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ABSTRACT

The Cloverly Formation is an important geologic unit for understanding the development of
North American terrestrial landscapes and ecosystems, but the age of this unit is poorly con-
strained. We report U–Pb radiometric dates determined by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) and chemical abrasion thermal ionization mass spec-
trometry (CA-TIMS) from euhedral zircons derived from fluvial sandstone and bentonitic clay-
stone. We reanalyzed published biostratigraphic, paleomagnetic, and radiometric datasets, which
have generally disregarded younger (late Albian–Cenomanian) ages for the formation. New data
reported in this study suggest that deposition of the Cloverly Formation spanned the Valangin-
ian–Cenomanian stages (ca. 140 Ma–98 Ma), a longer time interval than the commonly cited
Aptian–Albian depositional timeframe. The lowest member of the Cloverly Formation, the Pryor
Conglomerate, was deposited ca. 140–130 Ma in response to the onset of the Sevier Orogeny
shedding sediment from the west. The overlying Little Sheep Mudstone Member was deposited
ca. 124–109 Ma in a time of low sediment supply. In the mid–late Albian to early Cenomanian
(ca. 109–98 Ma), sediment sourced from the east was deposited as the Himes Member and Grey-
bull Sandstone. Following this, the Sykes Mountain Formation began nearshore deposition as the
Western Interior Seaway transgressed from the north. Our revised chronostratigraphic frame-
work for the Cloverly Formation is congruent with tectonic subsidence analysis showing a rapid
increase in accommodation space in the mid-Albian. We hypothesize that more intensive sam-
pling may yield multiple fossil assemblages within the formation, paralleling its correlates to the
south. Furthermore, we hypothesize that some poorly represented taxa will be synonymized with
taxa from those same units now that their temporal equivalence has been demonstrated.
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Introduction

The Upper Jurassic and Lower Cretaceous sedi-
mentary rocks of the Western Interior of North
America have garnered persistent interest by geol-
ogists and paleobiologists for decades. This

 interest stems from the substantial change in the
plate tectonic regime contemporaneous with dep-
osition, as well as faunal and floral shifts that are
recorded therein (Ostrom 1970; DeCelles 2004;
Dickinson 2004; Miall et al. 2008). It is generally
recognized that Lower Cretaceous strata contain
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the following: (1) the transition from the Nevadan
Orogeny into the Sevier Orogeny (DeCelles 2004);
(2) a limited amount of nonmarine deposition
prior to development of the Western Interior Sea-
way, which would come to be a strong control on
depositional patterns during the Late Cretaceous
(DeCelles 2004; Miall et al. 2008); (3) a shift in the
taxonomic composition of terrestrial vertebrate
faunas, including the immigration of Gondwanan
and Eurasian taxa (Cifelli et al. 1997; Kirkland and
Madsen 2007; D’Emic and Foreman 2012; Ben-
son et al. 2013); (4) evidence for the evolutionary
divergence of marsupials and eutherian mam-
mals (Cifelli 1999); and (5) the diversification and
spread of crown-group angiosperm plants
(Hickey and Doyle 1977; Lidgard and Crane 1990;
Friis et al. 2010). Although these observations
indicate that the Early Cretaceous represents a
time interval of major change in many aspects of
the North American earth system, our under-
standing is currently hindered by imprecise age
constraints at many locations. The lack of radio-
metric age control is the main problem inhibiting
greater understanding of tectonic, paleoclimatic,
and paleobiological changes from a process-based
perspective (see Miall et al. 2008; Sames et al.
2010).

One of the challenges of developing such a
chronostratigraphic framework in the Lower Cre-
taceous of the Western Interior is the unusually
complex stratigraphy. In northwest Wyoming, the
combined Morrison, Cloverly, and Sykes Moun-
tain Formations range between 70 and 250 m in
thickness, comprising a set of lithofacies associa-
tions that are representative of tidal flats, braided
rivers, meandering rivers, thick floodplain soils,
evaporitic lakes, organic-rich coastal swamps, dis-
tal deltaic settings, and nearshore marine environ-
ments (Moberly 1960; Ostrom 1970; Winslow and
Heller 1987; DeCelles and Burden 1992; Kvale and
Vondra 1993; Lawton 1994; Currie 1998; Zaleha
2006; Elliott et al. 2007). This is a considerable
amount of lithologic diversity over such an abbre-
viated stratigraphic thickness. For comparison,
the well-studied Upper Cretaceous fluviodeltaic
Mesa Verde Formation and marine Cody Shale
reach a combined 900 m in thickness (e.g., Finn et
al. 2010). Given the lithofacies variability in Lower
Cretaceous strata, it is difficult to assess the time-
transgressive nature of correlations (or lack
thereof).  Furthermore, the heterogeneous depo-

sitional environments and limited stratigraphic
thickness make it difficult to establish biostrati-
graphic zonations and place these within regional
and global frameworks (Sames et al. 2010; Cifelli
et al. 2014). Magnetostratigraphy is of little help
in dating the upper half of the Lower Cretaceous
because of the long Cretaceous Normal Super-
chron, which occurs from approximately 121 Ma
to 83 Ma (Granot et al. 2012). Moreover, past
radiometric dating approaches have suffered from
large error bars and a paucity of distinct volcanic
ash layers in the stratigraphy (DeCelles and Bur-
den 1992; Chen and Lubin 1997).

Historically, the Lower Cretaceous strata of
Utah have suffered from the same uncertainties
(see Kirkland et al. 1997 for a review). However,
recent studies have had success constructing
chronostratigraphies for the Cedar Mountain
Formation and equivalent formations of Utah
and Colorado using uranium–lead (U–Pb) dat-
ing of detrital zircons (e.g., Eberth et al. 2006;
Chure et al. 2010; Kirkland et al. 2016). Although
direct dating of ashfall deposits would be ideal,
the detrital approach exploits the likely reworked
ash origin of many of the thick, bentonitic clay-
stone units in the strata (Greenhalgh and Britt
2007). The results have led to a substantial revi-
sion of the stratigraphy of the Lower Cretaceous
Cedar Mountain Formation and some of its cor-
relates (see Kirkland et al. 2016 and references
therein).

Over the past decade, we have undertaken a
complementary effort in the Cloverly Formation
of northwest Wyoming. The Cloverly Formation
was named by Darton (1904:398), who described
it as the equivalent in “stratigraphic relations and
character” to the Lakota Formation of the Black
Hills. Shortly after naming the formation, Darton
(1906:53) assigned it an age: “later deposits of the
lower Cretaceous and the earliest deposits of the
upper Cretaceous.” Since its naming, the age of
the Cloverly Formation has been assigned ages
that span most of the Early Cretaceous, most with
uncertainty or error ranges of 10 to 20 Ma (e.g.,
Swierc 1990; Chen and Lubin 1997). Two com-
prehensive treatises concerning the age and
stratigraphy of the formation were completed
in the mid-20th century (Moberly 1960; Ostrom
1970). Since then, the age of the Cloverly Forma-
tion has been revised with new data only as part of
broader regional studies (e.g., May et al. 1995,

Bulletin of the Peabody Museum of Natural History 60(1) • April 20194



2013a; Zaleha 2006) or in several master’s theses
that remain partially or completely unpublished
(e.g., Chen 1989a; Swierc 1990; Heady 1992;
Nolan 2000). Several other unpublished theses or
dissertations have been completed concerning the
Cloverly Formation’s stratigraphy without revis-
ing its age (e.g., reker 1947; Oster 1952; Espen-
schied 1957; MacClintock 1957; Zoble 1957;
Hoodmaker 1958; MacKenzie 1962; Davis 1963;
Holm 1977; James 1977; Douglass 1984; Soliman
1988; Tabbutt 1990).

To obtain a more definitive age for the
Cloverly Formation in the Bighorn Basin, we
extracted detrital zircons for U–Pb radiometric
dating from various stratigraphic levels across the
basin (Figure 1). Our study focuses on Cloverly
Formation exposures of the Bighorn Basin instead
of the Wind river Basin because that is where a
rich vertebrate and plant fossil record has so far
been recognized (Ostrom 1970; D’Emic and Fore-
man 2012). We also performed a comprehensive
reevaluation of all existing radiometric, paleomag-
netic, and biostratigraphic constraints. Ultimately,
these reevaluated ages will allow for more refined
tests of various hypotheses regarding the onset
of the Sevier Orogeny, mid-Cretaceous faunal
turnover, and the spread of angiosperms.

Geologic Setting

The controls on Upper Jurassic and Lower Creta-
ceous deposition within the Western Interior of
North America remain a contentious subject.
researchers agree that the stratigraphy docu-
ments the initiation of the Sevier Orogeny, but it
is unclear which specific tectonic processes
occurred between 155 Ma and 110 Ma and in
what order (Heller et al. 1988; DeCelles 2004;
Elliott et al. 2007; Miall et al. 2008). Broadly
speaking, the Upper Jurassic strata of the Morri-
son Formation are thought to be deposited in a
back-bulge setting of the incipient foreland basin
system attributable to a combination of flexural
isostasy linked to loading in the Luning–Fence-
maker Thrust Belt in Nevada and long wave-
length dynamic subsidence (Lawton 1994; Currie
1998; DeCelles 2004). The regional character of
the unconformities between Upper Jurassic and
Lower Cretaceous strata varies spatially from a
single long depositional hiatus, represented by a
thick paleosol, to a sharp erosional contact gener-
ated by an overlying conglomeratic fluvial unit,
to a paraconformity, to an apparent gradational
contact (Moberly 1960; Winslow and Heller
1987; DeCelles and Burden 1992; Currie 1998).
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FIGUrE 1. The Bighorn Basin study area. A.Map of the United States showing the location of the study area (green
box) in C. B. Transition between uppermost Cloverly Formation and lower Sykes Mountain Formation at
Crooked Creek section. C. Locations of measured sections, including those shown in Figure 2 (orange circles are
sections from this study; D’Emic and Foreman [2012]; Ostrom [1970]; numbers 1–5 indicate sections 1–5 in
Figure 2; purple circles indicate sections from Winslow and Heller [1987] or Ostrom [1970]) and isopach con-
tours (dashed lines) of Cloverly Formation thickness in meters. Isopach contours from McGookey et al. (1972).



These regional unconformities have been linked
to passage of the forebulge as shortening caused
an eastward step of the thrust belt to the
Meade–Paris thrust belt (DeCelles 2004). An
alternate hypothesis suggests that the widespread
unconformity(ies) represent(s) regional isostatic
readjustment and tectonic quiescence (Stott 1984;
McMechan and Thompson 1993) related to a
post-orogenic exhumation after collision of a ter-
rane on the North American western margin
(Beaumont et al. 1993). A third hypothesis posits
that the unconformities are related to uplift due
to dynamic topographic processes (Cookenboo
et al. 1998). Testing these hypotheses is further
complicated by intrabasinal structures that influ-
enced fluvial depositional patterns within the
evolving foreland basin (DeCelles 1986; May et
al. 1995; Way et al. 1998; Zaleha et al. 2001).

Although the duration and number of the
unconformities between the Upper Jurassic and
Lower Cretaceous are poorly constrained, their
timing generally seems to correspond to a lull in
magmatic activity within the Sierra Nevada arc
system from 140 Ma to 125 Ma (Armstrong and
Ward 1993; Ducea 2001), which suggests a tem-
porary cessation of typical subduction at the
western margin of North America. Importantly,
the Lower Cretaceous strata that postdate the
unconformity display the characteristic asym-
metric isopach thickness geometry of a retroarc
foreland basin (McGookey et al. 1972; DeCelles
2004; Zaleha 2006). This isopach geometry is
commonly ascribed to flexural subsidence due to
loading of the lithosphere in the fold-and-thrust
belt (Heller et al. 1988; Yingling and Heller 1992;
DeCelles 2004). In Wyoming, the Cloverly For-
mation is the geologic unit that records this tran-
sition. Its isopach geometry was thought to have
developed before the Aptian stage of the Early
Cretaceous (Heller et al. 1986; Heller et al. 1988;
Zaleha 2006). After deposition of the Cloverly
Formation, the continental interior was flooded
from the north, which was likely driven by a
combination of flexural subsidence and dynamic
topography (Miall et al. 2008; Liu et al. 2011,
2014).

Further complicating the lack of temporal
resolution within the Cloverly Formation is the
rarity of volcanic ash beds in the formation. For
example, Ostrom (1970) only mentions one
“tuff” near Shell, Wyoming. Excepting a lull from

140 to 125 Ma, volcanic activity persisted during
the Late Jurassic and the Early and Late Creta-
ceous within the Cordilleran magmatic arc
(Armstrong and Ward 1993; Ducea 2001). One
of the primary sources of thick, bentonitic clay-
stone units in the Morrison and Cloverly forma-
tions is ash fall (Moberly 1960; Kvale 1986;
Turner and Peterson 2004; Trujillo 2003; Heller
et al. 2015). Low subsidence rates and prevailing
semi-arid climate likely led to widespread modi-
fication of ash-fall layers through pedogenesis
and reworking by fluvial systems (Kvale 1986;
Demko and Parrish 1998; Demko et al. 2004;
Turner and Peterson 2004). This conclusion is
supported by locations within the Morrison For-
mation where U–Pb detrital zircon ages overlap
with U–Pb zircon ages from definitive and dis-
tinct volcanic ash beds (Trujillo 2003).

Bighorn Basin Cloverly 
Formation Stratigraphy
In the Bighorn Basin of northwest Wyoming,
Upper Jurassic and Lower Cretaceous sedimen-
tary rocks crop out along basin margins. Several
authors have proposed lithostratigraphic frame-
works based on up-section changes in lithofacies
associations and inferred changes in predominant
depositional environments (Darton 1906; Moberly
1960, 1962; Ostrom 1970; Elliott et al. 2007).
Herein, we predominantly follow the framework
of Moberly (1960), using formal geologic mem-
bers rather than the units and stratigraphic zones
of some authors (e.g., Ostrom 1970; Zaleha 2006;
Elliott et al. 2007). Uppermost Jurassic and Lower-
middle Cretaceous strata in the Bighorn Basin can
be divided, from bottom to top, into the Morrison
Formation, the Cloverly Formation, the Greybull
Sandstone (sometimes considered to be part of
the Cloverly Formation, including in this study),
and the Sykes Mountain Formation. These forma-
tions overlie the marine Sundance Formation and
underlie the Thermopolis Shale. The Upper Juras-
sic Morrison Formation of the Bighorn Basin is
typically 60 m thick and predominately composed
of greenish claystone and siltstone, occasionally
displaying reddish brown mottling in horizons
(Moberly 1960). Lenticular fine- and medium-
grained sandstone bodies also occur within the
formation and are typically about 6 m thick and
100–500 m wide. They display overall fining-
upward patterns in grain size, have scoured bases,
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and contain trough cross-beds and ripple cross-
laminations. Paleocurrent measurements indicate
dominant easterly sediment transport (Moberly
1960; Winslow and Heller 1987). The interpreted
paleoenvironment suggests deposition on flood-
plains that were fed by relatively small meander-
ing rivers along with intervals of shallow lake
deposition (Moberly 1960; Winslow and Heller
1987).

The overlying Cloverly Formation varies in
thickness in the Bighorn Basin but is typically
between 50 and 120 m thick. It can be divided into
three members (from bottom to top) termed the
Pryor Conglomerate, Little Sheep Mudstone, and
Himes Members (Moberly 1960). These members
can be linked to the units and intervals of Ostrom

(1970), Zaleha (2006), and Elliott et al. (2007; see
revised Depositional Model below). The Pryor
Conglomerate (Ostrom 1970, Unit IV; Zaleha
2006, part of the A interval) overlies the Morrison
Formation and can reach 50 m in thickness or it
can be absent (Figure 2). There does not seem to
be a gradient in its thickness across the basin
(Winslow and Heller 1987). Where present, the
Pryor Conglomerate is predominantly composed
of medium- and coarse-grained sandstone that
contains abundant tabular and trough cross-beds
as well as bar clinoforms (Figure 3A, B, E). Sev-
eral scour surfaces are present throughout the
sandbody and are commonly demarcated by con-
glomeratic lags and lenses of black chert. In places,
the Pryor Conglomerate scours into the Morrison

The Age of the Cloverly Formation • D’Emic et al. 7

FIGUrE 2. representative stratigraphic columns from five locations within the Bighorn Basin. Sections 1–5 cor-
respond to the five numbered localities (orange circles) in Figure 1. The stratigraphic position of detrital zircon
samples and major fossil localities are marked with stars and interpreted depositional environments are noted.
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FIGUrE 3. Bighorn Basin exposures of the Cloverly, Morrison, and Sykes Formations. A. Pryor Conglomerate at
Landfill site (LF–Unit 7) south of Cody, Wyoming. B. Bar clinoforms in the Pryor Conglomerate at the Crooked
Creek section near Lovell, Wyoming. C.Overview of Cloverly Formation stratigraphy at the Crooked Creek sec-
tion (Yale Peabody Museum locality 64–75). D. Exposures of the Cloverly Formation at the holotypic locality of
Deinonychus antirrhopus near Bridger, Montana. E.Oscillation ripples near base of Little Sheep Mudstone Mem-
ber (hammer head for scale). F. Exposed transition between lower fluvial sandbody of the Himes Member and
the red bed paleosol sequence above (Crooked Creek section, Yale Peabody Museum locality 63–18, zircons
sampled from three places taken vertically through the fluvial sandbody). G.Evidence for scouring within Himes
Member, shown by sharp contact, and transition into the Sykes Mountain Formation (Crooked Creek section).
H. Transition between Morrison Formation and Little Sheep Mudstone Member north of Cody, Wyoming, that
lacks the Pryor Conglomerate.



Formation, but in others the transition seems to
be more gradational (Winslow and Heller 1987).
Specifically, channel sandstones in the Uppermost
Morrison Formation contain minor conglomer-
atic lenses and are coarser on average than typical
Morrison Formation channel sandstone (Moberly
1960; Ostrom 1970; Winslow and Heller 1987).
Paleocurrent measurements suggest sediment
transport both from the west to the east and
from the south to the north–northeast (Moberly
1960; Ostrom 1970; Winslow and Heller 1987).
Overall, the Pryor Conglomerate Member is
interpreted as the depositional product of low-
 sinuosity braided river systems (Moberly 1960;
Winslow and Heller 1987).

The Little Sheep Mudstone Member (Ostrom
1970, Unit V; Zaleha 2006, all of the B interval and
part of the C interval) overlies the Pryor Con-
glomerate and, in places where the latter is absent,
directly overlies the Morrison Formation (Figures
2 and 3C, G, D, H). The contact is sharp with the
Pryor Conglomerate and is gradational with the
Morrison Formation (Moberly 1960). As with
the Cedar Mountain Formation to the south
(Greenhalgh and Britt 2007), the lowest Cloverly
Formation mudstone likely incorporates reworked
Morrison Formation sediment. The Little Sheep
Mudstone Member varies from 20 to 75 m thick.
The lower portion of the member ranges from
mottled red siltstone and claystone deposited in
alluvial overbank environments to lake margin
lithofacies of laminated, fine-grained sandstone
with occasional oscillation ripples, which are
interbedded with micritic limestone beds that
uncommonly contain stromatolites and oncolites
(Moberly 1960; this study, Figures 2 and 3C, D, G,
H). The middle portion of the member is com-
posed of bentonitic claystone with interbedded
nodular limestone, chalcedony, and gypsum
deposits. This portion of the member has been
interpreted as an evaporative lake sequence
(Moberly 1960; Elliott et al. 2007). The claystone
in the uppermost portion of the member tends to
be gray to black, putatively related to greater
preservation of organic material and more peren-
nially wet conditions (Moberly 1960; Winslow
and Heller 1987; Elliott et al. 2007; this study). The
top of the unit commonly contains purple-mot-
tled siltstone and claystone, occasionally contain-
ing pedogenic carbonate nodules. The depositional
environment of the upper part of the member has

been interpreted as overbank soil sequences (Fig-
ures 1B and 3C, D, G, H). However, in some areas
of the basin (e.g., near Thermopolis; Figures 1C
and 3), the lacustrine portion of the Little Sheep
Mudstone may be absent or dominated by litho-
facies associations more characteristic of the
Himes Member. The Little Sheep Mudstone
Member hosts several vertebrate microfossil
bonebeds (Oreska et al. 2013).

Overlying the Little Sheep Mudstone Member
with a sharp, erosive contact, the Himes Member
(Ostrom 1970, Units VI and VII; Zaleha 2006, part
of the C interval) varies from absent to 30 m or
more in thickness across the basin (Figures 2 and
3C, D, F, G). The member is dominated by lithic
wacke and quartz arenite sandbodies that display
distinctive lenticular geometries that overlap later-
ally or subjacently in outcrop (Figure 3F). Sand-
body size varies substantially from one to several
tens of meters thick and a few to over 1,000 m wide
(Moberly 1960). Conglomeratic portions of the
sandbodies contain clasts of quartzite, silicified
(likely diagenetically replaced) limestone, and
chert, as well as sedimentary clasts of quartz aren-
ite and litharenite (Zaleha and Weisman 2005).
Some authors have found evidence for hypercon-
centrated flow deposits within the sandbodies (e.g.,
Zaleha and Weismann 2005), but trough cross-
bedding and ripple lamination also are present.
Paleocurrent analyses indicate both western and
southeastern sediment sources for the lower
Himes Member (Winslow and Heller 1987; Zaleha
and Weismann 2005). These deposits have been
ascribed to deposition within meandering river sys-
tems (Moberly 1960; Ostrom 1970; Winslow and
Heller 1987). Sandbodies are commonly overlain
by siltstone and claystone that contain abundant
hematite and limonite hardpans (Moberly 1960).
Horizonation and mottling of dusky red, pale red,
and purple colors are present as well as some pedo-
genic carbonate nodules (Moberly 1960; this study,
Figure 3C, D, F, G). These features suggest a well-
drained overbank depositional setting and soil
development (Moberly 1960; Ostrom 1970; Elliott
et al. 2007). These soils host the majority of verte-
brate macrofossil remains from the Cloverly For-
mation (Ostrom 1970).

In some locations within the Bighorn Basin,
most notably in the southeast, the Greybull Sand-
stone cuts into the Himes Member of the Cloverly
Formation (Kvale and Vondra 1993). The Greybull
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Sandstone is lenticular in geometry and is dom-
inantly a feldspathic arenite in composition. It
contains large-scale trough cross-beds and a
provenance that suggests a sediment source and
transport from the east (May et al. 2013a; Finzel
2014, 2017). Some authors have suggested that the
Greybull Sandstone represents incised valleys
with evidence for tidal and estuarine influence
(Kvale and Vondra 1993). Its location and devel-
opment are also potentially related to local base-
ment faults (Winslow and Heller 1987; Kvale and
Vondra 1993; Lopez 1998). Previous authors have
also suggested that the Greybull Sandstone post-
dates the Himes Member (Winslow and Heller
1987; Kvale and Vondra 1993; May et al. 2013a);
we suggest a greater degree of time equivalence
depending on location.

Overlying the Himes Member and Greybull
Sandstone is the Sykes Mountain Formation. The
formation is typically 30 to 90 m thick and is com-
posed of thin, interbedded, sometimes carbona-
ceous shale, fine-grained sandstone, and siltstone
with limonite and ironstone accumulations
(Moberly 1960; this study, Figures 2 and 3C, D,
G). The top of the formation, informally termed
the “rusty Beds” by several authors (e.g., Moberly
1960; Zaleha 2006; Elliott et al. 2007), are
hematite-cemented tabular sandstone bodies that
contain oscillation ripples and minor hummocky
cross-stratification (Moberly 1960; Elliott et al.
2007; this study, Figure 3C, D, G). These beds
interfinger with and grade into the overlying
Thermopolis Shale, which is dominated by black
marine shales. In some areas, the transition
between the Himes Member and Greybull Sand-
stone into the Sykes Mountain Formation is con-
formable, showing a transition from red-mottled
to purple-mottled paleosols into carbonaceous
shale (this study, Figure 2, Crooked Creek sec-
tion). In other locations, the contact is sharp
between the variegated claystone of the upper
Himes Member and the Sykes Mountain Forma-
tion (Moberly 1960). Overall, the Sykes Mountain
Formation represents paralic deposition in coastal
swamps and shallow marine settings.

Materials and Methods

New Stratigraphic Sections
New stratigraphic sections were measured at three
locations within the Bighorn Basin (Figures 1 and

2) using a Jacob’s staff and Brunton compass
(Brunton, Louisville, CO). Sections were cor-
rected for local dip and strike of the strata and
measured relative to the top of the Sundance For-
mation, defined as the uppermost laterally persist-
ent sandy coquina layer. Some researchers have
defined the top of the Sundance Formation as the
last occurrence of significant glauconite (e.g.,
Furer 1966). However, this boundary can be indis-
tinct, and at many locations, the fine-grained units
of the uppermost Sundance Formation and lower-
most Morrison Formation are covered or deeply
weathered. Although our approach may slightly
overestimate the thickness of the Morrison For-
mation, the sandy coquina layer is a distinct, eas-
ily recognizable layer and contains definitive
evidence of marine influence. However, we expect
this layer to be time-transgressive. Stratigraphic
descriptions presented herein include observa-
tions on grain size, sedimentary structures, bed-
ding contacts, trace fossils, pedogenic features,
and body fossils when pertinent. New detrital
zircon samples (N � 6; see below for sample
descriptions) were contextualized within these
stratigraphic sections as well as those from exist-
ing datasets (e.g., May et al. 2013a). GPS locations
of sections and associated zircon samples (Tables
1 and 2) and raw geochemical data are provided
here (see Supplemental Datafile 1). The ages
obtained are interpreted as maximum deposi-
tional ages. We provide justification for this inter-
pretation below (see Discussion).

Laser Ablation Inductively Coupled Plasma
Mass Spectrometry U–Pb Dating
Zircons (samples CL-3, CL-4, CL-5, CL-7, CC-
Himes) were separated from disaggregated sand-
stone by first breaking apart sandstone using a jaw
crusher and reducing the samples to individual
sand-sized grains by roller mill. Dense minerals
were separated using a Wilfley Table (Holman-
Wilfley, Cornwall, UK). Magnetic separation fol-
lowed standard approaches including removal of
ferromagnetic minerals using a hand magnet and
separation of paramagnetic minerals using a
Frantz magnetic separator (S. G. Frantz Co., Tul-
lytown, PA). Subsequently, heavy liquids (meth-
ylene iodide) are used to separate zircon
separation followed by WIG-L-BUG (Millipore-
Sigma, Burlington, MA) removal of barite and
other soft minerals and a final acid washing in
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TABLE 2. Locality information and LA-ICP-MS U–Pb zircon age determinations.

U 206Pb/ 206Pb/ 207Pb*/ 206Pb*/ Error 
Analysis (ppm) 204Pb U/Th 207Pb* ± (%) 235U ± (%) 238U ± (%) correction

Sample CL-4a

CL4-5 171 588 0.9 — — 0.18401 12.2 0.01925 2.0 0.16
CL4-9 50 1513 2.5 — — 0.12655 16.4 0.01945 3.4 0.21
CL4-1 29 276 1.7 — — 0.14774 19.6 0.01948 2.5 0.13
CL4-8 39 663 2.6 — — 0.10962 13.1 0.01964 2.8 0.21
CL4-4 114 3441 1.2 — — 0.13640 7.6 0.02061 5.3 0.69
CL4-3 134 2311 1.3 — — 0.14338 7.1 0.02070 3.2 0.45

Sample CL-5b

CL5-20 347 4384 2.1 — — 0.11106 3.1 0.01690 1.9 0.60
CL5-8 1057 14308 10.1 — — 0.11319 1.4 0.01706 1.0 0.70
CL5-29A 967 6074 5.1 — — 0.11854 2.5 0.01708 1.4 0.56
CL5-3 562 9251 2.3 — — 0.11724 2.1 0.01719 1.2 0.57
CL5-22A 641 9494 1.5 — — 0.11513 2.9 0.01735 2.3 0.81
CL5-30 38 612 2.8 — — 0.05157 22.0 0.01736 2.4 0.11
CL5-7 758 13061 15.4 — — 0.11351 2.4 0.01736 1.8 0.74
CL5-23 377 5568 1.3 — — 0.11014 4.8 0.01736 3.8 0.80
CL5-12 99 1412 3.1 — — 0.10283 7.2 0.01737 2.2 0.31
CL5-26 150 1378 1.9 — — 0.11955 11.7 0.01744 1.8 0.15
CL5-27 133 604 1.9 — — 0.15942 28.0 0.01867 4.9 0.18
CL5-29 610 6041 2.9 — — 0.13532 8.7 0.01973 8.5 0.99

Sample CL-3c

CL3-17 254 2926 2.1 — — 0.11618 5.4 0.01646 3.5 0.65
CL3-30 349 3671 1.5 — — 0.10982 2.3 0.01649 1.3 0.57
CL3-40 1088 8043 3.9 — — 0.11447 2.7 0.01653 1.9 0.72
CL3-24 463 6123 0.9 — — 0.10873 2.3 0.01664 1.4 0.62
CL3-12A 226 3246 2.8 — — 0.10463 6.3 0.01667 1.6 0.26
CL3-32 497 5723 3.0 — — 0.11325 2.9 0.01712 2.0 0.70
CL3-26 1189 14593 4.7 — — 0.11440 1.8 0.01713 1.3 0.72

Sample CL-7 d

CL7-8 106 2401 3.0 — — 0.12745 7.3 0.02007 4.6 0.63
CL7-4 147 2642 2.7 — — 0.13481 6.2 0.02011 1.9 0.30
CL7-5 323 2814 0.8 — — 0.15966 9.6 0.02052 2.1 0.22

Sample CC-Himese

MVI-15 309 3512 2.3 21.5436 7.1 0.1017 7.2 0.0159 1.3 0.18
MVI-13 401 2506 1.9 23.9361 3.3 0.0921 3.5 0.0160 1.2 0.33
MVI-11 264 3376 2.4 22.4264 10.1 0.0984 10.1 0.0160 1.0 0.10
MVI-7 577 3930 2.2 22.4351 7.3 0.0991 7.4 0.0161 1.0 0.14
BV1-16 305 2342 3.0 21.9406 6.8 0.1015 7.3 0.0162 2.9 0.39
MVI-14 385 3616 1.8 20.6492 8.0 0.1081 8.1 0.0162 1.0 0.12
TVCLOV-21 474 1904 1.8 23.3021 6.7 0.0958 6.9 0.0162 1.3 0.19
MVI-26 697 4340 1.7 21.8860 3.9 0.1023 4.2 0.0162 1.4 0.33
MVI-16 234 3060 1.4 19.3014 13.2 0.1165 13.3 0.0163 1.0 0.08
MVI-6 292 1606 2.9 21.2535 10.7 0.1061 10.8 0.0164 1.0 0.09
MVI-12 324 3526 1.9 20.5075 4.0 0.1102 4.1 0.0164 1.0 0.24
TVCLOV-9 244 1780 2.2 22.5212 7.3 0.1009 8.1 0.0165 3.5 0.43
TVCLOV-22 388 3576 1.5 20.5918 6.1 0.1104 6.2 0.0165 1.2 0.19

Continued
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TABLE 2 CONTINUED.

206Pb*/ ± 207Pb*/ ± 206Pb*/ ± Best age ± 
Analysis 238U (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)

Sample CL-4a

CL4-5 122.9 2.4 171.5 19.3 908.4 249.2 122.9 2.4
CL4-9 124.2 4.2 121.0 18.7 59.1 384.8 124.2 4.2
CL4-1 124.3 3.1 139.9 25.6 412.7 438.1 124.3 3.1
CL4-8 125.4 3.5 105.6 13.2 –319.5 330.3 125.4 3.5
CL4-4 131.5 6.9 129.8 9.3 98.9 130.6 131.5 6.9
CL4-3 132.1 4.1 136.1 9.0 205.6 146.6 132.1 4.1

Sample CL-5b

CL5-20 108.0 2.0 106.9 3.1 82.5 58.2 108.0 2.0
CL5-8 109.0 1.1 108.9 1.5 105.8 24.5 109.0 1.1
CL5-29A 109.2 1.5 113.7 2.7 210.4 47.1 109.2 1.5
CL5-3 109.9 1.3 112.6 2.2 170.3 39.7 109.9 1.3
CL5-22A 110.9 2.6 110.6 3.0 105.2 39.9 110.9 2.6
CL5-30 110.9 2.7 51.1 11.0 –2320.8 897.0 110.9 2.7
CL5-7 110.9 1.9 109.2 2.5 71.0 38.1 110.9 1.9
CL5-23 111.0 4.2 106.1 4.8 –2.2 69.5 111.0 4.2
CL5-12 111.0 2.4 99.4 6.9 –172.0 171.8 111.0 2.4
CL5-26 111.4 1.9 114.7 12.7 182.1 269.6 111.4 1.9
CL5-27 119.3 5.8 150.2 39.1 671.5 599.7 119.3 5.8
CL5-29 125.9 10.6 128.9 10.5 183.5 34.1 125.9 10.6

Sample CL-3c

CL3-17 105.2 3.7 111.6 5.7 249.5 93.4 105.2 3.7
CL3-30 105.4 1.4 105.8 2.3 113.8 44.3 105.4 1.4
CL3-40 105.7 2.0 110.0 2.8 205.9 42.8 105.7 2.0
CL3-24 106.4 1.5 104.8 2.3 69.4 42.4 106.4 1.5
CL3-12A 106.6 1.7 101.0 6.1 –27.9 148.6 106.6 1.7
CL3-32 109.4 2.2 108.9 3.0 98.2 48.6 109.4 2.2
CL3-26 109.5 1.4 110.0 1.9 120.2 29.9 109.5 1.4

Sample CL-7 d

CL7-8 128.1 5.8 121.8 8.4 1.1 137.0 128.1 5.8
CL7-4 128.3 2.4 128.4 7.4 129.6 138.4 128.3 2.4
CL7-5 130.9 2.7 150.4 13.4 469.3 208.0 130.9 2.7

Sample CC-Himese

MVI-15 101.6 1.3 98.3 6.7 19.3 170.0 101.6 1.3
MVI-13 102.3 1.2 89.5 3.0 –239.9 84.0 102.3 1.2
MVI-11 102.3 1.0 95.3 9.2 –78.0 246.5 102.3 1.0
MVI-7 103.1 1.0 95.9 6.8 –79.0 179.1 103.1 1.0
BV1-16 103.3 2.9 98.2 6.9 –24.7 164.0 103.3 2.9
MVI-14 103.5 1.0 104.2 8.0 120.2 189.0 103.5 1.0
TVCLOV-21 103.5 1.4 92.9 6.1 –172.6 167.9 103.5 1.4
MVI-26 103.9 1.4 98.9 3.9 –18.6 95.4 103.9 1.4
MVI-16 104.3 1.0 111.9 14.0 277.0 303.8 104.3 1.0
MVI-6 104.6 1.0 102.4 10.5 51.8 256.5 104.6 1.0
MVI-12 104.8 1.0 106.1 4.2 136.4 94.0 104.8 1.0
TVCLOV-9 105.4 3.6 97.6 7.6 –88.3 180.3 105.4 3.6
TVCLOV-22 105.4 1.2 106.4 6.3 126.8 143.8 105.4 1.2
aApprox. 148.5 m above Sundance Formation coquina at South of Cody stratigraphic section (44°30�17.49�N, 109°4�44.92�W).
bApprox. 149 m above Sundance Formation coquina at South of Cody stratigraphic section (44°30�17.49�N, 109°4�44.92�W).
cApprox. 164 m above Sundance Formation coquina at South of Cody stratigraphic section (44°30�17.49�N, 109°4�44.92�W).
dApprox. 2.5 m above Pryor Conglomerate near Shell, Wyoming (44°34�43.61�N, 107°48�26.92�W).
eApprox. 220 m above Sundance Formation coquina at Crooked Creek stratigraphic section (44°59.021�N, 108°18.790�W).
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nitric acid (HNO3) to remove any pyrite on the
sample. The zircon sample was then placed into
an epoxy mount, which was subsequently pol-
ished, imaged with a scanning electron micro-
scope, and cleaned prior to analysis (Gehrels et al.
2006, 2008). These five samples yielded enough
zircons to assign a maximum depositional age.
Another sample (CL-2) yielded a single-grain age
of 103.5 ± 2.9 Ma, but no other young grains, so
we exclude it from our analysis. Two other sam-
ples (CL-1 and CL-8) did not yield any young
grains and will not be discussed further here (raw
results are included in Supplemental Datafile 1).
U–Pb ages were determined using laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS; Nu Hr ICPMS; Nu Instruments,
Wrexham, UK) with Photon Machines Analyte
G2 laser (Photon Machines, Thousand Oaks, CA)
at the University of Arizona LaserChron facility.
Detailed information on run parameters, proce-
dures, and corrections can be found in Gehrels et
al. (2006, 2008) and Gehrels and Pecha (2014),
and are summarized herein. Euhedral zircons
with elongate tips were targeted for analysis and
standards were analyzed at regular intervals, after
every fifth unknown analysis (Sri Lanka zircon,
563.5 ± 3.2 Ma; Gehrels et al. 2008). 238U, 232U, and
208–207–206Pb were measured simultaneously using
12 Faraday detectors with 3 � 1011 � resistors.
The spot size used was 30 �m. Unknown analyses
were corrected for background, common lead,
and fractionation based on measurements of the
standards and known 206Pb/204Pb and common
lead composition. Uncertainties in the correc-
tions, Sri Lanka standard, and decay constant of
238U and 235U were propagated. The AgeCalc pro-
gram developed at the LaserChron facility was
used for data reduction of the measured intensi-
ties into calculated ages, uncertainties, discor-
dance, and associated information. Measurement
error was 1%–2% (2 �). We applied a conserva-
tive 10% discordance filter to the data. There are
no firmly established levels of discordance filters
within the detrital zircon geochronologic litera-
ture (Nemchin and Cawood 2005; Gehrels 2014)
although in many provenance studies a 20% dis-
cordance filter is used (e.g., Blum and Pecha 2014;
Horton et al. 2015). Herein we use a more conser-
vative filter because we are specifically interested
in detecting specific age groups (i.e., identifying
maximum depositional ages) rather than broad

proportions of age groups as is typical in prove-
nance studies (Gehrels 2014). Age determinations
assume normal distribution of error for each grain
age. Maximum depositional ages were identified
using a weighted mean age from three or more of
the youngest overlapping ages while optimizing
mean square weighted deviation (MSWD; opti-
mal MSWD � 1.0) including systematic and ran-
dom error (Dickinson and Gehrels 2009). This
approach minimizes the effects of any lead loss to
a single grain, which can produce artificially
young depositional age estimates (Dickinson and
Gehrels 2009; Gehrels 2014).

Chemical Abrasion Thermal Ionization
Mass Spectrometry U–Pb Dating
U–Pb ages of zircons were determined for one sam-
ple (LF-Unit 7) by chemical abrasion thermal ion-
ization mass spectrometry (CA-TIMS) at Boise
State University Isotope Geology Laboratory. This
sample has lithologic characteristics in outcrop con-
sistent with an ash-fall origin. The CA-TIMS
method, modified after Mattinson (2005), was used
to obtain U–Pb ages for single grains of zircon
(Table 1). Zircons were separated from the host rock
using the same methods as described above. Zircon
was removed from the epoxy mounts for dating
based on initial LA-ICP-MS dates that identified the
youngest grains. Individual grains were placed into
3 mL Teflon PFA beakers (Chemours, Wilmington,
DE) and subsequently loaded into 300 �L Teflon
PFA microcapsules. Fifteen microcapsules were
placed in a large-capacity Parr vessel (Parr Instru-
ment Co., Moline, IL) and the grains partially dis-
solved in 120 �L of 29 M HF for 12 hours at 180 °C.
The contents of the microcapsules were returned
to 3 �L Teflon PFA beakers, the HF removed, and
the residual grains immersed in 3.5 M HNO3. The
contents were ultrasonically cleaned for one hour
and later fluxed on a hotplate at 80 °C for one hour.
The HNO3 was removed and the grains rinsed
twice in ultrapure H2O before being reloaded into
300 �L Teflon PFA microcapsules, which were
rinsed and fluxed in 6 M HCl during sonication
and washing, then spiked with the EArTHTIME
mixed 233U–235U–205Pb tracer solution. Zircons
were dissolved in Parr vessels in 120 �L of 29 M
HF with a trace of 3.5 M HNO3 at 220 °C for 48
hours, dried to fluorides, and then redissolved in
6 M HCl at 180 °C for 12 hours. U and Pb were
separated from the zircon solution using the 



HCl-based anion-exchange chromatographic pro-
cedure of Krogh (1973), eluted together and dried
with 2 �L of 0.05 N H3PO4. Pb and U were loaded
onto a single outgassed re filament in 5 �L of a sil-
ica gel/phosphoric acid mixture (Gerstenberger and
Haase 1997). U–Pb isotopic measurements were
made on the GV Isoprobe-T thermal ionization
mass spectrometer equipped with an ion-counting
Daly detector at Boise State University Isotope
Geology Laboratory. Pb isotopes were measured by
peak-jumping on the Daly detector for 160 cycles,
then corrected for 0.16 ± 0.03%/atomic mass unit
(a.m.u.; 1 � error) mass fractionation. Transitory
isobaric interferences due to high molecular-weight
organics, particularly on 204Pb and 207Pb, disap-
peared within approximately 30 cycles, and ioniza-
tion efficiency averaged 104 cps/pg of each Pb
isotope. Linearity (to =1.4 � 106 cps) and the asso-
ciated dead-time correction of the Daly detector
were monitored by repeated analyses of NBS982,
which have been constant since installation. Ura-
nium was analyzed as UO2

+ ions in static Faraday
mode on 1012 ohm resistors. This occurred over 300
cycles and was corrected for isobaric interference of
233U18O16O on 235U16O16O with an 18O/16O of
0.00206. Ionization efficiency averaged 20 mV/ng
for each of these U isotopes. Uranium mass frac-
tionation was corrected using the known 233U/235U
ratio of the EArTHTIME tracer solution. CA-
TIMS U–Pb dates and uncertainties were calculated
using the algorithms of Schmitz and Schoene
(2007), EArTHTIME ET535 tracer solution (Con-
don et al. 2015) with calibration of 235U/205Pb �
100.233, 233U/235U � 0.99506, and 205Pb/204Pb �
11268, and U decay constants recommended by Jaf-
fey et al. (1971). 206Pb/238U ratios and dates were cor-
rected for initial 230Th disequilibrium using a Th/U
[magma] � 3.0 ± 0.3 (1 �) using the algorithms of
Crowley et al. (2007), resulting in an increase in the
206Pb/238U dates of approximately 0.09 Ma. All com-
mon Pb in analyses was attributed to laboratory
blanks and subtracted based on the measured lab-
oratory Pb isotopic composition and associated
uncertainty. Uranium blanks are estimated at
0.013 ± 0.009 pg (1 �). Errors are given at 2 �.

New Paleobotanical Data
Fossil leaves and shoots were collected from five
localities in a lacustrine facies in the Little Sheep
Mudstone Member distributed over 1 km2, just
west of Ten Sleep, Wyoming (GPS: 44.304°,

–107.514°; see Supplemental Datafiles 2 and 3 for
locality information), near the Sr-16 East paly-
nomorph samples (MZ-08, MZ-12) of Zaleha
(2006) and likely also the source of the fossils
identified by Knowlton (1916). These samples
came from a horizon identified by Ostrom (1970)
as belonging to Unit V (Little Sheep Mudstone
Member) in his stratigraphic section II-B, but
from “Unit III?” of the Morrison Formation in
section 9 of Appendix B. The sampled horizon is
equivalent to unit T of Elliott (2002). Plant
megafossils were also collected from 20 localities
in the mudstone of the upper Himes Member
(Greybull interval sensu Kvale and Vondra 1993;
Ostrom, Unit VII) throughout the Bighorn Basin.
All of the specimens figured here are housed in
the Paleobiology Collections at the Smithsonian
Institution’s National Museum of Natural History
(USNM) in Washington, DC, USA.

Reevaluation of Previous Age Constraints
Over the past century, the Cloverly Formation has
been the subject of many journal articles, review
papers, and unpublished theses. Several of these
studies have concluded that the Cloverly Forma-
tion is at least in part Aptian in age or older (e.g.,
DeCelles and Burden 1992; Heady 1992; Chen
and Lubin 1997). We compiled and reevaluated
biostratigraphic, paleomagnetostratigraphic, and
chronostratigraphic (i.e., fission-track dates and
radiometric dates) studies to critically reevaluate
the age of the formation. Oft-cited taxa used for
biostratigraphic control were traced to their first
appearance in all available Cloverly Formation
literature, then age-recalibrated (including their
age ranges) based on global compilations from
the Paleobiology Database (PBDB 2000) and
Palynodata Database (White 2006). Ages in these
databases were not considered to be valid a priori;
we traced and validated the source of each in the
primary literature. All data are given stratigraphic
context within the members of the Cloverly For-
mation using published map locations, GPS infor-
mation, Google Earth, communication with
primary authors, and fieldwork.

Results

New U–Pb Radiometric Ages
The ages of six detrital zircon samples are reported
from four sites (two south of Cody, Wyoming, one
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near Shell, Wyoming, and one northwest of Lovell,
Wyoming) and five stratigraphic levels. Five sam-
ples can be placed within measured stratigraphic
sections (Figures 1 and 2) and one within the local
lithostratigraphic framework (CL-7). The strati-
graphic distribution of the samples broadly con-
strains depositional timing of the members of the
Cloverly Formation. See the radiometric results
(Tables 1 and 2) and a summary of maximum
depositional ages (Table 3).

Sample 1: Cody Landfill Site 
(LF-Unit 7)
A detailed stratigraphic section was measured at
two localities on the western margin of the
Bighorn Basin north and south of Cody,
Wyoming (Figures 1 and 2; GPS: 44.48958°,
–109.0607° and 44.57417°, –109.1197°, respec-
tively). The Pryor Conglomerate is absent in the
northern section, as are the lenticular, fluvial
sandstones of the Himes and Greybull Members.
However, a distinct fluvial sandbody occurs at the
contact between the Morrison Formation and Lit-
tle Sheep Mudstone Member (Figures 2 and 3H).
Although it occupies the same relative strati-
graphic position to the Pryor Conglomerate, a
more detailed inspection indicates it is more con-
sistent with fluvial sandstone characteristic of the
Morrison Formation. Unlike the Pryor Conglom-
erate, the sandbody north of Cody is not multi-
storied, is overall finer-grained, contains fewer
chert pebble clasts, is not laterally continuous
across the outcrop area, and contains vertebrate
fossils indicative of Jurassic faunas (Allosaurus and
Camarasaurus; see below). Overall, these features
are more consistent with the meandering river
deposits of the Morrison Formation rather than
the braided river deposits of the Pryor Conglom-

erate. In contrast, all major lithostratigraphic sub-
divisions are present in the southern Cody sec-
tion. A green to white bentonitic claystone was
identified near the middle of the locally exposed
Little Sheep Mudstone Member, 148.5 m above
the uppermost exposed coquina layer of Sun-
dance Formation (Figure 3H). The character of
this deposit is like that described and identified as
altered, devitrified volcanic ashes in other Upper
Jurassic and Lower Cretaceous strata in the West-
ern Interior (Moberly 1960; DeCelles and Burden
1992; Turner and Peterson 2004). Laterally, the
putative volcanic ash layer is partially cut and
reworked by a fine-grained sandstone that con-
tains oscillation ripples. Sediment samples were
obtained from both the reworked and unre-
worked units. CA-TIMS 206Pb/238U ages from
seven zircon grains from LF Unit 7-1 range
between 126.67 ± 0.09 and 124.06 ± 0.12 Ma
(Table 1). Based on the sample’s stratigraphic posi-
tion at the top of the marginal lacustrine facies,
the youngest date is considered the maximum
depositional age for the onset of evaporitic lacus-
trine conditions at this location in the basin.

Samples 2, 3, 4: Southwest Cody 
(CL-4, CL-5, CL-3)
Three additional detrital zircon samples were
analyzed from exposures to the northwest of the
stratigraphic section measured south of Cody
(GPS: 44.504858°, –109.079144°; Figure 1). The
zircons were separated from fine-grained sand-
stone units to obtain ash fall-derived zircons
(Greenhalgh and Britt 2007). Sample CL-4 is cor-
related to the same stratigraphic layer as LF-
Unit 7, and the LA-ICP-MS ages yield a similar
maximum depositional age of 125.2 ± 2.8 Ma
(Table 3). A second sample taken 1.5 m above
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TABLE 3. Maximum depositional age estimates. Abbreviations: MSWD, mean square weighted deviation.

Weighted Systematic Number 
Sample ID Stratigraphic position mean age error (%) MSWD of grains

LF-Unit 7 Middle of Little Sheep Mudstone 124.06 ± 0.12 Ma* N/A N/A 1
CL-4 Middle of Little Sheep Mudstone 125.2 ± 2.8 Ma 0.0 0.9 6
CL-5 Middle of Little Sheep Mudstone 109.9 ± 1.1 Ma 0.0 0.7 12
CL-3 Base of Himes Member 107.0 ± 1.3 Ma 0.0 1.1 7
CL-7 Base of Little Sheep Mudstone 129.4 ± 3.4 Ma 0.0 0.3 3
CC-Himes Base of Himes Member 103.6 ± 1.3 Ma 1.1 0.9 13

*Youngest single grain CA-TIMS age.



CL-4 within the evaporitic lacustrine shales (CL-
5) deposits yields a maximum depositional age of
109.9 ± 1.1 Ma, and the third sample derived near
the base of the Himes Member (CL-3) yields
maximum depositional age of 107.0 ± 1.3 Ma
(Table 3).

Sample 5: Shell, Wyoming (CL-7)
A fine-grained sandstone unit was sampled 
(CL-7) approximately 2.5 m above the Pryor Con-
glomerate in the Little Sheep Mudstone on the
eastern side of the Bighorn Basin near Shell,
Wyoming (GPS: 44.577206°, –107.803639°). No
stratigraphic section was measured at this loca-
tion, but we retain this sample in our study to
compare east to west ages of the lower Cloverly
Formation. The zircons separated from this sand-
stone sample yielded a maximum depositional age
of 129.4 ± 3.4 Ma (Table 3).

Sample 6: Crooked Creek (CC-Himes)
A detailed stratigraphic section was measured
at exposures northwest of Lovell, Wyoming,
that contains all major lithostratigraphic sub-
divisions of previous authors (GPS: 44.98361°,
–108.31305°; Figure 3). The lower Himes Mem-
ber of the Cloverly Formation was sampled for
detrital zircons at a particularly rich vertebrate
fossil site (site YPM 63-18, depicted in plate 4B
of Ostrom 1970) that is associated with several
important paleofloral collection sites along the
same ridge. Preliminary results for this sample
were mentioned, but not described, in D’Emic
and Britt (2008) and D’Emic and Foreman
(2012). Three subsamples were taken from the
uppermost portion of the fluvial sandstone
underlying the main fossil-bearing horizon of
this bonebed. It was sampled over the thickness
of the bed from approximately 60 to 63 m above
the Pryor Conglomerate and taken from the
finer-grained portion of the sandstone directly
below where the individual is standing in
D’Emic and Foreman (2012:885, fig. 1A). This
stratigraphic level is ca. 60 m above the top of
the Pryor Conglomerate and 220 m above the
uppermost Sundance Formation coquina layer.
Several of the vertebrate fossils cross Units VI
and VII (Ostrom 1970) of the Himes Member
(e.g., subvertically oriented ribs), suggesting that
the two units are conformable at this location.
A maximum depositional age of 103.6 ± 1.3 Ma

was obtained for the youngest overlapping age
determinations (Table 3).

New Paleobotanical Data
The most common macrofossils from our sam-
ples in the Little Sheep Mudstone Member near
Ten Sleep, Wyoming, include adpressions of Nilso-
nia nigracollensis (Figure 4E) and Coniopteris
hymenophylloides (Figure 4F), but dispersed
conifer shoots (Figure 4G) and fragmentary ferns
are also present. Some ferns are preserved as frag-
mentary charoalified fossils, including Dipteris sp.
(Figure 4H; Dipteridaceae) and Microphyllopteris
sp. (Figure 4I; ?Gleicheniaceae). At the same hori-
zon, Knowlton (1916) also reported the presence
of Zamites arcticus and a fern Thyrsopteris denti-
folia; however, the fern is a misidentified speci-
men of C. hymenophylloides. Caddisfly casings
and insect wings co-occur with the plant fossils.
No angiosperm remains have been found. Knowl-
ton (1916) concluded that the age of the assem-
blage is Early Cretaceous based on the presence
of N. nigracollensis, which is also known from the
lowermost Lakota Formation in the Black Hills
region (Wieland 1905). Two other collections
from lenticular carbonaceous mudstone deposits
along the Nowood river (near MZ-13 of Zaleha
2006) share species with the lacustrine assem-
blage. One site is dominated by Equisetites sp.
(Figure 4J), but also includes fragmentary fern
foliage such as C. hymenophylloides (Figure 4K),
and the other includes fragmentary fossils
of Zamites sp. (Figure 4L) and Ginkgoites sp.
(Figure 4M).

The upper Himes Member samples reveal a
distinct macroflora. These localities consistently
yield shoots, pollen cones, and seed cones (Figure
4A) of a taxodiaceous conifer (cf. Athrotaxites
berryi) as well as diverse angiosperm and fern
foliage. Some of these collections share angiosperm
taxa with the late Albian zone IIB of the Potomac
Group (Doyle and Hickey 1976), such as “Popu-
lus” potomacensis (Figure 4B) and Sapindopsis sp.
(Figure 4C). Leaves of deeply dissected eudicot
herbs (Figure 4D) are also common in carbona-
ceous shales of the upper Himes Member.

Reassessing Previous Age Constraints
A summary of the ages ascribed to the Cloverly
Formation through the mid-20th century was
provided by Ostrom (1970), who tentatively based
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FIGUrE 4. Plant fossils from the Cloverly Formation; A–I from Unit V (Little Sheep Mudstone Member), J–M from
Unit VII (Himes Member). A. Conifer seed cone USNM 553887. B. “Populus” potomacensis USNM 554064.
C. Sapindopsis sp. USNM 554425. D. Unidentified eudicot leaf USNM 554664. E.Nilsonia nigracollensis USNM
553910. F.Coniopteris hymenophylloides USNM 554483. G.Unidentified conifer shoot USNM 554478. H.Dipteris
sp. USNM 554520. I. Charcoalified fern pinnae USNM 554536. J. Equisetites sp. USNM 554629. K. Coniopteris
hymenophylloides USNM 554594. L. Zamites sp. USNM 554591. M.Ginkgoites sp. USNM 554592. Scale bars for
E–G, F, K, B, D equal 1 cm; H, L, A, C equal 5 mm; I equals 3 mm; M equals 7.5 mm.
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a mid-Aptian through mid-Albian age assessment
on (1) the presence of the ornithopod dinosaur
Tenontosaurus and the helochelydrid (� solemy-
did, Joyce 2017) turtle Naomichelys in both the
Cloverly Formation and the Glen rose Formation
of Texas, (2) constraints from invertebrate fossils
in the overlying marine formations, and (3) gen-
eral comparisons with faunas of the Morrison
Formation of the western United States, the Patux-
ent Formation of the eastern United States, and
the Wealden Formation of England. This cautious
age assessment has been influential on subsequent
palynological, paleomagnetic, U–Pb detrital zir-
con, fission-track, and K–Ar dating methods, with
data occasionally discarded by subsequent authors
to fall in line with the age assessment of Ostrom
(1970). We reevaluate each of these lines of evi-
dence below, including a reanalysis of all pub-
lished palynological data.

Marine Invertebrates and Pollen
Influential biostratigraphic constraints for the age
of the Cloverly Formation and overlying marine
beds have been developed using foraminifera,
bivalves, and pollen over the past several decades.
We reanalyze each of these constraints in turn,
showing that each points to a generally younger
age for the upper Cloverly Formation than origi-
nally published.

Foraminifera
The work of Eicher (1958, 1960, 1962) has been
cited often in support of a mid-Albian age for the
marginal marine beds of the Thermopolis Forma-
tion that overly the Cloverly Formation. For exam-
ple, Ostrom (1970:142) states, “The occurrence
within our study area of...Haplophragmoides gigas
(Eicher 1962) in the upper 25 feet (7.6 m) of the
Thermopolis Shale (as that unit was redefined by
Eicher in 1960) establishes a minimum age limit of
Middle Albian for the underlying Sykes Mountain
and Cloverly Formations.” Later, Kvale and Vondra
(1993:394) state, “The Thermopolis Shale is con-
sidered to be mid-Albian in age based on the
foraminifer Haplophragmoides gigas (Eicher 1960,
1962; Moberly 1960).” May et al. (2013a:1414) state,
“The oldest unit sampled in TSA3 is the Muddy
Formation, with a paleontologically and radiomet-
rically constrained depositional age of late Albian
(Eicher 1962; Obradovich 1993).” Finally, Swierc
(1990:7) stated that: “The Thermopolis Formation

provides an upper biostratigraphic age constraint
for the terrestrial sedimentation on the basis of
foraminiferans, specifically of the species Hap-
lophragmoides gigas, identified by Eicher (1960,
1962). Moberly (1960) used these foraminiferans
as an upper age limit of mid-Albian for the upper
Thermopolis Formation.” However, Moberly
(1960) does not cite Haplophragmoides gigasor any
data from foraminiferans, nor does he cite any
work by Eicher.

Despite the common citation of Eicher (1958,
1960, 1962) in constraining the upper age of the
Cloverly Formation, those publications did not
specify the age of the Thermopolis Formation
(and the word “Albian” only appears in the text of
one of the three papers, when citing older work
referencing ammonites; Eicher 1960:12). More
recent workers have considered Haplophrag-
moides gigas to indicate a late Albian rather than
middle Albian age (e.g., Caldwell et al. 1978; Cald-
well and North 1984; Pederson et al. 2002; Scott
et al. 2004; Nicholas 2008; Scott 2014). However,
H. gigas has been reported from both Albian and
Cenomanian sediments (Gebhardt et al. 2004), so
the presence of this taxon does not constrain the
minimum age of the Cloverly Formation to the
Albian as is commonly cited.

Bivalves
Like the foraminifer Haplophragmoides gigas, the
bivalve Inoceramus comancheanus has figured
prominently in constraining the upper age of the
Cloverly Formation. Moberly (1960) cites a pers.
comm. from Waagé that I. comancheanus was
found in the Thermopolis Formation, which over-
lies the Cloverly Formation. In a study of middle
Cretaceous deposits of central Colorado, Waagé
(1955) states that the I. comancheanus fauna (not
the genus itself) is indicative of late Albian age.
Following this correlation, Kauffman et al. (1993)
cite the range of “Inoceramus comancheanus” in a
biozone of the same name that they place at
101.25–102.8 Ma, in the late Albian. Waagé
(1955:41) did not give specific justification for
why I. comancheanus indicated a late Albian age
except to state, “The Inoceramus comancheanus
fauna is Early Cretaceous (late Albian) in age; ree-
side (1923:196–200) points out that it is a depau-
perate Washita fauna.” Though Waagé correlated
the Washita Group to the late Albian, it was
deposited in the Albian and into the Cenomanian



(Cobban and reeside 1952; Galloway 2008),
coarsening the temporal resolution of the reeside
(1923), Waagé (1955), and Kauffman et al. (1993)
correlations. This correlation led Moberly (1960)
to infer a pre–late Albian age for the Cloverly For-
mation, an incorrect inference followed by
Ostrom (1970) and Swierc (1990). This biased
Swierc’s interpretation of his paleomagnetic data,
which in turn erroneously constrained later
 fission-track studies (Heady 1992; Chen and
Lubin 1997), as outlined below.

Palynomorphs
Palynological data have also figured prominently
in constraining the age of the Cloverly Formation
based on four datasets, presented in Vuke (1982),
DeCelles and Burden (1992), Furer et al. (1997),
and Nolan (2000). Vuke (1982) and Nolan (2000)
are Master’s theses whose data are included in
Vuke (1984) and Zaleha (2006), respectively. For
each of these datasets, we used the Paleobiology
Database (Behrensmeyer and Turner 2013) and
Palynodata Database (White 2006) to plot the
updated temporal ranges of the reported paly-
nomorphs (Table 4; Supplemental Datafile 4). For
taxa that created biostratigraphic constraints, the
relevant database entry was verified by accessing
the primary literature that it was based on.

Vuke (1984:129) cites “well-preserved paly-
nomorphs from the Thermopolis Shale, indicat-

ing deposition during the Albian stage (Davis
1963; Tschudy and Veach 1965; James 1977; Vuke
1982).” Tschudy and Veach (1965) presented no
age data, nor did they present any specimens iden-
tified to the specific or generic level, so their
report cannot be used in support of an Albian age
for the Formation. The other three works Vuke
(1984) cites are unpublished master’s theses or
doctoral dissertations, which on reevaluation do
not constrain the age of the Thermopolis Shale to
the Albian. Davis (1963) presents extensive paly-
nological descriptions but relies on earlier work
to constrain the age of the Thermopolis Forma-
tion and eastern equivalents (Cobban and reeside
1952; Skolnick 1958). Davis (1963) provides only
general statements that palynomorph data the
Thermopolis Formation “compares well with
Lower Cretaceous assemblages” and “supports an
Albian age for the Formation” (Davis 1963:185;
emphasis added). Likewise, James (1977) relies on
earlier work to constrain the age of northern
Cloverly Formation equivalents, rather than pro-
viding novel age data. Vuke (1982) described paly-
nomorphs from the Thermopolis, Muddy, and
Mowry Formations, finding that “seven of the
palynomorphs are known only from the Albian”
(Vuke 1982:111, fig. 44). However, in light of the
seven palynomorphs’ currently known temporal
ranges (Table 4; Supplemental Datafile 4), the
upper age of the Cloverly Formation cannot be
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TABLE 4. reanalysis of Cloverly Formation palynomorph biostratigraphic ranges. See online supplemental mate-
rials for detailed recalculations.

Sample Published age Revised age Mean age 
number Horizon Location range range difference Reference

MZ-13 ? Northern 125–145 Ma 100.5–130 Ma –19.75 Ma Nolan (2000),
Wyoming Zaleha (2006)

MZ-22 ? Northern 125–145 Ma 109–130 Ma –15.5 Ma Nolan (2000), 
Wyoming Zaleha (2006)

MZ-08 ? Northern 125–145 Ma 100.5–113 Ma –28.25 Ma Nolan (2000), 
Wyoming Zaleha (2006)

N/A Thermopolis  Southwest 113–125 Ma 93.9–113 Ma –15.55 Ma Vuke (1982)
and Mowry Montana
Formations

Ar2e Little Sheep Central 132.9–145 Ma 129.4–145 Ma –1.75 Ma DeCelles
Mudstone Wyoming and Burden
Member (1992)

? Little Sheep Northern <109 Ma 113–86 Ma –9.5 Ma Furer et al.
Mudstone Wyoming (1997)
Member



constrained to the Albian. Of the seven, the paly-
nomorph with the narrowest range is Camaro-
zonosporites insignis, which Vuke (1982:119) cites
as having an Albian–Cenomanian range (note:
Vuke 1982:111 misspells the taxon as Camara-
zonosporites and erroneously lists it as being
restricted to the Albian on that page). In sum, the
four studies cited by Vuke (1984) constrain the
marine Thermopolis Formation to an Albian–
Cenomanian age and not the Albian as cited
(Vuke 1984).

DeCelles and Burden (1992) presented a
palynological sample subjacent to the Pryor Con-
glomerate in central Wyoming that they consid-
ered to be Berriasian or Valanginian. Our
reanalysis of their data (DeCelles and Burden
1992, table 1) based on the Paleobiology Data-
base (PBDB 2000) and Palynodata Database
(White 2006) indicates a slightly broader age of
Berriasian–Hauterivian (ca. 145–129 Ma) for this
sample. Furer et al. (1997) presented a palynolog-
ical sample from near Manderson, Wyoming that
was taken from just 25 feet (approximately 7.6 m)
above the lowest chert conglomerate in the area
(i.e., just above the equivalent of the Pryor Con-
glomerate). They concluded that this sample
indicates “an age of no older than late Early
Albian (approximately 109 Ma) based on the
occurrence of Tricolpites parvus, Psilatricolpites
parvulus, and Retitricolpites prosimilus” (Furer et
al. 1997:47). Unlike the first two palynomorphs,
the latter is not figured in their plates and is not a
named species; perhaps it was a typographic error
meant to read Retitricolpites prosimilis. When
reassessing their sample of 13 palynomophs with-
out R. prosimilis using the Palynodata Database
(White 2006), we find that the age cannot be con-
strained to an interval less than 145–72 Ma. R.
prosimilis would narrow down the age range to
Albian–Coniacian (approximately 113–86 Ma) if
it represents a genuine record, but this cannot be
evaluated because it is not figured in Furer et al.
(1997).

Nolan (2000) and Zaleha (2006) presented a
dataset from approximately 24 species in 17 paly-
nomorph genera identified by D. Engelhardt.
These samples were interpreted as coming from
the B and or C intervals of the Cloverly Forma-
tion by Nolan (2000) but were reinterpreted as
coming from the A interval by Zaleha (2006), a
designation followed by later authors (Elliott et al.

2007). It is unclear to which named member of
the Cloverly Formation these samples belong. Of
the six samples from the Bighorn Basin, one sam-
ple yielded a possibly contaminated Late Jurassic
age (MZ-14), two (MZ-10 and MZ-12) only
yielded a general Early Cretaceous age, and three
(MZ-08, MZ-13, and MZ-22) yielded “Neoco-
mian” (Berriasian–Barremian) ages (Nolan 2000;
Zaleha 2006). All samples were from within
approximately 6 km of one another near Tensleep,
Wyoming, and MZ-13 and MZ-22 are from the
same unit, sampled 30 cm apart. Based on these
samples, Zaleha (2006) interpreted the age of the
Cloverly A interval as Berriasian–Barremian
(Zaleha 2006, 2013; Elliott et al 2007). However,
according to the Paleobiology Database (Behrens-
meyer and Turner 2013) and Palynodata Database
(White 2006), samples MZ-08, MZ-13, and MZ-
22 indicate ages of 100.5–113 Ma, 100.5–130 Ma,
and 109–130 Ma, respectively (Table 4; Supple-
mental Datafile 4). Grouping these samples
together indicates an early Albian age (109–113
Ma), but this is only a valid grouping if these rep-
resent the same stratum; this was not reported in
Nolan (2000) or Zaleha (2006). Nevertheless,
treating these ages as approximate, it is apparent
that the dominant signal in the palynomorphs
presented by Zaleha (2006) points toward an
Albian (MZ-08), Barremian–Albian (MZ-13/22),
or early Albian age (all samples) rather than a
Neocomian age for these horizons. An Albian age
for the A interval/Unit IV/Pryor conglomerate is
substantially younger than the Barremian–early
Aptian age inferred via other methods; however, it
is possible that these samples did not come from
the A interval but from stratigraphically higher
similar beds (Winslow and Heller 1987). The
palynomorph samples presented by Nolan (2000)
and Zaleha (2006) do not finely resolve the ages
of the members of the Cloverly Formation.

Paleomagenetic Studies
Swierc (1990:ii) presented a paleomagnetic study
of the Cloverly Formation in the eastern Bighorn
Basin in a master’s thesis, parts of which were later
published by May et al. (1995). Swierc (1990:ii)
concluded that Cloverly Formation deposition
began around 128–123 Ma (Figure 5), and that
“The top of the Cloverly...is either late Aptian or
early Albian.” However, two caveats weaken the age
constraints presented by Swierc (1990). First, the

The Age of the Cloverly Formation • D’Emic et al. 21



Bulletin of the Peabody Museum of Natural History 60(1) • April 201922

FIGUrE 5. Compilation of new and published Cloverly Formation ages. A. Map plotting U–Pb detrital, U–Pb
ash, and fission track ages in the Bighorn and Wind river Basins. B. Published and new age ranges for the mem-
bers of the Cloverly Formation. Dashes within Little Sheep Mudstone Member and Pryor Conglomerate at right
in B indicate abundant local unconformities due to low sediment supply, reworking, or both. Timescale from
Cohen et al. (2013).
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study only sampled the lower part of the forma-
tion (Unit V/Little Sheep Mudstone Member/B
interval), so the data do not bear on the upper age
of the formation. Second, local paleomagnetic
columns were correlated to the Global Magnetic
Polarity Scale based on the incorrect biostrati-
graphic constraints, namely that foraminifera indi-
cated a “pre- or early Albian age can be inferred for
the upper part of the Cloverly Formation” (Swierc
1990:3). As shown above, Swierc (1990) mis-cites
earlier foraminiferan data, which does not con-
strain the upper age of the Cloverly Formation to
the Albian, but to the Cenomanian. Swierc (1990)
also cites palynomorph evidence that the forma-
tions overlying the Cloverly Formation are Albian
in age, but this evidence (Vuke 1984) only con-
strains these formations to the Albian–Cenoman-
ian (see above). In addition to the two caveats we
raise above, Zaleha (2006) raised several issues
relating to data quality and interpretation of results
in Swierc (1990). We follow Zaleha (2006) in con-
sidering paleomagnetic studies of the Cloverly For-
mation to be incapable of refining its age better
than other methods have.

Detrital Zircon U–Pb Studies
Four publications have reported constraints of the
Cloverly Formation using U–Pb analysis of detri-
tal zircons, all in the Bighorn Basin or further
north. Below, we briefly summarize the results of
these studies, which are also depicted in Figure 6.

A conference abstract reported a single
age from the Cloverly Formation near Shell,
Wyoming (Burton et al. 2006). The sample was
reportedly collected “about 75 m above the con-
tact with the underlying Morrison Formation and
gives an age of 108.5 ± 0.2 Ma” (Burton et al.
2006). However, not one but three samples were
taken from this locality (CL-6, CL-7, CL-8), 13.5,
2.5, and 38 m above the Pryor Conglomerate. CL-
7 was discussed above; CL-8 only yields Paleozoic
and older grains. The age of the youngest grain of
CL-6 (107.9 ± 1.4 Ma and youngest three-grain
average of 111.9 Ma) is comparable to the age of
grain(s) reported in Burton et al. (2006)

Detrital zircon U–Pb age spectra were pre-
sented for a site (1FG70) from the Kootenai For-
mation (a Cloverly Formation equivalent) in
central Montana (Fuentes et al. 2009). This sam-
ple came from a trough cross-bedded sandstone
150 m above the Morrison Formation and 65 m

below the Blackleaf Formation Fuentes (2010:85),
making it perhaps stratigraphically equivalent to
the Himes Member (Unit VI) further south. Age
distributions for 1FG70 have a young peak at
approximately 110 Ma (2-point moving average)
with grains as young as 104.3 ± 4 Ma; Fuentes
(2010) presented a TuffZirc Age of 109.85
+0.70/–1.25 Ma for the sample, but because this
is a detrital sample we treat 110 Ma as its approx-
imate maximum age (Figure 5).

Detrital zircon age spectra for the Pryor Con-
glomerate and equivalents in the Kootenai For-
mation were reported from several localities
across the northern Cordillera (Leier and Gehrels
2011); ages younger than approximately 139 Ma
were not recovered.

One detrital zircon grain from the Cloverly
Formation in the western Bighorn Basin was
reported by May et al. (2013a), who inferred that
it approximated the depositional age of the forma-
tion at 110.1 ± 2.6 Ma (Figure 5). The approximate
location of this sample (GPS: 44.585551°,
–109.115524°; S. May, pers. comm. 2016) sits on
the eastern limb of a breached plunging anticline
on which the Cloverly Formation forms ridges
(Supplemental Datafile 5). Exposures of the Sun-
dance Formation are visible near the outcrop base
within the anticline, but the Morrison/Cloverly
boundary is not obvious. Near the axis of the anti-
cline is a thalweg deposit of a fluvial sandbody
(GPS: 44.575430°, –109.114661°) rich in bone and
tooth fragments including one theropod tooth
(University of Michigan [UM] 118192) that
closely resembles that of Allosaurus and one tooth
that pertains to a nontitanosauriform eusauropod
(UM 118191) that closely resembles that of Cama-
rasaurus sp. (Supplemental Datafile 6). We infer
from these teeth that the thalweg deposit lies in
the Morrison Formation and therefore the base of
the Cloverly Formation lies above that level.
Because sample HWY 120-01-08 of May et al.
(2013a) is approximately 180 m stratigraphically
above this thalweg deposit, we consider it to be
part of the upper Cloverly Formation; further-
more, lithologically it seems to belong near the
upper Himes Member–lower “rusty Beds” transi-
tion. A maximum early Albian age (ca. 110 Ma;
May et al. 2013a) for this sample is consistent with
other data for the Cloverly  Formation.

May et al. (2013a) also presented a sample
taken from the Greybull Sandstone where it



scours into the Himes Member near Tensleep,
Wyoming, which yielded a maximum deposi-
tional age of 110 ± 1 Ma (May et al. 2013a). These
ages are consistent with interpreted depositional
ages from detrital zircons and bentonites in the
overlying Muddy Sandstone and Mowry Shale,
which yield maximum ages of 100.1 Ma and ca.
97 Ma, respectively (Kirschbaum et al. 2009; May
et al. 2013b).

Fission Track Dating Studies
Two fission-track studies of the Cloverly Forma-
tion have been conducted (Heady 1992; Chen and
Lubin 1997). Below, we outline the results of these
studies and highlight how some of the younger
ages found by these studies were disregarded on
the basis of faulty biostratigraphic and paleomag-
netic grounds.

Fission-track analyses for multiple sites were
performed in the Bighorn and Wind river Basins
(Heady 1992). Taking error into consideration,
ages as young as 85.2 Ma and as old as 143.75 Ma
were found. Mean ages for the lower and upper
Little Sheep Mudstone Member were about 128
and 120 Ma, respectively. One sample (GJ-
BCrD3.1) from the uppermost Himes Member
(Unit VII/C interval) in the Wind river Basin has
an age of 102.07 ± 16.9 Ma and has not (to our
knowledge) been cited in the literature. Though
Heady (1992:8) treated mean values of the other
fission-track ages in the study as genuine, this age
was implicitly considered to be too young based
on paleomagnetic constraints: “The Cloverly for-
mation [sic] began to be deposited at either 128 or
123 Ma and continued until the marine transgres-
sion which occurred in the Albian between 115
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FIGUrE 6. revised chronostratigraphy of the Cloverly Formation. The stratigraphic order of the members should
be viewed as the typical progression of deposition in most areas in the basin. Timescale from Cohen et al. (2013).



and 112 Ma (Swierc 1990).” We hypothesize that
the 102.07 ± 16.9 Ma age approximates the depo-
sitional age of the upper Cloverly Formation in
the Wind river basin (Figure 5) because of its
congruence with data from a similar level in the
Bighorn Basin.

Later, Chen and Lubin (1997) presented fis-
sion-track ages for the Cloverly Formation in the
northeastern Bighorn Basin (Figure 5). They
reported an age of 115 ± 10 Ma for the top of the
Little Sheep Mudstone Member in their abstract;
this value was reported as 115 ± 9 Ma in their 
table 2, 113 ± 8 Ma in their conclusions, and
110–115 ± 8 Ma in a conference abstract and an
unpublished master’s thesis by Chen (1989a,
1989b). This date was only one of a spectrum of
reported ages. The samples of Chen and Lubin
(1997) fall into two categories: three were inter-
preted as representing ash falls (bentonites) and
seven from other lithologies interpreted as having
a detrital population of zircons (one of the latter
was considered to have a depositional age despite
being from a sandstone, so it instead should have
been taken as a maximum age). The nonbentonite
sample ages were adjusted based on circular rea-
soning: “Based on field relationships, the ash bed’s
fission-track ages, and simple statistical manipu-
lation, we restored all our detrital-age spectrum
[sic] back to 110 million years ago, a time gener-
ally considered to be the end of deposition of the
Cloverly Formation” (Chen and Lubin 1997:56).
The statistical manipulation employed by Chen
and Lubin (1997) was not outlined, but they pre-
sented their raw age spectra for six of their seven
detrital zircon samples (Chen and Lubin 1997:57,
fig. 4). We used WebPlotDigitizer (rohatgi 2018)
to extract the youngest peak age from these graphs,
which are 135 Ma (sample 6), 98 Ma (sample 5),
107 Ma (sample 14), 124 Ma (sample 13), 197 Ma
(sample 8), and 155 Ma (sample 9). Error bars are
not available for these ages, but they were likely on
the order of 8–16 Ma as for the other samples. Tak-
ing this into account and treating these ages as
maxima because they are detrital populations, they
generally fit with the ages found in the three ben-
tonite samples presented by Chen and Lubin
(1997), with the exception of a 124 Ma age for the
middle of the Morrison Formation (sample 13). In
general, the results of Chen and Lubin (1997) are
congruent with other dating methods for the
Cloverly Formation in suggesting deposition

began before the Aptian and persisted at least into
the latest Albian, but the large error bars for each
data point weaken their utility, as noted by other
authors (Zaleha 2006; Oreska et al. 2013).

Finally, DeCelles and Burden (1992) reported
a fission-track age of 129.2 ± 27.5 Ma from a vol-
canic ash horizon in central Wyoming found in a
mudstone sequence that underlies the Pryor Con-
glomerate and 67 m above the contact with the
Morrison Formation (Figure 5). The large error
of this date limits its utility.

40K/40Ar Studies
A single 40K/40Ar study was conducted on the
Thermopolis Shale in the Black Hills. Elliott et al.
(2007:731) used this date to constrain the upper
age of the Cloverly Formation, stating, “The
marine units that overlie the Cloverly Formation
in the Black Hills region have a reported age of
104.4 ± 1.5 Ma from 40K/40Ar on biotites in a ben-
tonite of the Thermopolis Shale (Obradovich
1982).” However, Obradovich (1982) presented
two sample ages for the Skull Creek Shale: 103.7 ±
1.3 Ma and 105.2 ± 1.3 Ma. The average age of
these two samples is 104.5 Ma, but the range
should be regarded as the full error range of the
two samples, i.e., 102.4–106.8 Ma (Figure 5). The
Wayan Formation, which is the western correlate
of the Muddy Sandstone that overlies the Ther-
mopolis Shale (Krumenacker et al. 2016), has a
maximum depositional age of 101.1 ± 1.1 Ma
(ross et al. 2017). Because these coastal and
marine units are likely time-transgressive due to
progressive seaway incursion, they could be
slightly older or younger in Wyoming compared
with Idaho or the Black Hills. Indeed, recent
reconstructions of global sea level curves for the
Cretaceous suggest long-term sea level rise of
about 100 m from the Aptian–Albian boundary
through Albian–Cenomanian boundary, a period
of approximately 13 million years (Haq 2014).
However, these K/Ar ages are congruent with the
deposition of these marine units around the
Albian–Cenomanian boundary inferred from
foraminifera and bivalves (see above).

Discussion

Maximum Depositional Ages
Previous researchers have used a variety of crite-
ria to evaluate the likelihood of detrital zircons
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capturing a maximum depositional age close to
the true depositional age of the strata hosting
them. These criteria include the following: (1) tar-
geting clear, inclusion-free, euhedral zircons with
minimal zoning for age determinations rather
than rounded and abraded varieties that are pre-
sumably reworked and second-cycle; (2) target-
ing strata with known association to volcanic
horizons, volcanic source areas, or both; (3) spa-
tial reproducibility across a region, which implies
a common source for the first-cycle zircons; and
(4) a vertical sequence of age determinations
showing progressively younger dates up-section,
which are consistent with independent biostrati-
graphic and magnetostratigraphic ages (Dickin-
son and Gehrels 2009; May et al. 2013b). Criterion
one is satisfied during sample preparation and zir-
con picking for CA-TIMS and LA-ICP-MS analy-
sis, with the caveat that chosen zircon grains may
maintain euhedral morphologies through recy-
cling events. Additionally, a crystal displaying
euhedral morphology does not in and of itself
imply an ash-fall, first-cycle origin (Finzel 2017).
Criterion two is satisfied based on the abundance
of thick accumulations of smectite-rich claystone
(commonly a weathered product of volcanic ash)
in both the Morrison and Cloverly Formations
(Moberly 1960; Turner and Peterson 2004), prove-
nance studies suggesting sediment sourcing from
the Cordilleran magmatic arc for the Morrison
Formation (Fiske and Tobisch 1978; Tobisch et al.
1986; Dickinson 2001), temporally constrained
and extensive volcanism in the Cordilleran arc of
appropriate geochemistry to produce Plinian-style
eruptions, and sedimentologic data that suggests
the Himes Member rivers were laden with vol-
caniclastic sediment, hyperconcentrated flows, or
both (Christiansen et al. 1994; Zaleha and Wiese-
mann 2005). This includes volcanic rock frag-
ments within sandstone beds and the presence of
white, very fine-grained devitrified tuffs, occa-
sionally preserved as massive cherts within the
Little Sheep Mudstone (Kvale 1986). The third cri-
terion is partially satisfied by our observations. It
is not possible to trace the individual lithostrati-
graphic members across the entire study area
although they do broadly occur in similar strati-
graphic position (when present; Ostrom 1970;
Winslow and Heller 1987). Thus, although the
lithostratigraphic units are very likely time-trans-
gressive, in each geographic location studied the

Pryor Conglomerate produces maximum depo-
sitional ages that are older than maximum depo-
sitional ages in the overlying Little Sheep
Mudstone, which in turn are older than the max-
imum depositional ages of the Himes Member,
which are older than those found in the Mowry
Shale. Criterion four is satisfied based on the up-
section younging observed in the detrital zircon
ages in the western portion of the Bighorn Basin
at the South of Cody stratigraphic section as well
as our reassessment of biostratigraphic informa-
tion (Figure 6). Moreover, the range of radiomet-
ric dates, as well as the sedimentologic features of
the dated beds, implies at least some degree of
mixing of ashfall and terrigenous sediment.

The detrital ages presented in this study
should not be considered absolute depositional
ages and are subject to future revision should
definitive ash layers be discovered in the area.
Ultimately, the totality of these observations and
background geologic conditions support the new
geochronologic and reassessed previous temporal
constraints indicating a broader temporal depo-
sitional window for the Cloverly Formation.
Although we find independent radiometric and
biostratigraphic support that the existing lithos-
tratigraphic frameworks generally represent dis-
tinct time periods within basin, the persistent age
uncertainties and overlap presented herein should
instill caution in future studies when correlating
primarily on the basis of lithostratigraphic changes
(Moberly 1960; Ostrom 1970; Elliott 2002; Zaleha
2006). Thus, lithostratigraphic correlations are a
reasonable starting hypothesis assessing age rela-
tionships, but multiproxy correlations and radio-
metric dates within measured stratigraphic
sections are necessary for addressing finer scale
geologic questions.

Considering diachroneity within fluvial depo-
sitional systems and marine transgressions, the
ages presented here should only be taken as valid
for the localities they were sampled from (Figure
5); the same horizons in different geographic areas
could be somewhat different in age. As in the
Cedar Mountain Formation to the south, mem-
bers can interfinger or be completely absent
(Moberly 1960; Ostrom 1970; Kvale 1986; Kirk-
land et al. 2016). Future U–Pb detrital zircon sam-
pling would be useful in further constraining the
age of the Himes Member, but because it only
yields maximum ages, it would be of limited use in
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constraining the ages of lower members. Carbon
isotope stratigraphy offers a promising future
method for further dating the Cloverly Forma-
tion, as it has for the Cedar Mountain Formation
(Ludvigson et al. 2015).

Synthesis and Chronostratigraphic Revision
The new radiometric ages and reassessed legacy
biostratigraphic and radiometric age constraints
(Figure 5) allow us to produce a revised chronos-
tratigraphy for Lower Cretaceous strata in the
Bighorn Basin of Wyoming and southern Mon-
tana (Figure 6). Like previous revisions, we have
followed a traditional, simplified “layer” cake
approach to the stratigraphy (Moberly 1960;
Ostrom 1970), but this is clearly an oversimplifi-
cation. The stratigraphic order of the members
should be viewed as the typical progression of
deposition in most areas in the basin. However,
there are a number of locations where the mem-
bers are not all represented or occur in a different
stratigraphic order. Examples include the follow-
ing: (1) exposures north of Cody, Wyoming, are
missing both the Pryor Conglomerate and the
lower sandbody unit of the Himes Member; (2)
the Little Sheep Mudstone Member is missing in
exposures northeast of Thermopolis; and (3) in
some locations east of Lovell it seems as though
dark shale units of the Little Sheep Mudstone
Member overlie red beds characteristic of the
Himes Member. Thus, the contacts among the
Cloverly Formation members should not be taken
as precise timelines, but roughly accurate esti-
mates on the timing of changes in broad deposi-
tion in the basin. Future studies will need to assess
whether our time constraints are sufficient for the
specific problems or questions addressed by them.

Deposition of the Morrison Formation in the
Bighorn Basin ended at approximately 150 Ma
(Trujillo and Kowallis 2015). Several disconfor-
mities and paraconformities were observed
between the Morrison and overlying Cloverly
Formations in the Bighorn Basin, confirming the
pattern reported by Winslow and Heller (1987).
Our reassessed Cloverly Formation ages suggest
that the post-Morrison hiatus spans at least 10
million years (150–140 Ma). This is similar to the
estimated duration of the unconformity between
the Morrison Formation and overlying Lower
Cretaceous units in Montana and Utah, but
slightly longer than the duration estimated in

South Dakota (Fuentes et al. 2009; Sames et al.
2010; Ludvigson et al. 2015; Kirkland et al. 2016;
Figure 6). Between ca. 140 Ma and 129.4 ± 3.4 Ma
the Pryor Conglomerate and lowermost Little
Sheep Mudstone Member were deposited spo-
radically across the Bighorn Basin, with the latter
dominated by overbank floodplain strata. Our
new radiometric dates confirm that the Pryor
Conglomerate in the western Bighorn Basin was
deposited pre-Aptian, partially time-equivalent
to the Buckhorn Conglomerate in Utah and basal
conglomerate of the Kootenai Formation in
Montana (Figure 6).

Deposition of the marginal lacustrine strata
of the Little Sheep Mudstone Member spanned at
least 129.4 ± 3.4 Ma through 124.06 ± 0.12 Ma
(Table 3). Evaporitic lacustrine deposition could
have continued sporadically until at least 107.0 ±
1.3 Ma (base of the Himes Member) in the west-
ern portion of the Bighorn Basin and just prior to
103.6 ± 1.3 Ma (fluvial sandbody of the Himes
Member) in the eastern portion of the basin
(Table 3). Unfortunately, none of our age con-
straints directly addresses the duration of a pro-
posed Aptian unconformity(ies) within the
Cloverly, Kootenai, Lakota, and Cedar Mountain
Formations (Figure 7). Several authors have pro-
posed an unconformity overlying the Pryor Con-
glomerate and its equivalents as well as
unconformities within the Little Sheep Mudstone
Member (e.g., May et al. 1995; Way et al. 1998;
Elliott et al. 2007). Our age constraints definitively
establish the Little Sheep Mudstone as both pre-
Aptian (samples LF-Unit 7, CL-4, CL-7) and
Albian (sample CL-5), spanning ca. 15 million
years in 40 m of section.

Furthermore, the Little Sheep Mudstone
Member weathers to meters-thick of popcorn
gumbo, making for poor exposures of fresh rock
and complicating recognition of unconformities.
Much of the Aptian seems to be recorded within
condensed sections and hiatuses within the Little
Sheep Mudstone Member related to reduced or
absent sediment supply and subaerial exposure of
the alkaline, evaporative lacustrine unit. More-
over, these unconformities and condensed inter-
vals need not be spatially uniform, and several
authors have previously hypothesized many
unconformities of varying temporal and geo-
graphic extent attributable to low long-term sed-
iment supply and reduced accommodation, with
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FIGUrE 7. Depositional models for the Cloverly Formation contrasted. A. The depositional model of Ostrom
(1970). B. revised depositional model. Abbreviations: GBI, Greybull Interval; PC, Pryor Conglomerate; SMF,
Sykes Mountain Formation; IV–VIII refer to the stratigraphic units of Ostrom (1970).
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fluvial erosional events producing additional, spa-
tiotemporally variable unconformities (Kvale
1986; Winslow and Heller 1987). Our new age
designation makes the Little Sheep Mudstone
Member equivalent to the upper portion of the
Kootenai Formation in Montana and a large por-
tion of the lacustrine-dominated ruby ranch
Member of the Cedar Mountain Formation in
Utah. The Little Sheep Mudstone Member also
seems to mostly correlate to a significant discon-
formity present in the Lakota Formation in South
Dakota that spans most of the Aptian with the
exception of local deposition of the Minnewaste
Limestone, which has been attributed to local
damming of sediment (Dahlstrom and Fox 1995).

If the lowermost Himes Member fluvial sand-
bodies can be correlated across the basin, the dif-
ference between the maximum depositional age
at the base of the member south of Cody and age
of the top of the fluvial sandbody northwest of
Lovell implies as little at 0.8 million years or as
much as 6 million years of deposition. Deposition
following the Himes Member fluvial unit includes
the Greybull Sandstone (which downcuts into the
Himes Member), the Sykes Mountain Formation,
and the Thermopolis Shale. These units were
deposited between ca. 103.6 ± 1.3 Ma and the
early Cenomanian based on U–Pb detrital zircon
dates from the overlying Mowry Shale (May et al.
2013b). This opens up the possibility that the
uppermost Cloverly Formation and Greybull
Sandstone were deposited in the earliest Ceno-
manian. This is the same age as the lower ruby
ranch Member of the Cedar Mountain Forma-
tion in central Utah (Ludvigson et al. 2015) and
the lower Mussentuchit Member in western Col-
orado (Chure et al. 2010). A similarly complex
and rapid transition occurs in South Dakota
where the Fuson Member is unconformably over-
lain by the Fall river Formation (interpreted as
incised valleys similar to the Greybull Sandstone)
and the early Cenomanian Skull Creek Shale and
Mowry Shale (Cobban et al. 1994). In Montana,
the fluvial and nearshore marine facies of the
Blackleaf Formation correspond to this age inter-
val. These units correlate with a disconformity in
eastern Utah (Figure 6).

Tectonic Implications
Establishing a robust sequence of depositional
events within western North America is necessary

for understanding the evolution of the early Sevier
Orogeny and history of the foreland basin system.
The Lower Cretaceous strata of the Western Inte-
rior are commonly taken as marking the onset of
the Sevier Orogeny and development of the fore-
land basin system as a response to lithospheric
flexure (McGookey et al. 1972; Beaumont 1981;
DeCelles 2004). Although uncertainty persists,
even with our new data as to the precise timing of
deposition at the base of the Cloverly Formation,
our revised chronostratigraphy indicates the onset
of the Sevier Orogeny in Wyoming is broadly con-
temporaneous with its onset in Montana, South
Dakota, and Utah, having been initiated at the ear-
liest by ca. 140 Ma. This is coherent with inde-
pendent constraints on the timing of movement
on the Paris–Willard thrust in northeastern Utah
of ca. 140 Ma from 40Ar/39Ar dating of muscovite
(Yonkee et al. 1989, 1997). Furthermore, K–Ar
ages from authigenic illite derived from Lower
Jurassic strata in Idaho and northern Utah
 indicate burial of their host sandstone by 145–140
Ma (Burtner and Nigrini 1994). Thus, not only do
the Lower Cretaceous strata across the Western
Interior display the characteristic isopach geome-
try of a foreland basin, the timing of thin-skinned
fault movement within the fold-and-thrust belt is
coeval with deposition within the basin.

Our refined temporal constraints on the dif-
ferent members within the Cloverly Formation
indicate widespread tectonic controls on major
depositional changes within the foreland basin
system. The Pryor Conglomerate has figured
prominently in discussions of the initiation of the
Sevier foreland basin system. Some researchers
have proposed that the Pryor Conglomerate and
other widespread coarse-grained units of the Early
Cretaceous do not represent a thrust-loading
event in the Sevier fold-and-thrust belt, but
instead either represent an isostatic rebound of the
basin after loading of the lithosphere (Heller et al.
1988) or a response to mantle-induced subsidence
within the region (Heller et al. 2003). Testing these
hypotheses partially relies on the timing of depo-
sition of these conglomerates. Previous chronos-
tratigraphic studies concluded that the Pryor
Conglomerate, Buckhorn Conglomerate of Utah,
and equivalent strata in Montana were Neoco-
mian through Aptian in age (Heller et al. 1986;
Yingling and Heller 1992; Currie 1998; Heller et
al. 2003). However, based on our new data, the



Pryor Conglomerate is pre-Aptian in age and is
likely contemporaneous with motion on the
Paris–Willard thrust system (Yonkee et al. 1989,
1997). This is broadly consistent with the hypoth-
esis that Lower Cretaceous coarse-grained units
in the Western Interior are indeed syntectonic
with the onset of Sevier tectonism. However, it
remains unclear how the braided river systems
depositing the Pryor Conglomerate were able to
achieve the requisite paleoslopes sufficient to
transport their coarse-grained sediment loads
over such extensive distances (i.e., over 600 km)
without extensive aggradation in proximal regions
of the basin (Heller et al. 2003).

Our new age constraints on the Little Sheep
Mudstone establish its correlation with lacustrine
deposits of the ruby ranch Member of the Cedar
Mountain Formation and the Minnewaste Lime-
stone and Fuson Member of the Lakota Forma-
tion (Figure 6; Finzel 2014, 2017; Kirkland et al.
2016 and references therein). These units are
dominated by evaporitic lacustrine and palus-
trine depositional environments and were
deposited in both the Aptian and the Albian. A
regional-scale reduction in sediment supply is
consistent with the shift from fluvially dominated
deposition during the Valanginian–Hauterivian
to lacustrine-dominated deposition in the Apt-
ian, which broadly indicates an underfilled con-
dition in the foreland basin system. Furthermore,
even lacustrine and palustrine deposition was not
continuous in the Early Cretaceous foreland
basin, as there is evidence for unconformities
within the Peterson and Draney Limestones near
the fold-and-thrust belt based on biostrati-
graphic, geochronological, and sedimentological
data (this study; Moberly 1960; Ostrom 1970;
Kirkland et al. 2016). In the Bighorn Basin and
other locations in the foreland basin, these hia-
tuses in deposition are likely related to both sub-
stantially reduced sediment supply and intrabasin
structural features (Zaleha 2006; Zaleha et al.
2001). Previous studies have attributed the
change from fluvial to evaporitic lacustrine dep-
osition to the development of a rain shadow
related to elevation of the orogenic belt to the
west (Elliott et al. 2007). Although the emerging
Sevier orogenic belt likely altered regional atmos-
pheric circulation, other explanations may better
explain the data. For example, in South Dakota,
the Minnewaste Limestone seems to be related to

local damming of sediment due to movement on
lineaments and intraforeland faults (Dahlstrom
and Fox 1995). Furthermore, closer to the thrust
belt along the Idaho–Wyoming border, the flu-
vial Belcher Formation intervenes between the
lacustrine Peterson and Draney Limestone units,
which suggests there was suitable rainfall to cre-
ate fluvial deposition (Zaleha 2006). Overall, we
propose that the significant shift from braided
river deposition (Pryor Conglomerate) to lacus-
trine deposition (Little Sheep Mudstone) may be
better explained by increased subsidence within
the young foreland basin than the development
of a rain shadow.

One of the most significant of our findings is
that the uppermost Cloverly Formation is sub-
stantially younger (up to 10 Ma) than previously
hypothesized. Indeed, portions of the Himes
Member and Greybull Sandstone seem to be
equivalent to one another in age and likely corre-
late to the Fall river Formation in South Dakota.
The Greybull Sandstone and Fall river Formation
have been interpreted as incised valley fills whose
sediment was derived from the eastern portions
of the North American craton (Winslow and
Heller 1987; Kvale and Vondra 1993; Willis 1997;
Finzel 2014, 2017). This stratigraphic pattern
implies a latest Albian relative sea level fall and
reduction in accommodation in the basin fol-
lowed by relative sea level rise in the Cenoman-
ian. In Utah, this time interval correlates to the
unconformity that underlies the Mussentuchit
Member and overlies the ruby ranch Member of
the Cedar Mountain Formation (Figure 6). The
unconformity represents the transient absence of
subsidence and accommodation in the basin. The
overlying Mussentuchit Member represents dep-
osition in coastal plain and paralic environments,
and the offset in ages between it and the Sykes
Mountain Formation (composed of similar litho-
facies) documents the initial transgression of the
Cretaceous Interior Seaway. These new, younger
age constraints strengthen the hypothesis that
changes in mantle convection related to subduc-
tion of the Farallon oceanic plate along the west-
ern margin of the continent induced long
wavelength subsidence in the Sevier foreland
basin. Several studies have noted that flexural sub-
sidence due to lithosphere loading in the Sevier
thrust belt is insufficient to explain the observed
subsidence magnitude and length-scales in the
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Late Cretaceous and suggest dynamic topography
can largely account for the mismatch (Liu and
Nummedal 2004; Liu et al. 2011, 2014). These
geodynamic models hypothesize that the onset of
significant dynamic subsidence occurs at approx-
imately 100 Ma, which, based on our revised
chronostratigraphy, now includes the uppermost
Cloverly Formation. This brings the model-
derived prediction of the timing of sea level incur-
sion in line with the timing of stratigraphic
patterns indicating continental inundation (Liu
et al. 2011, 2014).

Paleogeographic Implications
Our new ages also prompt revision of some pale-
ogeographic maps. For example, Vuke (1984)
and Kauffman (1984) show a fully developed
Western Interior Seaway in the Early Albian (ca.
112–109 Ma) and Early Late Albian (ca. 107 Ma),
respectively. However, our new data show that
the lower Himes Member in the northern
Bighorn Basin was deposited after 103.6 ± 1.3
Ma (i.e., 104.9–102.3 Ma), so the seaway’s arrival
must both postdate this interval and allow time
for deposition of the upper Himes Member and
Sykes Mountain Formation. Similarly, Smith et
al. (1994), Slattery et al. (2015), and Blakey and
ranney (2018) show a fully developed Western
Interior Seaway by the Late Albian (ca. 105 Ma).
In contrast, reconstructions of Hay et al. (1999)
and Scotese (2014) are roughly congruent with
our new data: the former depicts the seaway
developing between 120 and 100 Ma, whereas
the latter depicts arrival of the seaway in north-
ern Wyoming between 106 and 101.8 Ma.

Paleobiological Implications

Paleobiogeographic Events
The Cloverly Formation records the onset of a
major faunal turnover involving several vertebrate
lineages, especially dinosaurs and mammals
(Cifelli et al. 1999; D’Emic and Foreman 2012;
Farke et al. 2014 and references therein). D’Emic
and Foreman (2012) discussed the disappearance
of several vertebrate lineages in the context of the
new ages detailed herein, so that discussion will
not be repeated. The appearance of several line-
ages has been attributed to immigration from Asia
via the Bering Land Bridge (Kirkland et al. 1997,
2016; Cifelli et al. 1999; Kirkland and Madsen

2007; Zanno and Makovicky 2011; Farke et al.
2014). The onset of this immigration event was
during or before deposition of the upper Little
Sheep Mudstone Member, the lowest horizon that
records taxa of Asian origin (e.g., tyrannosauroids;
Zanno and Makovicky 2011). This timing is not
≤108 ± 0.2 Ma as cited by Zanno and Makovicky
(2011), because that cited age comes from the
Himes Member (Burton et al. 2006; sample CL-6
of the present study); instead, it should fall
between 124–109 Ma based on our revised age
for Unit V. This age is much earlier than the
Asian–North American biogeographic connec-
tion evident in Utah (Kirkland et al. 2016) but
overlaps with the appearance of neoceratopsian
teeth around the Aptian–Albian boundary on the
east coast of the United States (Chinnery et al.
1998). Further dating within the Little Sheep
Mudstone Member around the basin is necessary
to precisely date the onset of Asian dispersal into
the area in the Early Cretaceous.

Vertebrate Assemblages
The vertebrate fossil record of the Cloverly For-
mation has been both historically and recently
considered to represent a single fauna. For exam-
ple, Ostrom (1970:51) considered the Cloverly
Formation assemblage to represent an ecologi-
cally distinct fauna based on general comparisons
among species. Later, in a formal paleoecological
analysis of the Cloverly Formation based on
extensive microfossil collections, Carrano et al.
(2016:e1071265–1) stated, “the multiple assem-
blages nevertheless yield statistically similar taxon
abundance rank orders, suggesting the presence of
a single, formation-wide paleo-metacommunity,
which bears resemblance to a viable metacommu-
nity.” Given our revised ages for the Cloverly For-
mation’s members, this would represent an
exceptionally long and stable paleo-metacommu-
nity, ranging from ca. 124 Ma to close to 100 Ma.
This ca. 25-million-year stability would be unique
among dinosaur assemblages and would stand in
stark contrast to the contemporaneous Cedar
Mountain and Trinity Group assemblages, which
record multiple faunas over time (Langston 1974;
Jacobs and Winkler 1998; Kirkland et al. 2016).
However, there are several reasons to suspect that
the single paleo-metacommunity currently appar-
ent in the Cloverly Formation is an artifact of lim-
ited sampling.
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First, Units IV–VII of Ostrom (1970) repre-
sent facies and cannot be used as timelines to infer
vertebrate stratigraphic ranges as shown in
Ostrom (1970:52, fig. 5) and Oreska et al.
(2013:284, fig. 17). These units can be different in
age within and across basins due to the time-
transgressive nature of fluvial sequences, as shown
in our revised depositional model for the forma-
tion (Figure 7). Even the sedimentological differ-
entiation of the two most fossiliferous units (V
and VII) is not always clear: Ostrom (1970:17)
stated, “In the absence of intervening coarse clas-
tic facies, no precise division can be made between
Unit V and Unit VII.”

Second, 23 out of 27 (85%) of the microfossil
sites analyzed by Oreska et al. (2013) and 7 out of
10 (70%) analyzed by Carrano et al. (2016) are
from Unit V (the Little Sheep Mudstone Mem-
ber). Largely sampling a single member over a rel-
atively small geographic area (the Bighorn Basin),
a single paleo-metacommunity might be expected.
Furthermore, taxonomic resolution for most of
the 53 Cloverly Formation taxa reported by
Oreska et al. (2013) is coarse: only about half
(26/53; 49%) and a third (17/53; 32%) are known
to the generic and specific levels, respectively. We
hypothesize that there is hidden diversity in some
Cloverly Formation taxa that show appreciable
anatomical variation. More fossils and radiomet-
ric ages are required to test this hypothesis. With
more fossils and absolute ages, the Cloverly For-
mation has the potential to record the evolution
of vertebrate faunas, as do its equivalents in Utah
(Kirkland et al. 2016) and Texas (Jacobs and
 Winkler 1998).

Conversely, we hypothesize that more precise
absolute ages and a better fossil record will result in
synonymy of some of the many fragmentarily rep-
resented taxa among the Cloverly Formation,
Cedar Mountain Formation, and Trinity Group.
This hypothesis is supported by the observation
that the more complete an Early Cretaceous North
American dinosaur taxon is, the larger its inferred
geographic range is, and many of the taxa that are
reasonably complete are found in all of these for-
mations (D’Emic et al. 2012). This hypothesis is
also supported by the results of Oreska et al.
(2013), who greatly increased sampling density in
the Cloverly Formation and found that it was more
similar in composition to other North American
assemblages than previously thought. Though

both the Upper Jurassic and Lower Cretaceous
strata of North America show substantial sedi-
mentological variation over their broad geographic
area (Foster 2007; Miall et al. 2008), fossiliferous
Upper Jurassic strata are grouped as the Morrison
Formation, whereas fossiliferous Lower Creta-
ceous strata are known from over a dozen different
formation names (Figure 8; Moberly 1956). We
hypothesize that this difference in nomenclatural
practice may have historically set up different null
hypotheses for vertebrate fossil workers: that is,
two fragmentary specimens found in different
basins are more likely to be regarded as the same
genus, species, or both if found in Upper Jurassic
than in Lower Cretaceous-aged strata. Some gen-
era and species have been recognized among sev-
eral Early Cretaceous North American formations
(e.g., Tenontosaurus, Deinonychus, Sauroposeidon),
but a number of poorly represented taxa have been
named, creating greater taxonomic uncertainty.
Our hypothesis is congruent with the observation
that new dinosaur genera and species have tended
to be discovered in areas or formations that are
perceived to be different (Benton 2008). Further-
more, based on our chronostratigraphic revision,
we predict that with increased exploration, corre-
lates of the Mussentuchit or ruby ranch Member
faunas, or both, will be found in the upper Himes
Member, Greybull interval, lower Sykes Mountain
Formation, or all of these.

Floral Assemblages
The plant fossil record of the Cloverly Formation
in the Bighorn Basin has received little attention
historically (Knowlton 1916; Moberly 1960), but it
records the appearance of crown-group flowering
plants in western North America (Kvale and Von-
dra 1993; Furer et al. 1997; Nolan 2000; Walton
2007; Jud 2010, 2011, 2013, 2017; Haiar and Lupia
2011; Jud et al. 2011). Preliminary analysis suggests
that there are at least two distinct floras preserved
in the Cloverly Formation in the Bighorn Basin, as
may be the case for vertebrates. The flora of the Lit-
tle Sheep Mudstone Member near Ten Sleep,
Wyoming, dates to the Barremian–early Albian
and lacks angiosperms, whereas the flora of the
Himes Member dates to the middle Albian–earli-
est Cenomanian and remains of flowering plants
are present.

The fossils preserved in the Little Sheep Mud-
stone Member west of Ten Sleep, Wyoming,
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 provide several insights into the structure and
composition of the pre-angiosperm vegetation.
A simple-leaved stenophyllous cycadophyte Nil-
sonia nigracollensis (Nilsoniaceae) and the tree
fern Coniopteris hymenophylloides (Dicksoni-
aceae) dominate the compression flora and likely
predominated among the vegetation along the
lake margin; however, dispersed shoots of inter-
mediate abundance indicate that conifers were
also an important canopy component. Fossils of
ferns known only from charcoalified fragments,
such as Dipteris sp. (Dipteridaceae) and Micro-
phyllopteris sp. (?Gleicheniaceae), indicate that

fires were an important ecosystem process and
that the canopy was open because these families
are associated with bright, open habitats (Kramer
and Green 1990). Nearby carbonaceous shales in
abandoned channel-fill deposits of the Little
Sheep Mudstone Member include remains of
horsetails, C. hymenophylloides and other ferns,
and Ginkgoites, but no evidence of flowering
plants.

In contrast, the Late Albian flora of the
Cloverly Formation is dominated by a cupressa-
ceous conifer (cf. Athrotaxites berryi Bell) which
likely formed a widespread canopy or gallery
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 forest. Ferns and angiosperms comprised the
understory on the coastal plain. Ferns with affini-
ties to Schizaeaceae and Gleicheniaceae were
abundant, and flowering plants were widespread
but individual species were generally rare. Many
of these flowering plants have leaf architectural
features associated with herbaceous or shrubby
eudicot angiosperms (Barral et al. 2013; Jud and
Hickey 2013; Jud 2015). Increased spatiotempo-
ral sampling of the Cloverly Formation holds great
promise to further refine our understanding of the
diversification and spread of angiosperms.

Conclusions

We present a revised chronostratigraphic frame-
work for the Cloverly Formation of Wyoming and
Montana, USA, based on radiometric and bios-
tratigraphic data. rather than its commonly cited
Aptian–Albian age, we show that deposition of the
Cloverly Formation spanned much of the Early
Cretaceous, and perhaps extended into the early
Cenomanian. This moves the temporal position
of the Cloverly Formation into age-equivalence
with formations to the south and raises the poten-
tial of hidden taxonomic diversity within its
 current, largely fragmentary, fossil record. Fur-
thermore, some poorly represented taxa from
these formations may be synonymized in the
future as better material is recovered. We show
that (1) the incursion of the Western Interior
Seaway in the Bighorn Basin did not begin until
around the Early–Late Cretaceous boundary, (2)
the onset of Sevier-style tectonism and later sub-
duction-driven subsidence explains the deposi-
tion of the Formation, and (3) the Cloverly
Formation records angiosperm diversification.
Ongoing exploration of the formation holds
promise to further refine our understanding of the
dramatic changes to faunal and floral assemblages
at the time.
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