bars = 1 cm.

to arid (in the sense of these terms as quantitfied by Cecil, 2003).  The 
flora contains species that are typical of this time period in the central 
parts of Pangea, including the present-day coal basins of the eastern 
United States and Europe.  The commonality of most of the flora across 
this vast swath of the Pangean continent indicates both the continuity 
of pathways for migration and gene flow, and of climatically suitable 
corridors within which this continuity could be maintained.
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Semana, v. 26, p. 13-24.



92
Barthel, M. and Noll, R., 1999, On the growth habit of Dicranophyllum hallei 

Remy et Remy: Veröffentlichungen des Naturhistorischen Museums 
Schleusingen, v. 14, p. 59-64.

Barrick, J., Lucas, S.G. and Krainer, K., 2013, Conodonts of the Atrasado 
Formation (uppermost Middle to Upper Pennsylvanian), Cerros de Amado 
region, central New Mexico, USA: New Mexico Museum of Natural 
History and Science, Bulletin 59, p. 239-252.

Bashforth, A.R., DiMichele, W.A., Eble, C.F. and Nelson, W.J., 2016a, A 
Middle Pennsylvanian macrofloral assemblage from wetland deposits in 
Indiana (Illinois Basin): A taxonomic contribution with biostratigraphic, 
paleobiogeographic, and paleoecologic implications: Journal of 
Paleontology, v. 90, p. 589-631.

Bashforth, A.R., DiMichele, W.A., Eble, C.F. and Nelson, W.J., 2016b, Dryland 
vegetation from the Middle Pennsylvanian of Indiana (Illinois Basin): The 
dryland biome in glacioeustatic, paleobiogeographic, and paleoecologic 
context: Journal of Paleontology, v. 90, p. 785-814.

Bateman, R.M., 1991. Palaeoecology; in: Cleal, C.J. (Ed.), Plant fossils in 
geological investigation: the Palaeozoic: Ellis-Horwood, Chichester, p. 
34-116.

Bateman, R.M., 1994, Evolutionary developmental change in the growth 
architecture of fossil rhizomorphic lycopsids: Scenarios constructed on 
cladistic foundations: Biological Reviews, v. 69, p. 527-597.

Bateman, R.M., DiMichele, W.A. and Willard, D.A., 1992, Experimental 
cladistic analysis of anatomically preserved arborescent lycopsids from the 
Carboniferous of Euramerica: An essay on paleobotanical phylogenetics: 
Annals of the Missouri Botanical Garden, v. 79, p. 500-559.

Berman, D.S., 1993, Lower Permian vertebrate localities of New Mexico and 
their assemblages: New Mexico Museum of Natural History and Science, 
Bulletin 2, p. 11-21.

Berman, D.S., Henrici, A.C. and Lucas, S.G., 2015, Pennsylvanian-Permian 
red bed vertebrate localities of New Mexico and their assemblages: New 
Mexico Museum of Natural History and Science, Bulletin 68, p. 65-76.

Blake, Jr., B. M. and Gillespie, W. H., 2011, The enigmatic Dunkard macroflora; 
in Harper, J. A., ed., Geology of the Pennsylvanian-Permian in the 
Dunkard basin: Guidebook, 76th Annual Field Conference of Pennsylvania 
Geologists, Washington, PA, p. 103-143.

Boyarina, N., 1994, Callipterid pteridosperms from the early Permian of 
Ukraine: Acta Palaeontologica Polonica, v. 39, p. 117-133.

Boyarina, N., 2010, Late Gzhelian pteridosperms with callipterid foliage of the 
Donets Basin, Ukraine: Acta Palaeontologica Polonica, v. 55, p. 343-359.

Brack, S.D., 1970, On a new structurally preserved arborescent lycopsid 
fructification from the Lower Pennsylvanian of North America: American 
Journal of Botany, v. 57, p. 317-330.

Brousmiche, C., 1983, Les Fougères sphénoptéridiennes du Bassin Houiller 
Sarro-Lorrain (Systématique – Stratigraphie): Société Géeologique du 
Nord, Publication 10, p. 1-480.

Castro, M.P., 1985, La flora estefaniense B de La Magdalena (Léon, España), un 
referente europeo. Tomo II: Descripción sistemática de las Gimnospermas: 
Instituto Geológico y Minero de España, Cuadernos del Museo Geominero, 
v. 4, p. 1-229.

Cecil, C.B., 2003, The concept of autocyclic and allocyclic controls on 
sedimentation and stratigraphy, emphasizing the climatic variable: SEPM 
Special Publication 77, p. 13-20.

Cecil, C.B., Dulong, F.T., West, R.R., Stamm, R., Wardlaw, B.A. and Edgar, 
N.T., 2003, Climate controls on the stratigraphy of a Middle Pennsylvanian 
cyclothem in North America: SEPM Special Publication 77, p. 151-180.

Cleal, C.J., 1984, The Westphalian D floral biostratigraphy of Saarland (Fed. 
Rep. Germany) and a comparison with that of South Wales: Geological 
Journal, v. 19, p. 327–351.

Cleal, C.J., 1991, Carboniferous and Permian biostratigraphy; in Cleal, C. J., ed., 
Plant Fossils in Geological Investigation: The Palaeozoic: Ellis Horwood 
Series in Applied Geology, p. 182–215.

Cleal, C.J., 1997, The palaeobotany of the upper Westphalian and Stephanian of 
southern Britain and its geological significance: Review of Palaeobotany 
and Palynology, v. 95, p. 227–253.

Cleal, C.J. and Shute, C.H., 2003, Systematics of the Late Carboniferous 
medullosalean pteridosperm Laveineopteris and its associated Cyclopteris 
leaves: Palaeontology, v. 46, p. 353-411.

Cleal, C.J. and Zodrow, E.L., 1989, Epidermal structure of some medullosan 
Neuropteris foliage from the Middle and Upper Carboniferous of Canada 
and Germany: Palaeontology, v. 32, p. 837-882.

Cleal, C.J., Thomas, B.A., van Konijnenburg-van Cittert, J.H. and Zijlstra, G., 
2012a, (2083) Proposal to change the authorship of Calamites, nom. cons. 
(fossil, Sphenopsida) and to delete Calamitis, nom. rej.: Taxon, v. 61, p. 
884-885.

Cleal, C.J., Uhl, D., Cascales-Miñana, B., Thomas, B.A., Bashforth, A.R., King, 

S.C. and Zodrow, E.L., 2012b, Plant biodiversity changes in Carboniferous 
tropical wetlands: Earth-Science Reviews, v. 114, p. 124-155.

Cridland, A.A. and Morris, J.E., 1963, Taeniopteris, Walchia, and Dichophyllum 
in the Pennsylvanian system of Kansas: University of Kansas Science 
Bulletin, v. 44, p. 71–85.

Crookall, R., 1976, Fossil plants of the Carboniferous rocks of Great Britain 
[Second Section]: Memoirs of the Geological Survey of Great Britain, 
Palaeontology, v. 4, part 7, p. 841-1004.

Darrah, W.C., 1936, Permian elements in the fossil flora of the Appalachian 
province: Harvard University Botanical Museum Leaflets, v. 4, p. 9-19.

Darrah, W.C., 1969, A critical review of the Upper Pennsylvanian floras of 
eastern United States with notes on the Mazon Creek flora of Illinois: 
Privately printed, Gettysburg, Pennsylvania. 220 p.

Delevoryas, T., 1957, Anatomy of Sigillaria approximata: American Journal of 
Botany, v. 44, p. 654-660.

DiMichele, W.A., 1980, Paralycopodites Morey & Morey, from the 
Carboniferous of Euramerica–a reassessment of generic affinities and 
evolution of “Lepidodendron” brevifolium Williamson: American Journal 
of Botany, v. 67, p. 1466-1476.

DiMichele, W.A. and Bateman, R.M., 1992, Diaphorodendraceae, fam. nov. 
(Lycopsida: Carboniferous): Systematics and evolutionary relationships of 
Diaphorodendron and Synchysidendron, gen. nov.: American Journal of 
Botany, v. 79, p. 605-617.

DiMichele, W.A. and Chaney, D.S., 2005, Pennsylvanian-Permian fossil floras 
from the Cutler Group, Cañon del Cobre and Arroyo del Agua areas, in 
northern New Mexico: New Mexico Museum of Natural History and 
Science, Bulletin 31, p. 26-33.

DiMichele, W.A. and Falcon-Lang, H.J., 2012, Calamitalean “pith casts” 
reconsidered: Review of Palaeobotany and Palynology, v. 173, p. 1-14.

DiMichele, W.A., Tabor, N.J. and Chaney, D.S., 2005, Outcrop-scale 
environmental heterogeneity and vegetational complexity in the Permo-
Carboniferous Markley Formation of north central Texas: New Mexico 
Museum of Natural History and Science, Bulletin 30, p. 60-66.

DiMichele, W.A., Tabor, N.J., Chaney, D.S. and Nelson, W.J., 2006, From 
wetlands to wet spots: Environmental tracking and the fate of Carboniferous 
elements in early Permian tropical floras: Geological Society of America, 
Special Papers 399, p. 223-248.

DiMichele, W.A., Elrick, S.D. and Bateman, R.M., 2013, Growth habit of the 
late Paleozoic rhizomorphic tree-lycopsid family Diaphorodendraceae: 
Phylogenetic, evolutionary, and paleoecological significance: American 
Journal of Botany, v. 100, p. 1604-1625.

DiMichele, W.A., Wagner, R.H., Bashforth, A.R. and Álvarez-Vázquez, C., 
2013b, An update on the flora of the Kinney Quarry of central New Mexico 
(Upper Pennsylvanian), its preservational and environmental significance: 
New Mexico Museum of Natural History and Science, Bulletin 59, p. 289-
325.

DiMichele, W.A., Lucas, S.G., Looy, C.V., Kerp, H. and Chaney, D.S., 2017, 
Plant fossils from the Pennsylvanian–Permian transition in western Pangea, 
Abo Pass, New Mexico: Smithsonian Contributions to Paleobiology 99, p. 
1-40.

Doubinger, J., and Marguerier, J., 1975, Paléoxylogie: étude anatomique 
comparée de Scleromedulloxylon aveyronense n. gen. et sp., du Permien 
de St. Affrique (Aveyron, France): Considérations taxinomiques et 
stratigraphiques: Geobios, v. 8, p. 25–59. 

Doubinger, J., Vetter, P., Langiaux, J., Galtier, J. and Broutin, J., 1995, La flore 
fossile du bassin houiller de Saint-Étienne: Mémoires de Muséum National 
d’Histoire Naturelle, v. 164, p. 1-355.

Elrick, M. and Scott, L.A., 2010, Carbon and oxygen isotope evidence for 
high-frequency (104–105 yr) and My-scale glacio-eustasy in Middle 
Pennsylvanian cyclic carbonates (Gray Mesa Formation), central New 
Mexico: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 285, p. 
307-320.

Erwin, D.H. and Droser, M.L., 1993, Elvis taxa: Palaios, v. 8, p. 623-624.
Falcon-Lang, H.J., 2009, A Macroneuropteris scheuchzeri tree preserved in 

growth position in the Middle Pennsylvanian Sydney Mines Formation, 
Nova Scotia, Canada: Atlantic Geology, v. 45, p. 74-80.

Falcon-Lang, H.J. and Bashforth, A.R., 2005, Morphology, anatomy, and upland 
ecology of large cordaitalean trees from the Middle Pennsylvanian of 
Newfoundland: Review of Palaeobotany and Palynology, v. 135, p. 223-
243.

Falcon-Lang, H.J., Nelson, W.J., Elrick, S., Looy, C.V., Ames, P.R. and 
DiMichele, W.A., 2009, Incised channel fills containing conifers indicate 
that seasonally dry vegetation dominated Pennsylvanian tropical lowlands: 
Geology, v. 37, p. 923-926.

Falcon-Lang, H.J., Jud, N.A., Nelson, W.J., DiMichele, W.A., Chaney, D.S. and 
Lucas, S.G., 2011, Pennsylvanian coniferopsid forests in sabkha facies 



93
reveal the nature of seasonal tropical biome: Geology, v. 39, p. 371-374.

Falcon-Lang, H.J., Kurzawe, F., Lucas, S.G., 2014, Coniferopsid tree-trunks 
preserved in sabkha facies in the Permian (Sakmarian) Community 
Pit Formation in southcentral New Mexico, U.S.A.: Systematics and 
palaeoecology: Review of Palaeobotany and Palynology, v. 200, p. 138–
160.

Falcon-Lang, H.J., Kurzawe, F. and Lucas, S.G., 2016, A Late Pennsylvanian 
coniferopsid forest in growth position, near Socorro, New Mexico, USA: 
Tree systematics and palaeoclimatic significance: Review of Palaeobotany 
and Palynology, v. 225, p. 67-83.

Florin, R., 1938-45, Die Koniferen des Oberkarbons und des Unteren Perms: 
Palaeontographica B85, pts. 1-8, p. 1-730. 

Fontaine, W.M. and White, I.C., 1880, The Permian or Upper Carboniferous 
flora of West Virginia and SW Pennsylvania: Second Geological Survey of 
Pennsylvania, Report of Progress, PP, p. 1-143.

Galtier, J. and Béthoux, O., 2002, Morphology and growth habit of Dicksonites 
pluckenetii from the Upper Carboniferous of Graissessac (France): 
Geobios, 35, p. 525-535.

Heckel, P.H., 2013, Pennsylvanian stratigraphy of northern Midcontinent shelf 
and biostratigraphic correlation of cyclothems: Stratigraphy, v. 10, p. 3-39.

Hernandez-Castillo, G.R., Stockey, R.A., Rothwell, G.W. and Mapes, G., 2009, 
Reconstructing Emporia lockardii (Voltziales: Emporiaceae) and initial 
thoughts on Paleozoic conifer ecology: International Journal of Plant 
Sciences, v. 170, p. 1056-1074.

Hilton, J. and Bateman, R.M., 2006, Pteridosperms are the backbone of seed-
plant phylogeny: Journal of the Torrey Botanical Society, 133, p. 119-168.

Jablonski, D., 1986, Causes and consequences of mass extinction: A comparative 
approach; in, Elliott, D.K., ed., Dynamics of Evolution. Wiley, New York. 
p. 183–229.

Kerp, J.H.F., 1984, Aspects of Permian palaeobotany and palynology. V. On the 
nature of Asterophyllites dumasii Zeiller, its correlation with Calamites 
gigas Brongniart and the problem concerning its sterile foliage: Review of 
Palaeobotany and Palynology, v. 41, p. 301-317.

Kerp, J.H.F., 1988, Aspects of Permian palaeobotany and palynology. X. The 
west-and central European species of the genus Autunia Krasser emend. 
Kerp (Peltaspermaceae) and the form-genus Rhachiphyllum Kerp 
(callipterid foliage): Review of Palaeobotany and Palynology, v. 54, p. 
249-360.

Kerp, H. and Haubold, H., 1988a, Towards a reclassification of the West-
European and Central-European species of the form-genus Callipteris 
Brongniart 1849: Zeitschrift für Geologische Wissenschaften, v. 16, p. 
865-876.

Kerp, J.H.F. and Haubold, H., 1988b, Aspects of Permian palaeobotany and 
palynology. VIII. On the reclassification of the West-and Central European 
species of the form-genus Callipteris Brongniart 1849: Review of 
Palaeobotany and Palynology, v. 54, p. 135-150.

Kerp, J.H.F., Poort, R.J., Swinkels, H.A.J.M. and Verwer, R., 1990, Aspects of 
Permian palaeobotany and palynology. IX. Conifer-dominated Rotliegend 
floras from the Saar-Nahe Basin (? Late Carboniferous-Early Permian; 
SW-Germany) with special reference to the reproductive biology of early 
conifers: Review of Palaeobotany and Palynology, v. 62, p. 205-248.

Krainer, K. and Lucas, S.G., 2004, Type sections of the Pennsylvanian Gray 
Mesa and Atrasado formations: New Mexico Museum of Natural History 
and Science, Bulletin 25, p. 7-30.

Krainer, K. and Lucas, S.G., 2009, Cyclic sedimentation of the Upper 
Pennsylvanian (lower Wolfcampian) Bursum Formation, central New 
Mexico: Tectonics versus glacioeustasy: New Mexico Geological Society, 
Guidebook 60, p. 167-182.

Krainer, K. and Lucas, S.G., 2013a, The Pennsylvanian Sandia Formation in 
northern and central New Mexico: New Mexico Museum of Natural 
History and Science, Bulletin 59, p. 77-100.

Krainer, K. and Lucas, S.G., 2013b, The Pennsylvanian-Permian Bursum 
Formation in central New Mexico: New Mexico Museum of Natural 
History and Science, Bulletin 59, p. 143-160.

Krings, M. and Schultka, S., 2010, A seed-bearing lobatopterid frond segment 
from the Westphalian D (Upper Pennsylvanian) of south-central Germany: 
International Journal of Coal Geology, 83, p. 125-131.

Krings, M., Kerp, H., Taylor, E.L. and Taylor, T.N., 2001, Reconstruction of 
Pseudomariopteris busquetii, a vine-like Late Carboniferous–early 
Permian pteridosperm: American Journal of Botany, 88, p. 767-776.

Laveine, J.P. and Belhis, A., 2007, Frond architecture of the seed-fern 
Macroneuropteris scheuchzeri, based on Pennsylvanian specimens from 
the Northern France coal field: Palaeontographica, v. 277B, p. 1-41.

Laveine, J.P. and DiMichele, W.A., 2001, The qualitative approach for 
Carboniferous plant taxonomic analyses: Implications of the Linopteris-
Reticulopteris distinction: Revue de Paleobiologie, v. 20, p. 415-433.

Laveine, J.P. and Dufour, F., 2013, The bifurcate “outer-inner” semi-pinnate 
frond of the Permo-Pennsylvanian seed-fern Neurodontopteris auriculata, 
type species of the genus Neurodontopteris: Palaeontographica, v. 289B, 
p.75-177.

Laveine, J.P. and Oudoire, T., 2015, Partial alopecia for the Permo-Pennsylvanian 
seed-fern Macroneuropteris scheuchzeri: Review of Palaeobotany and 
Palynology, v. 216, p. 132-142.

Laveine, J.P. and Oudoire, T., 2016, Morphological analysis of the Grand’Eury 
1890 large frond fragment attributed to Odontopteris reichiana, from 
the Late Pennsylvanian (Stephanian) of the Gard coalfield (SE of Massif 
Central, France). Erection of Cyrillopteris gen. nov.: Palaeontographica, 
v. 294B, p. 1-83.

Lerner, A.J. Lucas, S.G., Spielmann, J.A., Krainer, K., DiMichele, W.A., 
Chaney, D.S., Schneider, J.W., Nelson, W.J. and Ivanov, A., 2009, The 
biota and paleoecology of the Upper Pennsylvanian (Missourian) Tinajas 
locality, Socorro County, New Mexico: New Mexico Geological Society, 
Guidebook 60, p. 267-280.

Looy, C.V., 2007, Extending the range of derived Late Paleozoic conifers: 
Lebowskia gen. nov. (Majonicaceae): International Journal of Plant 
Sciences, v. 168, p. 957–972.

Looy, C.V. and Duijnstee, I.A.P., 2013, Characterizing morphological variability 
in foliated Paleozoic conifer branches — a first step in testing its potential 
as proxy for taxonomic position: New Mexico Museum of Natural History 
and Science, Bulletin 60, p. 215–223.

Looy, C.V., Kerp, H., Duijnstee, I.A.P. and DiMichele, W.A., 2014, The late 
Paleozoic ecological-evolutionary laboratory, a land-plant fossil record 
perspective. The Sedimentary Record, v. 12, no. 4, p. 4-18.

Lucas, S.G., 2013, We need a new GSSP for the base of the Permian: 
Permophiles, v. 58, p. 8-13.

Lucas, S.G., Krainer, K. and Barrick, J.E., 2009a, Pennsylvanian stratigraphy 
and conodont biostratigraphy in the Cerros de Amado, Socorro County, 
New Mexico: New Mexico Geological Society, Guidebook 60, p. 183-212.

Lucas, S.G., DiMichele, W.A., Krainer, K., Chaney, D.S. and Spielmann, J.A., 
2009b, A coal-measure forest near Socorro, New Mexico: New Mexico 
Geological Society, Guidebook 60, p. 235-242.

Lucas, S.G., Nelson, W.J., DiMichele, W.A., Krainer, K., Barrick, J.E., Voigt, 
S., Chaney, D.S., Elrick, S.G. and Spielmann, J.A., 2013a, Field guide to 
the Carboniferous-Permian transition in the Cerros de Amado and vicinity, 
Socorro County, central New Mexico: New Mexico Museum of Natural 
History and Science, Bulletin 59, p. 39-76.

Lucas, S.G., Krainer, K., Chaney, D.S., DiMichele, W.A., Voigt, S., Berman, 
D.S. and Henrici, A.C., 2013b, The lower Permian Abo Formation in 
central New Mexico: New Mexico Museum of Natural History and 
Science, Bulletin 59, p. 161-179.

Lucas, S.G., Krainer, K. and Voigt, S., 2013c, The lower Permian Yeso Group 
in central New Mexico: New Mexico Museum of Natural History and 
Science, Bulletin 59, p. 161-200.

Lucas S.G., Barrick, J. E., Krainer, K. and Schneider, J.W., 2013d, The 
Carboniferous-Permian boundary at Carrizo Arroyo, central New Mexico, 
USA: Stratigraphy, v. 10, p. 153-170.

Lyons, P.C. and Darrah, W.C., 1989, Earliest conifers of North America: Upland 
and/or paleoclimatic indicators?: Palaios, v. 4, p. 480-486.

Mamay, S.H., 1976, Paleozoic origin of the cycads: United States Geological 
Survey Professional Paper 934, 1-48. 

Mamay, S.H., 1981, An unusual new species of Dicranophyllum Grand’Eury 
from the Virgilian (Upper Pennsylvanian) of New Mexico, U.S.A.: The 
Palaeobotanist, v. 28–29, p. 86–92.

Mamay, S.H., 1990, Charliea manzanitana, n. gen. n. sp, and other enigmatic 
parallel–veined foliar forms from the Upper Pennsylvanian of New Mexico 
and Texas: American Journal of Botany, v. 77, p. 858–866.

Mamay, S.H. and Mapes, G., 1992, Early Virgilian plant megafossils from the 
Kinney Brick Company Quarry, Manzanita Mountains, New Mexico; in 
Zidek, J., ed., Geology and paleontology of the Kinney Brick Quarry, Late 
Pennsylvanian, central New Mexico: New Mexico Bureau Mines and 
Mineral Resources, Bulletin 138, p. 61–86.

Mapes, G. and Rothwell, G.W., 1988, Diversity among Hamilton conifers; in 
Mapes, G. and Mapes, R. eds., Regional geology and paleontology of 
upper Paleozoic Hamilton quarry area in southeastern Kansas: Kansas 
Geological Survey, Guidebook Series 6, p. 225-244.

Martens, T. and Lucas, S.G., 2005, Taxonomy and biostratigraphy of Conchostraca 
(Branchiopoda, Crustacea) from two nonmarine Pennsylvanian and lower 
Permian localities in New Mexico: New Mexico Museum of Natural 
History and Science, Bulletin 30, p. 208-213.

Martino, R.L., 2017, Walchian conifers from the Mid-Late Pennsylvanian 
Conemaugh Group in the Appalachian Basin: Stratigraphic and 
depositional context, and paleoclimatic significance: International Journal 



94
of Coal Geology, v. 171, p. 153-168.

McComas, M.A., 1988, Upper Pennsylvanian compression floras of the 7-11 
Mine, Columbiana County, northeastern Ohio: Ohio Journal of Science, 
v. 85, p. 48-52. 

Nelson, W.J., Lucas, S.G., Krainer, K. and Elrick, S., 2013a, The Gray Mesa 
Formation (Middle Pennsylvanian) in New Mexico: New Mexico Museum 
of Natural History and Science, Bulletin 59, p. 101-122.

Nelson, W.J., Lucas, S.G. and Krainer, K., 2013b. The Atrasado and Bar B 
formations (Middle-Upper Pennsylvanian) in central and southern New 
Mexico: New Mexico Museum of Natural History and Science, Bulletin 
59, p. 123-141.

Opluštil, S., Schmitz, M., Cleal, C.J. and Martínek, K., 2016, A review of the 
Middle–Late Pennsylvanian west European regional substages and floral 
biozones, and their correlation to the geological time scale based on new 
U–Pb ages: Earth-Science Reviews, v. 154, p. 301-335.

Pendleton, J., Cleal, C., Falcon-Lang, H.J., Wagner, R.H., Wellman, C.H., 
2012, Palaeobotany of the Pennsylvanian (mid-Bolsovian-Cantabrian; 
Moscovian) Warkwickshire Group of the Bristol Coalfield, U.K.: 
Systematics, biostratigraphy, palaeoecology: Review of Palaeobotany and 
Palynology, v. 179, p. 17-43.

Pfefferkorn, H.W. and Resnik, D.A., 1980, The occurrence of Sphenopteris 
germanica (pteridosperm, Autunian, lower Permian) in North America: 
Journal of Paleontology, v. 54, p. 81-84.

Pfefferkorn, H.W. and Wang, J., 2009. Stigmariopsis, Stigmaria asiatica, and 
the survival of the Sigillaria brardii-ichthyolepis group in the tropics of 
the Late Pennsylvanian and early Permian: Palaeoworld, v. 18, p. 130-135.

Plotnick, R.E., Kenig, F., Scott, A.C., Glasspool, I.J., Eble, C.F. and Lang, W.J., 
2009, Pennsylvanian paleokarst and cave fills from northern Illinois, USA: 
A window into Late Carboniferous environments and landscapes: Palaios, 
v. 24, p. 627-637.

Pšenička, J., Opluštil, S., Ronchi, A. and Šimůnek, Z., 2012, Revision of the 
Pennsylvanian flora from Val Sanagra in western part of the Southern Alps 
(Italy). Folia Musei rerum naturalium Bohemiae occidentalis: Geologica et 
Paleobiologica, v. 46, p. 31-79.

Pšenička, J., Kolar-Jurkovšek, T., Opluštil, S. and Novak, M., 2014, Stephanian 
fossil flora from paralic Carboniferous deposits of the Jesenice area 
(Slovenia) and its comparison with Czech localities: Folia, v. 48, p. 21-64.

Remy, W. and Remy, R., 1959, Pflanzenfossilien. Berlin: Akademie-Verlag, 285 
p.

Remy, W. and Remy, R., 1975, Beiträge zur Kenntnis des Morpho-Genus 
Taeniopteris Brongniart: Argumenta Palaeobotanica, v. 4, p. 31–37.

Rothwell, G.W., 1981, The Callistophytales (Pteridospermopsida): 
Reproductively sophisticated Paleozoic gymnosperms: Review of 
Palaeobotany and Palynology, v. 32, p. 103-121.

Scheihing, M.H., 1980, Reduction of wind velocity by the forest canopy and the 
rarity of non-arborescent plants in the Upper Carboniferous fossil record: 
Argumenta Palaeobotanica, v. 6, p. 133–138.

Schindler, T., Uhl, D., Noll, R., Poschmann, M., Bach, T., Hohn, W., Rahm, 
B., Schweiss, D. and Wuttke, M., 2004, First record of in situ stumps of 
Sigillaria in Rotliegend deposits (Late Carboniferous to early Permian) of 
the northern Palatinate (SW Germany): Neues Jahrbuch fur Geologie und 
Palaontologie Abhandlungen, v. 233, p. 1-26.

Seyfullah, L.J. and Hilton, J., 2011, Callistophytalean pteridosperms from 
Permian aged floras of China: Palaeontology, 54, p. 287-302.

Shute, C.H. and Cleal, C.J., 1987, Palaeobotany in museums: Geological 
Curator, v. 4, p. 553-559.

Šimůnek, Z., 2000, Cuticles of Cordaites from the Westphalian, Stephanian and 
Autunian of the Bohemian Massif (Czech Republic) (a preliminary study): 
Acta Palaeobotanica, v. 40, p. 25-34.

Šimůnek, Z. and Cleal, C.J., 2004, Small-pinnuled odontopterid medullosaleans 
from the middle and upper Stephanian of Bohemia and Saar-Lorraine: 
Review of Palaeobotany and Palynology, v. 129, p. 21-38.

Šimůnek, Z. and Florjan, S., 2013, The Pennsylvanian cordaitalean dispersed 
cuticles from the Upper Silesian Basin (Poland). Review of Palaeobotany 
and Palynology, v. 197, p. 26-49.

Storch, D., 1980, Sphenophyllum-Arten aus drei intramontanen Karbonbecken, 
pflanzengeographische Besonderheiten im mitteleuropäischen Karbon: 
Schriftenreihe für geologische Wissenschaften, Berlin, v. 16, p. 171-273.

Stull, G.W., DiMichele, W.A., Falcon-Lang, H.J., Nelson, W.J. and Elrick, S., 
2012, Palaeoecology of Macroneuropteris scheuchzeri, and its implications 
for resolving the paradox of ‘xeromorphic’ plants in Pennsylvanian 
wetlands: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 331, p. 
162-176.

Tabor, N.J., Romanchock, C.M., Looy, C.V., Hotton, C.L., DiMichele, W.A. 
and Chaney, D.S., 2013, Conservatism of Late Pennsylvanian vegetational 
patterns during short-term cyclic and long-term directional environmental 
change, western equatorial Pangea: Geological Society, London, Special 
Publications, v. 376, p. 201-234.

Tidwell, W.D. and Ash, S.R., 2003, Revision and description of two new species 
of Charliea Mamay from Pennsylvanian strata in New Mexico and Utah, 
USA: Review of Palaeobotany and Palynology, v. 124, p. 297-306.

Tidwell, W.D., Munzing, G.E. and Lucas, S.G., 2000., A new species of 
Dadoxylon from the Upper Pennsylvanian Atrasado Formation of central 
New Mexico: New Mexico Museum of Natural History and Science 
Bulletin, 16, p. 15-20.

Van Hoof, T.B., Falcon-Lang, H.J., Hartkopf-Fröder, C. and Kerp, H., 2013, 
Conifer-dominated palynofloras in the Middle Pennsylvanian strata of 
the De Lutte-6 borehole, The Netherlands: Implications for evolution, 
palaeoecology and biostratigraphy: Review of Palaeobotany and 
Palynology, v. 188, p. 18-37.

Visscher, H., Kerp, J.H.F., and Clement-Westerhof, J.A., 1986, Aspects of 
Permian palaeobotany and palynology. VI. Towards a flexible system of 
naming Palaeozoic conifers: Acta Botanica Neerlandica, v. 35, p. 87-100.

Voigt, S., Lucas, S.G. and Krainer, K., 2013, Coastal-plain origin of trace-fossil 
bearing red beds in the early Permian of southern New Mexico, USA: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 369, p. 323-334.

Wagner, R.H., 1958, Lobatopteris alloiopteroides, una nueva especie de 
Pecopteridea del Estefaniense A Español: Estudios Geológicos, v. 38, p. 
81–106.

Wagner, R.H., 1959, Some Stephanian pecopterids from N.W. Spain: 
Mededelingen van de Geologische Stichting, Nieuwe Serie, v. 12, p. 5-23.

Wagner, R.H., 1968, Upper Westphalian and Stephanian species of Alethopteris 
from Europe, Asia Minor and North America: Mededelingen van den Rijks 
Geologische Dienst, Series C – III – 1 – No. 6, p. 1-318.

Wagner, R.H., 1984, Megafloral zones of the Carboniferous: Compte Rendu 
9e Congrès International de Stratigraphie et Géologie du Carbonifère, 
Washington and Champaign-Urbana 1979, v, 2, p. 109–134.

Wagner, R.H. and Álvarez-Vázquez, C., 2010a, The Carboniferous floras of the 
Iberian Peninsula: A synthesis with geological connotations: Review of 
Palaeobotany and Palynology, v. 162, p. 239-324.

Wagner, R.H. and Álvarez-Vázquez, C., 2010b, A redescription of the Stephanian 
species Callipteridium virginianum (Fontaine & White, 1880) comb. nov. 
and Alethopteris leonensis Wagner, 1964: Scripta Geologica Special Issue, 
v. 7, p. 93-139.

Wagner, R.H. and Álvarez-Vázquez, C., 2016, A reappraisal of Pecopteris 
miltonii (Artis) Brongniart, a mid-Westphalian (Early–Mid Pennsylvanian) 
fern: Proceedings of the Yorkshire Geological Society, v. 61, p. 37-53.

Wang, J., Feng, Z., Zhang, Y. and Wang, S.J., 2009a, Confirmation of Sigillaria 
Brongniart as a coal forming plant in Cathaysia: Occurrence from an early 
Permian autochthonous peat-forming flora in Inner Mongolia: Geological 
Journal, v. 44, p. 480-493.

Wang, J., Pfefferkorn, H.W. and Bek, J., 2009b, Paratingia wudensis sp. nov., a 
whole noeggerthialean plant preserved in an earliest Permian air fall tuff in 
Inner Mongolia, China: American Journal of Botany, v. 96, p. 1676-1689.

Winston, R.B., 1985, The Upper Pennsylvanian conifer Walchia garnettensis: 
Structure and affinities: Palaeontographica, v. 194B, p. 97-108.

Wittry, J., Glasspool, I.J., Béthoux, O., Koll, R. and Cleal, C.J., 2015, A revision 
of the Pennsylvanian marattialean fern Lobatopteris vestita auct. and 
related species: Journal of Systematic Palaeontology, v. 13, p. 615-643.

Wnuk, C. and Pfefferkorn, H.W., 1984, The life habits and paleoecology of 
Middle Pennsylvanian medullosan pteridosperms based on an in situ 
assemblage from the Bernice Basin (Sullivan County, Pennsylvania, 
USA): Review of Palaeobotany and Palynology, v. 41, p. 329-351.

Wood, H.C., 1869, A contribution to the knowledge of the flora of the Coal 
Period in the United States: Transactions of the American Philosophical 
Society, v. 13, p. 341-349.

Yan, M.X., Liu, L. and Wang, J., 2017, Taeniopteris cf. multinervis Weiss 
with cuticle anatomy from the lower Permian of Baode, North China: 
Palaeoworld, v. 26, p. 83-94.

Zodrow, E.L., 2014, Molecular self-assembly: Hypothesized for “hair” 
of Macroneuropteris scheuchzeri (Pennsylvanian-age seed-fern): 
International Journal of Coal Geology, v. 121, p. 14-18.

Zodrow, E.L. and Cleal, C.J., 1993, The epidermal structure of the Carboniferous 
gymnosperm frond Reticulopteris: Palaeontology, v. 36, p. 65-65.



95

Fo
ss

il 
W

oo
d

As
ol

an
us

 c
am

pt
ot

ae
ni

a
Be

rg
er

ia
 w

or
th

en
ii

Si
gi

lla
ri

a 
br

ar
di

i

Sm
al

l L
yc

op
si

d 
A

xi
s

Ly
co

ps
id

 le
av

es
Le

pi
do

st
ro

bo
ph

yl
lu

m
 c

f. 
ha

st
at

um
C

al
am

ite
s s

pp
.

C
al

am
ite

s s
uc

ko
w

ii

C
al

am
ite

s c
f. 

su
ck

ow
ii

C
al

am
ite

s c
is

tii

An
nu

la
ri

a 
ca

ri
na

ta
An

nu
la

ri
a 

sp
ic

at
a

An
nu

la
ri

a 
sp

in
ul

os
a

As
te

ro
ph

yl
lit

es
 

eq
ui

se
tif

or
m

is
As

te
ro

ph
yl

lit
es

 ti
ny

 fo
lia

ge

M
et

ac
al

am
os

ta
ch

ys
 

du
m

as
ii

Sp
he

no
ph

yl
lu

m
 sp

.

Sp
he

no
ph

yl
lu

m
 

ob
lo

ng
ifo

liu
m

Sp
he

no
ph

yl
lu

m
 th

on
ii

Moya Member, Atrasado Formation
43461a,b 43602 X X X X

Burrego Member, Atrasado Formation

43896 43897 X X X X X X X
Council Spring Member, Atrasado Formation
43472 X
Tinajas Member, Atrasado Formation
Olive Shale 3: 42112 42115 42119 43475 X X X X X X X X
Olive Shale 2: 41898 41909-11 41919-20 42096-
99 42132-34 X X X X X X X X X X

Olive Shale 1: 42131 43489 X X X X X

Immediately Above Orange LS X

LS Above Black Shale NM2016-02 X
Tinajas Level 7 - ImmAboveBlkSh: 42142 43596 
43668-70 44071 X X X X X X

Tinajas Black Shale -upper: 43597 44070 X X

Tinajas Black Shale - middle: 43478 X X X X

Tinajas Black Shale - low: 41895 42145 43474 X X X X X X X X X

Tinajas Level 5 - below Tinajas black shale: 
41894 41913 X X X

Tinajas Gypsum Stump Field: 43468 43483 
43490-92 43543 43588 43600 X

 Wood possibly below the tree stump horizon: 
43466 43470 43476 X

Tinajas Level 4: 43481 43477 X X

Tinajas Level 3: 43470

Tinajas Level 2: 43544

Tinajas Level 1 - Black Shale Below Gypsum: 
43469 43473 43589 43590-91 X

Amado Member, Atrasado Formation
Bartolo Member, Atrasado Formation
Just above N. ovata beds: 42140 43567-68 X

Neuropteris beds: 42139 42141 42144 43598 X X X X
Shale below Neuropteris beds/Sh 5: 42143 
44048 X

Bartolo Shale 3: 43676 44069

BartoloSS above Shale 2: 43601 X

Bartolo Shale 2: 43526 43542 43894-95 X X X X

Bartolo Shale 1 top B: 43479 43482 43593 X X

Bartolo Shale 1 top A: 43527 43595 X

Bartolo Shale 1 bottom: 43525 44050 X X X X
Gray Mesa Formation
43480 43571 X

Appendix 1
Stratigraphic distribution of taxa
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Moya Member, Atrasado Formation
43461a,b 43602 X X

Burrego Member, Atrasado Formation

43896 43897 X X X X X X X

Council Spring Member, Atrasado Formation

43472

Tinajas Member, Atrasado Formation

Olive Shale 3: 42112 42115 42119 43475 X X X X X X X X
Olive Shale 2: 41898 41909-11 41919-20 
42096-99 42132-34 X X X X X X X X

Olive Shale 1: 42131 43489 X X X X X X

Immediately Above Orange LS

LS Above Black Shale NM2016-02
Tinajas Level 7 - ImmAboveBlkSh: 42142 43596 
43668-70 44071 X X X X X X

Tinajas Black Shale -upper: 43597 44070 X X X

Tinajas Black Shale - middle: 43478 X X X X X

Tinajas Black Shale - low: 41895 42145 43474 X X X X X
Tinajas Level 5 - below Tinajas black shale: 
41894 41913 X X

Tinajas Gypsum Stump Field: 43468 43483 
43490-92 43543 43588 43600
 Wood possibly below the tree stump horizon: 
43466 43470 43476
Tinajas Level 4: 43481 43477 X X X X X

Tinajas Level 3: 43470

Tinajas Level 2: 43544
Tinajas Level 1 - Black Shale Below Gypsum: 
43469 43473 43589 43590-91 X X

Amado Member, Atrasado Formation
Bartolo Member, Atrasado Formation
Just above N. ovata beds: 42140 43567-68 X

Neuropteris beds: 42139 42141 42144 43598 X X X X X
Shale below Neuropteris beds/Sh 5: 42143 
44048 X

Bartolo Shale 3: 43676 44069 X

BartoloSS above Shale 2: 43601

Bartolo Shale 2: 43526 43542 43894-95 X X X X X X X X X

Bartolo Shale 1 top B: 43479 43482 43593 X X X X X

Bartolo Shale 1 top A: 43527 43595 X X X
Bartolo Shale 1 bottom: 43525 44050 X X X
Gray Mesa Formation

43480 43571
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Moya Member, Atrasado Formation
43461a,b 43602 X X

Burrego Member, Atrasado Formation

43896 43897 X X X X X

Council Spring Member, Atrasado Formation

43472

Tinajas Member, Atrasado Formation

Olive Shale 3: 42112 42115 42119 43475 X X X X X X
Olive Shale 2: 41898 41909-11 41919-20 42096-
99 42132-34 X X X X X X X X

Olive Shale 1: 42131 43489 X X X X X X

Immediately Above Orange LS

LS Above Black Shale NM2016-02
Tinajas Level 7 - ImmAboveBlkSh: 42142 43596 
43668-70 44071 X X X X

Tinajas Black Shale -upper: 43597 44070 X

Tinajas Black Shale - middle: 43478 X X X X X

Tinajas Black Shale - low: 41895 42145 43474 X X X X X X
Tinajas Level 5 - below Tinajas black shale: 
41894 41913 X X
Tinajas Gypsum Stump Field: 43468 43483 
43490-92 43543 43588 43600
 Wood possibly below the tree stump horizon: 
43466 43470 43476
Tinajas Level 4: 43481 43477 X X X X X

Tinajas Level 3: 43470 X

Tinajas Level 2: 43544 X X X
Tinajas Level 1 - Black Shale Below Gypsum: 
43469 43473 43589 43590-91 X X X X X X X X X X X X

Amado Member, Atrasado Formation

Bartolo Member, Atrasado Formation

Just above N. ovata beds: 42140 43567-68 X

Neuropteris beds: 42139 42141 42144 43598
Shale below Neuropteris beds/Sh 5: 42143 
44048 X

Bartolo Shale 3: 43676 44069 X X

BartoloSS above Shale 2: 43601 X

Bartolo Shale 2: 43526 43542 43894-95 X X X X X X X

Bartolo Shale 1 top B: 43479 43482 43593 X X X X

Bartolo Shale 1 top A: 43527 43595 X X X X X

Bartolo Shale 1 bottom: 43525 44050 X X X X X

Gray Mesa Formation

43480 43571 X



99

Sa
m

ar
op

si
s c

ra
m

pi
i

Sa
m

ar
op

si
s s

p.
 (t

ria
ng

ul
ar

, e
nt

ire
 

w
in

g)
Sa

m
ar

op
si

s s
p.

 (a
sy

m
m

et
ric

al
 

w
in

g)
Rh

yn
ch

og
on

iu
m

 sp
.

cf
. T

ri
go

no
ca

rp
us

 c
an

do
lli

an
us

Tr
ig

on
oc

ar
pu

s c
f. 

pa
rk

in
so

ni
i

H
ol

co
sp

er
m

um
 c

f. 
la

ge
no

id
es

C
ar

po
lit

hu
s p

se
ud

os
ul

ca
tu

s
C

ar
po

lit
hu

s s
p.

 (s
m

al
l, 

ov
al

, 
bi

fid
)

C
ar

po
lit

hu
s s

p.
 (m

ed
iu

m
 si

ze
, 

st
ria

e,
 n

o 
rib

s)
C

ar
po

lit
hu

s s
p.

 (l
ar

ge
, f

ai
nt

 ri
bs

)
C

ar
po

lit
hu

s s
p.

 (r
ou

nd
, s

tri
at

e,
 

po
lle

n 
ch

am
be

r)
C

ar
po

lit
hu

s s
p.

 (s
m

al
l, 

ov
al

, c
om

 
bo

rd
er

)
C

ha
rl

ie
a 

m
an

za
ni

ta
na

Moya Member, Atrasado Formation
43461a,b 43602

Burrego Member, Atrasado Formation

43896 43897 X

Council Spring Member, Atrasado Formation

43472

Tinajas Member, Atrasado Formation

Olive Shale 3: 42112 42115 42119 43475 X X X X X
Olive Shale 2: 41898 41909-11 41919-20 42096-
99 42132-34 X X X

Olive Shale 1: 42131 43489 X X X X

Immediately Above Orange LS

LS Above Black Shale NM2016-02
Tinajas Level 7 - ImmAboveBlkSh: 42142 43596 
43668-70 44071
Tinajas Black Shale -upper: 43597 44070 X X

Tinajas Black Shale - middle: 43478 X X X

Tinajas Black Shale - low: 41895 42145 43474 X
Tinajas Level 5 - below Tinajas black shale: 
41894 41913 X
Tinajas Gypsum Stump Field: 43468 43483 
43490-92 43543 43588 43600
Wood possibly below the tree stump horizon: 
43466 43470 43476
Tinajas Level 4: 43481 43477

Tinajas Level 3: 43470

Tinajas Level 2: 43544
Tinajas Level 1 - Black Shale Below Gypsum: 
43469 43473 43589 43590-91 X X

Amado Member, Atrasado Formation

Bartolo Member, Atrasado Formation

Just above N. ovata beds: 42140 43567-68 

Neuropteris beds: 42139 42141 42144 43598 X X
Shale below Neuropteris beds/Sh 5: 42143 
44048
Bartolo Shale 3: 43676 44069

BartoloSS above Shale 2: 43601

Bartolo Shale 2: 43526 43542 43894-95 X X X X

Bartolo Shale 1 top B: 43479 43482 43593

Bartolo Shale 1 top A: 43527 43595 X X

Bartolo Shale 1 bottom: 43525 44050 X

Gray Mesa Formation

43480 43571 X X



Darton’s (1928, pl. 21) cross sections east of Socorro. Units are agg = agglomerate (volcanic); Ca = Abo 
Sandstone; Cc = Chupadera Formation; Cmg = Magdalena Group; g = granite; i = volcanic flows; K = Upper 
Cretaceous strata; T = Tertiary conglomerate; Trd = Triassic Dockum(?).


