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ABSTRACT

The lower Frasnian (Upper Devonian)
Maywood Formation records incision of val-
leys into lower Paleozoic bedrock in fluvial to
estuarine settings in northern Wyoming and
deposition in estuarine to marine environ-
ments in southern Montana (USA). A distinc-
tive fossil assemblage of microconchids, plant
compression fossils, fish fossils, and micro-
spores represent fauna and flora that lived in,
and adjacent to, salinity-stressed ecological
niches in the upper reaches of the Maywood
valleys. A similar fossil assemblage is re-
corded in older Devonian valley-fill deposits
of the Lower Devonian Beartooth Butte For-
mation, indicating that valley incision and
subsequent transgression, occurred repeat-
edly over a span of nearly 30 million years
with organisms tracking the marine incur-
sions into the valleys. The fossil charcoal in
the Maywood Formation captures a record
of fire in adjacent terrestrial ecosystems. The
amount of dioxygen (0O,) was thus above the
fire window level (16 % by volume) and might
have been near modern levels in the earliest
Late Devonian atmosphere.

The nearshore deposits of the Maywood
Formation are overlain by extensive shallow
carbonate shelf strata of the Jefferson For-
mation, likely resulting from a global trans-
gression in the earliest Frasnian. A paired
positive and negative §3C,, ;onate fcary) 150t0-
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pic excursion in the Jefferson with a range
of >6%o is a signal of the globally recognized
“punctata” Event. The unconformably over-
lying Madison Limestone is lower Carbon-
iferous, except for a thin basal Upper Devo-
nian unit with marine palynomorphs. The
Madison regionally records eastward trans-
gression and establishment of widespread
marine deposition. It also contains two posi-
tive 813C_,,,, excursions (up to ~7.5%c) that
make up the mid-Tournaisian (= Kinder-
hookian—-Osagean boundary) carbon isotope
excursion (TICE/KOBE). These isotope data
provide a framework for regional and global
correlation of northern Rocky Mountain
strata and an archive of environmental and
evolutionary change during the middle-late
Paleozoic transition.

INTRODUCTION

Devonian to Carboniferous strata record a
critical transition in climate from greenhouse
to icehouse condition, the latter including the
late Paleozoic Ice Age (Buggisch et al., 2008).
This interval was also characterized by dramatic
biotic changes in invertebrate fauna (Signor
and Brett, 1984; Klug et al., 2010), reef ecosys-
tems (McGhee et al., 2004), tetrapods (George
and Blieck, 2011), and both vascular plants
(Scheckler, 2001; Meyer-Berthaud et al., 2010)
and seed-bearing plants (Falcon-Lang and Bash-
forth, 2004; Le Hir et al., 2011) with the first
emergence of true forests in terrestrial ecosys-
tems (Kenrick and Crane, 1997). This transi-
tion in climate was driven, in part, by a steady
decline in pCO,, which dropped from more than
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1000 ppm in the Early Devonian to perhaps
~280 ppm in the early to middle Carboniferous
(Foster et al., 2017). This decline has been linked
to enhanced burial of organic carbon in both
coal swamps (Berner and Raiswell, 1983) and
marine environments (Caplan and Bustin, 1999).
Elevated rates of weathering in uplands due to
both active orogenic events and colonization of
vascular plants also increased the consumption
of atmospheric CO,, and a concurrent rapid rise
in pO, is recorded in Famennian to Tournaisian
strata (Berner and Raiswell, 1983; Algeo and
Ingall, 2007).

In this study, we present sedimentologic,
paleontologic, stratigraphic, and paleoenviron-
mental data for Devonian to lower Carbonifer-
ous units in northern Wyoming and southern
Montana (USA) that allow for reconstruction of
the depositional history of the ancient western
region of Laurentia. In addition, we provide the
first high-resolution §'3C,,,, and 60, che-
mostratigraphic data for many of these units in
this region, which allows for accurate regional
and global correlation of middle to upper Paleo-
zoic strata and events.

LOCATIONS AND METHODS

We measured a 5.24-m-thick section through
a wide valley-fill deposit of the Maywood
Formation at Cottonwood Canyon on the
west side of the northern Bighorn Mountains
(N44°52'14.0", W108°03/26.5"), ~28 km to
the east of Lovell, Wyoming (Figs. 1A and 1B).
The Maywood rests on both the Middle Ordo-
vician Bighorn Dolomite and a large paleokarst
cavity fill of the Beartooth Butte Formation
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Figure 1. Study area locations. (A) Satellite image of the Cottonwood Canyon section, Wyoming (WY), USA. (B) Generalized geologic map
of Cottonwood Canyon area, WY (adapted from Love and Christiansen, 1983). (C) Generalized geologic map of Gallatin River section,
Montana (MT) (adapted from Kellogg and Williams, 2000). (D) Satellite image of the Gallatin River section, Logan section, and Milligan
Canyon section, MT. (E) Generalized geologic map of the Logan section and Milligan Canyon section, MT (adapted from Vuke et al., 2014).
€—Cambrian; Fm.—Formation; Lst.—Limestone; Mts—Mountains.

(Fig. 2). The overlying Jefferson Formation is
62.3 m thick, and it is in turn overlain by the
lower Carboniferous Madison Limestone. We
accessed the latter closer to the Cottonwood
Canyon trailhead, ~0.5 km into the canyon, on
the north wall (N44°52/06.7”, W108°03'38.5").
Two additional sections of the Maywood were
measured in Montana (Figs. 1C-1E): (1) in the
town of Logan along the Gallatin River (thick-
ness = 15.6 m; N45°53/22.7", W111°24/56.1";
Figs. 1D and 1E) and (2) in the Gallatin
Range near the ranger station 29 km SW of
Bozeman (thickness = 10 m; N45°27/44.3",
W111°14/48.7"; Figs. 1C and 1D).

Sections were measured in a bed-by-bed
manner with a tape, and covered intervals
were measured using a Jacob staff. Detailed
sedimentological data were collected from the
Maywood and Jefferson formations. Weather-
ing precluded detailed measurement of such
data in the Madison Limestone. Carbonate
isotope samples were collected every ~0.5 m
throughout the Maywood and Jefferson forma-
tions from the Cottonwood Canyon, Wyoming,
and Logan, Montana, localities. Samples were
also taken from the Madison Limestone at Cot-
tonwood Canyon with ~0.5 m sample spacing
for the lower 25 m, ~0.75 m spacing for the
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25-65 m interval, and ~1 m spacing from
65 mto 181 m.

Carbonate samples were cut with a trim saw
and powders were drilled using percussion
drill bits on fresh surfaces. Weathering rinds
and secondary veins were circumvented. Pre-
pared samples were then analyzed for carbon
and oxygen isotopes at Washington Univer-
sity in St. Louis, Missouri, USA. Carbonate
powders (~70-110 pg) were reacted with an
excess of 100% H;PO, at 72 °C for 4 h within
He-flushed, sealed tubes. Released CO, was
then gathered by a Thermo Scientific Gas
Bench II, with the isotopic ratios measured
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Figure 2. Cottonwood Canyon, Wyoming, USA. (A) North wall of the canyon, looking north-
east. Beartooth Butte Formation (Fm.) truncates the Upper Ordovician Bighorn Dolomite.
The lower Frasnian Maywood Formation was deposited in a laterally extensive, shallow
(5.24 m deep) paleovalley that is cut into the Beartooth Butte Formation near its center
and the Bighorn Dolomite at its edges. The Frasnian Jefferson Formation (63.22 m thick)
overlies the Maywood Formation, which is overlain by the cliff-forming Madison Limestone
(lower Carboniferous). Solid white lines represent observed contacts, and dashed white lines
represent inferred contacts. (B) Close-up on the north wall.

by a Thermo Scientific Delta V Plus. The
measurements were calibrated under NBS-
19, NBS-20, and two in-house standards.

Isotopic data from Cottonwood Canyon,
Wyoming, yielded a precision of +0.119%o
and an accuracy of +0.073%. for §'3C

carb»

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36728.1/6196060/b36728.pdf
bv Colorado Colleae Tutt | ibrarv/Periodicals user

for §'%0,,4, the precision is £0.219%0 and
the accuracy is +0.273%.. For isotope data
collected at Logan, Montana (Jefferson For-
mation), the precision is £0.071%¢ and the
accuracy is £0.076%o for §13C,; for 8180 .,
the precision is £0.198%o and the accuracy is
40.229%0. All results, expressed in %o nota-
tion on the Vienna Peedee belemnite scale, are
available in the Supplemental Material'.

Four samples of organic-rich shale, calcareous
shale, and calcisiltite were collected at 3.2 m,
3.5m, 42 m, and 4.53 m from the Maywood
Formation, and at 0.46 m of the Madison Lime-
stone from the Cottonwood Canyon locality for
palynology. Samples were processed for organic
microflora by the Global Geolab in Medicine
Hat, Alberta, Canada, prior to analysis. The slides
of samples were studied using a Nikon E200 and
illustrations taken with a video camera AMU-
SCOPE 14 Mp at the Centro de Investigacién
Cientifica y de Transferencia de Tecnologia a la
Produccién (CICYTTP), Consejo Nacional de
Investigaciones Cientificas y Técnicas, Gobi-
erno de la Provincia de Entre Rios, Universidad
Auténoma de Entre Rios, Argentina, where they
are housed under the acronym CICYTTP-PI.
Detailed methods are described in Zaton et al.
(2022) and di Pasquo et al. (2022).

GEOLOGIC BACKGROUND

Paleozoic strata of northern Wyoming were
deposited on top of Archaecan Wyoming prov-
ince crust across the ancient Wyoming shelf,
which during the early Paleozoic was bounded
by the Transcontinental arch to the south
and east and the Central Montana trough to
the north (Macke, 1993). Devonian through
lower Carboniferous strata most commonly
rest unconformably above the Upper Ordovi-
cian Bighorn Dolomite (Keefer and Van Lieu,
1966) (Fig. 3). Strata of the Beartooth Butte
Formation rest within incised valleys across the
upper surface of the Bighorn Dolomite (Dorf,
1934; Sandberg, 1961a, 1961b; Sandberg and
McMannis, 1964), which were cut at different
times in the Early Devonian (Fig. 3) during
long-term eustatic lowstands and/or vertical
displacements associated with dynamic topog-
raphy (Gurnis, 1993; Cao et al., 2019) since the
region was tectonically quiescent through most
of the Devonian (Grader and Dehler, 1999).
Previous work by Sandberg and McMannis

'Supplemental Material. §3C,,;, and 880
isotope data for the Maywood, Jefferson, and
Madison formations. Please visit https://doi.org/10
.1130/GSAB.S.24683019 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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(1964) suggested that the overlying Maywood
Formation is a similar valley fill unit. The age
of the Maywood was posited by di Pasquo et al.
(2022) to be latest Givetian to earliest Frasnian
and by Marshall et al. (2022) to be solely Fras-
nian; our isotopic data (see below) is consistent
with the latter (Fig. 3). Shortly after deposition
of the Maywood and Jefferson formations the
western margin of Laurentia transformed from
a passive cratonic margin to an active foreland
system of the Antler Orogeny during the latest
Devonian to early Mississippian (early Carbon-
iferous) (Silberling and Roberts, 1962; Smith
and Ketner, 1968; Johnson and Pendergast,
1981; Speed et al., 1988; Dorobek et al., 1991;
Ketner, 2012).

In the Beartooth and Bighorn Mountains of
Wyoming, the unconformably overlying Fra-
snian Jefferson Formation (Fig. 3; Sandberg,
1965) consists solely of the “lower member”
(the overlying Birdbear Member is absent). This

lower member is equivalent to the Darby For-
mation in the southern Bighorn Basin and Wind
River Range of Wyoming (Sandberg, 1965). The
formation is progressively younger and thinner
to the east, from Idaho to Wyoming (Grader and
Dehler, 1999). The unconformably overlying
Madison Limestone of lower Carboniferous age
is a thick, cliff-forming carbonate unit that con-
tains a thin latest Devonian Cottonwood Can-
yon Member at its base (Fig. 3). The Madison
generally records eastward transgression and
establishment of a marine carbonate system in
the Wyoming region during the earliest Carbon-
iferous (North American Kinderhookian Stage;
Macke, 1993).

MAYWOOD FORMATION
The Maywood Formation is a yellow-

weathering, carbonate-cemented, siltstone-
rich unit that outcrops across northern Wyo-
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ming and southern Montana. It is highly
variable in thickness, ranging from <5 m to
>100 m at its type locality in Montana (Sand-
berg, 1961a). The Maywood unconformably
overlies various units regionally and is over-
lain by the Jefferson Formation, with the con-
tact having been described as conformable
(Sandberg and McMannis, 1964). It is broadly
correlative with the Souris River Formation
of the Williston Basin (Sandberg, 1963) and
the lower part of Beaverhill Lake Formation
of Alberta Basin, Canada (Kauffman and
Earll, 1963). Regional stratigraphic patterns
have been interpreted to represent thinning,
younging, and onlap of the Maywood from
western Montana toward the south and east,
with the Cottonwood Canyon section at the
southeast limit of exposure of the formation
(Benson, 1966).

Cottonwood Canyon

The Maywood Formation at Cottonwood
Canyon (Figs. 2-5) is a valley-fill deposit that
overlies both the lenticular Lower Devonian
Beartooth Butte Formation and the Upper Ordo-
vician Bighorn Dolomite (Sandberg, 1961b;
Sandberg and McMannis, 1964). Our studied
section of the Maywood Formation rests on the
Bighorn and starts with a basal 80 cm unit of
yellow-tan weathering siltstone with a few scat-
tered fish fragments. The following 2.2 m of the
section is covered. The 1.22 m of strata above
the covered interval consists of calcareous shale
to shaley calcisiltite and dolosiltite (Figs. 4A
and 5). These fine-grained strata are generally
dark brown to black, and contain abundant
carbonized macerated plant remains and stem
impressions, with a few scattered microconchids
(~1 mm diameter on average; Fig. 4). A wide
variety of floral microfossils exist in these and
overlying beds (di Pasquo et al., 2022; Marshall
et al., 2022).

The upper 1.02 m of the section consists
of calcareous shale, calcisiltite, and <0.5 cm
thick gray, tan-weathering, thickly laminated
to very thinly bedded, fine to coarse grainstone
(Figs. 4B and 5). Beds of microconchid grain-
stone are present at 4.34—4.5 m, 4.53 m, 4.54 m,
and 4.93 m and component allochems consists
almost entirely of coiled microconchids (aver-
age ~1 mm) (Figs. 4C and 4D); phosphatic
fish remains are also present in these grainstone
beds. Calcitic and pyrite-coated microconchid
tubes, preserved as complete and fragmented
specimens, are commonly oxidized and densely
packed (Figs. 4C and 4D), and include Aculei-
conchus sandbergi (Zaton et al., 2022), a recently
described genus and species of microconchids.
Large (up to 3 cm), oval-shaped, dispersed coal



pebbles are present, as well as carbonized mac-
erated plant stems and plant impressions. The
Maywood Formation is gradationally overlain
by dolostone strata of the Jefferson Formation
(Figs. 3 and 4B).

Upper Paleozoic of Wyoming and Montana

Montana Sections

The Maywood Formation at Logan, Montana,
is 15.6 m thick and consists of yellow-weather-
ing dolosiltite to very fine dolograinstone with
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Figure 4. Maywood Formation at
Cottonwood Canyon, Wyoming,
USA. (A) Strata above the lower
2.2-m-thick covered interval.
The lower part of the Maywood
is characterized by calcisiltite/
dolosiltite. Abundant carbonized
plant debris are present with a
few scattered microconchids.
(B) Contact interval of the May-
wood and the Jefferson forma-
tions. Red fine-grained strata of
the upper part of the Maywood
Formation are overlain by the
thin to medium bedded dolomud-
stone of the Jefferson Formation.
(C) Microconchid grainstone
from 3.25m of the Maywood
Formation. Microconchids are
up to ~2 mm diameter (average
~1 mm). (D) An oxidized micro-
conchid from 3.25m showing
transverse riblets on the tube. (E)
Bedding plane showing relatively
pristine plant stem impressions
and charcoal clasts. Hammer for
scale. (F) Close-up showing plant
stem impression and adjacent
charcoal fragment.

two (15-18 cm thick) shale beds at 3.8 m and
9.2 m (Fig. 6). No marine fossils were noted at
this location. The Gallatin Range section of the
Maywood Formation SW of Bozeman is ~10 m
thick and locally has more than 5.3 m of relief
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along its basal unconformity surface, which rests
on the Cambrian Red Lion Shale (Sandberg and
McMannis, 1964; Fig. 6). The lower 1.7 m of
our section of the Maywood at this location con-
sists of green to gray, fissile shale interbedded
with minor, parallel laminated, 4- to 6-cm-thick
dolosiltite beds, and a few <5 cm thick, calcisilt-
ite-filled gutter casts (Fig. 6). The next 3.3 m
(from 1.7 m to 5 m) is a complex interval domi-
nated by massive, light gray, yellow weathering,
fine grainstone. The grainstone locally contains
a few intervals with scattered black chert clasts,
and two beds (50 cm and 35 cm thick at 2.86 m
and 4.7 m, respectively) with abundant silicified
clasts up to 6.5 cm across. There are also two
beds (5 cm and 15 cm thick) of shaley siltstone
with dispersed very coarse sand- to granule-sized
quartz grains (at 2.4 m and 5.0 m). The upper
5 m of the section consists of finely laminated

dolosiltite and very fine-grained, massive grain-
stone. Only a few beds in this interval contain
scattered quartz grains. There is a <3-cm-thick
horizon of possible solution breccia at 6.5 m,
and <0.5-cm-deep shrinkage cracks at 6.78 m.

Vertebrate Paleontology

Photomicrographs taken by one of us (MZ)
of phosphatic fish fossils in several samples col-
lected from the microconchid grainstone beds
reveal the presence of a variety of crown- and
stem-group gnathostomes. Chondrichthyans are
evident from tooth crowns (Fig. 7A) with char-
acteristic keels or cristae extending from apex
toward the tooth base. One example (Fig. 7A)
aligns with the broad class of shark teeth
described as “cladodont,” but also matches quite
closely examples known from members of the
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Symmoriiformes. One scale (Fig. 7B) is chon-
drichthyan and another possibly acanthodian—
the distinction between these designations is
increasingly arbitrary, sometimes little more
than size-based, as the latter are now recognized
as stem grade and included within the former.
The persistent presence of stem-group jawed
vertebrates is suggested by fragments, includ-
ing one specimen (Fig. 7C) with a “sawtooth”
edge as a series of slightly irregularly spaced
dermal denticles that shows some degree of
base overlap. This imprecise pattern is known
from the crests, rims, and keels of dermal skel-
etal plates in antiarch placoderms, such as the
extremely widespread antiarch genus Bothriol-
epis. Densely packed fields of tiny denticles are
difficult to attribute with confidence, and one
example (Fig. 7D) very likely represents part of
a larger structure. Lastly, ray-finned fishes, Acti-
nopterygii, are represented by likely teeth and
fulcral scales (Figs. 7E and 7F, respectively).
Teeth are attributed based on the distinctive cap
on the crown apex. In one example (Fig. 7E), the
shoulder surrounds the crown, where the tooth
surface angles quite sharply toward the apex, and
the tooth appears near circular in cross section
from base to apex, unlike the cladodont tooth,
which exhibits slight labio-lingual flattening.
Lastly, the scales and scale fragments include at
least one example of an actinopterygian fulcral
scale (Fig. 7F), likely from close to the base of
the leading edge (cutwater) of a fin. The example
shown is symmetrical around its long axis, with
simple ornament on the exposed surface and a
slight depression in the midline where it would
be overlapped by the adjacent member of the ful-
cral series. An assemblage of fish plates and fish
teeth was noted by Sandberg (1963) for the May-
wood Formation at this same locality, although
no photographs were presented. Marshall et al.
(2022) also described some fish remains from
this locality, including sarcopterygian pieces and
a possible tetrapodomorph fish scale.

Plants and Charcoal

The Maywood Formation contains several
horizons of sandstone, siltstone, and grainstone
with abundant plant fossils. The plant remains
are mostly comprised of stems (Figs. 4E and
4F) that locally display discontinuously pre-
served vasculature and sporadically preserved
large 5-cm-wide (megaphyllous?) leaves, both of
which are preserved as allochthonous and disar-
ticulated compressions. Common and conspicu-
ous charcoal clasts with 3-D preservation exist
along with the plant compression fossils in these
beds (Figs. 4E and 4F). In contrast with the plant
compressions, the charcoal clasts are extremely
soft, are low density, and have a dark black
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Figure 6. Detailed stratigraphic section from the Gallatin Range locality near the ranger
station, 29 km southwest of Bozeman, Montana (MT), USA, and one from the town of Lo-
gan along the Gallatin River near Three Forks, MT. The vertical axis is stratigraphic height
(in meters). Slst.—siltstone; Mdst—mudstone; Sltite—dolosiltite; F. grn—fine grainstone.

streak. These also exhibit brittle deformation,
are subrounded to rounded, have low to high
sphericity, and are sub-mm to 10 cm long, all of
which are features consistent with limited down-
stream transport in a fluvial system. We found no
in situ plant fossils in the Cottonwood Canyon

exposure of the Maywood (see di Pasquo et al.,
2022). The taxonomic identities of the plants are
uncertain, though some of the large stems and
leaves may have progymnosperm, lycopsid, and
early fern affinities (Beck, 1966; Stewart and
Rothwell, 1993; Gensel and Edwards, 2001).
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Microfossils

Zaton et al. (2022), in a preliminary palynologic
analysis of Maywood microfossils, identified ter-
restrial spores of lycopsids, primitive fern groups,
and progymnosperms. Di Pasquo et al. (2022) and
Marshall et al. (2022) provided a more detailed
analysis of the palynotaxa. Based on the presence
of microspore species Samarisporites triangula-
tus and Contagisporites optivus, di Pasquo et al.
(2022) assigned the Maywood Formation fos-
sil assemblage to the C. optivus/S. triangulatus
palynozone, a relatively long zone that spans the
late Givetian to early Frasnian. Climatic changes
associated with the late Givetian Taghanic event
caused significant faunal/floral extinctions (Algeo
and Scheckler, 1998; Turnau and Racki, 1999;
Aboussalam, 2003; Aboussalam and Becker,
2011; Marshall et al., 2011; Turnau, 2011, 2014),
including reductions in archaeopterids and aneu-
rophytes (di Pasquo et al., 2022). Such extinctions
did not affect flora lived far from shore, which
were better adapted and had higher survival rates
(Marshall et al., 2011; Turnau, 2014; Stein et al.,
2020). The landward setting for the Maywood at
Cottonwood, and the high abundance and low
diversity of archaeopterids progymnosperm (e.g.,
G. lemurata and C. optivus), led di Pasquo et al.
(2022) to thus prefer a late Givetian age for the
unit. This age preference was also supported by
the absence of lower Frasnian spore species such
as Chelinospora concinna, Verrucosisporites
bulliferus, Cirratriradites jekhowskyi, and
Lophozonotriletes media, which were used to
establish the Givetian—Frasnian boundary in the
Ardenne region of Europe (Streel et al., 2021).
The Upper Devonian prasinophyte Maranhites
(Gonzilez, 2009), which globally co-occurs with
land-derived palynomorphs in shallow, near-shore
marine deposits, is also absent.

Marshall et al. (2022) provided an alternative
explanation, namely that the Maywood fauna is
potentially Frasnian, an interval with generally
greater floral diversity. In their view, the depau-
perate fauna of the Maywood Formation would
have been linked to environmental factors,
namely, a stressed very shallow water setting
(see Zaton et al., 2022; di Pasquo et al., 2022).
Although biostratigraphic data cannot resolve
the age at present, our chemostratigraphic analy-
sis (see below) supports a lowermost Frasnian
age for the formation. This would suggest that
deposition of the Maywood at Cottonwood Can-
yon would have taken place during the IIb trans-
gression (Johnson and Sandberg, 1988).

Depositional Environment

Based on the presence of Bothriolepis
fish fossils, Sandberg and McMannis (1964)



suggested that the Maywood Formation at Cot-
tonwood Canyon was likely deposited in a mar-
ginal marine, brackish to freshwater environ-
ment, like the valley-fill deposit of Beartooth
Butte Formation. The large aggregation of
monospecific microconchids, and simultaneous
absence of other benthic fossils, suggests a pos-
sible stressed paleoenvironment, but like fish
fauna, they are unable to be used as unequivo-
cal paleosalinity indicators (Zaton et al., 2012).
The palynoflora assemblage is dominated by
spores and megaspores, including progym-
nosperms, which were major components of
swamp plant communities. Along with spores
of terrestrial herbaceous and shrubby lycopsids,
and primitive ferns, the overall floral assem-
blage indicate that the Maywood channel was
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in very close proximity to freshwater settings
(fluvio-lacustrine, lower floodplain, or paralic).
The assemblages also yielded (1) a few brack-
ish/marine prasinophyte algae, Quadrisporites
and Dictyotidium; (2) tetrads; (3) minor pyrite;
and (4) fine granular and fibrous amorphous
organic matter with orange fluorescence (di
Pasquo et al., 2022), all of which support a
brackish, shallow water setting (Zaton et al.,
2022; di Pasquo et al., 2022), as suggested
by Sandberg (1963). The preservation of the
microconchids as pyritic steinkerns in places,
suggests anaerobic early diagenetic conditions
and a source of sulfate, the latter of which is
consistent with brackish water conditions.

We agree with Marshall et al. (2022) that the
Maywood setting was a “...low-energy, fully
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Figure 7. Phosphatic fish fossils
from the microconchid grain-
stone of the Maywood Forma-
tion at Cottonwood Canyon,
Wyoming, USA. (A) Chon-
drichthyan tooth crown, likely
derived from symmoriid. (B)
Skin denticle/scale of acantho-
dians. (C) Closely packed den-
ticles from the trailing edge of
a fin spine or a dermal skeletal
plate from a keel of an antiarch
placoderm. (D) Field of den-
ticles of larger structure. (E)
Tooth of Actinopterygian (ray-
finned fish). (F) Fulcral scale of
Actinopterygian.

subaqueous...” setting. However, their interpre-
tation of the very thin to thin grainstone beds as
upper shoreface deposits of a wave-dominated
coast is unlikely, even if the shoreface was low
energy, as they suggest. The Maywood is domi-
nated by calcisiltite and the very thin grainstone
beds are intercalated with thin shale beds. Shore-
face deposits consist of meters to tens-of-meters
of generally medium to thick bedded, cross-
stratified, parallel laminated, and hummocky
cross-stratified sandstone that lack shale inter-
beds (Olsen et al., 1999; Wesolowski et al., 2018;
Li et al., 2021). The abundance of siltstone, rip-
ple scale of lamination, and shale interbeds are
inconsistent with facies models for wave domi-
nated upper shorefaces. The grainstone beds of
the Maywood Formation are <1 m below the



marine Jefferson Formation, which extends in
all directions across and well beyond the May-
wood incised valley. Thus, during deposition of
the upper Maywood, the valley would have had
~1 m of residual relief within a valley that was
<~100 m wide. Based on reconstructions of the
paleoshorelines at this time, the Maywood For-
mation valley at the Cottonwood Canyon loca-
tion would have been >100 km away from the
open ocean (Grader and Dehler, 1999; Hofmann,
2020; Marshall et al., 2022). Waves would not
likely have propagated far into the upper reaches
of a >100-km-long, shallow incised valley, and
given the depth and width, wave attenuation due
to friction would have been substantial (Madsen
et al., 1988). Small waves due to local winds
might have reworked the microconchids into
grainstone beds, but the limited fetch of the
incised valley and shallow depths would have
severely limited wave heights and energy levels.

It is unclear if the position of the Maywood
valley was in any way influenced by inherited
topography associated with the older Beartooth
Butte valley, which is located ~1km to the
east-southeast of our Maywood section in Cot-
tonwood Canyon (Elliott and Johnson, 1997;
Caruso and Tomescu, 2012), and was filled dur-
ing the Lochkovian—Pragian (Sandberg, 1961b;
Tanner, 1984; Caruso and Tomescu, 2012),
~30 m.y. before the lower Frasnian Maywood
Formation was deposited. One possibility is
that the fine-grained deposits of the Beartooth
Butte Formation filled the valley topography at
that time, but during the subsequent ~30 m.y.
new rivers were initiated in a similar location,
in part due to preferential erosion of the silty
Beartooth Butte valley fill relative to the older
Bighorn Dolomite into which the Beartooth
Butte Formation was incised. More locally, the
Maywood valley fill rests directly above a nar-
row, deep Beartooth Butte Formation paleokarst
cavity fill, and either residual topography or
the easily eroded uppermost fill of that cavity
may have influenced its position. In any case,
the reappearance of nearly identical lithofacies
and fossil assemblages of microconchids, plant
debris, cartilaginous and fragmented bony fos-
sils, and microspores (Elliott and Johnson, 1997;
Caruso and Tomescu, 2012; Zaton et al., 2022;
di Pasquo et al., 2022) suggests that low-diver-
sity, estuarine fauna likely filled salinity-stressed
niches and tracked marine incursions into val-
leys that were cut during previous lowstand con-
ditions, and that this pattern was repeated during
the Early to Late Devonian. The general tectonic
quiescence of this interval, and the fact that bed-
rock incised valleys are typically associated with
areas of tectonic uplift (Burbank et al., 1996),
suggest that eustasy and/or uplift associated
with dynamic topography (mantle flow; Flament
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etal., 2013) was a driver of these repeated events
of valley incision and deposition.

The presence of plant fossils and plant-derived
charcoal in the Maywood Formation provide a
sedimentary record of an early Late Devonian
terrestrial landscape adjacent to the Maywood
valleys, which was rich in woody shrubs and co-
evolving with fire events. Fire is a critical Earth
surface process (Bowman et al., 2009), and sedi-
mentary charcoal provides both a fossil metric of
the burning of ancient biomass (Glasspool et al.,
2015) and a constraint on the dioxygen content
of Earth’s atmosphere at the time of deposition
(Scott and Glasspool, 2006; Glasspool and Scott,
2010; Fischer, 2016; Fischer and Valentine,
2019). Charcoal is a pyrolytic product of wild-
fire and thus it provides a measure of combustion
(Chaloner, 1989; Scott et al., 2013). The oldest
known charcoal is upper Silurian (Glasspool
et al., 2004), and it forms a record that paral-
lels the evolution of plants and establishment of
terrestrial ecosystems throughout the Devonian
(Harland et al., 1976; Lapo and Drozdova, 1989;
Goodarzi and Goodbody, 1990; Volkova, 1994;
Cressler, 2001; Kennedy et al., 2013).

There are longstanding questions about the
history of O, throughout the Paleozoic and its
relationships to animal and plant evolution
(Algeo and Scheckler, 1998; Berner, 2006;
Algeo and Ingall, 2007; Dahl et al., 2010; Len-
ton et al., 2016; Wallace et al., 2017). The wide-
spread presence of charcoal in the Maywood
Formation provides useful bounds on ancient
atmospheric O, during the earliest Late Devo-
nian. The late Emsian to Givetian is considered
to record a “charcoal gap,” although there is
almost no record of charcoal in the Frasnian
except microscopic charcoal fragments in a
single lower Frasnian coal, despite rapid diver-
sification of the woody tree Archaeopteris in the
Frasnian (Scott and Glasspool, 2006; Glasspool
et al., 2015; Lu et al., 2021). Experiments and
calculations have revealed that below an atmo-
spheric O, content of 16% by volume (assum-
ing a mass of 1 atmosphere) fire will not spread
regardless of the moisture content of the vegeta-
tion, which establishes a lower limit to the fire
window (Cope and Chaloner, 1980; Chaloner,
1989; Belcher et al., 2010, 2013; Watson and
Lovelock, 2013). Our results indicate that earli-
est Late Devonian O, exceeded this lower thresh-
old, and that fire and charcoal production took
place during the interval hypothesized to have
no macroscopic charcoal. This O, constraint
underscores the importance of the tight, and
poorly understood, biogeochemical feedbacks
that maintained atmospheric O, levels over
much of Phanerozoic Earth history, even despite
its extremely short (~700-year) residence time
(Fischer and Valentine, 2019).
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JEFFERSON FORMATION

The Jefferson Formation is well exposed
in areas of Idaho, Montana, and Wyoming
(Fig. 8A), with spatial variations of lithologies
(Sandberg, 1965; Grader and Dehler, 1999;
Grader et al., 2017). Sandberg and Poole (1977)
noted a higher content of siliciclastic detritus
in the formation in south-central Montana, and
they ascribed the increased siliciclastic sediment
influx to the E-W-trending Central Montana
Uplift and the Yellowstone Uplift, which are two
paleo-highs formed during the early stages of the
Antler Orogeny.

The formation is progressively younger and
thinner to the east, from Idaho to Wyoming
(Sandberg et al., 1988; Grader and Dehler,
1999; Grader et al., 2017). The total thickness
of the lower member of the Jefferson Forma-
tion, specifically, decreases southeastward,
from Montana (~200 m) to the Bighorn Moun-
tains, Wyoming (~70 m), where it reaches the
southernmost extent of deposition (Sandberg,
1965). Johnson et al. (1985) assigned parts of
the Jefferson Formation in central Idaho to con-
odont zones ranging from Polygnathus varcus
to Palmatolepis triangularis, which span the
mid-Givetian to lowermost Famennian stages.
Sandberg (1965) and Sandberg et al. (1988)
assigned a Frasnian age to the lower member
of the Jefferson in most parts of Montana and
Wyoming. The Jefferson Formation at Cot-
tonwood Canyon section was assigned to the
hassi Zone by these authors based on lithologi-
cal correlations to sections in Montana. Little or
no conodont data have been published on Jef-
ferson exposures in the Bighorn Mountains. We
provide a detailed measured section from Cot-
tonwood Canyon, Wyoming, where the strata
are well preserved and diagenetic alteration
is minimal (Fig. 9). Chemostratigraphic data
from this section and from a section at Logan,
Montana, are presented below, although for the
latter no detailed stratigraphic section is pre-
sented because the strata are heavily weathered
and little primary sedimentary structures are
preserved.

Description

The Jefferson Formation consists primar-
ily of gray to tan weathering, very thin to thick
bedded dolograinstone, dolomudstone, dolosilt-
ite, and marl. These lithologies locally (e.g.,
fine grainstone at 46.16 m) contain 5%—-10%
dispersed frosted silt to medium sand quartz
grains, as well as minor feldspar and glauconite
(Fig. 8D), although in a few beds of dolosiltite
(e.g., 47.48 m, 55.17 m) quartz make up ~50%
of the rock.



The dolomudstone beds are primarily
1-2 cm thick and commonly contain fenestrae
(e.g., at 9.1 m to 9.9 m, and at 28.62 m and
47.98 m; Figs. 8B and 9) and calcite-cement
filled vugs, particularly in the ~1.0-9.0 m
interval, although they are present throughout
(Fig. 9). The fenestrae are filled with calcite
and have both flat (laminoid) and irregular
geometries. Flat types are characterized by
flattened, curved to planar, subparallel pores
that are typically 1-5 mm thick and less than
20 mm long. The irregular fenestrae are scat-
tered, nearly equidimensional pores (birdseyes)
that typically ranges from 1 mm to 5 mm in
diameter (Fig. 8B). The dolosiltite is very thin
to thinly bedded (average 1-5 cm) and tends
to be flaggy-weathering and poorly exposed
(Fig. 8E). One bed, at 8.72 m, consists entirely
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of thin to medium bedded, medium- to coarse-
grained quartz sandstone (Figs. 8F and 9),
which is sharply overlain by fenestral dolo-
mudstone. There is also a single bed (at 28 m)
of purple to dark red, near-clast-supported, flat
pebble (average ~1 cm) conglomerate with
subrounded to subangular dolosiltite clasts.
Paleokarst cavity fills are also present in the
Jefferson dolomudstone beds and are filled
with calcite cement, breccia, and red dolosiltite
(Fig. 8C). These include tubular to lenticular
dissolution vugs (average 1-7 mm), some of
which are filled with calcite cement, siliciclas-
tic silt, and endogenetic breccia. The breccia is
clast-supported, with clasts that are subangular
to subrounded, and show mosaic and crackle
fabrics suggestive of in situ derivation and disin-
tegration. Sizes of the breccia clasts range from
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Figure 8. Jefferson Formation
at Cottonwood Canyon, Wyo-
ming, USA. (A) The Jefferson
Formation and overlying cliff-
forming Madison Limestone.
(B) Irregular fenestrae filled
with calcite cement at 9.1 m.
(C) Small-scale paleokarst
filled with breccia and calcite
cement at 9.1 m. (D) Sandy
dolomudstone at 48.82 m of
the Jefferson Formation under
cross-polarized light. Rounded
to well-rounded, frosted quartz
grains are present in a micritic
matrix. Minor amount (<5%)
of feldspar and glauconite
are also present. (E) Flaggy-
weathered dolosiltstone beds
at 14.12 m. (F) A 38-cm-thick,
quartz-cemented sandstone at
8.72 m. Pencil is 14 cm long and
pencil tip is 2 cm long, for scale.

granule to pebble (Fig. 8C), and there is locally a
bimodal distribution of clast sizes. Many cavity-
fills of breccia at 9.1-10.0 m are vertical pipes
with collapse breccia.

Stratigraphic Patterns

The lower 8.72 m of the Jefferson Formation,
above its gradational contact with the May-
wood Formation, is highly vuggy dolomud-
stone facies, and the upper 2 m of this interval is
intensely karsted with cavities filled with brec-
cia, dolosiltite, and calcite cement (Fig. 9). This
is directly overlain by the 38-cm-thick quartz
sandstone unit.

This is followed by a massive bed of vuggy
dolomudstone facies with fenestrae at 9.1 m.
An upward-coarsening succession exists from
9.9 m to 28 m, where the facies changes from
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massive dolomudstone, to flaggy dolosiltstone,
then to coarse dolograinstone and vuggy dolo-
mudstone (Fig. 9). This is capped by the flat
pebble conglomerate bed at 28 m. Several
similar 2- to 4-m-thick coarsening-upward
cycles are present above 28 m. These show
facies changes from non-vuggy dolomudstone
and dolosiltstone to fine to coarse dolograin-
stone, and they are overlain by silty marl or
dolomudstone (Fig. 9). The dolomudstone
at the caps of these cycles contain abundant
vugs or fenestrae. These are sharply overlain
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by non-vuggy, fenestrae-free dolomudstone,
dolosiltite, or marl.

Cycle tops above 47.98 m commonly have
dispersed medium to coarse, frosted quartz
grains. The section from 50.49 m to 63.23 m
shows a facies change from dolomudstone to
sandy dolosiltite and then silty shale, with an
upward-increasing percentage of quartz grains
(Fig. 9). Many beds contain dispersed frosted
quartz (average 30%) in the upper part of this
interval, and one bed of coarse quartz sandstone
with frosted grains is present at 56.44 m.
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Depositional Environments

The Jefferson Formation at Cottonwood
Canyon has a notable absence of depositional
sedimentary features such as wave ripples,
cross-bedding, sole marks, or mud cracks. Fos-
sils are not abundant, and there are only limited
biogenic sedimentary structures (e.g., cryptomi-
crobial laminite). The dolomitized facies all rep-
resent a generally shallow, inner carbonate shelf
that shows no evidence of significant wave- or
tidal-diagnostic sedimentation. Relative water



depths were reconstructed, based primarily on
the distribution of sandstone beds and both shal-
low water and subaerial exposure features (i.e.,
fenestrae and paleokarst) (Fig. 10).

In general, the dolograinstone was likely
deposited in shallower environments than the
glauconite-bearing shelf dolomudstone facies.
Interbeds of dolograinstone with dolomud-
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stone may represent event beds, although the
general lack of visible stratification makes it
difficult to discern the nature of the (presumed)
higher energy flows. The marl facies may have
formed in comparatively distal quiescent areas
where carbonate production tailed off. These
more distal regions of the shelf received ter-
rigenous clay from point sources along the

length of the carbonate platform and/or from
eolian sources.

The coarsening upward cycles of the Jeffer-
son are interpreted as shoaling successions from
deeper marl facies through to intensely karsted
carbonate (Fig. 10). Basal deposits of shoaling
cycles contain massive, non-vuggy facies such
as dolomudstone, marl, or dolosiltite. Cycle

Cottonwood Canyon
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Figure 10. Generalized strati-
graphic column, interpreted sea
level curve, and 83C ., ponate [carb]
and 880, stable isotope data
(%0 Vienna Peedee belemnite
[V-PDB]; n = 96) for the Jeffer-
son Formation (Fm.) at Cotton-
wood Canyon, Wyoming, USA.
The vertical axis represents
stratigraphic height (in me-
ters). The total measured thick-
ness of the section is 63.22 m.
The inset shows the cross plot
of 83C,,, and 8§80, data.
Solid line is best-fit linear re-
gression with coefficient of
determination  (R2) = 0.0251.
Legend provided in Figure 6.
Slst.—siltstone; V. f. s.—very
fine sandstone; Mdst—mud-
stone; F. grn—fine grainstone;
C. grn—coarse grainstone.
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caps contain paleokarst, fenestrae, and abundant
quartz sand. The fenestrae are typical features
of peritidal environments (Shinn, 1983; Tucker
and Wright, 1990), which form from entrapped
gas bubbles released by the growth and decay
of microbes (Tucker and Wright, 1990) in near
surface deposits of shallow water settings (i.e.,
low lithostatic and hydrostatic pressures). The
frosted and well-rounded quartz grains may
indicate transport of eolian quartz grains from
nearby dunes. Cycle boundaries record transi-
tions from subaerial exposure to basal transgres-
sive deposits formed during initial flooding of
the subaerially exposed surfaces. The paleokarst
records subaerial diagenetic dissolution and pre-
cipitation of carbonate and marks the position
of unconformities (Canter et al., 1992; Cooper
and Keller, 2001; Kervin and Woods, 2012).
The clast-supported nature and the abundance of
mosaic to crackle breccia support a cave-ceiling
collapse mechanism of breccia formation, which
is indicative of vadose-zone dissolution of the
pre-karsted carbonate strata (Loucks, 1999). The
moderate to high degree of rounding for karst
breccia at ~7-8.7 m suggests an intense degree
of physicochemical dissolution and corrosion by
undersaturated fluids, possibly by sporadic CO,-
charged water in the vadose zone (Loucks, 1999;
Cooper and Keller, 2001; Kervin and Woods,
2012). The locally bimodal clast sizes and poor
sorting in the granule-sized breccia suggest
minor transportation due to flow of vadose water
(Kervin and Woods, 2012). The angular breccia
with crackle and mosaic fabrics may suggest a
shift from phreatic to vadose zone (water table
fall), then loss of buoyancy support and roof col-
lapse (Kervin and Woods, 2012).

Grader and Dehler (1999) proposed over-
all shoreward migration/backstepping of an
inner shelf environment during deposition of
the lower member of the Jefferson. Overall,
the lower member represents a transgressive
system tract that is highly diachronous and
includes Givetian strata in central Idaho and
Frasnian strata in central Wyoming. Our rela-
tive sea level curve (Fig. 10) for the Jefferson
in Cottonwood Canyon (= lower member of
Grader and Dehler, 1999) records high-ampli-
tude, short-term fluctuations in a proximal
shallow water environment. At Cottonwood
Canyon, the contact between the Maywood
Formation and the overlying Jefferson Forma-
tion appears gradational, which would suggest
a rise in relative sea level and deposition of
widespread carbonate.

MADISON LIMESTONE

The Jefferson Formation is unconformably
overlain by the Madison Limestone. The lower
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3.7 m of the Madison is assigned to the Cot-
tonwood Canyon Member, which includes a
2.7-m-thick lower tongue (upper Middle expansa
Zone of upper Famennian) and 1-m-thick upper
tongue (S. sandbergi or S. duplicata zones
of lower Kinderhookian) with an intervening
unconformity (Sandberg and Klapper, 1967).
The lower tongue consists of white dolomud-
stone with a few very thin to thin (<5 cm) inter-
beds of shale; it is correlative with the lower part
of the Sappington Formation in Montana (di Pas-
quo et al., 2019). The upper tongue is correla-
tive with the Cottonwood Canyon Member of
the Lodgepole Formation in Montana (Sandberg
and Klapper, 1967; Cole et al., 2015; di Pasquo
etal., 2017).

Microfossils

Our sample from the lower tongue of the Cot-
tonwood Canyon Member (Fig. 3) is dominated
by large (>100 pm diameter) leiospheres and
Tasmanites. Subordinate spheroidal forms and
other prasinophytes that are less than 100 pm
diameter include Cymatiosphaera rhacoamba,
Cymatiosphaera perimembrana, Stellinium
comptum, Stellinium micropolygonale, as well
as low diversity acritarchs that include Dorsen-
nidium polyaster, Gorgonisphaeridium elon-
gatum, Gorgonisphaeridium plerispinosum,
Veryhachium lairdi, and V. trispinosum groups
(see Sarjeant and Stancliffe, 1994; Stancliffe and
Sarjeant, 1994, 1996), Michrystidium spp., and
rare spores (Fig. 11).

Several authors noted that prior to the early
Carboniferous, there were global radiations
and diversifications of organic-walled micro-
phytoplankton assemblages (Kroeck et al.,
2022), whereas in the early Tournaisian the
microplankton experienced a global decline
in diversity, referred to as the “Phytoplankton
Blackout” (Riegel, 2008), which was marked
by the extinction of most acritarchs (Tappan,
1980; Mullins and Servais, 2008; Riegel, 2008)
and chitinozoans (Grahn and Paris, 2011).
The early Carboniferous assemblages are
dominated by morphologically simple, long-
ranging genera, such as Micrhystridium and
Veryhachium, and a few prasinophytes. There
are few described Devonian—Carboniferous
(Mississippian) organic-walled microphyto-
plankton assemblages from sections with good
stratigraphic control. A late Famennian upper
Middle expansa Zone age for the Cottonwood
Canyon Member is supported by the microfos-
sils described herein, with forms that are shared
with other Late Devonian and early Carbonif-
erous phytoplankton assemblages (McNestry,
1988; Streel, 1999; Heal and Clayton, 2008;
Wicander and Playford, 2013; di Pasquo et al.,
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2017, 2019; Hogancamp and Pocknall, 2018,
and references therein). However, an accurate
correlation with spore zonal schemes is difficult
because the analyzed sample yielded a scarce
and nondiagnostic assemblage of spores. It spe-
cifically lacks the diagnostic latest Famennian
Retispora lepidophyta, perhaps because its par-
ent plant was not present in the region (see di
Pasquo et al., 2017, 2019).

CHEMOSTRATIGRAPHY
Maywood and Jefferson Formations

Five carbonate isotope samples were taken
from the upper 1.6 m of the Maywood For-
mation at Cottonwood Canyon (Fig. 10). The
d13C,,, values of the Maywood Formation show
a slight negative shift from ~2.5%o to ~1.7%e.
The 6'%0,,,, ratio rises throughout this entire
interval, from —4.9%o to —1.4%o. The values are
clustered around —4%o, suggesting little diage-
netic alteration by late-stage meteoric fluids.

There is a shift in §'3C_,,, values across the
Maywood-Jefferson contact from +1%o to 2.5%o
to a plateau of ~—0.6%o (Fig. 10). Above, there is
apositive excursion from 8.47 m to 12.67 m that
peaks at 1.2%o. This is followed by a negative
excursion that begins with an abrupt negative
shift to an anomalously low value of ~—5.5%o at
13.67 m, which is followed by a drift to §"*C_,,,
values as high as —1.6%0 at 17.6 m below a
covered interval (Fig. 10). Initial values above
the covered interval are ~—2%o to —2.4%o, and
then they drift negative to —3.6%o after which
they irregularly drift to values of ~0%o over the
28-34 m interval. The rest of the section has
values that vary by ~2%o around an average of
~0%o (Fig. 10), although one negative value of
—2.2%0 exists at 54.2 m.

Jefferson strata have average 5'%0,,,, values of
~—4%o (Fig. 10). No significant excursions in
oxygen isotope data are present, although values
are more variable between ~24-31 m and ~41-
45 m. The overall covariance between 63C_,,
and 6'80,,, is weak (coefficient of determina-
tion [R?] = 0.0251; Fig. 10 inset). The highly
vuggy interval from 0.92 m to 8.47 m of the
Jefferson shows a moderate level of covariance
carbon and oxygen (R> = 0.4103), suggesting a
possible minor degree of diagenetic alteration.
The major negative shift in carbon isotopes at
13.67 m does not show a synchronous shift in
8180, suggesting little or no late-stage diage-
netic overprint.

In the Logan Canyon section, §'3C_,, val-
ues (Fig. 12) in the lower 10.5 m of the May-
wood Formation range from ~0.2%o to 1.1%o,
and then shift abruptly negative to ~—0.9%0
at 11.4 m. Above ~12m is a 3.4 m covered



interval at the top of the formation, and the ini-
tial strata of the Jefferson Formation at 15.6 m
record a positive shift to values of ~2.3%o. The
next 6.7 m of strata show a steady decline to
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~0.2%o. Above a 2.2-m-thick covered zone,
there are 2.3 m of strata with a narrow range
of values that average ~2.9%o. 6!°C_,,, values
in the strata above an overlying 1.9 m covered
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Figure 11. Palynomorphs from the Madi-
son Limestone at Cottonwood Canyon,
Wyoming, USA. Sample annotation corre-
sponds to the repository acronym, number,
and England Finder coordinates. (1) Gor-
gonisphaeridium plerispinosum Wicander,
CICYTTP-P1 2604(R3818)-C P21/2. (2)
Gorgonisphaeridium  ohioenselelongatum
Wicander, CICYTTP-PI 2604(R3818)-B
J17/4. (3) Michrystridium sp., CICYTTP-P1
2604(R3818)-B T36/1. (4) Michrystridium
sp., CICYTTP-PI 2604(R3818)-B H18/3.
(5) Stellinium micropolygonale (Stock-
man and Williere) Playford, CICYTTP-PI
2604(R3818)-A M14/3. (6) Stellinium comp-
tum Wicander and Loeblich, CICYTTP-P1
2604(R3818)-B Q13/3. (7) Dorsennidium
polyaster (Staplin) Sarjeant and Stancliffe,
CICYTTP-P1 2604(R3818)-C Q16/2. (8)
Dorsennidium polyaster (Staplin) Sarjeant
and Stancliffe, CICYTTP-PI 2604(R3818)-
B J18/1. (9) Cymatiosphaera perimembrana
Staplin, CICYTTP-PI  2604(R3818)-B
G23/4. (10) Cymatiosphaera rhacoamba Wi-
cander, CICYTTP-PI 2604(R3818)-B P17/3.
(11) Cymatiosphaera rhacoamba Wicander,
CICYTTP-P1 2604(R3818)-B R38/4. (12)
Maranhites sp., CICYTTP-P] 2604(R3818)-
A EA43. (13) Maranhites sp., CICYTTP-P1
2604(R3818)-A E26. (14) Maranhites sp.,
CICYTTP-P1 2604(R3818)-B F17. (15) Tas-
manites, CICYTTP-PI 2604(R3818)-B F17.
(16) Tasmanites, CICYTTP-P1 2604(R3818)-
B N15/3. (17) Leiosphaeridia, CICYTTP-P1
2604(R3818)-B L15. (18) Leiotriletes sp., CI-
CYTTP-PI 2604(R3818)-B F23/4. (19) Cala-
mospora sp., CICYTTP-PI 2604(R3818)-A
V41/2. (20) Auroraspora sp., CICYTTP-P1
2604(R3818)-C V44. Scale bar 10 pm.

<

interval jump to —1.1%o and remain consistent
for ~3.9 m (up to 31.5 m). There is a highly
altered interval with paleokarst breccia directly
above, and the lowest overlying sampled strata
(at ~33 m) record a dramatic shift to values
of ~2%o (Fig. 12). This is followed by 25 m
of section that show a steady drift to values
of ~—1.8%o¢. The next ~13 m show a slow
rise to values of ~0.4%o, which includes an
anomalous value of ~—2.3%o at 65.9 m. The
next 3.7 m (71.8-75.5 m) show a shift back to
values of ~—1%o. This is followed by 4.5 m
with a rapid positive shift to values of ~2.8%o
at ~80 m. Above this, the uppermost part of the
curve records a positive excursion that peaks at
~0.3%o (Fig. 12). A cross-plot of §!3C,,,, and
8180, values show a determination coefficient
of 0.2439, suggesting low probability of signifi-
cant alteration.
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Maywood and Jefferson Formations, Logan, MT

Figure 12. 813(~"&‘arhonate [carb] and
880, chemostratigraphic
data (%o Vienna Peedee belem-
nite [V-PDB]) for the Maywood
and Jefferson formations at
Logan, Montana (MT), USA.
Solid line is the best-fit linear
regression with coefficient of
determination (R?) = 0.2439.
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Madison Limestone

d13C,,,p, values for the lower and upper tongues
of the Cottonwood Canyon Member (Famennian
and lower Kinderhookian, respectively) and low-
ermost overlying beds oscillate between ~4%o
and 2.4%o (Fig. 13). These represent a dramatic

shift from more negative values of the much older
(Frasnian) Jefferson Formation. Above this mem-
ber, the §'3C_,;, values are essentially invariant and
average ~2.5%o up to ~36 m. There is a single
low data point at 36.75 m (—0.01%o), which was
taken from a heavily weathered and karsted inter-
val. The data between 36.75 m and ~90 m define
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two 813C,,,, positive excursions within a long-
term positive excursion. These smaller excursions
peak at ~7%o at both ~55 m and ~76 m. The data
above these excursions record a prolonged nega-
tive shift down to approximately —2%o at the top
of the formation (Fig. 13). §3C,,,,, data for the
upper part of the formation has relatively sharp
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Figure 13. Chemostratigraphic data for the Madison Limestone (Lst.) including the Cottonwood Canyon Member (Mbr.), Wyoming, USA
(n = 219). 88C_,rponate feary) AN 8130,y (%0 Vienna Peedee belemnite [V-PDB]) are plotted against the conodont biostratigraphy on the left,
designated based on isotopic correlation. Zigzag lines represent disconformities between the upper and lower tongue of the Cottonwood
Canyon Member, and between the lower tongue and the underlying Jefferson Formation. Conodont biostratigraphy of the Cottonwood
Canyon Member is after Sandberg and Klapper (1967). Cross plot of 8'3C,,,,, and §'%0,,,,, is shown in the inset; determination coefficient
(R?) = 0.0208. C.C. Mbr.—Cottonwood Canyon Member; G. typicus—Gnathodus typicus; L. crenulata—Lower crenulata; M. exp—Middle
expansa; S. duplicata—Siphonodella duplicata; S. isosticha—Siphonodella isosticha; S. sandbergi—Siphonodella sandbergi; TICE—mid-
Tournaisian isotope excursion; U. crenulata—Upper crenulata; U.D. (Fa.)—Upper Devonian (Famennian).

variations, particularly in the upper ~30 m. Such 8180, data for the Cottonwood Canyon invariant with values of ~—6%o. Values shift
high-frequency variation (m-scale variation of a ~ Member at the base of the Madison is highly  negative to ~—9.4%o at 25.75 m and then rise
few permil) is unlikely to reflect the global dis-  variable and averages ~3.5%o (Fig. 13). The to ~—3%oat ~33 m, with a few aberrant points.

solved inorganic carbon (DIC) reservoir. overlying 8'%0,, data, up to ~24 m, isrelatively ~ One anomalously low point of ~—15%c at

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36728.1/6196060/b36728.pdf
bv Colorado Colleae Tutt | ibrarv/Periodicals user



36.75 m, at the base of this interval, corresponds
to the negative spike of §!3C,,, curve at the same
height. From ~37 m to ~100 m, values show
relatively minor oscillation between ~—2%o
and ~—3%o. Above ~100 m, the 5'%0,,,, values
for the rest of the formation average ~—1%o but
include larger amplitude oscillations between
~—T%o and ~+2.5%o. The entire §'*0,,,, data-
set of the Madison Limestone averages ~—3%o.

There is strong covariance between the carbon
and oxygen isotope values of the lower ~5 m
(n = 10) of the section, including both tongues
of the 3.7-m-thick Cottonwood Canyon Mem-
ber (R?> = 0.9727; see the Supplemental Mate-
rial [footnote 1]), suggesting substantial strong
diagenetic overprint from meteoric fluids. The
interval between 33.22 m and 36.75 m, a heav-
ily weathered and karsted interval, might have
been similarly affected, as evidenced by a R?
value of 0.9904 for the carbon and oxygen iso-
tope data (see the Supplemental Material). The
remaining data, however, has a low R? of 0.0208,
suggesting a limited degree of late-stage altera-
tion (see the Supplemental Material). The two
positive 613C_,,, excursions between 36.75 m and
~93.5 m correspond to relatively low invariant
8180, values, and thus are considered a pri-
mary isotopic signal. Overall, despite evidence
for diagenetic alteration in the two mentioned
intervals of the section, the rest of the section
appears to preserve original §3C_,, isotopic
signatures.

DISCUSSION OF
CHEMOSTRATIGRAPHIC DATA

The Late Devonian and early Carboniferous
were characterized by a series of repeated, short-
term global events that punctuated prolonged
periods of relatively stable evolutionary structure
(Becker et al., 2016). These events perturbated
and re-structured marine and terrestrial ecosys-
tems to different extents, and were similarly
marked by transgressive anoxic events, deposi-
tion of black shale, and climatic cooling (Algeo
et al., 1995; Buggisch and Joachimski, 2006;
Qie et al., 2019). These changes have also been
linked to global C and S isotope variations. The
isotope data of this study are discussed below in
the context of such events.

Maywood Formation, Jefferson Formation,
and punctata Event

At Cottonwood Canyon, the shift from the
positive 6'3C,,,, values of the Maywood For-
mation (~1.7%0-2.5%0) to the slightly negative
values (a plateau of ~—0.4%o values) in the
basal Jefferson (Figs. 12 and 14) is a relatively
sharp transition. However, the facies transition

Upper Paleozoic of Wyoming and Montana

appears to be gradational, consistent with a con-
formable contact, as suggested by Sandberg and
McMannis (1964). This negative shift of ~3%o,
the shape of the overlying 8'3C_,,, curve for the
rest of the Jefferson Formation, and correla-
tion to sections in northeast Alberta (Holmden
et al., 2006), provide the first definitive age of
the Maywood as lowermost Frasnian, within the
middle falsiovalis conodont zone (Fig. 14). This
supports Marshall et al.’s (2022) suggestion that
the depauperate palynoflora of the Maywood
solely reflects stressed paleoenvironmental con-
ditions, consistent with recent reconstructions of
the habitat (Zaton et al., 2022; di Pasquo et al.,
2022), rather than an uppermost Givetian age.
Maywood Formation strata exposed close to
Logan, Montana, at Milligan Canyon yielded the
conodont Pandorinellina insita and the brachio-
pod Allanella allani (Sandberg et al., 1988). The
former ranges from uppermost Givetian to upper-
most punctata Zone of Frasnian (Klapper, 1977).
The brachiopod A. allani ranges from uppermost
Givetian to the base of the punctata Zone (Jed
Day, pers. comm., 2022). Thus, the existing
biostratigraphic data lacks fine-scale resolution.
However, our chemostratigraphic data allows for
precise correlation of the Logan and Cottonwood
Canyon sections. The Maywood data at Logan
do not include any positive values (~+2%o), as
present in Cottonwood Canyon, and instead have
only very slightly positive values. Based on our
correlations (Fig. 14), the Maywood at Logan is
assignable to the upper transitans Zone and is
thus equivalent to the lower to middle Jefferson
Formation at Cottonwood Canyon. Hence, the
nearshore strata of the Maywood Formation at
Logan are much younger than the Maywood at
Cottonwood Canyon (middle falsiovalis Zone),
and therefore the formation is significantly
diachronous: older in northern Wyoming and
younger in southern Montana (Fig. 14). This
time transgression suggests that the southern
Montana sections would have been topographi-
cally higher than the northern Wyoming sections
during transgression, and that there was delayed
onlap of the Maywood Formation. The Montana
sections rest on Cambrian strata, indicating that
a considerably thick Ordovician Bighorn Dolos-
tone was completely eroded in this area, sup-
porting the idea that this region was uplifted and
was subjected to greater erosion down to lower
stratigraphic levels. This is supported by isopach
maps showing that Ordovician strata are missing
from west-central Montana and that strata of this
age thicken to the west toward the longitude of
the Bighorn Mountains (Foster, 1972). Isotopic
data for the lower part of the Jefferson Forma-
tion at Cottonwood Canyon show significant
positive and negative excursions, most of which
are in strata that have no evidence for subaerial
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exposure, peritidal facies, or low 8130, values.
There is a major positive excursion in §3C_,
values between 8.72 m and 12.67 m, and a sub-
sequent negative excursion between 12.67 m
and 17.64 m (with a single value of ~—5.5%o;
Fig. 14). These data are interpreted to represent
a signal of the punctata Event, one of several
major Frasnian events (Sandberg et al., 2002;
Qie et al., 2011; Becker et al., 2016). The event
is defined, in part, by a paired positive and nega-
tive isotopic excursion within the lower part of
the Frasnian punctata Zone interval (Yans et al.,
2007, Pisarzowska and Racki, 2012; Lash, 2019;
Pisarzowska et al., 2020; Fig. 14). The Jefferson
punctata Zone positive excursion at Cottonwood
Canyon begins above a sandstone bed at 8.72 m,
with a thick paleokarst and fenestrae-rich hori-
zon below, and thus it also records transgression
above a subaerial exposure surface (= sequence
boundary) (Fig. 10). This exposure surface likely
explains the high covariance between §'3C,,,, and
d180,,4, values of the interval below. There are no
major facies changes in the interval of the posi-
tive and negative excursions.

The lower part of the Jefferson Formation at
Logan records a more variable, but recognizable,
punctata positive excursion in §'3C,,, between
~12 mand 31.5 m (Fig. 12). The negative values
(~—1.1%o) at the top of this excursion mark the
nadir of the negative punctata Event excursion,
which is well expressed in the middle part of Jef-
ferson at Cottonwood Canyon (this study) and in
sections globally (Fig. 14). A rapid positive shift,
and subsequent long-term overlying drift toward
negative values, is very well matched with a NE
Alberta section (Holmden et al., 2006; Fig. 14).
A few variable and negative 6'3C,,,,, values in
the lower half of the Logan section are associ-
ated with highly negative 5'30,,,,, values, but not
all, and the overall shapes of the curves in the
NE Alberta section, Cottonwood Canyon, and
Logan sections (Fig. 14) indicate that a primary
signal is preserved at Logan despite many petro-
liferous intervals.

Significance of the punctata Event

The punctata Event is suggested to be
global in nature as it is recognized in Europe,
Siberia, China, and North America (Holmden
et al., 2006; Yans et al., 2007; Morrow et al.,
2009; Sliwiniski et al., 2011; Pisarzowska and
Racki, 2012, 2020; Pisarzowska et al., 2020).
The entire punctata Event is considered to
have been an abrupt global perturbation in the
carbon cycle that lasted less than 1.5 million
years (Pisarzowska et al., 2006; Yans et al.,
2007; Racki et al., 2008). The positive excur-
sion (average ~4%o—5%0) of the event began
close to the transitans—punctata zonal bound-
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ary (Johnson et al., 1985), although estimates
of the exact timing and magnitude are variable
(Sliwiﬁski et al., 2011; Pisarzowska and Racki,
2012; Lash, 2019). The positive excursion is
correlated to the Ilc transgression, which cor-
responds to the Middlesex transgressive anoxic
event (Morrow et al., 2009; Pisarzowska and
Racki, 2012; Pisarzowska et al., 2020). Pro-
posed causes for the positive isotopic excursion
include heightened detritus delivery due to oro-
genic uplift and terrestrial afforestation (Algeo
et al., 1995; Nawrocki et al., 2008; Meyer-Ber-
thaud et al., 2010; Sliwiriski et al., 2011), and
bottom water anoxia and euxinia (Racki et al.,
2008; Sliwiniski et al., 2011; Pisarzowska and
Racki, 2012). Enhanced organic carbon burial
and preservation is supported by abundant

organic-rich deposits in Lower to Middle Fras-
nian successions (see Morrow et al., 2009).
The abrupt negative excursion of the punc-
tata Event (Fig. 14) was possibly a result of the
Alamo Impact in southern Nevada (Yans et al.,
2007), which occurred <650 k.y. after the punc-
tata—transitans zonal boundary (Morrow et al.,
2009). This was a marine impact of an extra-
terrestrial bolide that produced thick tsunami
deposits, shocked-quartz grains, anomalously
high iridium levels, and lapilli ejecta (Warme and
Sandberg, 1995; Sandberg et al., 1997). Similar
impact features (spherules and lapilli) have been
reported from eastern Laurentia (Lash, 2019) and
Czech Republic (Hladil et al., 2009). The dura-
tion of the negative §'*C_,,,, excursion is estimated
to be ~13-30 k.y. (Lash, 2019), and thus it may
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reflect the rapid release of substantial seafloor
methane hydrates triggered by the impact (Yans
et al., 2007; Lash, 2019). Alternative hypotheses
for the negative excursion include (1) a decrease
in primary productivity related to a eustatic low-
stand (Pisarzowska and Racki, 2012) and (2)
volcanic activity connected with Devonian large
igneous provinces and arc magmatism (Pisar-
zowska et al., 2020; Racki, 2020).

Madison Limestone and the Mid-
Tournaisian/Kinderhookian—Osagean
Boundary Carbon Isotope Excursion
(TICE/KOBE) Event

The highly variable §'*C_,,, values at the base
of the Madison Limestone, in the lower and upper



tongues of the Cottonwood Canyon Member,
contrast with the more invariant values (~2.5%o)
directly above (Fig. 13). We attribute this vari-
ability to diagenetic alteration, which may, in
part, be related to the unconformity between
the two tongues of the member (Sandberg and
Klapper, 1967). The Madison Limestone data
from Cottonwood Canyon, Wyoming, record a
long-term positive excursion between 36.75 m
and 90.5 m, which consists of two peaks, both
of which have peak values of ~+7%o (Figs. 13).

We interpret the large positive excursion in the
Madison to represent the Kinderhookian—Osag-
ean boundary excursion (KOBE), also known as
the mid-Tournaisian isotope excursion (TICE). It

(This Study),

0 2 4 6 8
— r
£ .
H
g
g
g -
e
5| |3
g |5 v
2l |9 e €
wld g
3 - &
§ Upper TICE/KOBE ~
>
a0
<
¢ 2 ]
g3 HE
o x| =
€12 Lower TICE/KOBE i
Slg { £le
—|z ]
HHE . HE
Z|5| 2 A ==
HHE E 3
2l=ls I k]
T =1
]
2
£
g
ol _—y .
g
2| ;
g |3 b
sl |8 <
EINE .
=
. <.
5| .
20 g l’
E
8 k
v I
§ -
g
= i
=Y
3
“i
7 — -ccu
= 0 15

Upper Paleozoic of Wyoming and Montana

is identified from upper Kinderhookian to lower
Osagean strata (Siphonodella isosticha—Upper S.
crenulata to Gnathodus typicus conodont zones,
lasting ~2-3 m.y.) (Saltzman, 2003; Buggisch
et al., 2008; Yao et al., 2015) (Fig. 15). This
813C ., isotope excursion (up to +7.3%o) is one
of the highest in the Phanerozoic and is com-
monly associated with a positive shift of con-
odont and brachiopod 880 (Mii et al., 1999;
Buggisch et al., 2008). TICE/KOBE is recorded
in the western United States, and similar signa-
tures are documented globally (Mii et al., 1999;
Saltzman, 2002, 2003; Buggisch et al., 2008; Qie
et al., 2011). It typically consists of two smaller
positive peaks within a long-term positive excur-

sion, like our Madison data (Fig. 15), although
not all documented sections show such double-
peak patterns. Saltzman (2003) recognized
similar isotopic signals from roughly age-equiv-
alent strata with paired positive excursions that
peak at ~6%o. An ~6%o positive excursion in
d13C,,, 1s present at Sacajewea Peak, Montana,
within the Lodgepole Limestone, the majority
of which is dated Upper crenulata to S. isosti-
cha Zone (Sandberg and Klapper, 1967; Cole
et al., 2015). The second peak of TICE/KOBE
is recorded within lower G. typicus condont zone
strata (Fig. 15).

The lower Carboniferous corresponds to a
transition from Devonian greenhouse to Carbon-
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Figure 15. Correlations of 8'3C,,;onate (carb] (%0 Vienna Peedee belemnite [V-PDB]) data from Madison Limestone at Cottonwood Canyon,
Wyoming (WY), USA, with published data for strata of similar ages. Sections with conodont biostratigraphy constraints are indicated on
the left of respective curve, in which solid lines represent well-defined boundaries and dashed lines indicate inferred boundaries. Horizontal
zigzag lines indicate unconformities. Black dashed lines represent isotopic correlations. The mid-Tournaisian/Kinderhookian—-Osagean
boundary carbon isotope excursion (TICE/KOBE) event consists of two smaller positive excursions within a long-term positive excursion.
The first positive excursion starts in the lower part of Upper (U.) crenulata / Siphonodella (S.) isosticha (lower dashed line) and ends at the
Kinderhookian-Osagean boundary (middle dashed line). The upper dashed line represents the peak of the second excursion in Gnatho-
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iferous—Permian icehouse conditions, caused in
part by an atmospheric pCO, level drop from
>10 present atmospheric level to ~pre-indus-
trial level of ~280 ppm (Berner, 2006; Bug-
gisch et al., 2008; Foster et al., 2017; Qie et al.,
2019). The lower Carboniferous transition fol-
lowed the Frasnian temperature maximum and
a transient cooling event that took place during
the Frasnian—-Famennian boundary interval, all
of which was followed by climatic cooling dur-
ing most of the Famennian (Joachimski et al.,
2004; Buggisch et al., 2008; Huang et al., 2018;
Girard et al., 2020). Sedimentological and geo-
chemical records suggest a global climatic cool-
ing, expansion of continental ice volume, and a
major regression during the TICE/KOBE inter-
val (Bruckschen et al., 1995; Mii et al., 1999;
Buggisch et al., 2008; Caputo et al., 2008; Kam-
mer and Matchen, 2008; Bishop et al., 2009).
The positive excursion in the late Kinderhookian
and early Osagean has been interpreted to rep-
resent enhanced productivity and organic car-
bon burial due to increased nutrient delivery to
surface water from the continents or from the
deeper ocean by upwelling, although ¥’Sr data
suggest low weathering fluxes during this time
(Bruckschen et al., 1995; Kump and Arthur,
1999; Mii et al., 1999). This is supported by
upper G. typicus Zone phosphorite deposits in
the Antler foreland TICE/KOBE successions
that are thought to represent high organic carbon
burial and phosphate enrichment during S. isos-
ticha, under a stratified hypoxic water column
(Saltzman, 2003). Widespread ocean anoxia has
also been proposed based on 838U and §3S data,
and this might have led to enhanced preservation
of organic carbon (Maharjan et al., 2018b; Cheng
et al., 2020). Cheng et al. (2020) suggested that
the first peak in 8'3C of the TICE/KOBE resulted
from euxinic seafloor conditions (see Maharjan
et al., 2018b), which was followed by anoxic/
suboxic conditions that correlate to the second
spike. 6*S data from both pyrite (6*S ;) and
carbonate-associated sulfate (6’*Sc,g) demon-
strate an expansion of oxygen minimum zone
(OMZ) with maximum sulfate reduction and
pyrite burial concurrent with the first peak in
813C. The expansion of OMZ and sulfate reduc-
tion would add '*C-depleted organic matter back
to the DIC and produced the small negative shift
in 63C (Maharjan et al., 2018b). Many studies
suggest that upwelling due to intensified ther-
mobhaline circulation, possibly related to climatic
cooling, may intensify anoxia within the OMZ
and shift the locus of denitrification, eventually
stimulating primary production in the surface
water (Buggisch et al., 2008; Maharjan et al.,
2018a; Liu et al., 2019). Spatial variations of the
magnitude of the §'C excursion are proposed
to result from differences in circulation strength
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and marine nutrient concentration (Liu et al.,
2019; Saltzman, 2003).

Proliferation of vascular plants and associated
contribution to marine productivity is proposed
by some authors to account for this positive car-
bon isotope excursion (e.g., Berner and Barron,
1984; Algeo et al., 1995). However, it will be
difficult to resolve several cooling and marine
anoxia events prior to the TICE/KOBE based
on their theory (Kabanov, 2021), although the
evolving plants could amplify the drawdown
of pCO, in the lower Carboniferous climate
transition. Many recent studies suggest that the
climatic cooling was ultimately tectonic driven
and related to the closure of the Rheic Ocean
as Pangea was forming (Veevers and Powell,
1987; Woodward et al., 2013; Qiao and Shen,
2014; Goddéris et al., 2017; Liu et al., 2019).
The ongoing closure of the Rheic Ocean limited
equatorial ocean currents, altering the thermo-
haline circulation and promoted the growth of
Gondwana glaciation. TICE/KOBE may have
thus been associated with a major step of vol-
ume increase of Gondwana ice sheets and the
expansion of the late Paleozoic icehouse cli-
mate (Yao et al., 2015; Goddéris et al., 2017,
Liu et al., 2019).

PALEOGEOGRAPHY

The combination of palynological and che-
mostratigraphic data presented herein have
important implications for paleogeographic
reconstructions. Sandberg (1963) suggested an
early Frasnian age for the Maywood strata at
Cottonwood Canyon based on the plant and fish
fossils, without mention of specific biozones of
the Frasnian. Morrow et al. (2005) suggested
that the carbonized plant material of the May-
wood at that section may record wildfires pro-
duced by the Frasnian (punctata Zone) Alamo
Breccia impact event. However, our chemostrati-
graphic data record the punctata Event excursion
~9-18 m above the base of the overlying Jeffer-
son Formation (Fig. 14), and thus the Maywood
is too old at this site to record the Alamo impact
event. Our chemostratigraphic data indicate an
uppermost transitans to lowermost punctata
Zone age for the Maywood for exposures in
the Three Forks area in Montana (including the
Logan section). Sandberg et al. (1988) reported
middle asymmetrica Zone conodonts (middle
Frasnian = punctata Zone) from the uppermost
Maywood there, and the punctata Event excur-
sion is in the lowermost Jefferson in that section.
Using the transgressive-regressive cycle termi-
nology for western North America presented
by Johnson and Sandberg (1988) and modified
by Day et al. (1996) and LaMaskin and Elrick
(1997), the Maywood Formation at Cottonwood
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Canyon would have been deposited early in the
IIb cycle, following the Givetian Taghanic event
(IIa transgressive-regressive cycle).

Sandberg (1961b, 1963) suggested that the
Maywood Formation (= Souris River Forma-
tion) at Cottonwood Canyon was deposited in
the upper reaches of long, narrow estuaries that
extended into the paleoshorelines of the Willis-
ton Basin seaway (= Souris River seaway) to
the northwest (Sandberg, 1963). Sandberg and
McMannis (1964) presented a more regional
view of the paleogeography by which the May-
wood Sea, an arm of the Cordilleran seaway,
transgressed eastward and merged in central
Montana with the Williston Basin seaway,
which had transgressed westward. In their view,
the merged sea then transgressed from north
to south, such that the Gallatin Range section
(Fig. 6) would have been the upstream estua-
rine equivalent of the other southern Montana
sections, e.g., Logan and Milligan Canyon, the
latter with marine fossils, in the same way that
the Cottonwood Canyon section would have
been the upper estuarine reaches of the Willis-
ton Basin (or merged) seaway. This is consistent
with relationships we observed within southern
Montana; namely, that the Gallatin Range sec-
tion (Fig. 6) has a clearly channelized geometry
and more abundant siliciclastic detritus relative
to the Logan and Milligan Canyon, Montana,
sections to the north. However, although the
Maywood in these latter locations is thicker, and
at Milligan Canyon it bears marine brachiopods
and conodonts at the top of the formation (Sand-
berg et al., 1988), the revised older age of the
Maywood at Cottonwood Canyon requires that
the proposed reconstruction be altered. The Cot-
tonwood Canyon section records a transgressive
succession from restricted nearshore/estuarine
Maywood environments to open marine, wide-
spread carbonate deposition of the Jefferson,
which took place within the falsiovalis Zone of
the lowermost Frasnian. The southern Montana
sections record a similar shift, but it occurs later,
within the lower part of the punctata Zone. This
indicates significant diachroneity of the May-
wood Formation (Fig. 14) and either marine
transgression from south to north, with open
marine environment established in northern
‘Wyoming prior to southern Montana, or a much
more complicated regional paleogeography, par-
ticularly as some Maywood strata in Montana
are much older.

CONCLUSIONS

3C,p, and 880, chemostratigraphic, pale-
ontological, physical stratigraphic, and relative
sea level data of Devonian—lower Carbonifer-
ous (Tournaisian) strata has allowed a thor-



ough reconstruction of the dynamic evolution
of Devonian paleogeography in the northern
U.S. Rocky Mountain region. The Maywood
Formation at Cottonwood Canyon, Wyoming,
records infilling of a valley that was cut into
both the upper Beartooth Butte Formation and
Bighorn Dolomite. A palynological analysis of
microspores from the formation suggest a shal-
low, brackish environment. The lithofacies and
unusual low-diversity assemblage of microcon-
chids and fish debris mimics those from a much
older Beartooth Butte Formation valley filling
deposits. This indicates that over a span of nearly
30 m.y. of the Early to Late Devonian, there was
a repeated pattern of valley incision and sub-
sequent transgression, with the migration of a
salinity-stressed faunal assemblage that tracked
transgressions. This is a remarkable and unusual
paleogeographic and paleoecologic pattern of
the middle to late Paleozoic depositional history
of the northern Rocky Mountains. General tec-
tonic quiescence during this interval implies that
eustasy or uplift associated with dynamic topog-
raphy (mantle flow) was likely the driving force
of these repeated events of valley incision and
deposition. The widespread plant fossils pres-
ent in these strata are a partial record of a global
interval of increase in the size and abundance of
woody shrubs in terrestrial environments. Abun-
dant charcoal in the Maywood marks the impact
of fire on the landscape during the evolution of
terrestrial ecosystems, providing a useful global
constraint on atmospheric O, concentrations dur-
ing the earliest part of the Late Devonian (>16%
by volume). Marine transgression resulted in the
transition from nearshore/estuarine deposition to
extensive low-energy, shallow, carbonate shelf
deposition of the Frasnian Jefferson Formation
limestone.

Chemostratigraphic correlations indicate that
Maywood Formation of the Three Forks area
of southern Montana is transitans to lowermost
punctata Zone in age, revealing considerable
diachroneity of the formation and an opposite
polarity (S-N) of the previously suggested direc-
tion of transgression (N-S). The pattern is also
inconsistent with the idea that the Maywood
at Cottonwood Canyon represents the upper
reaches of estuaries that extended from a seaway
in southern Montana.

O13C,,,,, data for the Jefferson Formation at
Cottonwood Canyon record a paired positive
and negative excursion of the middle Frasnian
(punctata Zone). The Jefferson Formation is
unconformably overlain by the Madison Lime-
stone, including a thin basal Cottonwood Can-
yon Member (latest Devonian to earliest lower
Carboniferous) that has yielded a diverse suite
of organic-walled microphytoplankton fossils,
which predate the early lower Carboniferous

Upper Paleozoic of Wyoming and Montana

microplankton extinction. §3C_,,, isotope data
demonstrate two peaks within a long-term posi-
tive excursion, which correlates to the global
TICE/KOBE event from Kinderhookian to Osag-
ean. This excursion is suggested to be caused
by enhanced primary production and burial of
organic carbon and is concurrent with climatic
cooling and widespread ocean anoxia event.
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