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ABsTRACT—The only known coal bed in the Late Pennsylvanian Bursum Formation crops out in Carrizo Arroyo, Valencia County, New
Mexico. Biozonation using fossils of conodonts, insects and plants suggests a latest Pennsylvanian age. The coal was first reported by
Darton in 1928, and palynofloras have been previously obtained from strata below and above it. Associated megaflora was noted but not
illustrated. Here, we re-describe the coal-bearing interval in detail, describe and illustrate a palynoflora from the coal and some elements
of the megaflora from above and below it. The peat body from which the coal is derived appears to have formed in an abandoned channel,
possibly an oxbow lake or estuary. It is high in mineral matter and inertinite macerals. It may have formed during a widespread episode
of Late Pennsylvanian tropical humid equability. This humid episode was relatively less intense in western Pangea than in central Pangea,
where it led to thicker and more widespread peat formation. Long-term preservation of the peat body was likely facilitated by regional

syndepositional tectonism.

INTRODUCTION

Coal beds are one of the iconic lithologies of Pennsylvanian
and early Permian strata in paleotropical Euramerica and Ca-
thaysia, but Paleozoic coal is rare in the regions that once con-
stituted western equatorial Pangea (i.e., southwestern and west-
ern U.S.A). The near lack of such beds in this region through
most of the Pennsylvanian, and virtual absence in the Permian,
and their relative thinness and high ash content where they are
known, render such coals non-economic, at least for commer-
cial mining. The only significant Paleozoic coal in New Mex-
ico is in the Sandia Formation (Morrowan and Atokan; Early
and Middle Pennsylvanian), mainly in San Miguel County, in
the northern part of the state. Mined on a small scale for lo-
cal use during the early 20" century, Sandia Formation coal
beds are no more than one meter thick and generally are high
in mineral matter content (Gardner, 1910; Read et al., 1950;
Baltz and Myers, 1999). As in the rest of the Rocky Mountain
region, major coal deposits of New Mexico lie in rocks of Cre-
taceous and Paleocene age. The absence of high-quality coal
beds in New Mexico Pennsylvanian strata (Read et al., 1950)
reflects primarily the rarity of climatic conditions necessary

for both the formation of the parent peat bodies and their short-
term preservation, where and if they did form.

Western equatorial Pangea, like most of the Euramerican
paleotropical belt, underwent a general intensification of cli-
matic seasonality beginning in the Middle Pennsylvanian and
continuing into the Permian (Cecil, 1990; Tabor and Poulsen,
2008; Tabor et al., 2008; van Hoof et al., 2013). The effects of
aridification were manifested earlier in the western regions of
the developing supercontinent than in the more central (West-
ern Interior through the Variscan regions of present day North
America and Europe) and eastern (present day China) areas
(Roscher and Schneider, 2006; DiMichele et al., 2011). Howev-
er, floras dominated by coniferopsid vegetation characteristic of
seasonally dry conditions began appearing in coal basins across
the Euramerican equatorial latitudes of Central Pangea by the
latest Visean—Bashkirian (e.g., van Hoof et al., 2013; Bashforth
et al., 2014; Falcon-Lang et al., 2016) and appear to have been
dominant during some phases of glacial-interglacial cycles by
the Middle Pennsylvanian (e.g., Falcon-Lang and Bashforth,
2005; Falcon-Lang et al., 2009). They alternated spatially with
widespread wetlands as climate changed in synchrony with eu-
static sea-level fluctuations (Falcon-Lang, 2004; Falcon-Lang



352 DIMICHELE, SCHNEIDER, Luca4s, EBLE, FALCON-LANG, Looy, NELSON, ELRICK AND CHANEY

and DiMichele, 2010; Cecil et al., 2014; DiMichele, 2014 ).

The general state of the climate in the western region of
Pangea throughout most of the Pennsylvanian inhibited peat
formation for two reasons. Seemingly most obvious might be
the “wrong” climate — not wet enough. However, there is am-
ple evidence of plants in western Pangea identical to those that
thrived in peat-rich wetlands of the central Pangean equatorial
region, strongly suggesting that swampy areas were common
enough in the west, perhaps as riparian wetlands, to support
populations of these plants at many times during the Pennsyl-
vanian (consider floras mentioned by Pfefferkorn, 1979, docu-
mented by Ash and Tidwell, 1982; Mamay and Mapes, 1992;
Tidwell et al., 1992, 1999; Lucas et al., 2009). Perhaps equally
important, peat formation may have been inhibited by abun-
dant siliciclastic sediment in the streams and rivers of the re-
gion, delivered to the swamps where wetland plants thrived,
thus diluting out organic accumulations with silt and clay. As
discussed by Cecil and Dulong (2003) and Cecil et al. (2003),
the degree of rainfall seasonality in modern tropical settings
places strong controls on sediment volume in stream drainag-
es; in what might appear counter-intuitive, rainfall at the “ever-
wet” end of the warm climate spectrum (humid to perhumid
climates in the terminology of Cecil, 2003) encourages lush
plant growth, accompanied by intensive rooting of soils and the
development of surficial root mats, which strongly bind soils
and greatly reduce sediment runoff to streams. Many streams
and rivers under perhumid climates are “black water,” carrying
minimal amounts of dissolved sediments and humic acids, even
if surrounded by relatively high topographic relief (see Cecil
et al., 2003 for examples). It is under seasonal rainfall regimes
(sub-humid to semi-arid climates) that rooting diminishes, and
the largest volumes of sediment are eroded by flowing water. In
addition to this climatic scenario, New Mexico during the Penn-
sylvanian was subject to extensive tectonism that created uplifts
of various elevations and spatial extent (see Kues, 2004 for a
map illustrating these areas). Consequently, under semi-arid
to sub-humid climate regimes, there were numerous ready and
nearby sources of sediment to be transported into basinal wet-
land settings. As a result, even if tectonics created catchments
where water ponded and swamps developed, the abundance of
sediment flowing into these areas under subhumid-to-semiarid
climates would have been anathema to peat formation.

Climate also plays a role in peat preservation, in the short
term. Conditions must be wet enough, nearly continuously so,
for organic matter to accumulate and be preserved in the short-
term time frames of hundreds to thousands of years, the time
frames of peat accumulation. If organic matter is not rapidly
confined below the vadose zone of surface soils, it will be sub-
ject to effectively instantaneous destruction, on the time scales
of geology, by aerobic micro- and macro-organisms (Gastaldo
and Demko, 2011). The combination of the tectonic regime in
New Mexico during the Pennsylvanian, and glacio-eustatic
sea-level fluctuations (Theiling et al., 2012), ensured that both
intermediate and longer-term preservation of peat would have
been possible, were there any peat to preserve. In fact, the ac-
tive tectonism of Pennsylvanian times would have made the
New Mexico region as good or better a place to drown swamps

and bury peat, and subject it to the forces that create coal, than
in most of the basins in central Pangea. Although the nature
of the structural framework was different, the tectonically ac-
tive Variscan and Appalachian regions are, by comparison with
New Mexico, rich in latest Mississippian and Pennsylvanian
coal deposits (Roscher and Schneider, 2006; Oplustil and Cle-
al, 2007; Greb et al., 2008; Gastaldo et al., 2009; Schneider and
Romer, 2010).

In this report we examine a thin, locally developed coal bed
that occurs near the base of the Bursum Formation in Carrizo
Arroyo, central New Mexico, U.S.A. (Fig. 1). The Bursum
Formation, based on many lines of biostratigraphic evidence,
encompasses the Pennsylvanian—Permian boundary, whichev-
er definition of that boundary one may choose (Kues, 2001,
2004; Lucas and Krainer, 2002; Lucas et al., 2013a). This is, to
our knowledge, the youngest Paleozoic coal bed in the state. It
was first reported by Darton (1928) and has been mentioned in
a number of publications. The stratigraphic position and depo-
sitional setting of this coal has been discussed in detail by Kues
(2004), who also made mention of, but did not illustrate, the
fossil flora known in association with it. Two additional studies
have analyzed the palynomorphs from strata below and above
the coal bed (Traverse and Ash, 1999; Utting et al., 2004), fo-
cusing mainly on the age of the deposit.

Since the time these studies were published, an organic-rich,
coaly deposit has been identified in the Bursum Formation, in
Laborcita Canyon, southern New Mexico. An organic-rich coaly
bed also has been identified and studied in central Arizona, from
approximately the same time interval (Kremp, 1975). Although
neither of these latter beds can be positively correlated with the
Carrizo Arroyo coal bed, their presence in the same stratigraphic
interval does suggest that, at times (or perhaps at a single time)
during the Pennsylvanian-Permian transition, climatic condi-
tions were suitable for peat formation. And, where the tectonic
setting allowed, these peats were preserved as thin coals.

CARRIZO ARROYO STRATIGRAPHY AND AGE

Carrizo Arroyo is a canyon located about 50 km southwest
of Albuquerque and 30 km west of Los Lunas in Valencia
County (Fig. 1). The site is on the eastern escarpment of the
Lucero uplift, which marks the boundary between the Colorado
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FIGURE 1. Location of Carrizo Arroyo in central New Mexico.
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Plateau on the west and the Rio Grande rift (Basin and Range
province) on the east at this latitude (Kelley and Wood, 1946).
During the Virgilian, the site of Carrizo Arroyo lay along the
western margin of the Orogrande basin, a narrow seaway that
extended south-southeast from the shrinking Paradox basin to-
ward the western tip of Texas (Nelson and Lucas, 2011).

At Carrizo Arroyo, an approximately 105-m-thick section
of Upper Paleozoic siliciclastic and carbonate rocks yields
extensive fossil assemblages of marine and nonmarine origin,
including two Lagerstétten that have been thoroughly investi-
gated (e.g., Kues and Kietzke, 1976; Krainer et al., 2001; Lu-
cas and Krainer, 2002; Lucas and Zeigler, 2004; Kues, 2004;
Lucas et al., 2013a; Schneider and Lucas, 2013). The base of
the section (Fig. 2) is relatively thick-bedded, ledge-forming
gray limestone and interbedded drab shale of the upper part of
the Atrasado Formation (Moya Member). These strata are of
marine origin and of unquestioned Late Pennsylvanian (Virgil-
ian) age (Wahlman and Kues, 2004).

Most of the section at Carrizo Arroyo belongs to the Red
Tanks Member of the Bursum Formation, a dominantly nonma-
rine unit that contrasts with the more widespread Bruton Mem-
ber that generally characterizes the Bursum Formation to the
south in New Mexico (Lucas and Krainer, 2003, 2004; Krainer
and Lucas, 2004, 2009). The Bruton Member is relatively thin
(less than 10 to about 30 m) and comprises alternating beds of
nodular and bedded, fossiliferous marine limestone and varie-
gated, non-fissile mudstone, the latter representing paleosols.
Coarse, arkosic sandstone and conglomerate are lesser constitu-
ents. Exemplified at Carrizo Arroyo, the Red Tanks Member is
thicker (30 to 100 m) and contains thick intervals of laminated
greenish and olive-gray shale and siltstone, punctuated by thin
layers of marine limestone, sandstone, and conglomerate. Fauna
of the fine-grained Red Tanks clastics indicate fluctuating salin-
ity, from fresh through brackish to near-normal marine salinity.

At Carrizo Arroyo, the Red Tanks Member is ~100 m thick
and is mostly green, gray and minor red shale, mudstone and
siltstone of nonmarine to brackish and marine origin, interca-
lated with some beds of limestone and shale of marine origin
(Fig. 2). Siliciclastic red beds of the early Permian Abo Forma-
tion overlie the strata of the Red Tanks Member. The Abo For-
mation records wholly nonmarine deposition by river channels
and on floodplains (Lucas et al., 2013b).

Lucas and Krainer (2002) subdivided the Red Tanks Mem-
ber at Carrizo Arroyo into six depositional sequences. The coal
bed discussed here is in the middle of Depositional Sequence
2 and occurs 26.5 m above the base of the Bursum Formation
(Fig. 2), which begins just above the marine limestone men-
tioned above. Sequence 2 includes the coal bed and siliciclastic
units below and above it, and, in particular, the plant fossils
from these units.

At Carrizo Arroyo, fossils from the Red Tanks Member are
palynomorphs, calcareous algae, charophytes, plant megafos-
sils, non-fusulinid foraminifers, fusulinids, bryozoans, bra-
chiopods, gastropods, bivalves, nautiloids, eurypterids, ostra-
cods, syncarid crustaceans, conchostracans, insects and some
other arthropods, echinoids, crinoids, conodonts, fish ichthy-
oliths and bones of amphibians and reptiles. At stratigraphic
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FIGURE 2. Stratigraphy of Red Tanks Member, Bursum Formation in Carrizo
Arroyo. Coal bed is located in the middle of Depositional Sequence 2. See
Lucas et al. (2016, this volume) for details of geology. From Lucas and Krainer
(2002) and Krainer and Lucas (2004).

levels 43 m and 68 m above the base of the section are Lager-
stitten of plants, insects, crustaceans, eurypterids (Hannibal et
al., 2005) and other fossils that are unique to late Paleozoic
lacustrine assemblages.

Most of the fossil groups from the Red Tanks Member have
been used to support diverse placements of the Pennsylvanian—
Permian boundary at Carrizo Arroyo. The insects indicate that
the two Lagerstitten in the Red Tanks Member are of early As-
selian (Wolfcampian) age. Conodont data (Lucas et al., 2013a)
include the presence of Streptognathodus virgilicus in the up-
permost part of the underlying Atrasado Formation, which con-
strains its age to the middle to upper part of the Virgilian. The
only biostratigraphically-significant conodont assemblage in
the Red Tanks Member comes from a marine horizon near the
middle of the member, at the top of Depositional Sequence 3,
and the assemblage is probably equivalent in age to the Mid-
continent Streptognathodus nevaensis Zone, of early to middle
Asselian age (Lucas et al., 2013a). The insect data thus are sup-
ported by the conodont data to indicate that the two Lagerstét-
ten in the Red Tanks Member are of early Asselian age. In the
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Bursum Formation section at Carrizo Arroyo, the coal bed is
stratigraphically well below the lowest indicators of a Permian
age, so a latest Pennsylvanian (late Virgilian) age seems very
likely (Lucas et al., 2013a).

COAL BED CONTEXT

As the only known coal in the Bursum Formation, the Car-
rizo Arroyo coal bed, because of its peculiarity, has been not-
ed, studied, and described previously. Our observations of the
geological interval that includes the coal are broadly similar to
those of Kues (2004). Table 1 presents a detailed description
of the upper beds of Depositional Sequence 1 and the lower

two-thirds of Depositional Sequence 2, which includes the coal
bed. Figure 3 is a graphical representation of these strata. The
beds in Table 1 and Figure 3 are numbered to conform to those
of the description in Krainer and Lucas (2004). Note, these bed
numbers differ from those used by Kues (2004) who was fol-
lowing the bed number sequence of Lucas and Krainer (2002);
since its publication, the bed numbers of Krainer and Lucas
(2004) have been used widely and now constitute, by practice,
the accepted scheme to facilitate communication among stud-
ies (Lucas et al., 2013a).

The basal unit of Depositional Sequence 2 is interpreted as
a paleosol with a maximum thickness of 120 cm (Table 1, Bed
16a). Thickness varies because the top of the bed is erosively

TABLE 1. Descriptive log of upper portion of Depositional Sequence 1 (Beds 14 and 15) and lower through middle portion of Depositional Sequence 2 (Beds 16-21).

Bed numbers from Krainer and Lucas (2004). See also Figure 3.

K&L (2004) Thickness Lithologic description Fossils & comments
Bed Number (m)
siltstone shale - marine pelecypods
>150 cm - limy - lingulids and rhynchonelliform brachiopods
(covered by | - olive grey - marine gastropods
21 Cenozoic - laminated to fine bedded - nautiloids
debris) - isolated fish remains
- plant remains
siltstone - plant remains
20b 30 cm - dark grey - microconchids
- laminated - marine pelecypods
- lingulids
limestone - well preserved plants
- muddy, - charcoal
20a 25 cm - grey-black to dark yellowish brown (weathered) - marine pelecypods
- clayish-silty, laminated, - lingulids
- brackish ostracods
coal bed - plant remains
19 11 cm - black, yellowish weathered (?pyrite), in cm-scale beds
- coal in sharp contact with black claystone, top of bed 18
marlstone - ostracods (smooth shelled)
- silty and gray in lower part, changing to dark gray and - Lingula (up to 1 cm)
18 30 cm black and clayish in upper 1.5 cm - microconchids
- finely bedded to laminated (mm-scale, upper 8 cm in mm- - last 1 cm with masses of ostracods & lingulids
and sub-mm-scale) - Conifers (common), cordaitaleans (rare), calamitaleans (rare),
in silty layers
mudstone - upper 25 cm with plant detritus and walchian fragments
- light olive gray; clayish, primary horizontal bedding
17 170 cm - strong pedogenic overprint
- calcareous nodules (1-3 mm in average diameter, max. 5
cm)
sandstone?? - rare plant fragments
- pebbly silt, calcitic cemented, greenish-gray - much corroded marine fossil debris (echinoderms, bryozoans)
16b 180 -0cm | - single channels up to 20 cm thick and 2 m wide, with -channel fill (cut into 16a)
clast-supported marine limestone pebbles, 1-2 cm in
average diameter, max. 3.5 cm
mudstone - no fossils
- pale red purple - paleosol
16a 120-0cm | - violet to light red strong color mottling,
- very fine yellowish veined
- calcareous nodules (mm to 10 cm in diameter)
limestone - fusulinids
15 40—-50cm | - fusilinids, - echinoderms
- greenish grey - bryozoans
mudstone - no fossils
- light olive gray with pale reddish brown - paleosol
14 380 cm - strong yellowish-white color mottling around 2-10 cm
sized yellowish-brownish calcitic-dolomitic nodules
- slickensides & strong pedogenic overprint
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scoured by a fluvial channel and filled by pebbly to conglomer-
atic sediments (Table 1, Bed 16b). Above the channel is a 170
cm thick mudstone that appears to be pedogenically overprint-
ed and with calcareous nodules; some plant detritus and wal-
chian fragments have been found only in the upper 25 cm (Ta-
ble 1, Bed 17; see Fig. 3). The mudstone of Bed 17 is overlain
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FIGURE 3. Graphic log of the lower and middle portion of Depositional Se-
quence 2 of Lucas and Krainer (2002), showing the coal bed and enclosing
strata.

by 30 cm of finely bedded to laminated sediments, increasingly
dark in color and with an increasing clay fraction, the upper
portion of which becomes an ostracod marlstone with lingulids
and microconchids as well as plant remains (Table 1, Bed 18;
see Fig. 3). Xenacanth teeth also occur in this unit. The domi-
nant plants in the upper part of Bed 18 are primarily walchian
conifers with a foliated shoot morphology similar to Culmitzs-
chia speciosa; cordaitalean leaves have been observed rarely.
The coal bed (Bed Number 19) is as much as 11 cm in thick-
ness. On outcrop, it is dirty and dull, but shows clear banding
and brittle fracture (Table 1, Bed 19; see Fig. 3). Based on the
yellowish weathering features, the fresh, unweathered coal like-
ly has high pyrite content. Contact with underlying Bed 18 is
gradational, within which are indeterminable plant axes. The
top of the coal bed also transitions to an organic shale that con-
tains striate axes or cordaitalean leaves (see comment below).
The absence of a rooted horizon below the coal suggests that
in its initial phases, the organic matter may have accumulated
by allochthonous processes; such transitional contacts between
coal beds and the underlying siliclastic sediments are common.
This disposition suggests that the coal bed filled a channel scour,
such as an abandoned oxbow, or coastal pond. Parautochthonous
accumulation of the plant matter cannot be ruled out. The full
areal extent of the coal bed cannot be determined due to cover.
However, from the absence of additional outcrops of the coal
bed 1-2 km to the south, where the entire Bursum Formation is
exposed, we presume the extent of the deposit was quite limited.
Above the shaly top of the coal deposit, and in sharp con-
tact with it, is a muddy limestone to calcareous siltstone that
contains the pectinid Dunbarella, brackish ostracods, lingulids
and microconchids (Table 1, Beds 20a and b; see Fig. 3). These
fossils indicate brackish water. Plant fossils also are part of this
assemblage, some of which are large and well preserved. These
include calamitalean stems, pteridosperm stems and cordaital-
ean foliage, as well as fragmentary remains. This unit grades
upward into a limey siltstone that becomes finer grained up-
ward. The brackish water fauna near the base (myalinids, lin-
gulids, Dunbarella, ostracods) gives way to a fauna that be-
comes progressively more marine in composition upward, with
rhynchonelliform brachiopods and nautiloids (Bed Number 21)
(full description in Kues, 2004). These beds indicate the drown-
ing of the peat swamp and cover of the area by some depth of
brackish to nearshore, shallow marine waters of normal salinity.

COAL BED ANALYSES

A single sample of the coal bed was subject to proximate
and palynological analyses. The sample was highly weathered,
although some pieces retained their original clete structure. The
degree of weathering may have affected the geochemical and
petrographic analyses, and perhaps the palynological content of
the coal. Sample preparation followed procedures outlined by
ASTM International test method D-2013 (ASTM International,
2013a). Approximately 250g of sample were split off, using a
riffler, and reduced to -60 mesh for geochemical and palynolog-
ical analyses. Another split of the same amount was reduced to
-20 mesh size for the construction of petrographic pellets.
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Geochemical Analysis Methods

Proximate analyses (moisture, volatile matter, fixed carbon
contents, and ash yield) were performed according to ASTM
International test method D7582—12, using a Leco 701 thermo-
gravimetric analyzer (ASTM International, 2013b). Total car-
bon and sulfur analyses were performed according to ASTM
International test method D4239-12, using a Leco SC-432
carbon/sulfur analyzer (ASTM International, 2013c). Miner-
al matter (MM) was calculated using the Parr Formula (Parr,
1928), where:

% MM = (% ash yield * 1.08) + (% total sulfur content *
0.55).

Petrographic Analysis Methods

Coal petrographic pellets were constructed by mixing 2 to 3
g of -20 mesh coal with epoxy resin in 3.2 cm diameter pheno-
lic ring form molds, and allowing them to cure. Once cured, the
molds were ground using 400 and 600 grit papers and polished
using 1.0, 0.3, and 0.05 micron alumina slurries. Final polishes
were obtained using 0.02 micron colloidal silica.

Reflected light analyses were performed on a Zeiss Univer-
sal microscope, using a Zeiss epi 40X oil immersion objective
coupled with a 1.6X magnification changer (final magnifica-
tion 640X). Zeiss Immersol oil was used (n, = 1.518, v, = 42).
Maceral analysis involved the use of both white and fluorescent
light, the latter for positive identification of liptinite macerals.
White light was supplied by an Osram Xenophot HLX 12V,
100W bulb. Fluorescent light was provided by a Lumen Dy-
namics 120 watt, high-pressure metal halide arc lamp, used in
conjunction with a Zeiss 09 filter set (450-490 nm excitation,
510 nm beam splitter, and 515 nm emission filters). Vitrinite
and inertinite maceral identification follows recommendations
outlined by the International Commission for Coal Petrogra-
phy (ICCP) for vitrinite (ICCP, 1998) and inertinite (ICCP,
2001) macerals. Liptinite maceral identification follows that
of Stach et al. (1982). Maceral percentages are presented on a
mineral matter free basis.

Vitrinite reflectance analyses were performed by first cali-
brating a Hamamatsu 928 A photomultiplier with a glass stan-
dard of known reflectance. Following this, 50 random reflec-
tance measurements were collected for each sample. Reported
results include the average, maximum, and minimum Ro ran-
dom, standard deviation, and calculated Ro maximum. Ro
maximum values were calculated from the average Ro random
values using the formula:

Calculated Romaximum = Ro random * 1.066 (Ting, 1978).

Palynological Analysis Methods

Initially, 2 to 3 g of -60 mesh coal (particle size <250 mi-
crons) were immersed in 5% potassium hydroxide to digest the
coal, which was already highly oxidized when received. After
repeated washing with distilled water, the remaining organic
material was concentrated with zinc chloride (specific gravity
1.9). Amorphous organic matter (AOM) was removed from the

residues using ethylene glycol monoethyl ether (2-ethoxyeth-
anol), ultrasonic vibration, and short centrifugation. Samples
were strew-mounted onto 25 mm square cover glasses with
polyvinyl alcohol, and fixed to 75 X 25 mm microscope slides
with a synthetic, acrylic resin. Unfortunately, this technique
failed to yield any identifiable spores and pollen.

Upon discovering that the sample had an ash yield of
38.8%, another 3 to 4 g of coal were immersed in a mixture
of concentrated hydrofluoric, hydrochloric, and nitric acids to
remove silicate, carbonate, and sulfide minerals, respectively.
Following this demineralization step, the coal was treated as
outlined above. This extra demineralization step produced fair-
ly abundant, and moderately well preserved palynomorphs.

Palynomorph data are listed according to natural affinity
for the following plant groups: lycopsid trees, small lycopsids,
tree ferns, seed ferns, small ferns, calamitaleans, cordaitaleans,
and conifers. Parent plant affinities of dispersed Carboniferous
miospore taxa were determined based on extensive summaries
provided by Ravn (1986), Traverse (1988), and Balme (1995).

Results of Geochemical and Petrographic Analyses

Geochemical analyses of the Carrizo Arroyo coal sam-
ple (Table 2, Figs. 4-5) indicate that, though high in ash yield
(38.8%, dry basis), it still qualifies as coal because it contains
more than 50 % organic matter by weight (Schopf, 1956). It
would be classified as impure coal, according to ASTM Interna-
tional terminology (ASTM International, 2013d). The moderate
sulfur content (2.5%) may reflect the oxidation and removal of
some of the sulfur during weathering of the coal, given field
observations of yellowish surface staining on outcrop.

Petrographically (Table 3, Fig. 5), the coal contains abun-
dant inertinite (46.0%, mineral matter free basis), mainly in the
form of fusinite and inertodetrinite (Fig. 6). Although inertinite
macerals can form through the combustion of plant materials,
or through intense biodegradation, the origin of fusinite is pri-
marily attributed to the effects of wildfire (Stach et al., 1982;
Teichmiiller, 1989). Vitrinite macerals (48.0%, mmf) occur

TABLE 2. Carrizo Arroyo coal bed geochemical analysis results (daf = dry,
ash free basis).

% Moisture 11.33
% Ash Yield, dry 38.80
% Volatile Matter, dry 30.71
% Volatile Matter, daf 50.18
%Fixed Carbon, dry 30.49
%PFixed Carbon, daf 49.82
% Total Sulfur, dry 2.52

% Total Carbon, dry 43.37
% Total Carbon, daf 70.87
% Mineral Matter, dry 43.29
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FIGURE 4. Field photographs of Bursum Formation coal bed, series of increasingly proximate images. A) General aspects of outcrop. Coal bed marked by white
arrow. B) Location of excavation to extract plant and animal fossils, to left of white arrow, which marks position of coal bed. C) Coal bed (white arrows), underlain
by gray shale with brackish water fauna, overlain by calcareous siltstone, plant fossils at the base. D) Closer view of coal bed and strata above and below. E) Closeup
view of coal bed showing gradational upper and lower contacts, banding and dull luster. Photographs by S.D. Elrick.
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FIGURE 5. Petrographic profiles of the Carrizo Arroyo coal sample. The top
diagram shows maceral group distribution on a mineral matter free (mmf) ba-
sis. The bottom diagram shows the same distribution on a whole coal basis,
with the inclusion of mineral matter.

mainly in the form of telovitrinite (TV, 35.6 %, mmf), with de-
trovitrinite (DV) and gelovitrinite (GV) occurring less frequent-
ly (DV + GV = 12.4%). Liptinite macerals were rare in the coal
sample (6.0%, mmf), and occurred mainly as liptodetrinite.

The sample had an average Ro random of 0.59%, and a
calculated Ro maximum of 0.63% (n=50), indicating a high
volatile bituminous B rank assignment. It should be noted,
however, that weathering can, and often does, affect vitrin-
ite reflectance negatively. Therefore, the reflectance value of
the weathered sample may be (probably is) less than the coal
would have been in an unweathered condition.

MEGAFLORA ABOVE AND BELOW THE COAL BED

Megafloral assemblages have been recovered and identified
from beds above and below the coal. We recovered only wal-
chian conifers immediately below the coal bed from Bed 18
(Table 1, Fig. 3). The walchian remains are concentrated in
the ostracod-rich, organic shales immediately below the coal.
The morphology of the ultimate shoots of these conifers is
comparable to that of Culmitzschia speciosa (Clement-Wester-
hof, 1984; Visscher et al., 1986) (Fig. 7A-B). Calamitalean
remains, also, have been reported in earlier studies, including
Annularia-type foliage, in the same ostracod-rich beds as the
walchian conifer remains (Kues, 2004). Cordaitalean foliage
also has been observed in field examination of the exposures.

As part of the walchian conifer assemblage recovered from
Bed 18, we found a small branch axis, up to 5 mm diameter,
that is peculiarly preserved, apparently showing details of the
pith and primary vasculature, as a result of differential compac-
tion of these plant tissues (Fig. 7C). The pith, 2.8 mm diameter,
contains plate-like raised features, 0.7-1.2 mm wide and 0.3
mm high, interpreted as sclerotic nests, composed of compac-

TABLE 3. Carrizo Arroyo coal bed petrographic analysis results.

A. Petrography (mineral matter free basis)

Telinite 0.0
Collotelinite 35.6
Collodetrinite 2.0
Vitrodetrinite 10.4
Corpogelinite 0.0
Gelinite 0.0
Total Vitrinite (mmf) 48.0
Telovitrinite 35.6
Detrovitrinite + Gelovitrinite 12.4
TV/DV + GV 2.9
Sporinite 0.8
Cutinite 0.0
Resinite 0.0
Alginite 0.0
Exsudatinite 0.0
Liptodetrinite 5.2
Total Liptinite (mmf) 6.0
Fusinite 17.0
Semifusinite 1.6
Macrinite 0.0
Micrinite 0.0
Secretinite 0.8
Funginite 0.0
Inertodetrinite 26.6
Total Inertinite (mmf) 46.0
B. Vitrinite Reflectance

Average Ro random 0.59
Maximum Ro random 0.68
Minimum Ro random 0.54
Standard Deviation 0.04
Calculated Ro maximum 0.63
C. Petrography (whole coal basis)

Vitrinite (whole coal) 27.2
Liptinite (whole coal) 3.4
Inertinite (whole coal) 26.2
Mineral Matter (dry basis) 433

tion-resistant sclerenchyma, separated by low-lying areas, pre-
sumed to represent parenchyma. Overprinted on this pith struc-
ture is a pattern of longitudinal striations, spaced 0.2 mm apart,
and interpreted as marking the position of compaction-resistant
cauline bundles. The spacing of these features suggests the axis
had about 20 bundles arranged around the end of the pith, al-
though this is a rough estimate only. A coaly layer surrounding
the pith, up to 1.5 mm wide, is interpreted as a slender cylinder
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of secondary xylem. The poorly preserved exterior of the axis
appears to have some attached narrow, triangular leaves that
may, possibly, show terminal bifurcation. Bifurcation is a com-
mon character for penultimate leaves in walchian conifers. A
pith structure with sclerotic nests of the size, shape, and distri-
bution seen in this specimen is especially characteristic of the
lebachioid walchian clade that includes Barthelia, Hanskerpia,
Emporia, Otovicia and Utrechtia (Rothwell and Mapes, 2001;
Rothwell et al., 2005; Hernandez-Castillo et al., 2009a, b, c).
Like the material described here, these taxa are known from rel-
atively small axes; however, a similar pith structure has, also,
been documented from tree trunks, termed Macdonaloden-
dron, in rock straddling the Pennsylvanian—Permian boundary,
elsewhere in New Mexico (Falcon-Lang et al., 2014, 2016).
These trunks show attached leaves (Falcon-Lang et al., 2014),
are locally found in association with foliated branches with
a morphology similar to Walchia piniformis, and have other
features consistent with a walchian conifer affinity, including
the preservation of plagiotropic branches borne in whorls (Fal-
con-Lang et al., 2014, 2016).

From the limestone-siltstone roof of the coal bed (Beds 20 and
21, Fig. 7D), well preserved remains of calamitalean stems and
probable pteridosperm stems (Fig. 8A) were recovered in recent
excavations. However, no foliage of either of these groups was
found. The calamitalean stems are easily recognizable by strong,
longitudinally oriented ribs and transverse nodes, through which
the ribs alternate (Fig. 8B, C). The stem in Figure 8A identified
as a pteridosperm contains a single divergent appendage (at ar-
row) into which some vertical striations of the stem can be seen
to diverge, a pattern typical of medullosan pteridosperm stem
remains; the lateral appendage is likely the base of a leaf. Cor-
daitalean leaves also have been reported. However, medullosan
stem and rachial remains are frequently misidentified as cordai-
talean leaves (and vice versa) because they can be of about equal
widths and both are striated longtitudinally. In medullosans, the
longitudinal striations are mainly sclerenchyma bundles that
anastomose or have foreshortened paths, whereas the striations
of cordaitalean leaves are highly ordered vascular bundles.
Higher in the section above the coal bed (Bed 20b), the plant

remains are closely intermixed with the remains of invertebrates
(Figs. 7E, 8C) and fragmentary plant debris is common. This is
not a rich flora, and the absence of conifers is conspicuous, sug-
gesting an environmental change associated with the flooding
and burial of the channel-bound coal bed.

PALYNOFLORA
Shales Above and Below the Coal

The palynoflora of the beds immediately below and above
the Carrizo Arroyo coal bed has been described in two previ-
ous publications and will be summarized here briefly. Traverse
and Ash (1999) analyzed only the bed immediately beneath the
coal (Bed 18). The beds Utting et al. (2004) analyzed are keyed
to the Krainer and Lucas (2004) bed-numbering scheme. They
are identified as beds number 17 and 20 and thus come from
the second bed beneath and the bed immediately above the
coal. Aspects of the empirical findings of these two studies are
similar. In combination, therefore, these two studies encom-
pass two different beds beneath the coal and one immediately
above it, but not the coal itself.

Traverse and Ash (1999) found the palynofiora immediately
beneath the coal to be poorly preserved due to overgrowths
of pyrite crystals on the palynomorphs; they attributed this to
deposition of the palynomorphs in anoxic, possibly marine or
brackish water. A total of only seven genera were identified
(plus three categories of indeterminable morphotypes). The
microflora is dominated by monosaccate pollen, particularly
Potonieisporites, but also includes common Florinites, pollen
types produced by walchian conifers and cordaitaleans, respec-
tively (for botanical affinities of palynomorphs see Looy and
Hotton, 2014). Two of the identifications of minor taxa were
challenged by Utting et al. (2004), which does not significantly
change the overall findings of a very low diversity flora domi-
nated by coniferopsids.

Utting et al. (2004) identified six genera from the bed im-
mediately beneath that analyzed by Traverse and Ash (1999),
and differing significantly in composition from it. The pollen
Potoniesporites and the monolete spore Laevigatosporites are
the only taxa in common. Conifer pollen, Potonieisporites,
dominates the Bed 17 assemblage, with subdominant Alispo-
rites, bisaccate pollen known in situ from the pollen organs
of peltasperms and conifers. The second sample analyzed by
Utting et al. (2004), from Bed 20, immediately above the coal
bed, contains only four taxa, and only one of those, Potonieis-
porites, is represented by more than a single palynomorph. An-
other conifer, Alisporites, and the spore taxa Laevigatosporites
and Punctatisporites, of possible sphenopsid and/or tree fern
affinity, make up the rest of the assemblage.

Coal Palynology

The results of the palynological analysis are presented in
Table 4 and Figure 9. The coal palynoflora (Fig. 10) is dom-
inated by the tree fern spore taxa Laevigatosporites minimus,
Punctatisporites minutus, and to a lesser extent Punctatospo-
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FIGURE 7. Selected fossils from Depositi
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onal Sequence 2. A) Walchian conifer ranch fragment with a morphology similar to Culmizsbhiz; speciosa. Top of Bed

18. USNM Specimen 619206, USNM Locality 43592. B) Magnification of a portion of specimen in (A), showing detail of foliage. C) Walchian conifer stem with
transversely disposed nests of sclerotic cells; leaves attached along the sides. Top of Bed 18. USNM Specimen 619207, USNM Locality 43592. D) Plant debris in-
termixed with invertebrate fossils (upper right) from Bed 20, the immediate roof of the coal bed. USNM Specimen 619208, USNM Locality 43592. E) Invertebrate

remains from Bed 20. Field photograph, S.D. Elrick. Scale bars = 1 cm.

rites minutus (collectively, 78.0%). Small fern taxa (e.g., Gran-
ulatisporites and Deltoidospora) were observed, but did not
occur in statistical abundance. Pteridosperm pollen, Vesicaspo-
ra wilsonii, was next most abundant behind tree fern spores
(16.0%). Cordaitalean pollen, Florinites spp., and spores of ca-
lamitaleans, represented by species of Calamospora, and larg-

er forms of Laevigatosporites, also were present, but in low
amounts (3.2 and 2.0%, respectively). Single occurrences of
Endosporites globiformis, which was produced by the small
lycopsid Polysporia (aka Chaloneria), and Pityosporites west-
phalensis, which is attributed to conifers, also were recorded in
the palynomorph count.
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DISCUSSION

The Carrizo Arroyo coal bed is of interest because of its
uniqueness both at the time, the Pennsylvanian-Permian tran-
sition, and in light of the regional landscape, which appears to
have been an oscillating terrestrial coastal plain to nearshore
marine depositional setting under a seasonally dry climate
most of the time. Coal is a rare lithology in western equatori-
al Pangea, particularly in post-Atokan (mid-Moscovian) time.
The presence of coal indicates a shift to a climate sufficiently
wet to permit organic matter to accumulate more rapidly than
it was destroyed by oxidation and the action of organisms, and
to accumulate to some thickness, in the short term. The Carrizo
Arroyo coal bed likely accumulated in a shallow body of stand-
ing water somewhat isolated from siliciclastic input, probably
reflective of a period of greater climatic humidity. It also indi-
cates conditions suitable to preserve the organic accumulation
in the longer term. With accelerating rise in relative sea level,
limestone and siliciclastic sediments then buried and preserved
the small peat body.

FIGURE 8. Selected fossil plants from Depositional Sequence 2, Bed 20, immediately
above the coal bed. A) Pteridosperm stem (upper left) and calamitalean stem (lower right).
Note longitudinal striations on the pteridosperm and the diverging leaf base (at arrow). Field
photograph, S.D. Elrick. Scale = 10 cm. B) Calamitalean stem from image (A) enlarged.
Scale bar = 1 cm. C) Calamitalean stem in silty carbonate matrix in association with inverte-
brate remains. USNM Specimen 619209, USNM Locality 42338. Scale bar = 1 cm.

In this context, the peat body was primarily
an autocyclic deposit, in the terms of Beerbower
(1969; see also Cecil, 2013), controlled mainly
by conditions created by local environmental dy-
namics. In this instance, the site where peat ulti-
mately accumulated began as a small, shallow,
coastal-floodplain lake or perhaps an estuary, giv-
en faunal evidence (lingulids) for brackish coast-
al water above and below the coal. Xenacanthid
sharks, recorded from directly beneath the coal,
have been inferred to been either freshwater or
euryhaline fishes (Fischer et al., 2013; Carpenter
et al., 2015). However, for peat to accumulate to
reach sufficient thickness and be of sufficient or-
ganic content to make a coal bed, rather than an or-
ganic shale, the site of peat formation would have
to have been isolated from high siliciclastic input,
and have remained sufficiently wet to preclude oxi-
dation or biotic destruction of the deposit. This was
most likely caused by a period of elevated rainfall,
an allocyclic process driven by changes in region-
al to global tropical atmospheric circulation. This
proposed combination of autocyclic and allocyclic
drivers will be discussed below.

Peat Formation

Peat is a highly compactible substance, with es-
timates of the compaction ratio varying from 3:1 to
over 20:1 for Pennsylvanian peats (e.g., Winston,
1986; Nadon, 1998). Thus, 0.11 m thickness of
high-ash coal might translate into a parent peat bed
of between 0.33 m to over 1 m thick. This thick-
ness of peat would not be expected to form in less
than 100-200 years and perhaps as long as 1500
years, based on accretion rates of modern, tropical
woody peats at up to 2 mm/year (Page et al., 2004),
although these are rates for domed peats, which the Carrizo
Arroyo deposit almost certainly was not. Planar peats, such
as those in the Florida Everglades, which are neither tropical
nor composed primarily of woody material, can accumulate
at rates of 4 mm/year in areas of nutrient enrichment and long
hydroperiod, but at half or less of that rate if the peat is pe-
riodically exposed for longer intervals (e.g., Craft and Rich-
ardson, 1993). If the Carrizo Arroyo peat were planar, it may
be comparable to some Pennsylvanian planar peats from the
U.S., Europe and China, which contain coal balls. A study of
the taphonomy of Pennsylvanian coal-ball peats from central
Pangean coals (Phillips, Elrick and DiMichele, in preparation)
has found very high decay rates of aerial litter and points to
strongly oscillatory episodes of peat aggradation, punctuated
by intense decay, rooting and thickness deflation. Furthermore,
roots were a major biomass component of these planar Penn-
sylvanian peats (Raymond, 1988; Covington and Raymond,
1989; Phillips and DiMichele, 1990), as they are of many mod-
ern peats, again indicating high rates of aerial litter decay. With
these observations in mind, the Carrizo Arroyo peat is expect-
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TABLE 4. Carrizo Arroyo coal bed palynological analysis results.

Taxon %
Punctatisporites minutus 31.2
Punctatosporites minutus 1.2
Laevigatosporites minimus 45.6
Total Tree Ferns 78.0
Granulatisporites parvus X
G. piroformis X
Deltoidospora levis X
Total Small Ferns 0.0
Vesicaspora wilsonii 16.0
Schopfipollenites ellipsoides X
Total Seed Ferns 16.0
Laevigatosporites minor 1.6
Calamospora breviradiata 0.4
C. straminea X
Total Calamites 2.0
Florinites florini 2.8
F. mediapudens X
F milotti 0.4
FE similis X
Total Cordaites 3.2
Endosporites globiformis 0.4
Total Small Lycopods 0.4
Pityosporites westphalensis 0.4
Total Conifers 0.4

ed to have been a highly dynamic deposit and to have formed
on a landscape of sufficient stability to preclude disturbance of
conditions favorable for peat accumulation and in a location
isolated from excessive siliciclastic dilution.

These environmental conditions notwithstanding, the coal
bed appears to have occupied an abandoned fluvial channel or
coastal estuary during its final phases of filling. The 0.3 m thick
Bed 18, which is rich in aerial remains of conifers, may have
been an open water environment of fresh to brackish salini-
ty, surrounded by coniferous vegetation. Beneath it, Bed 17b
appears to have been pedogenically altered, suggesting plant
growth either in the channel during an earlier swamp phase, or
during actual subaerial exposure of the deposit at some point
prior to re-flooding. In its initial phases, then, the organic mat-
ter that comprised the peat was likely drawn from the riparian
vegetation surrounding the site.

Bursum Coal Palynology
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FIGURE 9. Major plant-group palynological profile of the Carrizo Arroyo coal
sample. Bar width approximate (see Table 4 for details).

The high ash yield of the coal would indicate that swampy
conditions in which the peat formed were subject to frequent,
but low volume, clastic influx. Wildfire in, or near, the swamp
resulted in high concentrations of fusinite and inertodetrinite.
Due to its decay resistance and high transport capacity, fusinite
may, however, also have been concentrated by peat decay. The
palynoflora is tree-fern dominated with subdominant seed ferns,
although it is unknown if all, or most, of the palynomorphs are
autochthonous. Given the high ash yield of the coal, and the
fact that dispersed palynomorphs act as ideal sedimentary parti-
cles (very small, and highly resistant), the possibility that some
portion of the palynoflora is allochthonous must be considered.
Recent alteration of the original palynoflora also must be con-
sidered, in light of the highly weathered nature of the sample.

Peat Preservation

As an organic-rich deposit, peat is subject to rapid destruc-
tion by abiotic (e.g., fire) and biotic factors (as a carbon source
for fungi and bacteria, in particular) if subaerially exposed for
even short periods of time. As discussed by Gastaldo and Dem-
ko (2011), there are three, successive steps needed for the pres-
ervation of terrestrial organic matter: short-term preservation,
on the scale of 10s to 100s of years, intermediate term preser-
vation, on the scale of 100s to 1000s of years, and long-term
preservation, on the scale of thousands to 10s of thousands of
years. In the case of the Carrizo Arroyo coal bed, the first of
these steps, short-term preservation, was made possible by the
creation of a low area on the landscape, under a sufficiently
humid climate to allow for standing water most of the time,
and shallow enough for plants to grow on the site. Intermedi-
ate-term preservation was effected by drowning of the swamp
by the influx of marine waters, represented by both limestone
and mudstone. It is the matter of long-term preservation, how-
ever, that may be unique to the Carrizo Arroyo area, possibly
reflecting the actions of syndepositional tectonism.

Strong evidence is at hand that contemporaneous tectonic
activity created the accommodation space, a shallow enclosed
depression, in which the Red Tanks Member, with its many
unusual fossil assemblages, was deposited in Carrizo Arroyo.
The site lies immediately west of the Comanche fault zone, the
structure that bounds the eastern margin of the Lucero uplift.
The Comanche zone underwent eastward-verging compres-
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FIGURE 10. Palynomorphs in the Carrizo Arroyo coal sample. A) Vesicaspora
wilsonii, B) Calamospora straminea, C) Florinites florini, D) Calamospora
breviradiata, E and F) Laevigatosporites minimus, G and H) Punctatosporites
minutus, and 1) Punctatisporites minutus.

sive folding and thrust faulting during the Laramide orogeny,
followed by down-to-the-east normal faulting during develop-
ment of the Rio Grande rift (Kelley and Wood, 1946; Callen-
der and Ziliniski, 1976). Although Ancestral Rocky Mountains
(ARM) activity along the Comanche fault zone has not been
documented, the zone is parallel and in line with the prevalent
north-south trend of ARM faults in this area of New Mexico
(Woodward et al., 1999; see also Plate T, page 146, in Paz-
zaglia et al., 1999). A large sandstone dike in the Bursum For-
mation, just west of the coal outcrop and in close stratigraphic
proximity, is possibly a seismic sand blow that formed in re-
sponse to late Paleozoic earth movements along the Comanche
fault zone (Nelson et al., 2013).

The unusually thick laminated clastics of the Red Tanks
facies at Carrizo Arroyo point to strong tectonic subsidence
compared with the more widespread Bruton facies of the Bur-
sum. In the Bruton facies, subsidence was slow and steady, so
subaerial exposure and soil formation prevailed, along with
small fluvial channels that left coarse arkose and conglomer-
ate. During major eustatic transgressions, the sea briefly over-
topped the landscape, forming limestone layers. Opportunities
to preserve plants fossils and peat did not exist. The thick Red
Tanks facies at Carrizo Arroyo reflects repeated episodes of
tectonic subsidence along the western margins of the Oro-
grande seaway. These episodes allowed thicker deposits of fine
clastics to accumulate in standing bodies of water that varied
from fresh to near-normal marine salinity.

Flora of the Coal and Associated Strata

The flora associated with this localized, wet habitat appears
to have had a complex ecological history. The flora below
the coal, which contributed the initial organic matter in the
mineral-to-peat swamp transition, is not a typical Pennsylva-
nian-swamp flora as is known from the coal measures of the
Midwestern and eastern United States, the Canadian Mari-

times, or across Great Britain and mainland Europe, character-
ized in hundreds of published works. Rather, it appears to have
been drawn from the immediately surrounding species pool,
one rich in plants that could tolerate moderate to significant
seasonal drought. In this instance, those plants appear to have
been mostly conifers and perhaps cordaitaleans. There also is
evidence of calamitaleans, reported from macrofossil remains,
and ambiguous evidence of marattialean tree ferns from pal-
ynological data (Punctatisporites, a form of spore with taxo-
nomically broad affinities, beyond marattialean ferns). Marat-
tialeans and calamitaleans were the most important wetland
plant groups throughout western Pangea during the later
Pennsylvanian and well into the early Permian, reflecting their
tolerance of soil moisture fluctuation and also their dispersal
capacities, along riparian corridors and via wind dispersal of
spores. Spores attributed to lycopsids, among the most import-
ant plants in coal-swamp wetlands, were reported by Traverse
and Ash (1999) from bed 18, immediately beneath the coal;
however, this identification was challenged by Utting et al.
(2004), making it unlikely that this group was represented in
the early phases of swamp development.

The flora of the coal bed is much like those from Late Penn-
sylvanian and early Permian coals in the northern Appalachian
Basin (Eble et al., 2013) and Illinois Basin (Peppers, 1985,
1996), which are commonly dominated by tree fern spores.
The flora lacks a significant lycopsid component, the only ele-
ment being the small lycopsid Polysporia, represented by the
spore Endosporites. No tree lycopsid spores were identified.
The presence of cordaitalean pollen (3.2%), and of a single
grain of conifer pollen, indicate that plants more tolerant of
seasonal drought remained present in the regional landscape.
An early Permian coal from the Kerr Basin in west-central
Texas (Barker et al., 2003) also was found to be dominated
by tree-fern spore taxa. And, Late Pennsylvanian coaly shales
from north-central Texas have been shown by macrofossil
analysis to be dominated by medullosan pteridosperms, marat-
tialean ferns and calamitaleans (Tabor et al., 2013a; Looy and
Hotton, 2014). Thus, the core coal swamp flora is much like
wetland floras across the Euramerican tropics. The north-cen-
tral Texas examples, however, have similarities to that reported
here in the pattern of macrofloral and palynofloral succession.
In coals or coaly shales from different stratigraphic horizons, a
dryland vegetation was documented in the mudstones beneath
the coaly beds. Palynology indicated that pollen typical of this
dryland flora persisted into the lower coaly beds, suggesting a
gradual environmental transition. And, although considerably
thicker than the coal reported from Carrizo Arroyo, the Texas
coals or organic shales may have been confined to abandoned
channels or thicker channel-form areas, where peat accumula-
tion and aggradation may have been initiated.

The flora of the shaly limestone roof of the coal contains
the fossil remains of pteridosperms and calamitaleans, and rare
wetland palynomorphs. The palynoflora from this bed, report-
ed by Utting et al. (2004) is dominated by coniferous pollen,
although there were no conifers found in the limestone.

It is noteworthy that the palynological record and macrofos-
sil record are in general accord for the beds beneath the coal,
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at least at the level of the dominant plant groups. However,
in the bed overlying the coal, these records deviate; palynol-
ogy continues to indicate dominance by conifers, whereas the
macrofossil record suggests sphenopsids, pteridosperms and,
perhaps, cordaitaleans, none of which are prominently repre-
sented in the palynoflora from that bed. Perhaps the broad-
er landscape was dominated by conifers, while, at the same
time, plants typical of wet soils fringed the depositional site as
brackish waters invaded. There are several recent examples of
comparative studies that have found considerable (and trou-
bling) discord between the palynoflora and macrofossil records
from the same deposit, suggesting significant taphonomic pres-
ervational biases under certain conditions. In particular, these
studies have found an extreme under-representation of palyno-
morphs from dryland taxa in sediments where the megaflora
is dominated by such plants (Mander et al., 2010; Looy and
Hotton, 2014; Looy et al., 2014; Slater and Wellman, 2015).
The palynoflora-megaflora discord in the Carrizo Arroyo bed
above the coal is opposite to that found in these other studies
in the under-representation of wetland plants in comparison to
their presence in the megaflora.

The closest western coal analog to be analyzed in a manner
similar to the Carrizo Arroyo Bursum Formation coal bed is
from the Kerr Basin in west-central Texas. That coal is 2+ me-
ters in thickness, and high in both ash yield (>30 % ash) and
sulfur content (>3%). Although early Permian in age, based on
fusulinid data from an overlying limestone, the coal contained
a palynomorph assemblage dominated by tree fern and cala-
mite spore taxa with minor small fern (e.g., Granulatisporites),
pteridosperm (Vesicaspora), and cordaitalean (Florinites) taxa.
No bisaccate-saccate pollen was seen. Overall, the coal paly-
noflora resembles Late Pennsylvanian (Monongahela Group)
and early Permian (Dunkard Group) coals from the northern
Appalachian Basin (Eble et al., 2013). Petrographically, the
Carrizo Arroyo Bursum coal contains much more inertinite
than the coal from the Kerr Basin, and the Monongahela/Dunk-
ard coals. The Kerr Basin and Monongahela/Dunkard coals are
mainly dominated by vitrinite macerals (>75 to 80%, mmf).

Global Context

A final note should be made of the stratigraphic position
of this coal bed, near the transition from the Pennsylvanian to
the Permian. Studies of invertebrate fossils from the Carrizo
Arroyo stratigraphic section indicate close proximity to the
boundary (e.g., Kues, 2004; Lucas and Krainer, 2004; Lucas
et al., 2013a). The coal bed falls between invertebrate-deter-
mined stratal ages of late Virgilian (late Gzhelian) and Wolf-
campian (Asselian). Accordingly, the palynological studies,
referenced above, also place the boundary near the Pennsyl-
vanian-Permian transition, but put the sequence of beds in the
Late Pennsylvanian. Eastern coal basins in the U.S., particular-
ly the Appalachian Basin, record a transition from strong sea-
sonal dryness in the earlier, Missourian (Kasimovian) part of
the Late Pennsylvanian to a period of increased wetness in the
latter part of the Pennsylvanian (Virgilian, Gzhelian) (Cecil,
1990). A similar pattern is seen in European basins (Roscher

and Schneider, 2006). This time of renewed wetness saw the
formation of the Pittsburgh coal bed, one of the thickest and
most areally widespread coals in the world, together with sev-
eral other thick, economic coals (Eble et al., 2000), a pattern
that continued into the latest Pennsylvanian and possibly into
the Permian (Eble et al., 2013). The Late Pennsylvanian also
was a time of step-wise increases in sea level (Rygel et al.,
2008; Eros et al., 2012), suggesting ice melting in the Southern
Hemisphere, prior to major ice expansion in the latest Pennsyl-
vanian and/or earliest Permian (Koch and Frank, 2011; Mon-
tafiez and Poulsen, 2013), which may have had a major effect
on global sea level and climate, seemingly a shift to increasing
tropical aridity (Tabor et al., 2013b; Davydov, 2014). The oc-
currence of a thin, coaly horizon, at approximately the same
temporal interval in southern New Mexico, in Laborcita Can-
yon, near Alamogordo (Fig. 11), and of a thin coal bed in Ar-
izona (Kremp, 1975), also mapped at approximately the same
stratigraphic position (Weir and Beard, 1994), might indicate
a period of environmental humidification reaching well into
western Pangea, conditions that in the eastern coal basins may
have contributed to much thicker coal deposits (Gzhelian-As-
selian wet phase C of Roscher and Schneider, 2006).

ACKNOWLEDGMENTS

We thank Jonathan Wingerath, NMNH, for his assistance
with the collections management matters related to this study.
We acknowledge with thanks C. Blaine Cecil and Hermann W.
Pfefterkorn for their helpful reviews of this paper.

REFERENCES

Ash, S.R., and Tidwell, W.D., 1982, Notes on the Upper Paleozoic plants of
central New Mexico: New Mexico Geological Society, Guidebook 33,
p. 245-248.

ASTM International, 2013a, ASTM Standard D2013/D2013M - 12; Stan-
dard Practice for Preparing Coal Samples for Analysis. Annual Book of
ASTM Standards, Section 5, Volume 05.06, Gaseous Fuels; Coal and
Coke. ASTM International, West Conshohocken, PA, USA, p. 437-447.

ASTM International, 2013b, ASTM Standard D7582 — 12; Standard Test
Methods for Proximate Analysis of Coal and Coke by Macro Thermo-
gravimetric Analysis. Annual Book of ASTM Standards, Section 5, Vol-
ume 05.06, Gaseous Fuels; Coal and Coke. ASTM International, West
Conshohocken, PA, USA, p. 837-845.

ASTM International, 2013¢c, ASTM Standard D4239 — 12; Standard Test Meth-
od for Sulfur in the Analysis Sample of Coal and Coke using High-Tem-
perature Tube Furnace Combustion. Annual Book of ASTM Standards,
Section 5, Volume 05.06, Gaseous Fuels; Coal and Coke. ASTM Interna-
tional, West Conshohocken, PA, USA, p. 556-561.

ASTM International, 2013d, ASTM Designation D121 — 09a; Standard Ter-
minology of Coal and Coke. Annual Book of ASTM Standards, Section
5, Volume 05.06, Gaseous Fuels; Coal and Coke. ASTM International,
West Conshohocken, PA, USA, p. 355-368.

Balme, B.E., 1995, Fossil in situ spores and pollen grains: An annotated cata-
logue: Review of Palaeobotany and Palynology, v. 87, p. 81-323.

Baltz, E.H., and Myers, D.A., 1999, Stratigraphic framework of upper Paleo-
zoic rocks, southeastern Sangre de Cristo Mountains, New Mexico, with
a section on speculations and implications for regional interpretation
of Ancestral Rocky Mountains paleotectonics: New Mexico Bureau of
Mines and Mineral Resources, Memoir 48, 269 p.

Barker, C.E., Heck, W., and Eble, C.F., 2003, Coal bed methane in Late Penn-
sylvanian to Early Permian coal, Kerr Basin, Edwards County, Texas,
in Stone, G., Wrenn, J., and Bentley, S., eds., Transactions of the 53t



MEGAFLORA AND PALYNOFLORA ASSOCIATED WITH A LATE PENNSYLVANIAN CoAL BED 365

R

- ‘h A & ..A
l e @ (95 -

FIGURE 11. Organic horizon in Bursum Formation strata exposed in Laborcita Canyon, northeast of Alamogordo, New Mexico. Series of increasingly proximate
images. A) Roadcut. Organic horizon is a dark streak (white arrow) above a paleosol below, siltstone immediately above, overlain by a marine limestone. B) Closeup
of carbonate-rich paleosol, organic layer (white arrow), siltstone and marine limestone. C) Hand-sample of organic layer and siltstone immediately above. Photo-

graphs by authors.

Annual Convention, 50" Gulf Coast Section: Baton Rouge, The Gulf
Coast Association of Geological Societies, Baton Rouge Geological
Societyand the Society of Economic Paleontologists and Mineralogists
(SEPM), p. 38-50.

Bashforth, A.R., Cleal, C.J., Gibling, M.R., Falcon-Lang, H.J., and Miller, R.F.,
2014, Paleoecology of Early Pennsylvanian vegetation on a seasonally
dry tropical landscape (Tynemouth Creek Formation, New Brunswick,
Canada): Review of Palaecobotany and Palynology, v. 200, p. 229-263.

Beerbower, J.R., 1969, Interpretation of cyclic Permo-Carboniferous deposi-
tion in alluvial plain sediments in West Virginia: Geological Society of
America Bulletin, v. 80, p. 1843-1848.

Callender, J.F., and Ziliniski, R.E., Jr., 1976, Kinematics of Tertiary and Qua-
ternary deformation along the eastern edge of the Lucero uplift, central
New Mexico: New Mexico Geological Society, Special Publication 6,
p. 53-61.

Carpenter, D., Falcon-Lang, H.J., Benton, M.J., and Grey, M., 2015, Early
Pennsylvanian (Langsettian) fish assemblages from the Joggins Forma-
tion, Canada, and their implications for palacoecology and palacogeog-
raphy: Palaeontology, v. 58, p. 661-690.

Cecil, C.B., 1990, Paleoclimate controls on stratigraphic repetition of chemical
and siliciclastic rocks: Geology, v. 18, p. 533-536.

Cecil, C.B., 2003, The concept of autocyclic and allocyclic controls on sedi-
mentation and stratigraphy, emphasizing the climatic variable, in Cecil,
C.B., and Edgar, N.T., eds., Climate Controls on Stratigraphy: Tulsa,
SEPM Special Publication 77, p. 13-20.

Cecil, C.B., 2013, An overview and interpretation of autocyclic and allocy-
clic processes and the accumulation of strata during the Pennsylvanian—
Permian transition in the central Appalachian Basin, USA : International
Journal of Coal Geology, v. 119, p. 21-31.

Cecil, C.B., and Dulong, F.T., 2003, Precipitation models for sediment supply
in warm climates; in Cecil, C.B. and Edgar, N.T., eds., Climate Controls
on Stratigraphy: Tulsa, SEPM Special Publication 77, p. 21-28.

Cecil, C.B., Dulong, F.T., Harris, R.A., Cobb, J.C., Gluskoter, H.G., and Nu-
groho, H., 2003, Observations on climate and sediment discharge in se-
lected tropical rivers, Indonesia, in Cecil, C.B., and Edgar, N.T., eds.,
Climate Controls on Stratigraphy: Tulsa, SEPM Special Publication 77,
p. 29-50.

Cecil, C.B., DiMichele, W.A., and Elrick, S.D., 2014, Middle and Late Penn-
sylvanian cyclothems, American Midcontinent: Ice-age environmental
changes and terrestrial biotic dynamics: Comptes Rendus Geoscience,
v. 346, p. 159-168.

Clement-Westerhof, J.A., 1984, Aspects of Permian palacobotany and paly-
nology. IV. The conifer Ortiseia Florin from the Val Gardena Formation
of the Dolomites and the Vicentinian Alps (Italy) with special reference
to a revised concept of the Walchiaceae (Goppert) Schimper: Review of
Palacobotany and Palynology, v. 41, p. 51-166.

Covington, D., and Raymond, A., 1989, Taxonomic uniformitarianism: The
problem with shoot/root ratios of peats: Review of Palacobotany and Pal-
ynology, v. 58, p. 85-94.

Craft, C.B., and Richardson, C.J., 1993, Peat accretion and N, P, and organic C
accumulation in nutrient-enriched and unenriched Everglades peatlands:
Ecological Applications, v. 3, p. 446-458.

Darton, N.H., 1928, “Red beds” and associated formations in New Mexico,
with an outline of the geology of the state: U.S. Geological Survey, Bul-
letin 794, 356 p.

Davydov, V., 2014, Warm water benthic foraminifera document the Penn-
sylvanian—Permian warming and cooling events—The record from the
western Pangea tropical shelves: Palacogeography, Palacoclimatology,



366 DIMICHELE, SCHNEIDER, Luca4s, EBLE, FALCON-LANG, Looy, NELSON, ELRICK AND CHANEY

Palacoecology, v. 414, p. 284-295.

DiMichele, W.A., 2014, Wetland-dryland vegetational dynamics in the Penn-
sylvanian ice age tropics: International Journal of Plant Sciences, v. 175,
p. 123-164.

DiMichele, W.A., Cecil, C.B., Chaney, D.S., Elrick, S.D., Lucas, S.G., Lupia,
R., Nelson, W.J., and Tabor, N.J., 2011, Pennsylvanian-Permian vege-
tational changes in tropical Euramerica, in Harper, J.A., ed., Geology
of the Pennsylvanian-Permian in the Dunkard basin: Washington, PA,
Conference of Pennsylvania Geologists, Guidebook 76, p. 60-102.

Eble, C.F., Grady, W.C., and Pierce, B.S., 2006, Compositional characteristics
and inferred origin of three Late Pennsylvanian coal beds from the north-
ern Appalachian Basin: Geological Society of America, Special Paper
399, p. 197-222.

Eble, C.F., Grady, W.C., and Blake, B.M., 2013, Dunkard Group coal beds:
Palynology, coal petrography and geochemistry: International Journal of
Coal Geology, v. 119, p. 32-40.

Eros, J.M., Montafiez, I.P., Osleger, D.A., Davydov, V.I., Nemyrovska, T.I.,
Poletaev, V.I., and Zhykalyak, M.V., 2012, Sequence stratigraphy and
onlap history of the Donets Basin, Ukraine: Insight into Carboniferous
icehouse dynamics: Palaeogeography, Palacoclimatology, Palacoecolo-
gy, v. 313, p. 1-25.

Falcon-Lang, H.J., 2004, Pennsylvanian tropical rain forests responded to gla-
cial-interglacial rhythms: Geology, v. 32, p. 689-692.

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

Falcon-Lang, H.J., and DiMichele, W.A., 2010, What happened to the coal
forests during Pennsylvanian glacial phases?: Palaios, v. 25, p. 611-617.

Falcon-Lang, H.J., Nelson, W.J., Elrick, S., Looy, C.V., Ames, P.R., and DiMi-
chele, 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., Kurzawe, F., and Lucas, S.G., 2014, Coniferopsid tree
trunks preserved in sabkha facies in the Permian (Sakmarian) Commu-
nity Pit Formation in south-central New Mexico, USA: Systematics and
palaeoecology: Review of Palacobotany 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 palacoclimatic significance: Review of Palaeobota-
ny and Palynology, v. 225, p. 67-83.

Fischer, J., Schneider, J.W., Voigt. S., Joachimski, M.M., Tichomirowa, M.,
Tutken, T., Gotze, J., and Berner, U., 2013, Oxygen and strontium iso-
topes from fossil shark teeth: Environmental and ecological implica-
tions for Late Palacozoic European basins: Chemical Geology, v. 342,
p. 44-62.

Gardner, J.H., 1910, Isolated coal fields in Santa Fe and San Miguel Counties,
New Mexico: U.S. Geological Survey, Bulletin 381-C, p. 447-451.
Gastaldo, R.A., and Demko, T.M., 2011, Long term hydrology controls the
plant fossil record; in Allison, P.A., and Bottjer, D.J., eds., Taphonomy:
Processes and bias through time: Topics in Geobiology, v. 32, p. 249-286.

Gastaldo, R.A., Purkynova, E., Siminek, Z., and Schmitz, M.D., 2009, Eco-
logical persistence in the Late Mississippian (Serpukhovian, Namuri-
an A) megafloral record of the Upper Silesian Basin, Czech Republic:
Palaios, v. 24, p. 336-350.

Greb, S.F., Pashin, J.C., Martino, R.L., and Eble, C.F., 2008, Appalachian sed-
imentary cycles during the Pennsylvanian: Changing influences of sea
level, climate, and tectonics: Geological Society of America, Special Pa-
pers 441, p. 235-248.

Hannibal, J.T., Lucas, S.G., Lerner, A.J., and Chaney, D.S., 2005, An euryp-
terid (Adelophthalmus sp.) from a plant-rich lacustrine facies of Upper
Pennsylvanian strata in El Cobre Canyon, New Mexico: New Mexico
Museum of Natural History and Science Bulletin 31, p. 34-38.

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

Hernandez-Castillo, G.R., Stockey, R.A., Rothwell, G.W., and Mapes, G.,
2009b, A new voltzialean conifer, Emporia royalii sp. nov. (Emporia-
ceae) from the Hamilton Quarry, Kansas: International Journal of Plant

Sciences, v. 170, p. 1201-1227.

Hernandez-Castillo, G.R., Stockey, R.A., Rothwell, G.W., and Mapes, G.,
2009c, Reconstruction of the Pennsylvanian-aged walchia conifer, Em-
poria cryptica sp. nov. (Emporiaceae, Voltziales): Review of Palaeobot-
any and Palynology, v. 157, p. 218-237.

International Committee for Coal and Organic Petrology (ICCP), 1998, The
New Vitrinite Classification (ICCP System, 1994): Fuel, v. 77, p. 349-
358.

International Committee for Coal and Organic Petrology (ICCP), 2001, The
New Inertinite Classification (ICCP System, 1994): Fuel, v. 80, p. 459-
471.

Kelley, V.C., and Wood, G.H., 1946, Lucero uplift, Valencia, Socorro, and
Bernalillo Counties, New Mexico: U.S. Geological Survey, Oil and Gas
Investigations Preliminary Map 47, 1 sheet, scale 1:62,500.

Koch, J.T., and Frank, T.D., 2011, The Pennsylvanian—Permian transition in
the low-latitude carbonate record and the onset of major Gondwanan
glaciation: Palacogeography, Palaeoclimatology, Palacoecology, v. 308,
p. 362-372.

Krainer, K., and Lucas, S.G., 2004, The Upper Pennsylvanian Red Tanks
Member of the Bursum Formation at Carrizo Arroyo, central New Mex-
ico: Transition from shallow marine to nonmarine facies: New Mexico
Museum of Natural History and Science, Bulletin 25, p. 53-69.

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

Krainer, K., Lucas, S.G., and Kues, B.S., 2001, The facies of the nonmarine to
shallow marine Red Tanks Formation, Pennsylvanian-Permian, central
New Mexico: New Mexico Geology, v. 23, p. 62-63.

Kremp, K.N., 1975, Palynology of a late Paleozoic coal from Fossil Creek,
Arizona [M.S. thesis]: Tempe, University of Arizona, 167 p.

Kues, B.S., 2001, The Pennsylvanian System in New Mexico—overview with
suggestions for revision of stratigraphic nomenclature: New Mexico Ge-
ology, v. 23, p. 103-122

Kues, B.S., 2004, Stratigraphy and brachiopod and molluscan paleontology of
the Red Tanks Formation (Madera Group) near the Pennsylvanian-Perm-
ian boundary, Lucero uplift, west-central New Mexico: New Mexico
Museum of Natural History and Science, Bulletin 25, p. 143-209.

Kues, B.S., and Kietzke, K.K., 1976, Paleontology and stratigraphy of the Red
Tanks Member, Madera Formation (Pennsylvanian) near Lucero Mesa,
New Mexico: New Mexico Geological Society, Special Publication 6,
p. 102-108.

Looy, C.V., and Hotton, C.L., 2014, Spatiotemporal relationships among Late
Pennsylvanian plant assemblages: Palynological evidence from the Mar-
kley Formation, West Texas, USA: Review of Palaecobotany and Palynol-
ogy, v. 211, p. 10-27.

Looy, C.V., Stevenson, R.A., van Hoof, T.B., and Mander, L., 2014, Evi-
dence for coal forest refugia in the seasonally dry Pennsylvanian trop-
ical lowlands of the Illinois Basin, USA: PeerJ, v. 2, €630 https://doi.
org/10.7717/peerj.630.

Lucas, S.G., and Krainer, K., 2002, Carboniferous-Permian transition at Car-
rizo Arroyo, New Mexico, USA: Newsletter on Carboniferous Stratigra-
phy, v. 20, p. 40-43.

Lucas, S.G., and Krainer, K., 2003, The Bursum Formation—integrated litho-
stratigraphy of the Pennsylvanian-Permian transition in New Mexico:
New Mexico Geology, v. 25, p. 45.

Lucas, S.G., and Krainer, K., 2004, The Red Tanks Member of the Bursum
Formation in the Lucero uplift and regional stratigraphy of the Bursum
Formation in New Mexico: New Mexico Museum of Natural History and
Science, Bulletin 25, p. 43-52.

Lucas, S.G., and Zeigler, K.E., eds., 2004, Carboniferous-Permian transition at
Carrizo Arroyo, central New Mexico: New Mexico Museum of Natural
History and Science, Bulletin 25, p. 1-300.

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

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

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



MEGAFLORA AND PALYNOFLORA ASSOCIATED WITH A LATE PENNSYLVANIAN CoAL BED 367

central New Mexico: New Mexico Museum of Natural History and Sci-
ence, Bulletin 59, p. 161-179.

Mamay, S.H., and Mapes, G., 1992, Early Virgilian plant megafossils from
the Kinney Brick Company quarry, Manzanita Mountains, New Mexico:
New Mexico Bureau of Mines and Mineral Resources, Bulletin 138, p.
61-85.

Mander L., Kiirschner W.M., and McElwain J.C., 2010, An explanation for
conflicting records of Triassic—Jurassic plant diversity: Proceedings of
the National Academy of Sciences of the United States of America, v.
107, p. 15351-15356.

Montafiez, I.P., and Poulsen, C.J., 2013, The Late Paleozoic ice age: An evolv-
ing paradigm: Annual Review of Earth and Planetary Sciences, v. 41, p.
629-656.

Nadon, G.C., 1998, Magnitude and timing of peat-to-coal compaction: Geol-
ogy, v. 26, p. 727-730.

Nelson, W.J., and Lucas, S.G., 2011, Carboniferous geologic history of the
Rocky Mountain region, in Sullivan, R.M. and others, eds., Fossil Re-
cord 3, New Mexico Museum of Natural History and Science, Bulletin
53, p. 115-142.

Nelson, W.J., Elrick, S.D., and Lucas, S.G., 2013, Clastic dike in the late Pa-
leozoic Bursum Formation at Carrizo Arroyo, New Mexico — A likely
paleoseismic sand blow: New Mexico Museum of Natural History and
Science, Bulletin 59, p. 31-33.

Oplustil, S., and Cleal, C.J., 2007, A comparative analysis of some Late Car-
boniferous basins of Variscan Europe: Geological Magazine, v. 144, p.
417-448.

Page, S.E., Wiist, R.A.J., Weiss, D., Rieley, J.O., Shotyk, W., and Limin, S.H.,
2004, A record of Late Pleistocene and Holocene carbon accumulation
and climate change from an equatorial peat bog (Kalimantan, Indonesia):
Implications for past, present and future carbon dynamics: Journal of
Quaternary Science, v. 19, p. 625-635.

Parr, S.W., 1928, The classification of coal: University of Illinois Urbana, En-
gineering Experiment Station, Bulletin 180, 69 p.

Pazzaglia, F.J., Woodward, L.A., Lucas, S.G., Anderson, O.J., Wegmann, K.W.
and Estep, J.W., 1999, Phanerozoic geologic evolution of the Albuquer-
que area: New Mexico Geological Society Guidebook, v. 50, p. 97-114.

Peppers, R.A., 1985, Comparison of miospore assemblages in the Pennsylva-
nian System of the Illinois Basin with those in the Upper Carboniferous
of Western Europe, in Manger, W., and Sutherland, P., eds., Compte Ren-
du of the Ninth International Congress for Carboniferous Geology and
Stratigraphy, Urbana, Illinois, USA (1979), v. 2, p. 483-502.

Peppers, R.A., 1996, Palynological correlation of major Pennsylvanian (Mid-
dle and Upper Carboniferous) chronostratigraphic boundaries in the Illi-
nois and other coal basins: Geological Society of America, Memoir 188,
111 p.

Pfefferkorn, H.W., 1979, Lower and Middle Pennsylvanian compression floras
from northern New Mexico: Botanical Society of America, Miscella-
neous Series Publication 157, p. 36.

Phillips, T.L. and DiMichele, W.A., 1990, From plants to coal: Peat taphonomy
of Upper Carboniferous coals: International Journal of Coal Geology, v.
16, p. 151-156.

Ravn, R.L., 1986. Palynostratigraphy of the Lower and Middle Pennsylvanian
coals of ITowa: Towa Geological Survey, Technical Paper 7, 245 p.

Raymond, A., 1988, The paleoecology of a coal-ball deposit from the Middle
Pennsylvanian of Iowa dominated by cordaitalean gymnosperms: Re-
view of Palaeobotany and Palynology, v. 53, p. 233-250.

Read, C.B., Duffner, R.T., Wood, G.H., and Zapp, A.D., 1950, Coal resources
of New Mexico: U.S. Geological Survey, Circular 89, p. 1-24.

Roscher, M., and Schneider, J.W., 2006, Permo-Carboniferous climate: Early
Pennsylvanian to Late Permian climate development of central Europe
in a regional and global context: London, Geological Society, Special
Publications, v. 265, p. 95-136.

Rothwell, G.W., and Mapes, G., 2001, Barthelia furcata gen. et sp. nov., with
review of Paleozoic coniferophytes and discussion of coniferophyte sys-
tematics: International Journal of Plant Sciences, v. 162, p. 637-667.

Rothwell, G.W., Mapes, G., and Hernandez-Castillo, G.R., 2005, Hanskerpia
gen. nov. and phylogenetic relationships among the most ancient conifers
(Voltziales): Taxon, v. 54, p. 733-750.

Rygel, M.C., Fielding, C.R., Frank, T.D., and Birgenheier, L.P., 2008, The
magnitude of Late Paleozoic glacioeustatic fluctuations: A synthesis:
Journal of Sedimentary Research, v. 78, p. 500-511.

Schneider, J.W., and Lucas, S.G., 2013, Sedimentology, taphonomy and ori-
gin of Early Permian insect beds at Carrizo Arroyo, New Mexico: New
Mexico Museum of Natural History and Science, Bulletin 59, p. 35-37.

Schneider J.W. and Romer, R., 2010, The Late Variscan molasses (Late Car-
boniferous to Late Permian) of the Saxo-Thuringian zone, in Linnemann,
U., Kroner, U., and Romer, R.L., eds., Pre-Mesozoic Geology of Saxo-
Thuringia - From the Cadomian Active Margin to the Variscan Orogen:
Stuttgart, Schweizerbart, Science Publishers, p. 323-346.

Schopf, J.M., 1956, A definition of coal: Economic Geology, v. 51, p. 521-527.

Slater, S.M., and Wellman, C.H., 2015, A quantitative comparison of dispersed
spore/pollen and plant megafossil assemblages from a Middle Jurassic
plant bed from Yorkshire, UK: Paleobiology, v. 41, p. 640-660.

Stach, E., Mackowski, M-Th., Teichmiiller, M., Taylor, G.H., Chandra, D., and
Teichmiiller, R., 1982, Stach’s Textbook of Coal Petrology: Berlin, Geb-
ruder Borntraeger, 535 p.

Tabor, N.J., and Poulsen, C.J., 2008, Palaecoclimate across the Late Pennsyl-
vanian—Early Permian tropical palaeolatitudes: A review of climate in-
dicators, their distribution, and relation to palacophysiographic climate
factors: Palacogeography, Palaeoclimatology, Palaeoecology, v. 268, p.
293-310.

Tabor, N.J., Montafiez, 1.P., Scotese, C.R., Poulsen, C.J., and Mack, G.H.,
2008, Paleosol archives of environmental and climatic history in pale-
otropical western Pangea during the latest Pennsylvanian through Early
Permian: Geological Society of America, Special Paper 441, p. 291-303.

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

Tabor, N.J., DiMichele, W.A., Montafiez, I.P., and Chaney, D.S., 2013b, Late
Paleozoic continental warming of a cold tropical basin and floristic
change in western Pangea: International Journal of Coal Geology, v. 119,
p. 177-186.

Teichmiiller, M., 1989, The genesis of coal from the viewpoint of coal petrolo-
gy: International Journal of Coal Geology, v. 12, p. 1-87.

Theiling, B.P., Elrick, M., and Asmerom, Y., 2012, Increased continental
weathering flux during orbital-scale sea-level highstands: Evidence from
Nd and O isotope trends in Middle Pennsylvanian cyclic carbonates: Pa-
lacogeography, Palacoclimatology, Palacoecology, v. 342, p. 17-26.

Tidwell, W.D., Jennings, J.R., and Beus, S.S., 1992, A Carboniferous flora
from the Surprise Canyon Formation in the Grand Canyon, Arizona:
Journal of Paleontology, v. 66, p. 1013-1021.

Tidwell, W. D., Ash, S. R., Kues, B. S., Kietzke, K. K., and Lucas, S. G., 1999,
Early Permian plant megafossils from Carrizo Arroyo, central New Mex-
ico: New Mexico Geological Society, Guidebook 50, p. 297-304.

Ting, F.T.C., 1978, Petrographic techniques in coal analysis, in Karr, C., Jr.,
ed., Analytical Methods for Coal and Coal Products: Academic Press,
volume 1, p. 3-26.

Traverse, A., 1988, Paleopalynology: London, Unwin Hyman, Ltd., 600 p.

Traverse, A., and Ash, S. R., 1999, Preliminary assessment of the age of the
palynofllora of the Red Tanks Member, Madera Formation, Carrizo Ar-
royo, New Mexico: New Mexico Geological Society, Guidebook 50, p.
293-296.

Utting, J., Hartkopf-Froder, C., Lucas, S.G., and Travers, A., 2004, Palyno-
logical investigation of the Upper Pennsylvanian Red Tanks Member,
Bursum Formation, Carrizo Arroyo, New Mexico, U.S.A: New Mexico
Museum of Natural History and Science, Bulletin 25, p. 89-96.

Van Hoof, T., Falcon-Lang, H.J., Hartkopf-Frdder, and Kerp, J.H.F., 2013, Co-
nifer-dominated palynofloras in the Middle Pennsylvanian strata of the
DeLutte-6 borehole of the Netherlands: implications for palacoecology
and biostratigraphy: Review of Palacobotany 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.

Wahlman, G.P., and Kues, B.S., 2004, Late Pennsylvanian (Virgilian) fusuli-
naceans from the upper Atrasado and lower Red Tanks formations, Car-
rizo Arroyo, Sierra Lucero, central New Mexico: New Mexico Museum
of Natural History and Science, Bulletin 25, 127-136.

Weir, G.W., and Beard, L.S., 1994, Preliminary map of the Strawberry Quad-
rangle, Yavapai, Gila and Coconino counties, Arizona: U.S. Geological



368 DIMICHELE, SCHNEIDER, Luca4s, EBLE, FALCON-LANG, Looy, NELSON, ELRICK AND CHANEY

Survey, Open-File Report, v. 94-265, 1 page. v. 6, p. 21-41.
Winston, R.B., 1986, Characteristics features and compaction of plant tissues Woodward, L.A., Anderson, O.J., and Lucas, S.G., 1999, Late Paleozoic right-
traced from permineralized peat to coal in Pennsylvanian coals (Desmoi- slip faults in the Ancestral Rocky Mountains: New Mexico Geological

nesian) from the Illinois Basin: International Journal of Coal Geology, Society, Guidebook 50, p. 149-153.



