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ABSTRACT 18 

Premise of research.  The flora of the Maywood Formation, one of only three Devonian floras previously 19 

recognized in western North America, is known only from a brief report focused on stratigraphy and has 20 

never been characterized in more detail. A detailed assessment of this flora and associated fossils has 21 

implications for the age and depositional environments of the Maywood Formation, and for Devonian 22 

plant biogeography. 23 

Methodology.  Field work at the Cottonwood Canyon (Wyoming) exposure of the Maywood formation 24 

produced a measured section characterizing the sedimentology of the unit and samples that we 25 

analyzed for palynomorph, macrofloral, and faunal content using standard methods. 26 

Pivotal results.  The palynological assemblage is dominated by archaeopterid progymnosperm spores, 27 

lacks unequivocally marine components, indicates low burial depth and temperature (c. 53°C) of the 28 

unit, and supports an early Frasnian age. Plant macro- and mesofossils including charcoal, adpressions, 29 

sporangia, and spore packages reflect a vegetation with quasi-monodominant archaeopterids but also 30 

including the parent plant of the seed-megaspore Spermasporites (for which the Cottonwood Canyon 31 

occurrence represents a geographic range extension). Scales indicate the presence of sarcopterygian 32 

and tetrapodomorph fishes. Sedimentary facies, palynofacies, and plant macrofossil taphonomy are 33 

consistent with a lagoon or lake margin environment on a carbonate platform, disconnected from the 34 

open marine realm. 35 

Conclusions.  The arid carbonate platform of the western margin of early Frasnian Laurentia hosted a 36 

fire-prone vegetation cover heavily dominated by archaeopterid progymnosperms. The Maywood 37 

Formation preserves fossil assemblages reflecting this vegetation at Cottonwood Canyon (Wyoming), in 38 

lagoonal or lacustrine deposits that also host microconchid tubeworms and fish. The parent plant of the 39 

seed-megaspore Spermasporites, present in this vegetation, was widely distributed all across 40 

Euramerica.  41 
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Introduction 42 

Central to any understanding of the Devonian Earth System and the Mid and Late Devonian 43 

extinction events is afforestation. What plant groups were involved, how they were distributed around 44 

the globe and when this happened, are key questions that require answers. Plant morphology remained 45 

relatively simple for much of the Silurian and dramatic increases in complexity and canopy height only 46 

really started in the late Early Devonian. Forests of the cladoxylopsid Calamophyton are known from the 47 

Eifelian of Europe (Giesen and Berry 2013) and are extensive, formed by another cladoxylopsid – 48 

Eospermatopteris –, in the Givetian of North America (Stein et al. 2007). In the Eifelian of Euramerica, 49 

the spore evidence is for vegetation dominated by an aneurophytalean progymnosperm (Tetraxlyopteris 50 

with in situ Rhabdosporites langii) and a lycopsid (represented by Ancyrospora) (Marshall 1996). 51 

Hammond and Berry (2005) have suggested that these would have grown more as thickets than forests, 52 

so the tetraxylopterids could support each other. The first of the tree-sized archaeopteridalean 53 

progymnosperm forests appear in the early Givetian, as Archaeopteris-Eospermatopteris mixed forests 54 

(Stein et al. 2012; Stein et al. 2020) in eastern North America. While these localities were broadly 55 

located in the southern hemisphere arid zone, the eastern North American–Appalachian localities were 56 

impacted by orographic effects from the Acadian Mountains, which created a humid region that reached 57 

across the southern trades during the Mid and Late Devonian. To the north, in the paleo-equatorial 58 

zone, there were lycopod forests of Protolepidodendropsis that also included Archaeopteris (Berry and 59 

Marshall 2015). Here, these lycopod forests formed coal bearing wetlands (Marshall et al. 2019) in the 60 

Givetian and Frasnian. Among all these different canopy-forming plants, Archaeopteris was probably the 61 

more prominent ecosystem engineer, with its deeper and laterally more extensive rooting systems 62 

(Algeo et al. 2001; Stein et al. 2020). It is possible that the distribution of these forests was influenced by 63 

Devonian extinction events, in particular the Taghanic Event that stripped out eliminated much of the 64 

non-Archaeopteris diversity. 65 

Much of our knowledge of Devonian forests comes from the better studied areas of Euramerica. 66 

Yet, toward its western margin, the Old Red Sandstone continent continued as an extensive carbonate 67 

platform across the North American Midwest. The vegetation cover of this area is very sparsely 68 

documented because carbonate sequences tend to preserve very poor palynological and paleobotanical 69 

records. Only three floras – none of which has been extensively characterized – have been reported 70 

from Devonian deposits in western North America: the Martin Formation flora of Arizona, the Chilliwack 71 

Group flora of Washington State, and the Maywood Formation flora of Wyoming. While the ages of 72 

these floras were not precisely constrained previously, the first two are thought to be Early to Mid 73 
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Devonian (Teichert and Schopf 1958; Canright 1970; Benca et al. 2014). The flora of the Maywood 74 

Formation (also referred to as the Souris River Formation) was first reported by Sandberg (1963) from 75 

an exposure in Cottonwood Canyon (Wyoming). Based on the fossil plant and fish content, Sandberg 76 

assigned a Late Devonian (Frasnian) age to the Maywood Formation, which he viewed as representing 77 

brackish to nearly freshwater deposits of an estuary. Since Sandberg’s 1963 report, the fossil 78 

assemblages of Maywood Formation at Cottonwood Canyon have remained unexplored until very 79 

recently, when Zaton et al. (2021) characterized the microconchid tubeworm fauna and assigned a late 80 

Mid Devonian (Givetian) age based on the palynomorph content. Here, we address the age of the 81 

Maywood Formation in the Cottonwood Canyon exposure, and report on the vegetation and 82 

depositional environments of the western edge of the Laurentian carbonate platform as reflected in the 83 

palynoflora and macroflora of this rock unit. 84 

 85 

Material and Methods 86 

Regional Geology and Stratigraphic Framework 87 

The study section in Cottonwood Canyon is located on the northwestern flank of the Bighorn 88 

Mountains, approximately 27 kilometers east of Lovell, Big Horn County, Wyoming (44o 52’ 14.08” N, 89 

108o 3’ 26.21” W; fig. 1). The entire exposed Paleozoic section at the study site dips strongly to the west 90 

over a blind Laramide (Paleogene) thrust. 91 

The Middle Paleozoic succession of the Bighorn Mountains of north-central Wyoming was 92 

deposited on a northward extension of the Transcontinental Arch, which reached as far north as the 93 

Central Montana Uplift, effectively separating the Williston Basin of eastern Montana and North Dakota 94 

from basins to the west in Utah, Idaho, and western Montana (Sandberg 1961a; Johnson et al. 1988; 95 

Hoffman 2020). The Cottonwood Canyon section discussed in this paper is located in the western region 96 

of this long-lived positive feature. Thus, the Ordovician through Devonian succession exposed in 97 

Cottonwood Canyon is characterized by thin and/or patchy packages bounded by large unconformities 98 

representing non-deposition and erosion (fig. 2). 99 

The Upper Ordovician Bighorn Dolomite and Upper Devonian Jefferson Formation are 100 

confidently mapped in continuity across the northern Wyoming and Montana region. However, the 101 

Lower Devonian Beartooth Butte Formation and the Upper Devonian Maywood Formation are isolated 102 

occurrences in Cottonwood Canyon and cannot be mapped continuously to the basins to the north. The 103 

stratal unit here interpreted as Maywood Formation has been particularly problematic to diagnose. This 104 

unit was regarded as Souris River Formation (?) by Sandberg (1963) and then definitively called Souris 105 
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River Formation by Sandberg (1967). The Souris River is a unit named for a sub-surface succession of 106 

mixed carbonates, siliciclastics, and evaporites in the Williston Basin, where it lies beneath the Duperow 107 

Formation (= Jefferson Formation of northern Wyoming and western Montana) (Sandberg 1961a). The 108 

Souris River is dominantly early Late Devonian (Early Frasnian) in age but may be as old as late Mid 109 

Devonian (Givetian) in the central part of the basin (Sandberg 1961a). Sandberg’s (1963) original 110 

attribution of the Cottonwood Canyon strata to the Souris River was based on vertebrates (fish) and 111 

palynology data indicating an early Frasnian age for the deposit, thus implying they were coeval with the 112 

Souris River Formation. However, it should be noted that the Cottonwood Canyon section is 113 

approximately 180 kilometers from the nearest recognized Souris River Formation occurrence in the 114 

Williston Basin region (Sandberg 1961a) and no physical correlation can be established between the 115 

two. 116 

Sandberg et al. (1982) subsequently referred the Cottonwood Canyon section to the Maywood 117 

Formation, although earlier workers had already noted the close relationship between the Maywood 118 

Formation of western Montana and the section exposed at Cottonwood Canyon, Wyoming (Mikesh 119 

1965; Benson 1966). Sandberg and McMannis (1964) made direct comparisons between the fish and 120 

plant fossils of a Maywood channel-form deposit in the Gallatin Mountains of southwestern Montana to 121 

the Souris River (?) section in Cottonwood Canyon, as reported by Sandberg (1963). The Maywood has 122 

been mapped in continuity with the Souris River across northern Montana, thus the units are considered 123 

lithostratigraphic equivalents (Hoffman 2020). 124 

The Maywood Formation in western Montana is characterized by isolated conglomerates, 125 

sandstones, siltstones, and dolomitic mudstones and dolostones with development of red-beds in the 126 

lower portion, overlain by dolostones and limestones in the upper portions (McMannis 1962; Benson 127 

1966; Meyers 1980). Sparse marine invertebrates indicate an early Frasnian age for the Maywood, with 128 

the formation thinning and younging by onlap to the south and east onto the Yellowstone and central 129 

Wyoming uplifts (fig. 3; Benson 1966; Hoffman 2020). While the section at Cottonwood Canyon lies 130 

south and east of the lap-out of the main body of the Maywood Formation (Sandberg 1961a; Hoffman 131 

2020), it is most parsimoniously associated with the Maywood Formation of western Montana rather 132 

than the Souris River of the Williston Basin. 133 

The close relationship between the lower Upper Devonian Maywood Formation and the 134 

underlying Lower Devonian Beartooth Butte Formation has been noted by many authors (Sandberg 135 

1961b; McMannis 1962; Sandberg and McMannis 1964; Benson 1966; Zaton et al. 2021). In the 136 

southern Montana and northern Wyoming outcrops, these formations sit with significant truncation on 137 
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underlying Ordovician and Cambrian units. While these incised units are often interpreted as fluvial to 138 

estuarine channel-fills, some exposures appear to represent reworked karst collapse and secondary fill 139 

of karst topography on the Lower Paleozoic carbonates (Sandberg 1961b). While the processes filling 140 

these features are varied, regionally they represent the in-fill of topography that developed during 141 

exposure of the Wyoming platform culminating in a Frasnian highstand and deposition of the Jefferson 142 

platform carbonate system (Hoffman 2020). 143 

 144 

Palynology, Paleobotany, and Palynofacies 145 

Palynological samples were prepared by roughly crushing 5g of samples, placing it within a 500 146 

ml polythene bottle which was then treated with 37% HCl to remove any carbonate and particularly Ca2+ 147 

that would form an insoluble precipitate when subsequently treated with HF. The sample was then 148 

decant washed until neutral and treated with 30 ml of 60% HF acid with the bottle loosely capped to 149 

enhance the reaction so as to achieve complete demineralization. The sample was further decant 150 

washed and, when neutral, sieved over a 15 μm nylon mesh with the residue being put in a glass beaker. 151 

Some 30 ml of 37% HCl was added and the sample was then briefly boiled to solubilize any neoformed 152 

fluorides. The sample was then rapidly diluted into 300 ml of water and re-sieved at 15 μm. The organic 153 

residue was then stored in a vial and a strew slide made with Elvacite 2044 as the mountant. This 154 

revealed that amorphous organic matter (AOM) was dominant in most of the samples which was mostly 155 

removed by a 30s treatment with a Sonics and Materials ultrasonic probe. This causes cold boiling by 156 

cavitation that preferentially fragments the AOM which can then be removed by a further sieving at 15 157 

μm. To concentrate megaspores, the samples were sieved at 150 μm with the top fraction being again 158 

mounted in Elvacite 2044. Two of the samples with the best preserved megaspores were rerun as large 159 

sample (60 and 75g) which were disaggregated in 37% HCl. These were then sieved at 150 μm and the 160 

sample then further disaggregated by a 45 s treatment with the ultrasonic probe. Part of this residue 161 

was also treated for 30 mins in ≥65% HNO3 to clear the sample and remove included pyrite. Two 162 

samples were effectively barren of palynomorphs in containing mostly larger plant fragments and rare 163 

spores. 164 

Polished blocks were prepared by placing a fragment of rock sample in a mold and then 165 

encasing it with the catalytic setting FastGlass resin. Polished thins were made using the method of 166 

Hillier and Marshall (1988) by air drying a kerogen suspension in water on a PTFA spray-coated coverslip 167 

and then mounting onto a frosted slide. Both blocks and thin sections were successively polished on a 168 

120 diamond lap followed by 3 μm carborundum and then 9.5 µm, 3 µm and 0.05 µm alumina powder 169 
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on stationary selvyt laps. Reflectivity measurements and observations were made using a Zeiss UMSP 50 170 

microspectrophotometer using a 40X oil immersion objective [oil with a RI of 1.516) at 546 nm and 171 

calibrated with a sapphirine standard (0.413%)]. Fluorescence observations were made on an Olympus 172 

BHS-313 equipped with UVFL objectives and a 100W Hg bulb, band pass excitation was 380-490 nm with 173 

a dichroic beam splitter at 500 nm and a 515 nm long pass filter. 174 

Mesofossils were extracted by macerating rock samples in 10% HCl until completely dissolved 175 

and hand-picking specimens with a pipette under a dissecting microscope. Specimens were dehydrated 176 

in an ethanol series and mounted in on slides using Eukitt. 177 

Thin-sections of rock matrix containing charcoal and coprolites were prepared by attaching a cut 178 

polished surface of the rock sample to a frosted microscope slide using 2-ton Epoxy; cutting off the 179 

excess rock, on a Hillquist thin-section machine, to leave a thin slice attached to the microscope slide; 180 

polishing the rock slice down to the desired thickness, on the microscope slide, in the Hillquist machine; 181 

finishing the polish with fine grit carborundum; and sealing the slide with a coverslip using Eukitt. Thin-182 

sections, macro- and mesofossils are held in the Humboldt State University Paleobotanical Herbarium 183 

(HPH). 184 

 185 

Results 186 

The Maywood Formation Measured Section 187 

An annotated graphic log of the Maywood Formation at the Cottonwood Canyon study site is 188 

presented in fig. 4A. This succession has also been described by Sandberg (1963, 1967) and Zaton et al. 189 

(2021). Lithologic descriptions are based on field observations as petrographic analysis has not yet been 190 

performed. The total measured thickness of the Maywood is 4.85 meters, although the true thickness of 191 

the section is uncertain due to cover. The contact of the base of the Maywood with the underlying 192 

Upper Ordovician Bighorn Dolomite is not exposed but is constrained to approximately 0.5 meter of 193 

covered section. It should be noted that approximately 200 meters east of the measured section across 194 

a talus slope is a thick (approximately 33 m) section of conglomerate with red matrix, representing the 195 

Beartooth Butte Formation, truncated into the Bighorn Dolomite (Sandberg 1963; Zaton et al. 2021). 196 

The Maywood Formation overlaps this Beartooth Butte section and extends further east, as indicated by 197 

float of distinctive Maywood lithologies found on the east side of this Beartooth Butte exposure. The 198 

Maywood Formation also extends a few hundred meters west of the measured section as these same 199 

distinctive lithologies are recognized in float. 200 
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The lowest beds ascribed to the Maywood Formation form a small exposure of silty, medium to 201 

light gray to tan weathering dolomitic mudstone. It is poorly exposed above a thin covered interval that 202 

overlies the Bighorn Dolomite. This unit is divisible into a lower bed exhibiting thin partings overlain by a 203 

single, homogeneous bed with slightly sucrosic texture. Highly fragmented plant remains are observed 204 

in the upper bed. 205 

A two-meter covered interval overlies this small lower exposure. Above this cover is the main 206 

(upper) exposure of the Maywood Formation. The lowest unit in this exposure is a 70 cm dark gray to 207 

brownish gray, silty, peloidal dolomitic mudstone. Bedding is poorly developed with indistinct, irregular 208 

wavy partings. Subtle but distinct color mottling indicates bioturbation may have homogenized the 209 

bedding fabric. Fragmented to larger plant remains are observed in this unit. The overlying 30 cm bed is 210 

a dark gray, silty, peloidal, dolomitic mudstone with well-developed planar parallel laminations. Plant 211 

material is common to abundant in this bed, accentuating the planar lamination and enhancing fissile 212 

partings on weathered outcrop. 213 

The dolomitic mudstone interval is overlain by a 30 cm dark gray, skeletal grainstone. The 214 

skeletal fraction is dominated by microconchids, which had previously been described as spirorbid 215 

worms from this locality (Sandberg 1963; Zaton et al. 2021). The unit is characterized by planar parallel 216 

laminations with some possible development of low-angle, planar stratification. Plant material as 217 

charcoal and compressions is abundant in this unit, imparting a fissile parting character to the unit. 218 

A very thin and poorly exposed calcareous mudstone bed separates this lower microconchid 219 

skeletal grainstone unit from an overlying 60 cm thick packstone succession. The lower 25 cm is a dark 220 

gray-brown to black, peloidal packstone with thin lenses of microconchid skeletal grainstone. Although 221 

the peloidal packstone is planar laminated with fissile partings, the thin skeletal grainstones display 222 

crude ripple set geometries. Plant material as charcoal and compressions is abundant in this unit. 223 

The overlying 35 cm of this packstone succession is interbedded peloidal packstone and thin 224 

microconchid skeletal grainstone. The unit is dark gray to black with planar laminations interwoven with 225 

subtle scour-and-fill and ripple set geometries. Plant material is abundant as charcoal and compressions. 226 

Fragmentary fish material is also present in this package. 227 

The top of the Maywood Formation is a 35 cm unit of medium gray, silty, peloidal 228 

dolowackstone/dolopackstone. Bedding is characterized by very thin, millimeter laminae with subtle 229 

scour-and-fill to hummocky stratification. Fragmentary plant material is observed along the laminations. 230 

The top of the unit takes on a sucrosic texture near the contact with the overlying Jefferson Formation. 231 

Some subtle, low-angle truncation is observed along the formation contact across the outcrop. 232 
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 233 

Palynological Assemblage 234 

The palynological assemblage was investigated by scanning the 16 contiguous palynologically 235 

productive samples from the 2 m interval of the upper part of the formation. The spores are generally 236 

pale yellow in color and at a very low level of thermal maturity. Vitrinite reflectivity was measured on 237 

two samples (#6 and #11). These gave identical results of 0.25% based on 82 and 89 measurements 238 

respectively. The samples are rich in AOM so the values will be suppressed but have been corrected 239 

(Marshall 1998) to a phytoclast rich equivalent of 0.36%. This is equivalent to a maximum burial 240 

temperature of 53°C using the fluid inclusion-calibrated burial heating relationship of Barker and 241 

Pawlewicz (1994). The burial depth/temperature has clearly been very low. 242 

Preservation is generally excellent although there is some pyrite damage in some of the samples 243 

that have a high AOM content. These show a degree of exine homogenisation from preservation in a 244 

sapropelic environment. The Maywood Formation is carbonate cemented and the spores have not been 245 

as compacted as normally found in clastic sediments. This leaves void space between the spore wall 246 

layers that often remains air filled following mounting in Elvacite 2044. This can be advantageous as it 247 

reveals the presence of the internal spore wall layer. 248 

The palynological assemblage was remarkable in being dominated (fig. 4C) by a single species – 249 

Geminospora lemurata. Attempts were made to separate this into distinct morphs but, although highly 250 

variable in size, based on development of the inner body and the apparent thickness of the outer wall 251 

layer in plan-view it conforms with populations described by others (e.g., Playford 1983; Wicander and 252 

Playford 1985). 253 

As Geminospora lemurata was present at over 90% in all the samples (fig. 4C), a standard 254 

quantitative count was not attempted since the other components cannot yield statistically significant 255 

numbers. Instead, a total slide scan was made to build up a meaningful representation of the other 256 

palynomorphs present. The other obvious component is megaspores from Archaeopteris (fig. 4B), of 257 

which many hundreds are present per g of sample. 258 

Other spores include a number with a simple morphology that are present in most samples, 259 

including Retusotriletes distinctus and R. pychovii. There was also a single specimen of a large 260 

Calamospora. However, as over 14,000 specimens of Archaeopteris megaspores were physically counted 261 

using a microscope, a few unusual specimens were observed. These included corroded and broken 262 

specimens (fig. 5, l & m) that reveal the character of the intexine attached to remnants of the 263 

characteristic exoexine. These, if found as isolated specimens, would be clearly identified as 264 
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Retusotriletes distinctus and Calamospora, respectively, but as Archaeopteris megaspores they do not 265 

add to the diversity. 266 

Both Insculptspora confossa (fig. 6 m) and its megaspore-sized equivalent I. incrustata (fig. 6, l) 267 

are present in a few samples. These are unusual as species in both having a smooth exoexine but a 268 

sculptured intexine. A single specimen of Anapiculatisporites petilus (fig. 6, j) was also identified. 269 

A persistent component in all the samples is Cristatisporites cariosus (fig. 6, k and o) which is 270 

probably the most abundant element (between 0 to 3%) after Geminospora. This spore type has a very 271 

variable morphology and is often degraded, hence the specific epithet. It is identical to the specimens 272 

described by Wicander and Playford (1985). 273 

Spores with grapnel-tipped sculpturing are extremely rare, with only two specimens found of 274 

Ancyrospora (fig. 6, h). These had bifurcate tips (fig. 6, i) rather than being multifurcate. Hystricosporites 275 

and the other genera sculptured with bifurcate-tipped spines have not been found. 276 

Aneurospora greggsii (fig. 6, e) was found in samples 12 and 13. This is not dissimilar to 277 

Geminospora in size and sculpture, but there is no obvious intexine or inter-layer cavity and it has a 278 

thickened equatorial margin that forms prominent curvaturae. Aneurospora greggsii is known in situ 279 

from Archaeopteris (Fairon-Demaret et al. 2001) but from the much younger (by ~15 myr) A. roemeriana 280 

in the upper Famennian of Belgium. Aneurospora greggsii is abundant as a dispersed spore in the Upper 281 

Famennian of Belgium (Becker et al. 1974) with the clear conclusion (Fairon-Demaret et al. 2001) that it 282 

has replaced Geminospora lemurata as the microspore of Archaeopteris, as the group continually 283 

evolved and diversified through the Mid and Late Devonian. 284 

There is one single specimen of Rhabdosporites langii (fig. 6, f); this is the in situ spore of the 285 

aneurophytalean progymnosperms. 286 

A single specimen of Laiphospora membrana (fig. 6, g) was found in sample 12. This distinctive 287 

monotypic species was reviewed by Playford et al. (1983). It has a late Givetian to late Frasnian 288 

stratigraphic range and is only known from Iowa and Canada. 289 

A single specimen of Cristatisporites triangulatus was found (sample 16, fig. 6, p) with the 290 

distinctive regulate proximal sculpture and inter-radially thinned zona. This is a zonally important form 291 

with a stratigraphic range base in the early to mid Givetian to a range top in the late to mid Frasnian 292 

(Richardson and McGregor 1986). 293 

Present within many samples and with an abundance in sample 8 are coenobial algae in four-cell 294 

primary clusters that are referred to Musivum gradzinskii (fig. 6, q). This is a hydrodictyacean 295 

chlorococcalean alga known from the Devonian of Poland, Saudi Arabia, China, and North America 296 
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(Marshall et al. 2016). Also present in samples 7 and 8 are small numbers of small specimens of the 297 

prasinophyte Lophosphaeridium (fig. 6, s). There were also two tasmanitid specimens (fig. 6, r), both 298 

with thick walls and which, in consequence, remained air filled on mounting in Elvacite 2044. As 299 

palaeoenvironment indicators they are generally interpreted as marine but have also been ascribed 300 

(Tyson 1995) to a near shore lagoonal environment. A single specimen of Tornacia (fig. 6, t) was found 301 

that has an age range of early Frasnian to early Viséan (Acritax-JWIP; Playford 1993). No unequivocally 302 

marine acanthomorph acritarchs were found in the samples, consistent with the results of R.H. Tschudy, 303 

reported by Sandberg (1963). 304 

 305 

Archaeopteris 306 

 307 

The microspores of Archaeopteris 308 

 309 

Genus Geminospora lemurata Balme 1962 310 

Type species: Geminospora lemurata Balme 1962 311 

Geminospora lemurata (Balme) Playford 1983 312 

 313 

This species is as described by a number of authors (Playford 1983; Wicander and Playford 1985; 314 

Marshall 1996). It also includes the spores described as Geminospora micromanifesta var. minor by 315 

McGregor and Camfield (1982). The spore is relatively small and covered with a sculpture of regularly 316 

packed coni. What makes it distinctive is that the exoexine is thin proximally but thickened at least 317 

equatorially (fig. 5, d, g, h). This may be an equatorial rim feature or extend further around the body as a 318 

distal patina. In addition, the spore contains a smooth inner body (intexine, fig. 5, d, h). This can be 319 

obviously developed with a clear separation and hence a cavity (fig. 5, d, g, h) between the intexine and 320 

exoexine. Sometimes it can be tightly appressed to the exoexine (fig. 5, a, b, c) so the spore appears as a 321 

single wall layered apiculate spore. 322 

 323 

Dimensions: Overall equatorial diameter 39 (54) 83 μm, n=107 324 

 325 

There has been some confusion with the microspores identified as in situ within Archaeopteris. 326 

This includes the attribution of Cyclogranisporites by Pettitt (1965, 1966) that was adopted by Phillips et 327 

al. (1972). This is despite an intexine separated from a thickened exoexine being clearly discernible in 328 
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some illustrations (Phillips et al. 1972; Plate 45, figs 50, 54). This identification was corrected to 329 

Geminospora by Allen (1980) but has continued to be requoted (Balme 1995) as an additional and much 330 

simpler spore type found within the sporangia of Archaeopteris. Further confusion has been added to 331 

the in situ affinities of Geminospora lemurata when a spore with near identical morphology (it differs in 332 

that some specimens are tripapillate) was found (Chitaley and McGregor 1988) in a heterosporous 333 

lycopod cone. However, it is considerably younger (LN spore zone of the latest Famennian) and with a 334 

somewhat different megaspore. It is regarded here as a homeomorph. 335 

Tschudy, in an unpublished report included in Sandberg (1963), noted that the palynoflora from 336 

the Maywood Formation at Cottonwood Canyon consisted almost entirely of a single spore 337 

Punctatisporites cf. P. planus of Hacquebard. This is almost certainly Geminospora lemurata that had yet 338 

to be described at that time. 339 

 340 

The megaspores of Archaeopteris 341 

 342 

1953 Archaeozonotriletes macromanifestus Naumova 1953, plate II, fig. 16; plate VII, fig. 1. 343 

1965 Megaspores of Archaeopteris cf. jacksoni Dawson in Pettitt 1965, Plate 2, figs 1, 6 344 

1970 Biharisporites maguashensis Brideaux and Radforth 1970, Plate II, fig. 13 345 

1971 Contagisporites optivus (Chibrikova) Owens 1971, Plate XVI, figs 1-6 346 

1972 Megaspores of Archaeopteris macilenta in Phillips et al. 1972, plate 45, figs 46-47 347 

1972 Megaspores of Archaeopteris halliana in Phillips et al. 1972, plate 43, figs 27, 30, 33, plate 44, 348 

figs 34-41, plate 45, figs 43-45. 349 

 350 

Spores radial, trilete, camerate. Amb circular to oval to rounded triangular. Exine composed of 351 

two layers, the intexine which forms an inner body and the exoexine which completely surrounds it and 352 

is attached in the area of the proximal pole. Suturae vary from simple to elevated paired labra. The 353 

paired labra are characteristic for the smaller specimens of Contagisporites type (fig. 5, I, j, k) less than 354 

250 μm in diameter. On these smaller specimens the labra are joined to, and connected by, a prominent 355 

curvatural ring. The line of this curvatural ring is apparently coincident with the boundary of the intexine 356 

and exoexine attachment. On larger specimens there are less prominent labra (fig. 5, p, q) that 357 

terminate in curvaturae imperfectae. The largest specimens (fig. 5, t, u) have simple suturae and no 358 

curvaturae. The presence of curvaturae and elevated suturae labra is not mutually exclusive with 359 

maximum size. There are smaller spores with thin labra and curvaturae (fig. 5, figs q, r) and small spores 360 
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that have simple suturae and inconspicuous curvaturae (fig. 5, fig. n). The intexine is thin walled and 361 

usually quite conspicuous. The exoexine is obviously thicker walled – some 4 (9) 19 μm thick (n=40), 362 

measured on the equatorial section. The exoexine outside the contact area is sculptured with close 363 

packed coni and grana. These are conical to biform and include forms ascribed to the varieties C. optivus 364 

optivus (fig. 5, o, s, t, u) and C. optivus vorobjevensis (fig. 5, r). The larger specimens are more frequent 365 

broken and fragmentary. 366 

Dimensions: are given as min (mean) max of maximum equatorial diameters of exoexine and intexine.  367 

Dimensions are for spores with curvatural rings placed in Contagisporites optivus, and then the larger 368 

forms without distinctive curvaturae. Results are also given for the combined population. These 369 

measurements are in approximate proportion to their relative abundance. The exoexine and intexine 370 

diameters are cross-plotted on fig. 7 with exoexine sizes also presented as a histogram. 371 

 372 

All megaspores  220(349)548; 124(271)472 μm n= 201 373 

Contagisporites  220(280)376; 124(181)268 μm n=76 374 

larger spores  208(327)472; 252(391)548 μm n=124 375 

 376 

Discussion.  Observation of a large number of the megaspores shows a continuous variation 377 

from smaller specimens that are clearly Contagisporites to larger specimens that have usually been 378 

referred to Biharisporites. This linkage has been recognised before both in the bulk macerated 379 

population of Phillips et al (1972) and by Allen (1980) based on a dispersed population from the Givetian 380 

of Ella Ø, East Greenland that he regarded as originating from the same or related parent plants. The 381 

maximum equatorial diameter distribution (fig. 7) shows a continuous distribution between spores that 382 

have elevated labra and curvatural rings that would be identified as Contagisporites if found as 383 

dispersed spores and the larger megaspores that have weakly developed or lack curvaturae. 384 

There has been considerable and continuing confusion as to the identity of the megaspores of 385 

Archaeopteris. This is often the result of early identification when the descriptive terminology of 386 

dispersed spores was in its infancy, and has been advanced as an argument that the palynological based 387 

taxonomy does not map onto the palaeobotanical one, with many different genera present within single 388 

sporangia. It is useful at this point to review the taxonomic history of the megaspores. 389 

The first megaspores were described from Archaeopteris by Arnold (1939), from the lower 390 

Pocono of Pennsylvania. Subsequently, Pettitt (1965) described megaspores from other specimens of 391 

Archaeopteris reported by Arnold (1936) from the early Frasnian (McGregor 1996) of Escuminac, 392 
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Quebec and the Late Devonian at Port Allegany in Pennsylvania (Arnold 1939). Pettitt (1965) placed 393 

these megaspores within Biharisporites. This was a genus erected by Potonié (1956) to replace the 394 

monogeneric spore genus Triletes (as T. spinosus). Biharisporites was defined as a megaspore sculptured 395 

with densely packed coni, having an internal body and a curvatural feature that can be distinct. The type 396 

species is from the Early Permian of Gondwana and has been subsequently emended three times, most 397 

recently by Glasspool (2003). In the 1960’s Biharisporites was used several times for what are now 398 

regarded as distinctly different megaspores including B. ellesmerensis (now Verrucosisporites 399 

ellesmerensis and the co-occurring megaspore of the arborescent lycopod Protolepidodendropsis; Berry 400 

and Marshall 2015) and B. parviornatus (Richardson 1965) from the Eifelian of Scotland. Biharisporites 401 

parviornatus is not relevant here as it predates the inception of the archaeopteridalean 402 

progymnosperms. Despite this, B. parviornatus was used as a name for the in situ spores of 403 

Archaeopteris (Phillips et al. 1972). Biharisporites was also used by Vigran (1964) for a new megaspore 404 

species from the Givetian of Spitsbergen (B. spitsbergensis) that had been earlier identified by Høeg 405 

(1942) as Granulati type a. Vigran included within the species spores with a very distinctive curvatural 406 

ring accompanied by paired labra that are thickened at the intexine-exoexine contact, as well as larger 407 

specimens with the same sculpture and intexine but with much less distinctive curvaturae. Allen (1965) 408 

studied spore assemblages from the same section and recognised that the same spore had been 409 

previously described by Chibrikova (1959) as Archaeozonotriletes optivus, with a new variety (A. optivus 410 

vorobjevensis with coarser and denser sculpture) being subsequently added (Chibrikova 1962). Allen 411 

(1965) accepted A. optivus as the senior synonym but placed it with the genus Calyptosporites. The 412 

same species was also described by Taugourdeau-Lantz initially (1960) as Retusotriletes sp and then in 413 

1967 as Rhabdosporites cuvillieri. 414 

In 1971 Owens used the combination of the distinctive curvaturae coupled with a thick exoexine 415 

to create the new genus Contagisporites with the varieties optivus optivus and optivus vorobjevensis. 416 

Contagisporites was illustrated for the first time from Archaeopteris by Phillips et al. (1972) – as the 417 

megaspore of Archaeopteris (plate 43 fig. 24 and plate 44, fig. 38 of Phillips et al. 1972) – in their study 418 

of two heterosporous species of Archaeopteris from the Upper Devonian of West Virginia. As they had 419 

only limited success with spore recovery from sporangia, the description was mostly based on bulk 420 

maceration of the matrix that enclosed Archaeopteris fronds. These megaspores were not given names 421 

from the dispersed spore literature but placed in open nomenclature. The attribution of the West 422 

Virginia megaspores to Contagisporites was made subsequently in a review of Late Silurian and 423 

Devonian in situ spores by Allen (1980). 424 
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Contagisporites has now been widely recognised in Givetian palynological assemblages from 425 

across Euramerica. It has been used to define the latest Givetian OK palynological zone (Avkhimovitch et 426 

al. 1993; Turnau and Racki 1999) although it does appear somewhat earlier (Marshall 1996). However, 427 

the larger Biharisporites is rarely recorded although it is probably the spore figured as the new species 428 

Biharisporites maguashensis by Brideaux and Radforth (1970) from the Escuminac Formation of Quebec 429 

and particularly the specimen subsequently illustrated by Cloutier et al. (1996, Plate II, fig. 2). However, 430 

it should be noted that the bulk of the specimens measured from the Maywood Formation do not 431 

possess a strong curvatural features and so cannot be placed within Contagisporites. 432 

One spore that has not been discussed with respect to Archaeopteris is the megaspore 433 

Archaeozonotriletes macromanifestus described by Naumova (1953) from the Givetian and early 434 

Frasnian of Russia. Naumova (1953) reports its size as between 100-200 μm in diameter although its 435 

scaling relative to other spores on the plates suggests it is much larger. It has been reported and figured 436 

largely from Russia (e.g. A. macromanifestus var. angulatus of Chibrikova 1962), where it can be 437 

compared with the line drawing of Contagisporites optivus that is on the same plate (Chibrikova 1962 438 

plate XI, figs 5-6). Archaeozonotriletes macromanifestus has similar sculpture but differs in being 439 

somewhat larger and lacks the elevated labra or distinctive curvatural ring. It has also been figured by 440 

Braman and Hills (1992) from the Upper Devonian of the Northwest Territories, Canada. 441 

Archaeozonotriletes macromanifestus both conforms to the description of the larger megaspores from 442 

Archaeopteris and has the same morphological relationship to Contagisporites. It is interpreted here as a 443 

hitherto unrecognised dispersed megaspore of Archaeopteris. 444 

Dispersed spore taxonomy has generally been an artificial system based solely on morphology 445 

and to the exclusion of information from sporangia that shows what the natural range of variation 446 

within a particular sporangium should be. This range of variation does not map onto spores as described 447 

from dispersed populations. Conodont workers faced this dilemma (Knell 2012) in moving from a 448 

taxonomy based on isolated elements to one based on the complete conodont jaw apparatus. Clearly 449 

the issues faced in dispersed spore taxonomy are of a much greater magnitude in that the in situ 450 

information or even dispersed sporangia that contain bundles of natural taxonomic information is 451 

missing for most spores, although generally not for the major plant groups within floras. If we were to 452 

adopt such a system, the megaspores of Archaeopteris would, by priority and using form genera, 453 

become known as Archaeozonotriletes macromanifestus. This conforms with the intent of Russian 454 

palynologists who largely put the camerate spores with minor sculpture and thickened distal exoexines 455 

(i.e., the spores of progymnosperms) into Archaeozonotriletes. It was unfortunate that Potonié (1958) 456 
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chose the first illustrated specimen to become the type species Archaeozonotriletes variabilis, an 457 

atypical form that is not of progymnosperm affinity. This potential emendation of A. macromanifestus 458 

would also include Contagisporites as immature less developed specimens. 459 

As regards broadening the definition of Contagisporites to include forms without the prominent 460 

labra and curvatural ridge, this would significantly change the definition of a genus that is widely 461 

recognized, distinctive and an important zonal marker. So, it would be better to make such an 462 

emendation as part of a general taxonomic revision of both progymnosperm macrofossils and their in 463 

situ and dispersed spores. 464 

Although Biharisporites is a morphologically based genus that can be used throughout the 465 

geological column, its re-emendation (Glasspool 2003) has very much aligned it with a group of 466 

unrelated Permian megaspores from Gondwana that significantly post-date the extinction of the 467 

progymnosperm group. So, it is inadvisable and has been the cause of significant confusion to misapply 468 

this name to a group of somewhat different unrelated Devonian megaspores. 469 

It is of note that Contagisporites has been reported frequently in the Devonian spore literature 470 

in contrast to the larger-sized Archaeopteris megaspores. In part, this may be because the larger size of 471 

the latter renders them more prone to breakage and, consequently, less likely to be recovered regularly 472 

in routine palynological residues. If found, these larger megaspores would be simply noted as a not very 473 

distinctive type of megaspore. In contrast, Contagisporites is distinctive and with its prominent 474 

curvatural ring is robust. It is also normally the largest spore when found in routine palynological 475 

processed preparations. So, it is likely that the larger Archaeopteris megaspores were too large to 476 

become widely dispersed, so it is only when samples are taken in close proximity to the source plants 477 

that this type is recovered in noticeable quantity. 478 

 479 

Macroflora 480 

The plant meso- and macrofossils consist of fragments of charcoalifed wood (fig. 8, 10E-10G, 481 

supplemental fig. 1A), adpressions of axes (fig. 8F, 9, 10A, 10B, supplemental fig. 1B, 2E), foliage (fig. 482 

10C, 10D, supplemental fig. 2A), and sporangia (or sporangium contents) (fig. 11E-11H). Mesofossils 483 

hand-picked following acid-dissolution of rock samples include dehisced sporangia (fig. 11A, 11B, 484 

supplemental fig. 2B), clumps of spores released from sporangia (fig. 11C, 11D, supplemental fig. 2C, 485 

2D), and seed-megaspores (fig. 12A-12E). At macroscopic scales, the plant material is highly fragmented 486 

and specimens large enough to present diagnostic characters are rare. One exception is a horizon that 487 
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preserves a dense mat of compressed intertwined leafy axes (fig. 9D-9F), but there the oxidation of the 488 

material has obliterated many diagnostic characters. 489 

 The charcoalified wood occurs as fragments of varied size – from a few millimeters to several 490 

centimeters across (fig. 8, 10E-10H, supplemental fig. 1A). Many of the large charcoal fragments are 491 

rounded, oblate, and deposited with their two long axes parallel to the bedding planes (fig. 8B, 8D, 8E, 492 

supplemental fig. 1A). Examination in scanning electron microscopy and petrographic thin sections 493 

reveals tracheids with grouped pitting (fig. 10H) consisting of circular bordered pits with oblique slit-494 

shaped apertures, and uniseriate rays of low height (fig. 10F, 10 G). These are all typical of Callixylon-495 

type wood of archaeopteridalean progymnosperms, reported from Cottonwood Canyon by Sandberg 496 

(1963). 497 

 Charcoal also occurs as charred axes of diverse sizes, from a few millimeters to several 498 

centimeters across (fig. 8A, 8E, 8F). The axes are compressed fragments, often with rounded ends (fig. 499 

8E). They occur with high frequency in a few horizons of the sedimentary sequence, usually in 500 

association with the larger charcoalified wood fragments (fig. 8E). The charcoal of the axes is crumbly 501 

and tends to disaggregate, which leaves behind impressions of axes harboring small bits of charcoal and 502 

orthogonal lattices of fine veins formed by diagenetic mineral precipitation (fig.8E, 8F). 503 

 Most of the axes preserved as carbonaceous compressions are non-descript relatively short 504 

fragments (up to c. 10 cm) that do not exhibit appendages or branching (fig. 8C, 8F, 9A-9C). They are c. 505 

1-20 mm wide, some with rounded ends, and may be more or less oxidized, depending on the 506 

sedimentary facies of the host layer (fig. 9). Two specimens warrant special note. One is an axis 507 

fragment 6.5 cm long and 3 mm wide, branched dichotomously and bearing a few irregularly-spaced 508 

bases of lateral appendages c. 0.5 mm wide (fig. 10A). The habit of this axis is reminiscent of plants of 509 

the cladoxylopsid plexus, but the specimen does not exhibit sufficient diagnostic characters. The second 510 

specimen is a 6.5 cm long fragment of a very thin axis (up to 1 mm wide) with undulating habit and 511 

isotomous branching (fig. 10B) that falls under the broad taxonomic umbrella of the form-genus 512 

Hostimella. 513 

 Aside from the charcoalified wood, the most taxonomically-relevant information comes from 514 

sporangia and clusters of spores, and from a dense mat of compressed leafy axes (fig. 9D-9F). Because 515 

the axes are densely intertwined in large numbers and relatively heavily oxidized (fig. 9D), and probably 516 

also because of the morphology of the leaves themselves, entire leaves are very difficult to individuate, 517 

despite the size of the rock sample examined. The leaves are fan-shaped, long and narrow, and 518 

dissected into long strap-shaped lobes (fig. 10C, 10D, supplemental fig. 2A). Insofar as it can be 519 



18 
 

 

ascertained, they have open dichotomous venation, with veins branching at very high angles, which 520 

renders basal portions of the leaves and the strap-shaped terminal leaf lobes very similar to the axes 521 

that bear longitudinal striations. Additionally, the preservation of the axes is sub-optimal and some are 522 

split longitudinally at some places (fig. 9E), which are similar to the points of leaf dissection. The leaves 523 

are c. 1.6 cm long (some may be longer), 1 mm wide at the base, with a distal portion up to 5 mm wide, 524 

and with the tips of the distal lobes rounded (fig. 10C, 10D). Because of the reasons listed above, the 525 

attachment of leaf bases to axes is also hard to demonstrate unequivocally (fig. 9F). 526 

 The sporangia are fusiform and small, 1.0-1.8 mm long and 0.4-0.7 mm wide, with an epidermis 527 

consisting of long, narrow cells aligned parallel with the long axis of the sporangium (fig. 11A, 11B, 528 

supplemental fig. 2B). Most of the sporangia recovered by rock maceration are dehisced along a line 529 

that runs the entire length of the sporangium (fig. 11A). Together, these features are consistent with 530 

those of progymnosperm sporangia.  On bedding planes, sporangia are found isolated (fig. 11E-11G), 531 

with a few exceptions. In one case, a sporangium is attached to an axial fragment, probably part of a 532 

sporophyll (fig. 11G). In another case, four sporangia of the same type, all fragmentary, occur parallel to 533 

each other, forming a file (fig. 11H), similar to the positioning of sporangia typical of progymnosperm 534 

sporophylls. Consistent with all these progymnosperm similarities, the material recovered by rock 535 

maceration includes fusiform clusters of archaeopterid microspores and megaspores that represent the 536 

undissociated contents of sporangia (fig. 11C, 11D, supplemental fig. 2C, 2D). Similar clusters of 537 

microspores are also seen on bedding planes, sometimes in dense aggregations (fig. 11I), whereas the 538 

megaspores (300-360 µm in diameter) are often found isolated on bedding planes (fig. 11J, 539 

supplemental fig. 2E), sometimes in abundance (supplemental fig. 2E). 540 

Aside from the typical archaeopterid reproductive structures, we have observed a large isolated 541 

spinose spore (c. 1.4 mm diameter; fig. 11K) reminiscent of Ancyrospora (although it does not display 542 

sufficient diagnostic characters) on a bedding plane, and seed-megaspores (fig. 12). Like those originally 543 

described by Marshall and Hemsley (2003) as Spermasporites allenii, the seed-megaspore complexes 544 

recovered by rock maceration consist of a large functional megaspore, three abortive megaspores, and 545 

agglomerations of microspores covering the abortive megaspores (fig. 12A, 12G). The functional 546 

megaspores, 670-930 µm in polar diameter and 480-650 µm in equatorial diameter, exhibit a trilete 547 

mark at the proximal pole (fig. 12F, 12H) that is open in one of them (fig. 12H), which also contains a 548 

conspicuous dark inner body (fig. 12B). The microspores are 40-50 µm in polar diameter. Two of the 549 

seed-megaspore complexes are covered partially or entirely by an outer wall layer (fig. 12A, 12D), which 550 

shows characteristic longitudinal folds (fig. 12A). An isolated teardrop-shaped structure observed on a 551 
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bedding plane (fig. 12E) is probably a seed-megaspore or its separated external wall layer, as this 552 

structure has shape and size comparable to those of the seed-megaspore complexes from rock 553 

macerates, including marks similar to the longitudinal folds in their outer wall layers. 554 

 555 

Fauna 556 

The fauna includes microconchids (described by Zaton et al. 2021; see also the discussion 557 

section below) and fishes. Sandberg (1963) reported from the Maywood at Cottonwood Canyon fish 558 

remains identified by F.C. Whitmore and D.H. Dunkle as Bothriolepis, heterostracan and coccosteid 559 

plates, palaeoniscoid teeth, and Holoptychius. We observed fragmentary fish dermal skeletal elements 560 

including plates and scales, as well as coprolites possibly produced by fishes. 561 

A scale fragment sectioned vertically in a thin section (fig. 10E, 13A) resembles, at least 562 

superficially, the described cosmoid scale histology of sarcopterygians, such as Holoptychius (Mondéjar-563 

Fernández and Meunier 2021), a genus previously documented in the Maywood Formation. Cosmoid 564 

scales are characteristic of sarcopterygians (Mondéjar-Fernández and Clément 2012; Mondéjar-565 

Fernández and Janvier 2021), and have a network of vascular and pulp cavities and canals between an 566 

inner bony layer with narrow vascular canals and an external cosmine layer (Schultze 2016). Our 567 

specimen (fig. 13A), 1.2 mm thick, shows the network of canals underlain by a thick dense bony layer, 568 

but because of incomplete preservation it is unclear whether the cosmine layer is present. Holoptychius 569 

has a reduced to absent cosmine layer (Mondéjar-Fernández and Meunier 2021), so it is possible that 570 

this fragment actually represents this genus. 571 

A second scale, uncovered on a bedding plane (fig. 13B, supplemental fig. 3A), is also from a 572 

sarcopterygian, based on the round outline (Mid and Late Devonian actinopterygians generally have 573 

rhomboid scales). The scale is 9 mm across, with fine anteroposteriorly oriented ridges on the posterior 574 

edge, low tubercles in the anterior area, and covered by a thin shiny enamel layer. Among the 575 

sarcopterygians recognized in the Maywood Formation, the porolepiform Holoptychius has rounded 576 

scales that appear to lack cosmine, and the dorsal and flank scales of the genus have anteroposteriorly 577 

oriented bony ridges (Mondéjar-Fernández and Meunier 2020). However, this scale is not as heavily 578 

ornamented and not nearly as thick as the scales of Holoptychius. This scale is more similar to those of 579 

tetrapodomorph fishes, such as rhizodonts and tristichopterids (Mondéjar-Fernández, pers. comm., 580 

December 2021).  These groups were present throughout the Mid and Late Devonian but their members 581 

are very difficult to distinguish exclusively based on isolated scales. 582 
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Elongated, dark brown objects interpreted as coprolites occur on bedding planes. One of them is 583 

large (9-10 mm in diameter and more than 7 cm long) and crossed by an orthogonal network of fine 584 

diagenetic mineral precipitation veins (fig. 13C, 13D, supplemental fig. 3C). It consists of amorphous 585 

material that forms a “swirly” texture around “nests” of angular fragments up to 700 µm in size (fig. 13E, 586 

13F, supplemental fig. 3B). Careful scrutiny in thin sections demonstrates absence of any plant material, 587 

which indicates that this coprolite was not produced by an herbivore. 588 

 589 

Discussion 590 

Age of the Maywood Formation 591 

Palynostratigraphy.  Zaton et al. (2021) interpreted the age of the Maywood Formation as mid 592 

Givetian based upon the presence of Geminospora lemurata and rare specimens of Cristatisporites 593 

triangulatus (as Samarisporites). In the context of this somewhat older age estimate than suggested by 594 

the conodont calibrated sequence stratigraphy (Zaton et al. 2021), it is useful to discuss age evidence 595 

from our palynological assemblage. Given the extremely low diversity of the assemblage, it is important 596 

to understand the regional comparisons with previously described assemblages (Fig. 14), in addition to 597 

using global schemes that are typically based on diverse assemblages. Usefully, these regional 598 

palynology records form a mid Givetian to late Frasnian series of assemblages. The situation in the 599 

American Midwest is quite testing for palynology in that the sequence is dominated by platform 600 

carbonates to the detriment of fine-grained clastic sediment and, in consequence, to palynological 601 

preservation. 602 

Spores have been described (Peppers and Damberger 1969) from the thin Wapsipinicon Coal (~1 603 

cm) in the Davenport Limestone Member of the Wapsipinicon Limestone Group of central Illinois. This is 604 

now placed within the ansatus conodont zone and Iowa Basin T-R cycle 2c (Day and Witzke 2017; Day et 605 

al. 2006). The Wapsipinicon Coal contains a diverse assemblage including bifurcate-tipped spores, 606 

diverse Grandispora and Rhabdosporites langii. The most common elements are new species of 607 

Apiculatasporites, A. wapsipiniconensis and A. davenportensis. Careful scrutiny of the illustrations in 608 

Peppers and Damberger (1969) indicates that these specimens are almost certainly Geminospora 609 

lemurata in which the characteristic inner body was not recognized. The coal is vitrinite rich (Peppers 610 

and Damberger 1969) so, given the abundance of Geminospora, the Wapsipinicon Coal will represent 611 

the development of autochthonous Archaeopteris vegetation on a carbonate platform. There are rare 612 

acanthomorph acritarchs (Veryhachium octoaster) that indicate a very minor marine influence. 613 
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Another spore assemblage has been described by Sanders (1968) from the Cedar Valley Coal, 614 

which is similarly thin (~2-5 cm), and from within the lower part of the Coralville Formation of Iowa City, 615 

Iowa. This is now attributed to the upper disparilis conodont zone of late Givetian age and to Iowa Basin 616 

T-R cycle 4 (Day and Witzke 2017). The assemblage is diverse and contains abundant Geminospora 617 

lemurata with Ancyrospora, Rhabdosporites langii and Laiphospora membrana. Dow (1960) describes 618 

the coal as a cannel coal, with what is recorded as a hydrocarbon element in thin sections that is 619 

presumably AOM. In this respect it is comparable to our AOM-rich samples from Cottonwood Canyon 620 

and again represents an Archaeopteris flora on a carbonate platform. 621 

A further assemblage was reported by Guennel (1963) from a fissure filling in the Mid Silurian 622 

Tilden Reef, in western Illinois. In common with the other two short accounts, it contains a number of 623 

new species that are probably junior synonyms. The assemblage includes Geminospora lemurata (as 624 

Stenozonotriletes bellus, with the genus reported as abundant), Rhabdosporites langii (as R. firmus), 625 

Ancyrospora (as A. simplex, probably A. incisa) and Cristatisporites intermedius (possibly C. cariosus of 626 

Wicander and Playford (1985), in which case it would be the senior synonym). The age of this 627 

assemblage is less certain but it was reappraised by McGregor (1979) and seen as similar to a conodont-628 

dated spore assemblage from the Long Rapids Formation of northern Ontario, of early to mid Frasnian 629 

age. The abundance of Geminospora again indicates an Archaeopteris flora growing on a basement of 630 

Silurian limestone. 631 

McGregor and Owens (1966) figured spores from the Escarpment Formation of Northwest 632 

Territories, Canada that was dated with brachiopods as mid-Frasnian albertensis zone age. The 633 

assemblage includes Geminospora lemurata, Laiphospora membrana, Ancyrospora spp and 634 

Archaeoperisaccus spp. Archaeopteris megaspores are present as ?Archaeozonotriletes 635 

macromanifestus with the characteristic thickened labra of Contagisporites optivus. This assemblage is 636 

much further north (Fig. 14) and into the palaeolatitudes where Archaeoperisaccus was present. 637 

The only account of spores from a longer stratigraphic section is that of Wicander and Playford 638 

(1985), from a series of exposures of the Lime Creek Formation of northern Iowa. This is placed by Day 639 

and Witzke (2017) in the late Frasnian and as Iowa Basin T-R cycle 7A. It is from the lower Palmatolepis 640 

gigas conodont zone and also contains the ammonite Manticoceras regulare. The palynological 641 

assemblage is very much dominated by acritarchs. The lower diversity spore flora includes abundant 642 

Geminospora lemurata together with Cristatisporites cariosus and Laiphospora membrana. Ancyrospora, 643 

Grandispora and other characteristic late Frasnian spores are absent. 644 
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The significant question in interpreting the age of the Maywood Formation palynological 645 

assemblage is whether it represents either an ecologically very restricted assemblage from a flora that 646 

can tolerate growing on a carbonate platform in an arid climate, or it represents the typical 647 

contemporary Euramerican spore assemblage. The abundance of Geminospora may also be 648 

compounded by Archaeopteris likely being a spore super-producer, as a long-lived plant with abundant, 649 

small sporophylls that were probably abscised periodically. In contrast, cladoxlyopsids such as Wattieza 650 

(e.g., Stein et al. 2007), which represent another important component of Devonian vegetation at the 651 

global scale, had a different growth habit that probably led to comparatively smaller spore output. The 652 

Wapsipinicon, Cedar Valley and Tilden Reef palynological assemblages are from a near-identical 653 

palaeoenvironmental situation of Archaeopteris growing on a carbonate substrate within the same arid 654 

climate zone. They show an absolute abundance of Geminospora but more significant palynological 655 

diversity, with the other main groups of Devonian plants represented in the palynoflora. Thus, the 656 

absence of this spore diversity from the Maywood Formation palynological assemblage implies that it is 657 

younger in age. Wicander and Playford (1985) interpreted the Lime Creek Formation terrestrial 658 

palynomorph assemblages as very impoverished in terms of diversity and attributable to a nearshore 659 

open marine palaeoenvironment. Their conclusion of an open marine environment is entirely in accord 660 

with the presence of ammonoids and conodonts at the sampled localities. However, the assemblage is 661 

not too different from that of the Maywood Formation in terms of the abundance of Geminospora, 662 

persistent presence of Cristatisporites cariosus, presence of Laiphospora membrana and an absence of 663 

Ancyrospora and Grandispora. 664 

Of the age diagnostic species present in the Maywood, Cristatisporites cariousus is only known 665 

from the Frasnian (plus a non-figured, out of range, latest Famennian record in a metamorphosed 666 

palynological assemblage from Cornwall in the UK; Sellwood et al. 1993), and Laiphospora membrana 667 

from the late Givetian to late Frasnian (Playford et al. 1983). This implies that the early Frasnian age 668 

determined from sequence stratigraphic analysis of the conodont-dated overlying Jefferson Limestone is 669 

broadly correct. This early Frasnian age can also be interpreted in the context of the late Givetian 670 

Taghanic Event that caused significant extinctions (Abousallam and Becker 2011) in both the terrestrial 671 

and marine environments. In late Givetian arid zone palaeolatitudes on the Old Red Sandstone 672 

Continent, the sustained aridity (Marshall et al. 2011) associated with the extinction led to the 673 

disappearance of most spore diversity, resulting in a flora that was dominated by Geminospora, i.e. 674 

Archaeopteris. Bracketing this episode of aridity are two very significant marine transgressions with the 675 

upper being the Taghanic Onlap. This would have drowned out much of the remaining flora on the 676 
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carbonate shelves of the American Midwest. The combined effect would have been a depleted flora of 677 

Archaeopteris as the significant surviving element that was then able to spread across the carbonate 678 

shelf during times of relative low stand. 679 

 680 

Regional paleogeography and stratal relationships.  Regional stratigraphic relationships also 681 

argue against a Givetian age for the Maywood Formation in Cottonwood Canyon. The Souris River 682 

Formation may be as old as Givetian in the central part of the Williston Basin of North Dakota and 683 

northward into Canada (Sandberg 1961a) but is progressively younger by onlap out of the basin and 684 

onto the south and central arch region of central Montana and Wyoming. Likewise, Middle Devonian 685 

strata to the west are limited to Idaho and Utah with potential Givetian-aged strata in western Montana 686 

limited to displaced sections carried eastward on Overthrust Belt allochthons (Johnson et al. 1988, 687 

Grader and Dehler 1999). Like the Souris River, the Maywood thins by onlap to the south and east, thus 688 

becoming younger toward the Wyoming platform region. Thus, if the Maywood Formation in 689 

Cottonwood Canyon was in fact Givetian in age, it would be detached from any coeval marine Middle 690 

Devonian successions to the northeast and northwest by upwards of 200 kilometers, and would 691 

represent an older, isolated, fully continental setting, in which case it would not be genetically related in 692 

any way to the lower Frasnian Maywood succession of southern Montana. The Frasnian age estimate for 693 

this deposit makes it truly coeval with, and genetically related to, the Montana Maywood succession. 694 

These freshwater-dominated to nearshore marine deposits of the Wyoming and southern Montana 695 

Maywood Formation are the initial onlapping succession associated with the long term Frasnian 696 

transgression that would flood the southern Montana and northern Wyoming arches, culminating in 697 

deposition of the Jefferson carbonate platform. 698 

 699 

The Maywood Formation Flora and Vegetation 700 

The meso- and macrofossils of the Maywood plant assemblage that exhibit taxonomically 701 

diagnostic characters (sporangia and charcoalified wood) point to archaeopterid affinities of most 702 

elements of this flora. This inference receives strong support from the palynoflora, overwhelmingly 703 

dominated by Archaeopteris spores. This implies that the foliar material is also likely 704 

archaeopteridalean. Indeed, all Archaeopteris species possess cuneate leaf bases, if not leaves that are 705 

fan-shaped altogether, like those present in the Maywood. However, Devonian fan- or wedge-shaped 706 

leaves (also referred to as cuneiform of flabelliform) fall under a number of genera, including (but are 707 

not limited to) Eddya, Platyphyllum, Psygmophyllum, Ginkgophyton, Enigmophyton, Germanophyton, 708 
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Thamnocladites, and Flabellofolium.  Some of these have demonstrated or putative affinities with the 709 

archaeopterids, while others are morphology-based organ genera (some of which are nomenclatural 710 

labyrinths; e.g., Høeg 1942; Beck 1963, 1970; Stone 1973). As a result, the lines separating these genera 711 

are often blurry. Because of these taxonomic uncertainties, and due to the lack of sufficient diagnostic 712 

characters, we cannot propose an unequivocal taxonomic placement for our foliar material. 713 

Nevertheless, we note that circumstantial evidence points strongly to archaeopteridalean 714 

progymnosperms, and that this material is most similar to Archaeopteris notosaria (Anderson et al. 715 

1995) and A. sphenophyllifolia (Arnold 1936; Kräusel and Weyland 1941; Orlova et al. 2016), but also to 716 

Thamnocladites vanopdenboschii (Stockmans 1968), all of which are known from the Upper Devonian. 717 

 The overwhelming dominance of the archaeopterids in the fossil assemblage leaves little room 718 

for doubt about a vegetation consisting largely of monospecific forest stands. The abundance of 719 

archaeopterid charcoal indicates high incidence of wildfires. The presence of a Hostimella-type axis (fig. 720 

10B) and presence among the palynomorphs of Spermasporites seed-megaspores (fig. 12) alongside rare 721 

non-archaeopterid spores of other types, indicates that a few other plant types were present in small 722 

numbers in the area. Additionally, the Wyoming occurrence of Spermasporites extends the geographic 723 

range of the (unidentified) plant group that produced seed-megaspores. This range currently 724 

encompasses all of Euramerica, from Wyoming to Russia and north to Greenland (Marshall and Hemsley 725 

2003), and demonstrates that these plants were widely distributed and could thrive on the arid 726 

carbonate platforms of western Laurentia. Despite the abundance of archaeopterid remains, including 727 

relatively large charcoal fragments, large trunks typical of Archaeopteris are absent. This could be due to 728 

the limited exposure at Cottonwood Canyon or to the decomposition of trunks in situ, in the arid climate 729 

of the area, but it is also possible that the Maywood archaeopterids had smaller stature and a shrub-like 730 

habit, growing mangrove-like in along the margins of the Maywood basin (lagoon). 731 

 An obvious question regarding the low-diversity vegetation represented by the Maywood flora, 732 

is whether it reflects tight ecophysiological constraints driven by the environment – plants that can grow 733 

on an arid carbonate platform – and geographic position – far west of the centers of diversity at the time 734 

(e.g., eastern Laurentia; Stein et al. 2012) –, or is it telling us about age? Comparable palynomorphs 735 

assemblages from Illinois and Iowa (Guennel 1963; Sanders 1968; Peppers and Damberger 1969) (fig. 736 

14) are more diverse despite being from within platform carbonates. However, these assemblages are 737 

slightly older, Givetian (McGregor 1979; Day and Witzke 2017). On the other hand, the Lime Creek 738 

Formation flora (Wicander and Playford 1985), an early Frasnian palynomorph assemblage from the 739 

same region (Iowa) representing carbonate platform vegetation in the vicinity of a marine basin, is 740 
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impoverished, like the Maywood palynoflora. Based on these, we suggest that the Maywood 741 

assemblages represent archaeopterid forests with little understory vegetation, spread across the 742 

carbonate platform in the vicinity of the Maywood basin. 743 

 744 

Depositional Environments of the Maywood Formation 745 

Evidence from the sedimentary facies.  The very limited exposure of the Maywood Formation in 746 

Cottonwood Canyon makes interpreting the original dimensions of the deposit difficult, if not 747 

impossible. However, the close association of the Maywood with the underlying Beartooth Butte 748 

Formation indicates the Maywood occupied local low topography originally created by some 749 

combination of karst and fluvial erosional processes preceding and during Beartooth Butte deposition 750 

(Sandberg 1961b). This local incised channel-form would have been surrounded by plains of Bighorn 751 

Dolomite, in essence a regional pediment dipping to the northern Souris River/Maywood marine basins. 752 

Potential beveling of the Bighorn Dolomite by the Frasnian transgression that subsequently deposited 753 

the Jefferson Formation may have subdued the relief originally present during deposition of the 754 

Maywood, but as presently observed this relief is subtle. 755 

Whether this thin deposit represents the margin of a thicker Maywood channelized system that 756 

has been removed by recent erosion of Cottonwood Creek, or it records the entirety of a thin Maywood 757 

depositional system, is open to speculation. That said, this exposure of the Maywood Formation 758 

contains no extra-basinal terrigenous sediment (i.e. siliciclastic sand or bedded silt) packaged within 759 

traction or suspension beds that might indicate deposition in a fluvial margin splay/levee setting (Bridge 760 

2006). Likewise, no surfaces internal to the Maywood Formation are recognized exhibiting rooting or 761 

alteration that might suggest an exposed overbank/floodplain setting. Given this lack of suggestive 762 

sedimentary evidence, it does not appear the Maywood deposit was associated with channelized fluvial 763 

or estuarine deposition. 764 

The carbonate mud-dominated lithologies of the lower Maywood Formation at the study site 765 

suggest deposition in a low energy setting. While mottling in some of these carbonate mudstones 766 

indicates sediment re-working by burrowing organisms, the abundance of organic matter and the 767 

presence of pyrite demonstrates some level of oxygen depletion in the system, with at least reducing 768 

pore-waters in the early, shallow burial realm (Berner 1985). The planar laminated mudstone beds may 769 

have been deposited on sub-aerial mud flats, however there is no evidence of desiccation cracks, 770 

breccias, or other indicators of exposure in these facies. Thus, deposition of the lower Maywood 771 
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Formation appears to have been in a low energy, fully sub-aqueous environment that experienced some 772 

level of bottom water restriction and oxygen depletion. 773 

The skeletal and peloidal, grain-dominated carbonate lithofacies that overlie the mud-774 

dominated facies represent a relative shallowing of the depositional system to local wave-base or 775 

current-swept conditions. The planar parallel-laminated beds are typically associated with wave-776 

dominated, foreshore environments (Inden and Moore 1983), representing either the swash zone of a 777 

bar or an attached, fringing beach system. The ripple, hummocky, and low-angle scour and fill 778 

stratification styles represent traction transport and deposition of grains in an environment experiencing 779 

a mixture of current-and wave-dominated processes (Inden and Moore 1983). These bedforms are 780 

typical of the upper shoreface immediately offshore of the foreshore/beach. The interbedding of planar 781 

parallel and cross-stratified grain-dominated lithologies strongly suggests the upper portion of the 782 

Maywood Formation was deposited in the upper reaches of a wave-dominated environment, potentially 783 

as a beach system developed along the edge of the incised channel complex. 784 

While the presence of grain-dominated, planar and cross-laminated carbonates indicates 785 

deposition in a wave-dominated setting, the thickness and scale of these beds and bedforms are quite 786 

small (1 – 20 cm maximum), suggesting this deposit represents a local system with minimal fetch, thus a 787 

relatively quiet, low-energy shoreface. Even if the original deposit extended across modern Cottonwood 788 

Canyon and was eroded, the deposit would have been less than a kilometer in width. The length of the 789 

channel complex itself is also unresolved but would have to extend over 100 kilometers to the 790 

northwest to meet confirmed shallow marine Maywood Formation in southwest Montana (Meyers 791 

1980). 792 

 793 

Evidence from the palynofacies.  The palynofacies is dominated by AOM, with spores being the 794 

next most conspicuous element. Also present as a minority component are phytoclasts that are 795 

generally small and equant. Observation of polished thin sections in reflected light preparation shows 796 

these phytoclasts to be vitrinite, i.e., plant material that has collapsed to a gel in the AOM rich 797 

environment. Much rarer is charcoal that is identified as inertinite or semi-fusinite. Size sieving of the 798 

palynological samples at 150 µm revealed no intact sporangia, sporangial fragments and only clusters of 799 

microspores. There were a few samples that contained very few palynomorphs. These are from the 800 

layers with richest in recognizable archaeopterid remains and had significantly more phytoclasts and 801 

particularly larger fragments of charcoal. Also of importance is that the palynological assemblage and 802 
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palynofacies in all the samples through the upper meter of the Maywood Formation is essentially 803 

similar. So, the environment was stable and unchanging. 804 

Very pertinent to any argument about the paleoenvironment is the overwhelming abundance of 805 

AOM within the assemblage. AOM forms from the otherwise highly labile cellular material of microbial 806 

origin, which becomes preserved in a water column that is stratified with an anoxic lower layer. This 807 

arises either because stratification reaches up into the photic zone so that microbial production 808 

becomes rapidly preserved, or because microbial remains settle down through the water column to 809 

reach the anoxic layer. There are no unequivocal marine microfossils within the samples so the 810 

palaeoenvironment was clearly not a stratified normal marine environment. This leaves open only the 811 

possibilities of a coastal back bar stratified lagoon or a depression cut into the surface of the underlying 812 

Ordovician Bighorn Dolomite or the Early Devonian Beartooth Butte Formation (Noetinger et al. 2021). 813 

In both these situations the depositional environment has to be small relative to depth or with a 814 

geometry (i.e. long and linear like a back bar lagoon) that prevents wind driven circulation that would 815 

break up the stratification. In addition, large fragments of Archaeopteris including small stems and leafy 816 

shoots, charcoal, and fragile reproductive structures are present on distinct bedding planes that would 817 

represent the episodic inwash of fragmentary plant remains (wrack). 818 

The Musivum algae would have been growing as blooms in a ‘freshwater’ pool. They may 819 

represent either water derived from a nearby pool of fresh water or from within the same depositional 820 

system. The palynofacies is potentially a very significant constraint on the environmental interpretation 821 

given the abundance of Archaeopteris microspores and megaspores. Archaeopteris was a sizeable tree 822 

that has its biomass mostly within the trunk and branches (Callixylon) as wood, followed by its foliage. 823 

What is missing from the palynological samples is all this trunk/branch biomass as detrital debris with 824 

the Archaeopteris represented by its micro and megaspores and a minor component of small sized 825 

phytoclasts. The informative contrast is with the palynodebris from Carboniferous coals swamps that are 826 

dominated by plant tissue with spores being a subordinate component. This shows there was a very 827 

effective filter that only allowed an abundance of the microspores together with the much larger and 828 

normally much rarer megaspores to reach the stratified depositional environment. A plausible scenario 829 

would be that the palaeoenvironment of the Archaeopteris forest was arid, with little immediate surface 830 

runoff, so that the dispersed microspores and megaspores were transported by wind to the depositional 831 

environment. Periodically, storms would generate floods leading to substantial runoff that would bring 832 

into the depositional environment larger plant debris. Thus, branch and leaf debris from the surrounding 833 

Archaeopteris forest would reach the Maywood depositional system. 834 



28 
 

 

 835 

Evidence from the macroflora.  The abundance of charcoal and large but degraded plant stems, 836 

along with the rarity of foliage, provide important taphonomic insight on the depositional environment. 837 

First, the large sizes of the plant macrorests indicate proximity of the depositional environment to the 838 

plant source area. Given the arid climate that characterized the deposition of the Maywood Formation, 839 

this implies that the land surface approached and intersected the water table in the vicinity of the 840 

depositional basin, providing access to water for the vegetation that occupied a strip of land around its 841 

margins, like in an oasis. 842 

Second, the degraded state of this robust plant material – stems preserved without fine details – 843 

indicates long residence time at the soil-water, sediment-water or water-atmosphere interface prior to 844 

(transport and) burial. The rarity of well-preserved foliage is consistent with this interpretation, as leaves 845 

(especially the relatively delicate archaeopterid leaves) would be the first plant parts to break down in 846 

such conditions. Furthermore, the rounded ends of the stems and rounded shapes of the large charcoal 847 

fragments suggest winnowing of floating plant material in the vicinity of a beach. Overall, the 848 

association of plant material exhibiting all these preservational features with low-energy upper 849 

shoreface and beach carbonates, suggests wrack accumulation along a protected strand plain. In other 850 

words, the plant assemblages do not represent event deposition such as found in siliciclastic-dominated 851 

fluvial, estuarine, or deltaic settings, but the relatively slow burial of reworked phytodebris. In this 852 

context, the small delicate Archaeopteris sporangia and spore packages representing sporangial 853 

contents, are also consistent with transport over short distances. On the other hand, the preservation of 854 

such structures must represent random occurrences of fast burial from among much more abundant 855 

such material that was produced in high quantities by the vegetation surrounding the basin, but of 856 

which most was broken down or decayed in the taphonomically harsh environment and was not 857 

preserved. 858 

 859 

Microconchids.  The dominance of the microconchid Aculeiconchus sandbergi Zaton et al. (2021) 860 

at Cottonwood Canyon is of special note. This unusual accumulation of tube fossils was reported by 861 

Sandberg (1963), who regarded them as the annelid worm Spirorbis sp. Sandberg not only noted their 862 

importance in this deposit but also their association with abundant macrofloral and spore material, and 863 

fragmentary fish remains. He inferred from this association that the depositional environment was 864 

marginal marine but did not elaborate further. 865 
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Zaton et al. (2021) described this material from Cottonwood Canyon in detail, erecting a new 866 

genus and species (Aculeiconchus sandbergi), ascribing this tube fossil to the Order Microconchida 867 

within the Tentaculita, a problematic class within the lophophorates (Zaton et al. 2021; Vinn and Zaton 868 

2012). Although the microconchids can take on a variety of growth forms (Vinn 2010), they are 869 

nonetheless obligate hard substrate encrusters. Since the Early Devonian, land plants have been one of 870 

the preferred hard surfaces occupied by microconchids (Caruso and Tomescu 2012; Matsunaga and 871 

Tomescu 2017), continuing throughout the remainder of the Paleozoic and into the Middle Triassic 872 

(Kelber 1986, 1987). Although the new microconchid Aculeiconchus sandbergi has not yet been 873 

observed encrusting any plant material in the Maywood Formation (Zaton et al. 2021; this study), it 874 

possesses a unique morphology of spines with flaring tips that would have acted as stilts or struts, either 875 

adding extra support to the tube on the substrate or potentially elevating it above the substrate. 876 

Although this morphology is unique among microconchids (Zaton et al. 2021), A. sandbergi were still 877 

clearly encrusting some hard substrate. While colonization of the water bottom is certainly a possibility, 878 

the typical microconchid substrate available in the Maywood deposit would have been plants, either the 879 

land plants preserved in the deposit or potentially aquatic primary producers (i.e., algae) not preserved 880 

in the deposit. As noted previously, the paucity of foliage among the macrofossils and the abundant 881 

abraded stem material indicates that any land plant material that entered the aquatic environment and 882 

been encrusted by microconchids would have shed these tubes through time as the plants decayed. 883 

The co-occurrence of microconchids and land plants, often to the exclusion of any clearly marine 884 

fauna, led many researchers to the notion that microconchids in these cases represented fully 885 

freshwater environments (Caruso and Tomescu 2012; Zaton et al. 2012). This notion has not been 886 

without challenge (Gierlowski-Kordesch and Cassle 2015; see also Zaton et al. 2016 and Gierlowski-887 

Kordesch et al. 2016), and it is here acknowledged that deposits of abundant microconchids should not 888 

be taken as prima facie evidence of a freshwater system. What is of interest here is that the 889 

microconchids appear to be the only skeletal invertebrates present in the deposit. This extreme 890 

dominance-low diversity community structure is indicative of a highly stressed aquatic system (Davis 891 

and Fitzgerald 2020). Stable salinity profiles, either marine or fresh water, tend to support more diverse 892 

benthic communities, while variable salinity systems tend to support only benthic organisms that can 893 

tolerate salinity stress. The salinity in the reaches of this small system may have been highly variable, 894 

driven by either seasonal evaporation/rainfall or intermittent connection to open marine waters. 895 

However, the lack of any diagnostic marine palynomorphs in these samples argues against any 896 

connection to the Maywood–Souris River marine basin to the north. Beyond salinity, the preservation of 897 
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organics and abundance of pyrite in these beds indicate that bottom-water oxygenation was reduced, 898 

also potentially limiting a more diverse benthic fauna. While the mechanism driving this oxygen stress is 899 

not known, thermal or salinity stratification in low energy systems with minimal mixing may have been 900 

important drivers (Barnes 2001). 901 

 902 

The weight of convergent evidence.  Taken together, the lines of evidence discussed above 903 

converge on the interpretation of the Maywood Formation in Cottonwood Canyon as the product of an 904 

isolated lagoon or lake margin depositional system. Lagoons are usually developed in arid to semi-arid 905 

climates with highly seasonal or minimal overland riverine input to the lagoon and limited connectivity 906 

to the open ocean (Davis and Fitzgerald 2020). This setting is consistent with Mid and Late Devonian 907 

paleoclimate reconstructions, which place the northern Wyoming region in the southern arid belt 908 

(Scotese 2014). As noted earlier, the Maywood Formation at Cottonwood Canyon displays no facies 909 

indicative of fluvial channel, floodplain, or fluvial-estuarine deposition. Concurrently, the Cottonwood 910 

Canyon section is far from the open, shallow marine Maywood Formation facies belt in southern 911 

Montana, thus any barriers developed at the mouth of the Beartooth Butte – Maywood valley system 912 

would have restricted marine communication to the headwaters of the valley. The lack of clearly tidal 913 

depositional features at Cottonwood Canyon, along with the thin accumulation of low-energy, wave-914 

dominated facies indicate this was a small-fetch system with limited to no tidal communication to the 915 

open marine realm. The presence of the sarcopterygian fish Holoptychius also lends support to the 916 

interpretation of a freshwater depositional environment. Zaton et al. (2021) interpreted the Maywood 917 

in Cottonwood Canyon as an estuarine incised valley system, but without noting any typically fluvial-918 

estuarine, tidal-estuarine, or marine-estuary mouth features diagnostic of this interpretation. The 919 

restricted microconchid fauna in this isolated lagoon or lake appears to have thrived in the restricted 920 

conditions, opportunistically encrusting the transported plant material and filter feeding from the 921 

nutrient-laden water. The modest wave energy transported the plants and skeletal material shoreward 922 

where it built skeletal shore berms and accumulated wrack along the margin of the lagoon. 923 

 924 

Conclusions 925 

 This is the first detailed account of the Maywood Formation flora, one of only three Devonian 926 

floras previously recognized in western North America. Analysis of the palynomorph and plant meso- 927 

and macrofossil content of the unit, along with observations on the fossil fauna, provide data that have 928 

implications for the age and depositional environments of the Maywood Formation, and for Devonian 929 
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vegetation and plant biogeography. The flora is heavily dominated by archaeopterid progymnosperms. 930 

The palynological assemblage lacks unequivocally marine components and supports an early Frasnian 931 

age. Vitrinite reflectivity values indicate low burial depth and temperature (c. 53°C) of the Maywood 932 

Formation. The palynomorph content, along with macro- and mesofossils including charcoal, 933 

adpressions, sporangia, and spore packages reflect a vegetation that experienced high wildfire 934 

incidence, with quasi-monodominant archaeopterids but also including the parent plant of the seed-935 

megaspore Spermasporites (for which the Cottonwood Canyon occurrence represents a geographic 936 

range extension). Scales indicate the presence of sarcopterygian and tetrapodomorph fishes. 937 

Sedimentary facies, palynofacies, and plant macrofossil taphonomy are consistent with a lagoon or lake 938 

margin environment on a carbonate platform, disconnected from the open marine realm. We conclude 939 

that the arid carbonate platform of the western margin of early Frasnian Laurentia hosted a fire-prone 940 

vegetation cover dominated by archaeopterid progymnosperms. The Maywood Formation preserves 941 

fossil assemblages reflecting this vegetation at Cottonwood Canyon (Wyoming), in lagoonal or lacustrine 942 

deposits that also host microconchid tubeworms and fish. The parent plant of the seed-megaspore 943 

Spermasporites, present in this vegetation, was widely distributed all across Euramerica. 944 
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Figure captions 1243 

 1244 

Fig. 1   Base map of the Cottonwood Canyon study area. The locality is on the northwest flank of the 1245 

Bighorn Mountains, c. 27 km east of Lovell, Big Horn County, Wyoming (44o 52’14.08” N, 108o 3’ 26.21” 1246 

W). The 1500-meter contour roughly delineates the base of the steep western edge of the Bighorn 1247 

Mountains. The section is 1.16 km from the Cottonwood Canyon trailhead along the trail following 1248 

Cottonwood Creek, plus 150 m north of the trail, on the north wall of Cottonwood Canyon. The trailhead 1249 

is located at the end of Cottonwood Canyon Road c. 9 km from the junction with Alternate US Route 14. 1250 

 1251 

Fig. 2   Chronostratigraphic chart of Lower and Middle Paleozoic units exposed in Cottonwood Canyon. 1252 

Formations and their age are indicated, vertical lines indicate gaps with no rock record. The Cambrian 1253 

Gallatin Group, Upper Ordovician Bighorn Dolomite, and Upper Devonian Jefferson Formation are found 1254 

throughout Cottonwood Canyon. The Beartooth Butte and Maywood Formations are only found in 1255 

isolated exposures where they have truncated into the underlying Bighorn Dolomite. Note that most of 1256 

Ordovician, Silurian, and Devonian time is not recorded in Cottonwood Canyon strata. 1257 

 1258 

Fig. 3   Paleogeography of the Maywood and Souris River Formations in Montana and northern 1259 

Wyoming (after Hoffman 2020). Thick and shallow marine facies (blue) of the Maywood Formation in 1260 

western Montana and the Souris River Formation in the Williston Basin of eastern Montana are mapped 1261 

as thinning wedges onlapping the extended Transcontinental Arch in central Montana (ancestral Central 1262 

Montana Uplift) and southward into Wyoming. A transition zone of thin, discontinuous outcrops of age-1263 

equivalent continental strata (green) are recognized in outcrops from southwestern Montana and the 1264 

Bighorn Mountains of northern Wyoming, and are here considered Maywood Formation; position of 1265 

studied section indicated by red triangle. 1266 

 1267 

Fig. 4   A, Stratigraphic column of the Maywood Formation at the study site in Cottonwood Canyon 1268 

(Wyoming). This thin formation is underlain by the Upper Ordovician Bighorn Dolomite and overlain by 1269 

the Late Devonian Jefferson Formation. Gross lithologies of the Maywood Formation include dolostone, 1270 

dolomitic limestone, and limestone with a thin parting of calcareous shale. Carbonate textures range 1271 

from mudstones to grainstones (after Dunham 1962). Planar laminations dominate the sedimentary 1272 

bedding structures, although ripple and longer wavelength wavy laminations are also present. 1273 

Carbonate grain components include peloids and skeletal material. Skeletal elements appear to be 1274 
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exclusively of the microconchid Aculeiconchus sandbergi Zaton et al. 2021. Non-carbonate material 1275 

includes phytodebris (plant compressions and charcoal) and vertebrate fragments. Palynology samples 1276 

(P1-P26) indicated by green arrowheads.  B, Log of abundances of Archaeopteris megaspores per gram 1277 

of sediment.  C, relative percentages of Geminospora lemurata in the microspore assemblage. 1278 

 1279 

Fig. 5   Archaeopteris micro- and megaspores from the Maywood Formation in Cottonwood Canyon 1280 

(Wyoming). Sample and slide numbers are given; coordinates (e.g., 120.2, 6.6) are for Olympus BHS-313 1281 

microscope No. 230272 in the School of Ocean and Earth Sciences, University of Southampton together 1282 

with the slides for the figured specimens; England Finder references are given e.g., E38/3.  A-H, 1283 

Geminospora lemurata.  A, SR-5; 138.1, 21.7; E38/3.  B, SR-5; 134.4, 22.2; E34/1.  C, SR-5; 131, 21.5; 1284 

P30/2.  D, SR-5; 138.1, 20.2; G38/1.  E, SR-5; 136, 21.6; E36, 3.  F, SR-5; 131.6, 13.7; N31/3.  G, SR-5; 1285 

134.8, 22.4; D34/4.  H, SR-5; 132.5, 16.1; X36/1.  I-K. Contagisporites optivus.  I, SR-14 mega oxid; 136, 1286 

4.6; X36/1.  J, SR-15 mega oxid 1; 109.7, 12.7; P8/2.  K, SR-15 mega 130, 18.8; H29/4.  L-M, 1287 

Contagisporites optivus, corroded specimens with visible intexines.  L, SR-5 mega 1, 134.2, 13.4; O34/1.  1288 

M, SR-9 mega 1; 112, 3.7; Y11/1.  N-U, Archaeozonotriletes macromanifestus.  N, SR-16 mega, 122.4, 1289 

17.8; J24/3.  O, SR-15, oxid 1; 141.8, 11.1; Q42/3.  P, Sr-15 mega oxid 1; 121, 23.7; C20/4.  Q, SR-13 1290 

mega; 141, 7.8; U41/1.  R, SR-15 mega oxid; 144.9, 4.9; note sculpture typical of var. vorobjevensis.  S, 1291 

SR-15 mega oxid 2; 131.0, 9.0; S30/4.  T, SR-15 mega oxid; 120.2, 6.6; V19/2.  U, SR-14, mega oxid; 113, 1292 

10.2; R12/3.  All scale bars10 μm. 1293 

 1294 

Fig. 6   Spores, prasinophyte and chlorophyte algae from the Maywood Formation in Cottonwood 1295 

Canyon (Wyoming). Sample and slide numbers are given; coordinates are for Olympus BHS-313 1296 

microscope No. 230272 in the School of Ocean and Earth Sciences, University of Southampton together 1297 

with the slides for the figured specimens.  A, Retusotriletes birealis, SR-5; 125, 18.7.  B, Retusotriletes 1298 

distinctus, SR-11; 130.8, 10.9.  C, Retusotrilete pychovii, SR-12; 130.2, 12.1.  D, Calamospora sp., SR-5; 1299 

124.1, 20.  E, Aneurospora greggsii, SR-12; 139.1, 13.9.  F, Rhabdosporites langii, SR-5; 122.5, 14.7.  G, 1300 

Laiphospora membrana, SR-12; 131.7, 13.  H, I, Ancyrospora sp. (I is enlargement of bifurcate spine tip), 1301 

SR-5; 126.2, 23.9.  J, Anapiculatisporites petilus, SR-2; 127, 13.  K, Cristatisporites cariosus, SR-16; 122.9, 1302 

18.3.  L, Insculptospora incrustata, SR-15 mega oxid 1; 134.6, 21.2.  M, Insculptospora confossa, SR-6; 1303 

129.4, 7.6.  N, Stenozonotriletes ornatus, SR-12; 134.8, 13.6.  O, Cristatisporites cariosus, SR-16; SR-5; 1304 

123.4, 9.  P, Cristatisporites triangulatus, SR-16; 121.4, 17.9.  Q, Musivum gradzinskii, SR-8; 125.6, 13.1.  1305 



44 
 

 

R, Tasmanites, SR-5 lc; 127.2, 12.2.  S, Lophosphaeridium, SR-7; 124.4, 11.2.  T, Tornacia sarjeantii SR-17; 1306 

130.9, 16.4.  All scale bars10 μm. 1307 

 1308 

Fig. 7   Megaspore dimensions (Maywood Formation, Cottonwood Canyon, Wyoming). Cross plot of 1309 

exoexine versus intexine diameters for Contagisporites optivus (red dots) and the larger Archaeopteris 1310 

megaspores (Archaeozonotriletes macromanifestus; blue dots) separated by the possession of a 1311 

curvatural ring. The plot shows a continuous distribution with a consistent ratio between exoexine and 1312 

intexine diameters. The histogram based on the relative proportions of the megaspores (Contagisporites 1313 

optivus – red; larger Archaeozonotriletes – blue) showing the smaller numbers of Contagisporites 1314 

megaspores present relative to the larger more mature spores. 1315 

 1316 

Fig. 8   Macroflora of the Maywood Formation in Cottonwood Canyon (Wyoming); charcoalified material 1317 

and adpressions.  A, Large charcoalified axis on bedding plane (running bottom left to top right); the 1318 

charcoal is fragmented and part of it crumbled leaving an impression; HPH710; scale 2 cm.  B, Large 1319 

wood charcoal fragment with rounded outline, flattened on a bedding plane; HPH711; scale 2 cm.  C, 1320 

Bedding plane with small evenly distributed charcoal and coalified plant fragments, and small fragments 1321 

of thin axes; HPH712; scale 2 cm.  D, View of vertical plane of fracture in the layers; note rounded wood 1322 

charcoal fragments of different sizes, oriented with their long axes parallel to bedding planes; HPH713; 1323 

scale 1 cm.  E, Bedding plant with large flattened wood charcoal fragments and charred axes of different 1324 

sizes; axes are compressed, often with rounded ends and their charcoal is crumbly and disaggregates 1325 

leaving impressions that harbor small bits of charcoal and orthogonal lattices of fine veins formed by 1326 

diagenetic mineral precipitation (arrowhead); HPH713; scale 2 cm.  F, Bedding plane with axis fragments 1327 

and amorphous plant fragments of various sizes, some charred others carbonaceous compressions and 1328 

corresponding impressions; some axis fragments have rounded ends; in others, the charcoal is crumbly 1329 

and disaggregates leaving impressions that harbor small bits of charcoal and orthogonal lattices of fine 1330 

veins formed by diagenetic mineral precipitation (arrowhead); HPH714; scale 2 cm. 1331 

 1332 

Fig. 9   Macroflora of the Maywood Formation in Cottonwood Canyon (Wyoming); adpressions.  A, B, C, 1333 

Axes of various sizes preserved as carbonaceous compressions may be more or less oxidized, depending 1334 

on the sedimentary facies of the host layer; most of the axes are non-descript short fragments that do 1335 

not exhibit appendages or branching; HPH715 (A, scale 2 cm); HPH716 (B, scale 2 cm); HPH717 (C, scale 1336 

2 cm).  D, A horizon that preserves a dense mat of oxidized, compressed intertwined leafy axes; HPH718; 1337 



45 
 

 

scale 3 cm.  E, Detail of D; some of the axes are split longitudinally in several places, which are similar to 1338 

points of leaf dissection; HPH718; scale 2 mm.  F, Detail of D; leaf bases (traced in orange, at 1339 

arrowheads) are difficult to ascertain, due to the dense intertwining of axes, as well as their state of 1340 

decomposition and the oxidized state of the fossil material; HPH718; scale 5 mm. 1341 

 1342 

Fig. 10   Macroflora of the Maywood Formation in Cottonwood Canyon (Wyoming); adpressions and 1343 

charcoal.  A, Dichotomously branched axis bearing irregularly-spaced bases of lateral appendages; 1344 

HPH719; scale 2 cm.  B, Thin axis with undulating habit and isotomous branching; HPH720; scale 1 cm.  1345 

C, D, Fan-shaped leaves dissected into strap-shaped distal lobes with rounded margin; HPH721 (C, scale 1346 

2mm; D, scale 1 mm).  E, Archaeopterid wood charcoal fragment in the sedimentary matrix; note fish 1347 

scale (orange) under the charcoal; HPH722 slide 1; scale 1 mm.  F, Transverse section of charcoalified 1348 

archaeopterid wood; note evenly-sized tracheids and uniseriate rays (between arrowheads); HPH722 1349 

slide 2; scale 200 µm.  G, Oblique longitudinal tangential section of charcoalified archaeopterid wood; 1350 

note uniseriate rays only a few cells high (between arrowheads); HPH722 slide 3; scale 200 µm.  H, 1351 

Oblique longitudinal tangential section of charcoalified archaeopterid wood; note groups of mostly 1352 

biseriate pits; HPH722 slide 4; scale 200 µm. 1353 

 1354 

Fig. 11   Flora of the Maywood Formation in Cottonwood Canyon (Wyoming); sporangia and spores.  A, 1355 

B, Archaeopterid sporangia with fusiform shape retrieved from rock macerates; note epidermis with 1356 

long narrow cells, dehiscence line that runs the entire length of the sporangium (in A), and fully opened 1357 

sporangium (in B); HPH723 (A, scale 200 µm); HPH724 (B, scale 200 µm).  C, D, Clumps of archaeopterid 1358 

spores (C – microspores; D – megaspores) retrieved from rock macerates, representing undissociated 1359 

contents of sporangia; HPH725 (C, scale 200 µm); HPH726 (D, scale 200 µm).  E, F, G, Isolated 1360 

archaeopterid sporangia exposed on bedding planes; note fusiform shape of the sporangia and 1361 

sporangium attached to sporophyll fragment (in G); HPH727 (E, scale 200 µm); HPH728 (F, scale 400 1362 

µm); HPH728 (G, scale 500 µm).  H, Apical fragments of four sporangia probably attached to the same 1363 

sporophyll; HPH718; scale 200 µm.  I, Dense aggregation of clusters of microspores (representing 1364 

undissociated contents of archaeopterid sporangia) exposed on a bedding plane; HPH729; scale 500 µm.  1365 

J, Isolated archaeopterid megaspore (at center of image) exposed on bedding plane; HPH727; scale 400 1366 

µm.  K, Large isolated spore reminiscent of Ancyrospora exposed on bedding plane; HPH712; scale 200 1367 

µm. 1368 

 1369 
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Fig. 12   Flora of the Maywood Formation in Cottonwood Canyon (Wyoming); Spermasporites-type seed-1370 

megaspores.  A, B, C, D, Specimens retrieved from rock macerates; note abortive megaspores at top of 1371 

the large functional megaspore (A and C), mass of microspores around the abortive megaspores (A), 1372 

outer wall layer covering the seed-megaspores partially (A) or entirely (D) and exhibiting characteristic 1373 

longitudinal folds (A), and dark inner body inside the functional megaspore (in B and possibly C); HPH730 1374 

(A, scale 200 µm); HPH731 (B, scale 200 µm); HPH732 (C, scale 200 µm); HPH733 (D, scale 200 µm).  E, 1375 

Seed-megaspore or its separated external wall layer exposed on bedding plane; note longitudinal folds 1376 

characteristic of the outer wall layer of seed-megaspores; HPH714; scale 500 µm.  F, Detail of A showing 1377 

proximal pole of functional megaspore with two sides of the trilete mark (arrowheads) and parts of the 1378 

abortive megaspores (top); HPH730; scale 100 µm.  G, Detail of A showing abortive megaspores (dark) 1379 

surrounded by mass of microspores; HPH730; scale 100 µm.  H, Detail of B showing proximal pole of 1380 

functional megaspore with two sides of the trilete mark partially open (arrowheads); HPH731; scale 100 1381 

µm. 1382 

 1383 

Fig. 13   Animal fossils in the Maywood Formation at Cottonwood Canyon (Wyoming).  A, Fragment of 1384 

fish scale sectioned vertically in petrographic thin-section (detail of fig. 10E); note large canals forming a 1385 

network underlain by a thick dense bony layer with narrow vascular canals, all reminiscent of the 1386 

histology of sarcopterygian cosmoid scales; HPH722 slide 1; scale 400 µm.  B, Isolated sarcopterygian 1387 

fish scale exposed on bedding plane; note round outline with fine anteroposteriorly oriented ridges on 1388 

the posterior edge (top right) and low tubercles in the anterior area (bottom left and toward center of 1389 

scale), similar to tetrapodomorph scales; HPH734; scale 2 mm.  C, D, Two views of elongated dark brown 1390 

object deposited parallel with the bedding planes, interpreted as a coprolite; note orthogonal network 1391 

of fine diagenetic mineral precipitation veins crossing the object; HPH722; scale 1 cm.  E, F, Longitudinal 1392 

(E) and transverse (F) section of object interpreted as coprolite; note amorphous material that forms 1393 

“swirly” texture around “nests” of angular fragments, and network of fine diagenetic mineral 1394 

precipitation veins; HPH722 slide 5 (E, scale 2 mm); HPH722 slide 6 (F, scale 2 mm). 1395 

 1396 

Fig. 14   Deep TimeTM paleogeography map of Euramerica and northern Gondwana showing the location 1397 

of the Cottonwood Canyon exposure of the Maywood Formation (red dot) at the western extremity of 1398 

the Mid West carbonate platform, and previously published Mid and early Late Devonian spore 1399 

assemblages from other localities on the carbonate platform and in northern Canada (blue dots).  1400 
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Table 1   Spore and microplankton – taxonomic citations 1401 

 1402 

Anapiculatisporites apiculatus Guennel 1963 1403 

Anapiculatisporites davenportensis Peppers in Peppers and Damberger 1969 1404 

Anapiculatisporites petilus Richardson 1965 1405 

Aneurospora greggsii (McGregor) Becker, Bless, Streel and Thorez 1974 1406 

Apiculatasporites wapsipiniconensis Guennel 1963 1407 

Archaeozonotriletes macromanifestus Naumova 1953 1408 

Archaeozonotriletes variabilis Naumova 1953 1409 

Biharisporites ellesmerensis Chaloner 1959 1410 

Biharisporites maguashensis Brideaux and Radforth 1970 1411 

Biharisporites spitsbergensis Vigran 1964 1412 

Contagisporites optivus (Chibrikova) Owens 1971 1413 

Contagisporites optivus optivus (Chibrikova) Owens 1971 1414 

Contagisporites optivus vorobjevensis (Chibrikova) Owens 1971 1415 

Cristatisporites cariosus Wicander and Playford 1985 1416 

Cristatisporites intermedius Guennel 1963 1417 

Cristatisporites triangulatus Allen 1965 1418 

Geminospora lemurata (Balme) Playford 1983 1419 

Geminospora micromanifesta (Naumova) McGregor and Camfield 1982 var. minor Naumova 1953 1420 

Insculptospora incrustata (Arkhangelskaya) Marshall 1985 1421 

Insculptspora confossa (Richardson) Marshall 1985 1422 

Laiphospora membrana (Sanders) Playford, Wicander and Wood 1983 1423 

Retusotriletes biarealis McGregor 1964 1424 

Retuotriletes pychovii Naumova 1953 1425 

Retusotriletes distinctus Richardson 1965 1426 

Rhabdosporites cuvillieri Taugourdeau-Lantz 1967 1427 

Rhabdosporites langii (Eisenack) Richardson 1960 1428 

Stenozonotriletes bellus Guennel 1963 1429 

Stenozonotriletes ornatus Naumova 1953 1430 

Verrucosisporites ellesmerensis (Chaloner) Chi and Hills 1976 1431 

Veryhachium octoaster Staplin 1961 1432 
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Musivum gradzinskii Wood and Turnau 2001 1433 

Tornacia sarjeantii Stockmans and Willière 1966 1434 



Figure 1 Click here to access/download;Figure;Figure1.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146607&guid=1087a040-de48-48dc-bf35-f6b1be1f324e&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146607&guid=1087a040-de48-48dc-bf35-f6b1be1f324e&scheme=1


Figure 2 Click here to access/download;Figure;Figure2.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146608&guid=3e5a407a-5a41-4f38-8e92-ceab75714151&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146608&guid=3e5a407a-5a41-4f38-8e92-ceab75714151&scheme=1


Figure 3 Click here to access/download;Figure;Figure3.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146609&guid=6ea77bd0-b078-4ce5-9b07-73d4455cce46&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146609&guid=6ea77bd0-b078-4ce5-9b07-73d4455cce46&scheme=1


Figure 4 Click here to access/download;Figure;Figure4.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146610&guid=bcf7860b-d11d-49b1-bbd5-fa751bf6be12&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146610&guid=bcf7860b-d11d-49b1-bbd5-fa751bf6be12&scheme=1


Figure 5 Click here to access/download;Figure;Figure5.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146611&guid=6f399d63-9488-443b-ac98-047ef2dab58d&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146611&guid=6f399d63-9488-443b-ac98-047ef2dab58d&scheme=1


Figure 6 Click here to access/download;Figure;Figure6.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146612&guid=c97c8d82-0ec2-47f9-a86a-448633d6b7ce&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146612&guid=c97c8d82-0ec2-47f9-a86a-448633d6b7ce&scheme=1


Figure 7 Click here to access/download;Figure;Figure7.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146613&guid=66ab7912-dbca-479b-8a75-c97198113ce3&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146613&guid=66ab7912-dbca-479b-8a75-c97198113ce3&scheme=1


Figure 8 Click here to access/download;Figure;Figure8_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146614&guid=6257616e-f401-4122-b640-9ae254aeec74&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146614&guid=6257616e-f401-4122-b640-9ae254aeec74&scheme=1


Figure 9 Click here to access/download;Figure;Figure9_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146615&guid=a25b5a8e-32b0-48dd-9d0b-ce46743be114&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146615&guid=a25b5a8e-32b0-48dd-9d0b-ce46743be114&scheme=1


Figure 10 Click here to access/download;Figure;Figure10_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146616&guid=666fc11d-9953-40eb-a1d8-0dc67458c15d&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146616&guid=666fc11d-9953-40eb-a1d8-0dc67458c15d&scheme=1


Figure 11 Click here to access/download;Figure;Figure11_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146617&guid=31155544-986d-45ca-93dd-ad9a33fb064f&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146617&guid=31155544-986d-45ca-93dd-ad9a33fb064f&scheme=1


Figure 12 Click here to access/download;Figure;Figure12_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146618&guid=4ac73533-d40c-4988-8f96-f2cbcc4c0f08&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146618&guid=4ac73533-d40c-4988-8f96-f2cbcc4c0f08&scheme=1


Figure 13 Click here to access/download;Figure;Figure13_tones.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146619&guid=0e2eb70b-ad6e-4f0f-828c-38ddce772248&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146619&guid=0e2eb70b-ad6e-4f0f-828c-38ddce772248&scheme=1


Figure 14 Click here to access/download;Figure;Figure14.tif

https://www.editorialmanager.com/ijpss/download.aspx?id=146620&guid=829f9462-052f-4627-b4c8-b88b94c6a237&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146620&guid=829f9462-052f-4627-b4c8-b88b94c6a237&scheme=1


 
 

THE ARCHAEOPTERID FORESTS OF WYOMING: FLORA AND DEPOSITIONAL ENVIRONMENT OF THE 

UPPER DEVONIAN (LOWER FRASNIAN) MAYWOOD FORMATION 

 

John E.A. Marshall, Peter F. Holterhoff, Samar R. El-Abdallah, Kelly K.S. Matsunaga, Allison W. Bronson, 

Alexandru M.F. Tomescu 

 

 

Appendix 1   Supplemental figures 

  

Supplemental (online) Material - PDF Click here to access/download;Supplemental (online) Material -
PDF;MarshallEtAl2022_Appendix1.pdf

https://www.editorialmanager.com/ijpss/download.aspx?id=146623&guid=de2fc0c5-b4e9-4f22-9fe1-edc0ebed11a1&scheme=1
https://www.editorialmanager.com/ijpss/download.aspx?id=146623&guid=de2fc0c5-b4e9-4f22-9fe1-edc0ebed11a1&scheme=1


 
 

 

 



 
 

Supplemental fig. 1   Macroflora of the Maywood Formation in Cottonwood Canyon (Wyoming); 

charcoalified material and adpressions.  A, Oblique view of vertical plane of fracture in the layers; note 

rounded and angular wood charcoal fragments of different sizes, oriented with their long axes parallel 

to bedding planes; HPH711; scale 1 cm.  B, Fragmented plant material exposed in large quantities on a 

bedding plane; HPH735; scale 1 cm. 

  



 
 

 

 

 

 



 
 

Supplemental fig. 2   Flora of the Maywood Formation in Cottonwood Canyon (Wyoming).  A, Fan-

shaped leaves dissected into strap-shaped distal lobes with rounded margin; HPH721; scale 1 cm.  B, 

Archaeopterid sporangia with fusiform shape retrieved from rock macerates; note epidermis with long 

narrow cells, dehiscence line that runs the entire length of the sporangium; HPH736.  C, D, Clumps of 

archaeopterid spores (C – microspores; D – megaspores) retrieved from rock macerates, representing 

undissociated contents of sporangia; HPH737 (C); HPH738 (D); B, C, D scales 500 µm.  E, Bedding plane 

with small evenly distributed charcoal and coalified plant fragments; note multiple megaspores (circled); 

HPH739; scale 2 mm. 

  



 
 

 

 

 

 

 

 

 

 



 
 

Supplemental fig. 3   Animal fossils in the Maywood Formation at Cottonwood Canyon (Wyoming).  A, 

Isolated sarcopterygian fish scale exposed on bedding plane; note round outline with fine 

anteroposteriorly oriented ridges on the posterior edge (bottom right) and low tubercles in the anterior 

area (top left and toward center of scale), similar to tetrapodomorph scales; HPH734; scale 2 mm.  B, 

Longitudinal section of object interpreted as coprolite; note amorphous material that forms “swirly” 

texture around “nests” of angular fragments, and network of fine diagenetic mineral precipitation veins; 

HPH722 slide 7; scale 1 mm.  C, Elongated dark brown object deposited parallel with the bedding planes, 

interpreted as a coprolite; note orthogonal network of fine diagenetic mineral precipitation veins 

crossing the object; HPH722; scale 1 cm. 


