
Tectono-sedimentary history of the upper Cedar Mountain
Formation, Central Utah, USA

RYAN T. TUCKER* , M. RYAN KING† , MICHAEL T. MOHR‡ , RAY K. RENAUT*,
JAMES L. CROWLEY‡ , JACK W. FEKETE§ , PETER J . MAKOVICKY¶ and
LINDSAY E. ZANNO**,††
*Department of Earth Sciences, Stellenbosch University, Private Bag X1 Matieland, Stellenbosch 7602,
South Africa (E-mail: tucker@sun.ac.za)
†Natural and Environmental Sciences, Western Colorado University, 1 Western Way, Gunnison, CO
81231, USA
‡Department of Geosciences, Boise State University, Boise, ID 83725, USA
§Department of Geosciences, University of Arkansas, Fayetteville, AR 72701, USA
¶Department of Earth and Environmental Sciences, University of Minnesota, Minneapolis, MN 55455,
USA
**Paleontology, North Carolina Museum of Natural Sciences, 11 W. Jones Street, Raleigh, NC 27601,
USA
††Department of Biological Sciences, North Carolina State University, Campus Box 7617, Raleigh, NC
27695, USA

Associate Editor – Theresa Schwartz

ABSTRACT

Current investigations into the Albian–Cenomanian sedimentary record within

the Western Interior have identified multiple complex tectono-sedimentary

process–response systems during the ongoing evolution of North America. One

key sedimentary succession, the upper Cedar Mountain Formation (Short Can-

yon Member and Mussentuchit Member), has historically been linked to various

regionally and continentally significant tectonic events, including Sevier fold-

and-thrust deformation. However, the linkage between the Short Canyon Mem-

ber and active Sevier tectonism has been unclear due to a lack of high-precision

age constraints. To establish temporal context, this study compares maximum

depositional ages from detrital zircons recovered from the Short Canyon Member

with that of a modified Bayesian age stratigraphic model (top-down) to infer that

the Short Canyon Member was deposited at ca 100 Ma, penecontemporaneous

with rejuvenated thrusting across Utah [Pavant (Pahvant), Iron Springs and Nebo

thrusts]. These also indicate a short depositional hiatus with the lowermost por-

tion of the overlying Mussentuchit Member. The Short Canyon Member and

Mussentuchit Member preserve markedly different sedimentary successions,

with the Short Canyon Member interpreted to be composed of para-

autochthonous orogen–transverse (across the Sevier highlands) clastics depos-

ited within a series of stacked distributive fluvial fans. Meanwhile, the muddy

paralic Mussentuchit Member was a mix of orogen–transverse (Sevier highlands

and Cordilleran Arc) and orogen–parallel basinal sediments and suspension set-

tling fines within the developing collisional foredeep. However, the informally

named last chance sandstone (middle sandstone of the Mussentuchit Member) is

identified as an orogen–transverse sandy debris flow originating from the Sevier

highlands, similar to the underlying Short Canyon Member. During this phase of

landscape evolution, the Short Canyon Member – Mussentuchit Member depo-

centre was a sedimentary conduit system that would fertilize the Western Inte-

rior Seaway with ash-rich sediments. These volcaniclastic contributions, along
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with penecontemporaneous deposits across the western coastal margin of the

Western Interior Seaway, eventually would have lowered oxygen content and

resulted in a contributing antecedent trigger for the Cenomanian–Turonian tran-

sition Oceanic Anoxic Event 2.

Keywords 206Pb/238U Geochronology, Cenomanian, Cretaceous, Mussentuchit
Member, Sevier fold-and-thrust belt, Short Canyon Member.

INTRODUCTION

Ongoing investigations into the transition from
Early to Late Cretaceous within North America, a
period of geological and climatic change, are
identifying an ever-increasingly complex,
geological-based process–response system (Gul-
branson et al., 2022; St. Pierre & Johnson, 2022;
Tucker et al., 2022, 2023). For example, the forma-
tive study by St. Pierre & Johnson (2022) highlights
the necessity for continued reexamination of classi-
cal models to explain North America’s evolution
during the Cretaceous. The Albian–Cenomanian
upper Cedar Mountain Formation – namely the
Short Canyon Member (SCM) and Mussentuchit
Member (MM) – in the western San Rafael Swell of
Utah, constitutes one of several crucial sedimen-
tary successions deposited along the west coast of
the epicontinental Western Interior Seaway (WIS)
that preserves vestiges of ecological and environ-
mental changes during global climatic fluctuations
of the earliest Late Cretaceous (Fig. 1). Recent
investigations of Mussentuchit Member strata have
refined the understanding of palaeoenvironmental
changes using a high-resolution geochronological
framework of early Cenomanian transition between
the Oceanic Anoxic Event 1d (OAE1d)
post-recovery phase and the onset of the Oceanic
Anoxic Event 2 (OAE2) coupled with the Green-
horn Maximum Transgression (Zanno et al., 2019;
Tucker et al., 2022, 2023; Renaut et al., 2023). Con-
temporaneous mid-Cretaceous volcanism and
crustal shortening of the Western Interior during
this time affected landscape evolution, with the
most notable activity forming the Sevier fold-and-
thrust belt across Utah (Laskowski et al., 2013;
Quick et al., 2020). A recently improved temporal
framework for the Mussentuchit Member (Tucker
et al., 2023) now offers the opportunity to recon-
sider linkages between regional tectonic processes
and sedimentary responses.
Historically, researchers have associated

tectonically-driven landscape evolution with the
deposition of the Cedar Mountain Formation
(Heller et al., 1988; Heller & Paola, 1989;

Stikes, 2007; Suarez et al., 2014; Kirkland et al.,
2016). Currie (2002) and Suarez et al. (2014) identi-
fied the occurrence of a transition from distal
foredeep–proximal backbulge to foredeep within
the upper Ruby Ranch Member of the middle
Cedar Mountain Formation, central Utah, which
has age estimates spanning from ca 120 to ca 106–
103 Ma that partially coincide with the emplace-
ment of the Canyon Range thrust (145–110 Ma) to
the west (Currie, 2002; DeCelles & Coogan, 2006;
Suarez et al., 2014; Yonkee & Weil, 2015; Di Fiori
et al., 2020; Tucker et al., 2020; Lee, 2021). Devel-
opment of the Canyon Range thrust would have
significant regional cascading effects both geologi-
cally and biologically (Caldwell, 1984; DeCelles,
2004; Oboh-Ikuenobe et al., 2008; Bhattacharya &
MacEachern, 2009; Haq, 2014; DeCelles & Gra-
ham, 2015; Eldrett et al., 2015; Slattery et al., 2015;
Schwartz et al., 2021). Increased subduction rates
during the Albian–Cenomanian transition intensi-
fied volcanism across the arc and shortening across
the fold belt, which reactivated the Sevier fold-
and-thrust belt (Currie, 2002; DeCelles & Coo-
gan, 2006; Laskowski et al., 2013). As a result of
the above tectonism, the foredeep migrated farther
east, resulting in the emplacement of the overlying
Short Canyon and Mussentuchit members of the
Cedar Mountain Formation in the foredeep, adja-
cent to the Pavant Thrust zone in the earliest Ceno-
manian (DeCelles & Coogan, 2006; Laskowski
et al., 2013; Suarez et al., 2014; Tucker et al., 2023).
Despite the recent increased understanding of

these events, high-resolution chronostratigraphic
linkages to key regional tectonic palaeogeogra-
phical landmarks remain tenuous. Although
most of the latest work has focused on the Mus-
sentuchit Member, the authors were also com-
pelled to simultaneously reconsider the
underlying Short Canyon Member (Kirkland
et al., 2016). The Short Canyon Member is a
northward thickening clastic wedge sandwiched
between the Ruby Ranch and Mussentuchit
members, first identified by Kirkland & Mad-
sen (2007) and initially named the Moore Road
Conglomerate. Subsequently, Doelling &
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Kuehne (2013) presented an updated lithostrati-
graphic description naming the unit as the Short
Canyon Member and identified a type section.
During recent surveys in the region between
Moore Cutoff Road and Last Chance Desert (east
of the Wasatch Plateau), continuous exposures
were observed of the Short Canyon Member
ranging from a pebble lag in the Mussentuchit
Wash to a southward thickening bedded con-
glomerate near the Last Chance Desert (Tucker
et al., 2022).
Additionally, above the Short Canyon Mem-

ber, within the middle Mussentuchit Member
lies an atypical, stratigraphically extensive
sandy unit, which informally divides the Mus-
sentuchit Member into lower and upper units;
herein, informally named the last chance

sandstone (Tucker et al., 2020, 2022, 2023). This
regionally extensive sandstone interval com-
monly contains reworked fossil material (verte-
brate microfossils and eggshells) and lacks
suspension-settling silts and clays (other than
clay rip-ups). Clastic conglomerates of the Buck-
horn Conglomerate and Short Canyon Member
have been historically linked to thrust-related
events in the Sevier fold-and-thrust belt, which
potentially can also be ascribed to the newly
identified last chance sandstone (Kirkland et al.,
1997; Kirkland & Madsen, 2007; Lawton et al.,
2010; Hunt et al., 2011). Due to the revision of
previously published geochronological data
relating to the Mussentuchit Member (Tucker
et al., 2023), it is now tenable to reliably cali-
brate subduction-related arc volcanism processes

Fig. 1. Location map of exposed
Cedar Mountain Formation (CMF)
across central and east central Utah,
modified from Sprinkel
et al. (1999), Hintze et al. (2000)
and Tucker et al. (2020, 2022,
2023). (A) Regional map with
1 : 24 000 (7.5-min) quadrangles.
(B) Exposed units of the Cedar
Mountain Formation and overlying
Naturita Formation, along with an
inset highlighting outcrop of the
Short Canyon Member near the Last
Chance Desert. (C) Selected
stratigraphic sections (COI – Cliffs
of Insanity; NCSM 33548; and
Pete’s Croc locality just south of the
Moore Cutoff Road) of the
outcropping Short Canyon and
Mussentuchit members, see Tucker
et al. (2022, 2023) for additional
stratigraphic location for each.
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to multiple effects, not limited to: (i) contrac-
tional deformation in the adjacent Pavant thrust
and sediment unloading; (ii) flexural responses
in the foredeep (Mussentuchit depocentre); and
(ii) resulting transgression–regression sequences
in the adjacent Western Interior Seaway.
To test this paradigm, this manuscript aims to

contextualize the tectono-sedimentary relationship
between regional and continental-scale events with
sedimentary successions of the upper Cedar Moun-
tain Formation north of the Fish Lake Plateau and
south-east of the Wasatch Plateau along the San
Rafael Swell (Fig. 1B). In doing so, the following
geological information is provided: (i) detailed
facies descriptions of the Short Canyon Member
and last chance sandstone (Mussentuchit Mem-
ber); (ii) local to regional tectonically linked sedi-
mentary history; (iii) new correlations to key units
in the hinterland along with regional transgression
and regression cycles found elsewhere in the WIS;
and (iv) novel chronostratigraphic linkages across
the Western Interior. These new data refine
tectono-sedimentary and lithostratigraphic link-
ages during the transition into the earliest Late Cre-
taceous in central Utah and the Western Interior.

GEOLOGICAL BACKGROUND

Initially developed as a foreland basin, the West-
ern Interior was partitioned into a mosaic of youn-
ger sub-basins related to Jurassic–Eocene
orogenesis (155–35 Ma), which reflects
deformation associated with the thin-skinned
Sevier fold-and-thrust belt and subsequent Lara-
mide deformation (Willis, 1999; Roca &
Nadon, 2007; Laskowski et al., 2013; Yonkee &
Weil, 2015; Herring et al., 2016; Giallorenzo et al.,
2018). Key to this study is the proposed temporal
relationship between the Pavant Thrust and
flexural subsidence in the Sevier fold-and-thrust
belt (Fig. 2B) (Currie, 2002). The ongoing migra-
tion of the forebulge and foredeep caused the
deposition of the lower Cedar Mountain Forma-
tion to occur eastward of the crustal forebulge. In
contrast, the uppermost Cedar Mountain Forma-
tion (Mussentuchit Member) was deposited in the
eastern part of either a retroarc foredeep or colli-
sional foredeep following passage of the forebulge
(Currie, 1997, 2002; Eberth et al., 2006; Miall &
Catuneanu, 2019; Hildebrand & Whalen, 2021a,b;
Hildebrand et al., 2022; Lowey, 2023).
Sedimentary successions of the upper Cedar

Mountain Formation deposited in the developing
foredeep, namely the Short Canyon Member and

the Mussentuchit Member, have been qualita-
tively linked to thrusting to the west and sea-level
fluctuations to the east (Fig. 2A and B) (Sprinkel
et al., 1999; Hunt et al., 2011; Doelling &
Kuehne, 2013; Kirkland et al., 2016; Tucker et al.,
2020, 2022). The thrust events to the west of the
basin have been corroborated by the extensive
work of DeCelles (2004) and Laskowski
et al. (2013) who demonstrated the strong rela-
tionship between exhumed terrains in the Pavant
Phase of the Sevier fold-and-thrust belt and recov-
ered detrital zircon age spectra in the adjacent
foreland basin (DeCelles, 2004; DeCelles & Coo-
gan, 2006; Schwartz et al., 2021; Singer et al.,
2021). This phase of Sevier foreland development
was synchronous with ‘Phase C’ of volcanic activ-
ity in the western Cordilleran Magmatic Arc (Yin-
gling & Heller, 1992; DeCelles et al., 1995) and a
period of voluminous volcanic activity coeval
with the Peninsular Ranges Orogeny (DeCelles &
Graham, 2015, p. 501; Tucker et al., 2020; Hildeb-
rand & Whalen, 2021b, Hildebrand et al., 2022).
More regionally, two critical studies by Pujols
et al. (2020) and Quick et al. (2020) indicate that
the Sevier fold-and-thrust belt, namely the
Nebo (100.7 � 2.2 Ma), Pavant and Iron Spring
(100.18 � 0.04 Ma) thrusts, reactivated near-
synchronously across much of Utah during the
transition from the Albian to Cenomanian
(Fig. 2A). However, a chronostratigraphic frame-
work necessary to firmly tie synorogenic deposi-
tion of the Cedar Mountain Formation to
emplacement of the Pavant thrust sheet has not
existed before this study. The precedent for this
linkage is supported by the results of Hunt
et al. (2011) who identified the source for Short
Canyon Member clastics to be from Ordovician to
Devonian rocks in the western Sevier fold-and-
thrust belt along central Utah, but deemed the
Short Canyon Member to be independent of the
westerly San Pitch Formation in the adjacent fore-
deep (see Chronofacies B, Hunt et al., 2011, p.
202). Exposed sedimentary successions of the
Cedar Mountain Formation occur across
east-central and central Utah (Kirkland et al.,
2016). The Cedar Mountain Formation in the San
Rafael Swell includes six regionally variable
members (in stratigraphic order): (i) Buckhorn
Conglomerate Member; (ii) Yellow Cat Member;
(iii) Poison Strip Sandstone Member; (iv) Ruby
Ranch Member; (v) Short Canyon Member; and
(vi) Mussentuchit Member (Kirkland & Mad-
sen, 2007; Hunt et al., 2011; Doelling &
Kuehne, 2013; Kirkland et al., 2016) (Figs 1C
and 2C). Individual members are laterally
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discontinuous and thus not always present (Kirk-
land et al., 2016). This investigation focused on
deposits along the western corridor (central Utah)
just east of the Wasatch and Fish Lake plateaus,
with only the Buckhorn Conglomerate, Ruby
Ranch and Mussentuchit members consistently
present, along with minor exposure of the Short
Canyon Member (Figs 1C and 2C).
The type section for the Short Canyon (Moore,

Utah) is geographically located in the Molen Reef
area of the San Rafael Swell north of I-70, desig-
nated by Kirkland & Madsen (2007) and Doelling
& Kuehne (2013). Doelling & Kuehne (2013)
describe the Short Canyon Member as a distinc-
tive, three-part conglomerate bed with inter-
bedded sands and muds. Clastics have been
identified as sub-angular to rounded Ordovician
and Devonian Eureka quartzites, siliceous
limestone and interbedded to intercalated coarse
sandstones, with siliciclastics likely derived from
the westerly adjacent Sevier fold-and-thrust belt
(i.e. Sevier highlands) (Hunt et al., 2011; Doelling
& Kuehne, 2013; Kirkland et al., 2016). Palaeoen-
vironmental reconstructions for the Short Canyon
Member indicate fluvially influenced alluvial
deposits (Hunt et al., 2011; Doelling &

Kuehne, 2013). On the other hand, exposed
sections of the Mussentuchit Member along the
western San Rafael Swell are composed of
volcanilithic-rich (smectitic clays) bentonites and
alternating drab-grey to light-grey silty-mudstones
and muddy-siltstones (Stokes, 1952; Kirkland
et al., 1997, 1999, 2016; Garrison Jr. et al., 2007;
Tucker et al., 2020, 2022). Facies analysis and
architectural reconstruction by Tucker et al. (2022)
of sediment successions preserved within the
Mussentuchit Member suggest deposition within a
broad sweeping plain influenced by both distal
alluvial (floodplain) and backshore processes
(up-dip delta plain/coastal). Locally, in Mussentu-
chit Wash, the Mussentuchit Member is laterally
continuous throughout the study area and is typi-
cally ca 22.0 to 30.0 m in total thickness (Fig. 2).

Chronostratigraphic background

Ongoing efforts to refine chronostratigraphic
frameworks for sedimentary units within the
Cedar Mountain Formation have improved our
understanding of these strata in time and space
(Fig. 3). Work within the lower Ruby Ranch Mem-
ber indicated deposition coeval with the last

Fig. 2. From left to right: (A) location of the study area in central Utah with relation to the southern Iron Springs
and Northern Nebo thrusts across the Sevier fold-and-thrust belt (SF&TB); (B) structural reconstruction highlights
the Jurassic–Cretaceous sedimentation within the evolving foredeep; and (C) generalized stratigraphic section of
the Cedar Mountain Formation (Buckhorn Conglomerate, Ruby Ranch, Short Canyon and Mussentuchit members)
within the westernmost portions with age data based on Tucker et al. (2020, 2023) and Renaut et al. (2023). Modi-
fied from Kirkland et al. (2016) and Tucker et al. (2020, 2022).
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pulses of unroofing of the Canyon Range thrust,
and the upper Ruby Ranch Member possibly coin-
cided with the earliest phases of Pavant thrusting,
both to the west in the Sevier fold-and-thrust belt
(Cretaceous Sevier highlands) (DeCelles & Coo-
gan, 2006; Hunt et al., 2011; Hunt, 2015; For-
ster, 2022; Suarez et al., 2023). The most recent
U–Pb geochronology of zircon coupled with car-
bon isotope records indicate a depositional range
for the Ruby Ranch Member spanning from 120 to
106–103 Ma and a specific age for depositional
localities such as Lake Carpenter at 115 �
0.14 Ma (Fig. 3) (Ludvigson et al., 2015). This cor-
roborates earlier estimates made via: (i) U–Pb

dating via chemical abrasion–isotope dilution–
thermal ionization mass spectrometry (ID-TIMS)
of tephra zircon recovered at the contact of the
Buckhorn Conglomerate and Ruby Ranch Member
at 103.7 � 2.6 Ma by Ludvigson et al. (2015); and
(ii) laser ablation–inductively coupled–mass
spectrometry (LA-ICP-MS) U–Pb dating of detrital
zircons recovered from the upper Ruby Ranch
Member, with a 110.1 � 4.5 Ma maximum depo-
sitional age (MDA) (Tucker et al., 2020). The
upper Ruby Ranch Member could be as young as
ca 106–103 Ma, confirming Albian emplacement
and strengthening linkages to the terminal
Canyon Range thrust and the earliest phases of

Fig. 3. (A) Simplified stratigraphic column of all currently recognized members of the Cedar Mountain Forma-
tion, geographical maps based on Kirkland et al. (2016) and Tucker et al. (2020, 2022). (B) Modified and updated
from Tucker et al. (2020). Previous published temporal placement of stratigraphic units within the Cedar Moun-
tain Formation, including but not limited to: the Buckhorn Conglomerate, Upper and Lower Yellow Cat Member,
Poison Strip Member, Ruby Ranch Member, Short Canyon Member, Mussentuchit Member, along with the overly-
ing Naturita Sandstone, with data recovered from Bhattacharya & MacEachern (2009); Dickinson & Gehrels (2008);
Blakey (2014); Elderbak et al. (2014); Suarez et al. (2014); Ludvigson et al. (2015); Lockshin et al. (2017); Shang
et al. (2018); Joeckel et al. (2019); Tucker et al. (2020); Renaut et al. (2023); Suarez et al. (2023); Tucker
et al. (2023).
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Pavant thrusting to the west (Ludvigson et al.,
2015; Tucker et al., 2020). Until now, without
an age constraint from radioisotope geochronol-
ogy, the age interpretation of the Short Canyon
Member has relied on the overlying Mussentuchit
Member for temporal context. Early work by
Cifelli et al. (1997, 1999) dated the Mussentuchit
Member at 98.39 � 0.07 Ma using 40Ar/39Ar
dating of sanidine phenocrysts (recovered from
ash horizon), corroborating the previous
estimates of ca 98.5 Ma (Obradovich, 1993) and
98.9 � 0.6 Ma (Gradstein et al., 1995). Subse-
quent plagioclase 40Ar/39Ar dating (recovered
from bentonitic muds) by Garrison Jr. et al. (2007)
indicated an age of 97.0 � 0.1 Ma and LA-ICP-
MS U–Pb dating of detrital zircon by Tucker
et al. (2020) indicated that deposition occurred
between ca 96 Ma and ca 94 Ma. Most recently,
Tucker et al. (2023) presented high-precision CA-
ID-TIMS U–Pb zircon dates for four primary ash
beds preserved in the Mussentuchit Member
(herein noted as Mussentuchit Ash Zones 1–4,
MAZ1–MAZ4, see Tucker et al., 2023), and the
resulting ages (interpreted through Bayesian age
modelling) indicated that deposition occurred
between 99.674 + 0.439/�0.176 and 98.905 +
0.158/�0.183 Ma (Fig. 3). Based on the synopsis
above, the deposition of the Short Canyon Mem-
ber is suspected to have initiated around ca
109 Ma, and perhaps as late as ca 103 Ma, and
continued until 99.7 Ma, extending across the
Albian–Cenomanian transition, in agreement
with Hunt et al. (2011) and Kirkland et al. (2016).

METHODS

Ongoing fieldwork (as described in Tucker et al.,
2022) includes detailed facies and architectural
element analysis, following the framework estab-
lished and revised by Miall (2014), along with
additional influence by Neves et al. (2005),
Roberts (2007) and Tucker et al. (2017, 2022),
with stratigraphic sections measured via Jacob
staff and Brunton compass at decimetre scale.
The same sedimentological techniques were
employed for consistency between studies and
utilized a uniform set of facies codes best used to
describe the outcrop sections (Tucker et al.,
2022). Stratigraphic sections and correlations are
described according to the geographic occurrence
in the 7.5-min (1 : 24 000) quadrangle topo-
graphic map series across the study area (Fig. 1).
Isotopic classification and identification analy-

sis of volcaniclastic samples via X-Ray Diffraction

(XRD) were completed by Dr. Sabine Verryn at
XRD Analytical and Consulting CC, Pretoria,
South Africa. Micronization of four of the fifteen
samples collected, one representative of each ash
layer (MAZ1 – Burnt Leg; MAZ2 – Ash Hole;
MAZ3 – Ash Hole; MAZ4 – VAMP), was per-
formed in a McCrone micronizing mill (The
McCrone Group, Westmont, IL, USA) and the
backloading method was used in the preparation
of these samples (Kleeberg et al., 2008). The four
samples were analysed using a Malvern Panalyti-
cal Aeris Minerals diffractometer (Malvern Pana-
lytical, Malvern, UK) with PIXcel detector and
fixed slits with Fe-filtered Co-Ka radiation. The
samples were scanned at room temperature
within a range of 10 to 80 °2h and a step size of
0.02 °2h, with measurement times varying
between 5 and 10 min per scan. The phases were
identified using X’Pert HighScore, and the data
were assessed with the software package High-
Score Plus version 4.9 (HighScore Plus software
version 4.9, PANalytical B.V., Almelo, The Neth-
erlands). Comparative phase amounts (weight %)
were estimated using the Rietveld method and
flux-free of trace elements and rare earth elements
(REEs). As the Rietveld method was used to esti-
mate comparative phase amounts, no standards
or monitors were used in this analysis.
All of the fine-grained volcanic ash samples

were milled and geochemically analysed at
the Central Analytical Facilities (CAF) at Stellen-
bosch University, South Africa. To prepare
samples for major and minor trace element
analyses, the samples were milled using a
tungsten-carbide Zibb mill. Primary elemental
composition of the ashes was performed via X-ray
Fluorescence (XRF) Spectroscopy using a PANa-
lytical Axios Wavelength Dispersive spectrometer
installed with a 2.4 kW rhodium tube and using
the following four analytical crystals: LIF200,
LIF220, PE 002, Ge 111 and PX1. Fused glass
disks used for this analysis were produced by
combining 7 g of high-purity trace element and
rare earth element-free flux (LiBO2 = 32.83%,
Li2B4O7 = 66.67%, LiI = 0.50%) and 0.7 g of the
ash sample. The subsequent fusing of this mixture
was completed in platinum crucibles with
Claisse� M4 gas fluxer at 1100–1200°C. The fol-
lowing control standards were used to calibrate
the results obtained: NIM-G, BE-N, JB-1, HUSG-1
and BHVO-1. A Resolution 193 nm Excimer laser
from Applied Spectra (West Sacramento, CA,
USA) connected to an Agilent 7700 Q ICP-MS or
8800 QQQ ICP-MS (Agilent Technologies, Santa
Clara, CA, USA) was used to complete a trace and
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rare earth elements (REE) analysis by laser
ablation–inductively coupled–mass spectrometry
(LA-ICP-MS). The method presented by
Eggins (2003) was utilized for this analysis, and
accuracy was verified during LA-ICP-MS by
simultaneously analysing a fusion control stan-
dard (BCR-2, values from Jochum et al., 2011).
The software package LADR, from Norris Scien-
tific (Norris & Danyushevsky, 2018) was used to
process the data obtained from the LA-ICP-MS
analysis. The SiO2 content obtained for each ash
sample analysed via XRF analysis was used as the
internal standard (Longerich et al., 1996). The
Igpet modelling software was used to construct
the discriminant diagrams of the major and minor
trace element data collected from the sampled
volcanic ash. Major and minor element data ana-
lysed across all ash horizons for the Mussentuchit
Member occurred within the 1r level of
confidence.
Sample MC-07 was collected from the Short

Canyon Member of the Cedar Mountain Forma-
tion at the Moore Cutoff section for detrital zir-
con geochronology (GPS provided in File S1).
The collection comprised approximately 2 kg of
upper medium to coarse-grained sandstone for
heavy mineral separation. The rock sample was
first disaggregated using a jaw crusher and disc
mill before removing the fine fraction. The
denser fraction was concentrated using a Blue
Bowl Centrifugal Concentrator. Grains with mag-
netic susceptibility (0.5 A, 1.0 A and 1.5 A)
were removed using a Frantz Magnetic Separator
(S.G. Frantz Co., Tullytown, PA, USA). A final
zircon fraction was obtained by heavy liquid
separation using methylene iodide (3.32 g/cm3),
which was then split into unbiased and hand-
picked zircon aliquots. Zircons with euhedral
morphologies were picked to improve the likeli-
hood of encountering syndepositional zircon
grains [Cathodoluminescence (CL) images with
File S2]. Hand-picked zircon grains were sent to
the Boise State University Isotope Geology Labo-
ratory for detrital zircon U–Pb age screening via
LA-ICP-MS. For a complete description of the
analytical methods used, please see File S3. The
youngest grains found during LA-ICP-MS
screening were subsequently analysed via
chemical abrasion–isotope dilution–thermal ion-
ization mass spectrometry (CA-ID-TIMS) for
high-precision dates (sampling and results for
LA-ICP-MS are within File S4 and CA-ID-TIMS
File S5). For all previous LA-ICP-MS and CA-ID-
TIMS data and results, see Tucker et al. (2023;
online data repository A–G).

RESULTS

Sedimentology

Within the Short Canyon Member, twelve litho-
somes were identified (Table 1), along with four
repeatedly occurring architectural elements
(Table 2), which were combined to identify mean-
ingful sedimentary facies (F) (Table 3). Addition-
ally, lithological details are provided to infer the
depositional history of the last chance sandstone
of the middle Mussentuchit Member (described by
Tucker et al., 2022, 2023). For each weathered and
unweathered colour, codes are presented in
Table 4 (Color, 2011). Upper and lower bounding
surfaces range between first and seventh-order and
are based on terminology from Vail et al. (1977)
and Miall (2010) (Table 5). For detailed facies
descriptions of the Mussentuchit Member, please
see Tucker et al. (2022).

Facies Association 1 (FA1)
Facies Association 1 (FA1), limited to the Short
Canyon Member, is composed of lithosomes Gcb,
GSe, Gmx, Gmm, Gst, Gsp, St, Si, Sm, Ss and Sh.
In outcrop, FA1 is typically grey and weathered
to light orange, light red, light brown, orange and
light black (Figs 3, 4 and 5). Along with varied
clastics (boulders and cobbles) and coarse sands,
FA1 contains sand–silt but impoverished of clays
(Fig. 6). FA1 exhibits seventh-order erosive
lower-bounding surfaces and fourth to sixth-order
upper-bounding surfaces. Beds ranging from <0.1
to 4.0 m are found near the type section and, if
stacked, can be up to 10 to 12 m thick (Doelling &
Kuehne, 2013). Clastic-rich units can be crudely
bedded, lenticular to sheet-like, typically individ-
ual beds exhibited non-grading to normal grading,
and composed of coarse sands, granules, pebbles,
cobbles and boulders (typically impoverished of
clay fractions). Although crude, sheet-like geome-
try is frequent, a few clastic-rich units preserve
trough-cross bedding or channelization (Gst and
Gsp). Laterally, FA1 gravels can extend tens
to hundreds of metres, and these beds occur at
the same stratigraphic interval for 10 to 20 km
along the outcrop belt (Figs 4 and 5A). Internally,
clasts range from sub-angular to rounded, clast-
supported to matrix-supported, polymictic to oli-
gomictic (GSe and Gmx), with many clasts identi-
fied as quartzites, siliceous limestone, sandstones
and infrequent cherts. Architecturally, FA1
gravels can present as crude concave-up channels
(CH) that are low-angled planar cross-bedded
with basal rip-ups and gravel lags (LA), and
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laterally discontinuous large-scale lenticular to
wedge-shaped gravel bars (GB), which typically
grade to granules, and coarse sand units, lacking

imbrication, and periodically indicate fining-
upward (Figs 4, 5B, 5C, 5F and 6). Individual
sand–silt bodies typically preserve: (i) trough
cross-stratification (St and Sp) that is commonly
0.3 to 3.0 m thick (angle of repose commonly
ranges between 8° and 26°); or (ii) planar cross-
stratification (Sr, Sh and Ss) with inclinations of
10° to 18° (Figs 4, 5B, 5D and 6). FA1 typically
extends laterally for significant distances, some-
times kilometres. Periodically, sandy units con-
tain basal gravel lags. Sandy FA1 units are
characterized by sandstone to granular sandstone
units that exhibit normal grading. Within FA1,
sandy units preserving diverse architectural ele-
ments are recognized (sensu Miall, 2014), includ-
ing channel-associated elements: channel
elements (CH), scour hollows (SH) and lateral
accretion (LA) (Fig. 4). Channel elements range in
thickness from 0.4 to 2.0 m and extend laterally
for 10.0 to 40.0 m (sheets can laterally extend for
several kilometres) to laterally discontinuous
multilateral trough-bedded sandstones (Fig. 4).
Facies Association 1 is interpreted to be parau-

tochthonous (near-source) clastics and coarse sedi-
ment accumulations within a proximal

Table 1. Lithosome codes identified in the Mussentuchit Member of the upper Cedar Mountain Formation, mod-
ified from Roberts (2007), Miall (2014) and Tucker et al. (2022).

Facies
code Grain scale Sedimentary structure Interpretation

Gmm Massive, matrix-supported
gravels

Grading-non, normal,
reverse

Mass flow

Gcb Massive, largely
clast-supported

Normal grading Mass flow

Gmx Basal gravel rip-ups Erosional surface, basal
gravels

Scouring flow with rip-up clasts, waxing
energies

Gst Gravel, stratified Trough cross-bedding Fluvial in-channel flow

Gsp Gravel Planar cross-bedding Channel migration

GSe Gravel with sand Crude cross-bedding Mass flow

Sm Sandy, with or without mud Massive, void Void

Sh Sandy–silty, with or without
mud

Planar lamination Plane-bed flow

Ss Sandy–silty, with or without
mud

Broad shallow scours Scour fill

St Sandy–silty, with or without
mud

Troughs Channel flow with sand upbuilding

Si Sandy–silty, with or without
mud

Low-angle cross-bedding Scour fills

Sp Coarse sand, sand, silt Planar cross-bedding Lateral accretion

Table 2. Architectural elements (lithosomes) identi-
fied in the Mussentuchit Member.

Element Symbol Facies Geometry

Channels CH Any
Combination

Sheet, concave-up
erosional base,
commonly
bounded by third
to fifth-order
surfaces

Lateral
Accretion

LA Gmx, Ss,
Sm, Si

Wedge with
moderately angled
internal planar
cross-stratification

Scour
Hollow

HO Gmx, Sm,
Ss

Scoured troughs

Gravel
Bars

GB Gmm, Gsp,
Gst

Poorly stratified
medial and lateral
gravel bars
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distributive fluvial fan (Benvenuti & Martini, 2002;
Neves et al., 2005; Nichols & Fisher, 2007; Read-
ing, 2009; Sambrook Smith et al., 2010; Weiss-
mann et al., 2010; Fielding et al., 2012; Burnham
& Hodgetts, 2018; Li et al., 2020). Despite some
units exhibiting crude bedding, clasts are typically
subangular to rounded, indicative of transport,
even over a short distance. Due to the stacked
nature of clastic-rich units and the multi-channel
networks, the authors interpret that channel braid-
ing and lateral movement (meandering) commonly
reworked sediments and many internal structures
(bars) were temporary. Crudely-bedded or sheet-
like beds are interpreted to represent outwash
linked to higher-energy pulses associated with tec-
tonism and sediment unloading to the west. Sub-
sequent hydraulic reworking occurred via a
complex, high-energy, bed-load-rich, distal braid
belt (Chen et al., 2017; Gao et al., 2020; Li et al.,
2020; Zhang et al., 2021).

Facies Association 2 (FA2)
Facies Association 2 (FA2), the last chance sand-
stone, is limited to the middle Mussentuchit Mem-
ber and is identified as an elongated sand-rich
body composed of Sm, St, Sp and minor Gmx. In
outcrops, FA2 reflects a light grey and is weathered
to a light grey to greyish yellow (Fig. 7; Table 3).
FA2 contains a sand–silt matrix with infrequent
clay fractions and moderate to poor sorting. FA2
exhibits fifth-order erosive lower-bounding sur-
faces and fourth-order upper-bounding surfaces.
This bedded unit typically is between 0.75 to
1.0 m thick, and these beds occur at the same strati-
graphic interval for 20 to 30 km laterally. FA2 pre-
dominantly comprises coarse to fine sands that
exhibit normal grading with infrequent pebbles,T
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Table 4. Unweathered and weathered colour index.

Colour Colour Code

Light grey G1 7/N

Medium grey G1 6/N

Dark grey G1 4/N

Light black 10R 6/3

Black 10R 4/3

Greyish yellow 5Y 8/4

Light brown 7.5YR 6/3

Light orange 10YR 8/2

White N9
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granules and clay rip-up clasts. Texturally, FA2 is
typically massive, although, in the northern and
southern mapping areas (Fig. 7), it exhibits sedi-
mentary structures such as trough cross-bedding
and planar cross-stratification. The widely distrib-
uted multi-taxic fossil material in the unit includes
fragmentary vertebrate remains, high-density verte-
brate microfossil bonebeds, and partial eggs and
eggshell hash.
Facies Association 2 is interpreted as reflecting

a large-scale, terrestrial, hyper-concentrated flow
past the intersection point and distal to the allu-
vial fan (Benvenuti & Martini, 2002). FA2 would
have been a large-scale sandy debris flow or sand
sheet extending outward and covering the depo-
centre (Barkat et al., 2020; Li et al., 2020; Gardner
& Dorsey, 2021; Yu et al., 2022). Of note, FA2’s
entombed fossil material reflects an accumulation
of reworked multi-taxic, para-autochthonous fossil
material (high concentration of eggshell),
emplaced within a singular flow likely related to
decreased hydrodynamic energy related to lower
slope or inertia energies.

Stratigraphy

The Short Canyon Member was historically recog-
nized as a southward thinning wedge, from the
type section near the geographical location of
the Short Canyon and terminating near I-70. The
above observations expand the unit by ca 30 km
(Figs 1 and 2). Secondly, historical observations
have identified a persistent pebble lag between
the Ruby Ranch and Mussentuchit members, as
previously identified in the Mussentuchit Wash
mapping area (Kirkland et al., 2016, and refer-
ences therein). This was corroborated by Tucker

et al. (2022), who noted the persistent pebble lag
between the Ruby Ranch and Mussentuchit mem-
bers in the Mussentuchit Wash quadrangle; yet,
with further exploration, this study identified a
southward thickening lag to bedded conglomerate
within the Willow Springs quadrangle (Figs 5C,
5F and 8) (Doelling et al., 2009). Observed thin-
ning of the alluvial lenses in a west to east orien-
tation trending to the foredeep, along with
variable thickness laterally south to north, is
interpreted to represent lateral stacking of multi-
ple alluvial fans running parallel to the adjacent
fold-and-thrust belt source. Thus, with support-
ing descriptions from Hunt et al. (2011), Doelling
& Kuehne (2013) and Kirkland et al. (2016; and
references therein), this study interprets the peb-
ble lag to be the very distal exposure of the Short
Canyon Member, which is variably exposed but
laterally continuous for ca 50 km (Fig. 9). The
observations herein are in agreement with those
of Kirkland et al. (2016; and references therein)
that the Short Canyon Member is bounded by dis-
conformable contacts with the underlying Ruby
Ranch Member and overlying Mussentuchit
Member. The underlying contact is interpreted to
have been erosive (downcutting into the Ruby
Ranch Member), consistent with the interpreta-
tion of Doelling & Kuehne (2013). Within the pre-
sent study area, the northerly wedge is 12.0 m
thick, thinning to 5 cm pebble lag in the Mussen-
tuchit Wash; however, this thickens to the south
at a maximum of 80.0 cm observed just west of
the Last Chance Desert. Based on this observa-
tion, the authors propose that the pebble lag
between the Ruby Ranch and Mussentuchit mem-
bers (observed in the Mussentuchit Wash and
northern Willow Spring quadrangles) be defined

Table 5. Interpreted bounding surfaces based on and modified from Vail et al. (1977) and Miall (2010).

Group Timescale Example
Sedimentation
rate Example Rank

1 10�6 Burst-varve – Lamina 0th

2 10�5 to �4 Bedform migration 105 Ripple 1st

3 10�3 Bedform migration 105 Season dune increment 1st

4 10�2 to �1 Bedform migration 104 Dune 2nd

5 100–101 Seasonal event (10-year
flood)

102–3 Macroform growth 3rd

6 102–3 100-year flood 102–3 Macroform(splay, lev�ee, immature
palaeosol)

4th

7 103–4 Long-term process 100–1 Macroform(channel, palaeosol) 5th
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as a portion of the Short Canyon Conglomerate,
thus expanding the total lateral extent of known
Short Canyon Conglomerate strata to at least
50.0 km.
The ‘middle’ sandstone is a stratigraphically

key marker horizon persistently exposed in the
middle of the Mussentuchit Member (Figs 4A,
4C and 9). As mentioned above, this study

informally names this ‘middle’ sandstone the
last chance sandstone and identifies it as a
divisional unit between lower and upper Mus-
sentuchit members. The designation of ‘last
chance sandstone’ was selected based on the
proximity to the Last Chance Desert in the
southern portion of the mapping area (Fig. 1).
Typically, the Mussentuchit Member is roughly

Fig. 4. (A) Photomosaic of FA1 near the type section at Short Canyon (north of the Moore Cutoff Road). (B) Inter-
pretation of Photomosaic (A) with: GB – Gravel Bars; CH – Channels; LA – Lateral Accretion; St – Sandy Trough
Cross-Stratification with the orientation of channel migration to the east and palaeoflow in a southerly orientation.
(C) Photomosaic (aerial photograph) of FA1; (D) Interpretation of Photomosaic at a developed scroll bar with
upper (St) Sandy Trough Cross-Stratification flowing south-east and channel migration to the east.
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22 to 24 m thick, with the last chance sandstone
occurring 11.0 to 12.0 m from the basal Short
Canyon–Mussentuchit contact. However, the
reader should note that the overall thickness of

the Mussentuchit Member ranges from 14.0 to
28.0 m, which affects the stratigraphic position
of the last chance sandstone depending on loca-
tion. Minor lithological variations occur within

Fig. 5. (A) Typical disconformable contact of laterally extensive Short Canyon Member with underlying Ruby
Ranch Member; (B) stacked succession of coarse trough cross-stratified sandstones and gravel bars; (C) unstratified
or crudely bedded gravels; (D) pebble-rich coarse trough cross-stratified sandstones; (E) gravel lags with overlying
Mussentuchit Member; and (F) and (F1) cobbles and boulders typical of the Short Canyon Member.
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this unit, either as a thick-bedded massive sand-
stone with normal internal grading (with or
without a basal gravel lag), or as thinly-stacked

trough sets and planar cross-stratified sets
formed by hydraulic alteration. In either case,
this consistent lithostratigraphic position of the

Fig. 6. (A) FA1 Concave-up channelization with co-occurring; LA – Lateral Accretion Form and GB – Gravel Bar
with interbedded sandy FA1 lower-energy channelized flow and (A1) close-up of larger clastic material; (B) St –
Minor trough cross-stratified interbedded between Gm – crudely-bedded conglomerates; (C) Exposed but poorly
preserved lateral channel (GB) – Gravel Bar; (D) clastic-rich trough-set (Gst). Yellow dashed lines indicate higher-
order bounding surfaces, and white dashed lines indicate internal geometries associated with lower-order bound-
ing surfaces. Note to the reader: herein lithosomes are sedimentary structures observed in outcrop denoted by ‘St’,
and facies ‘F’ are depocentres or palaeoenvironments.
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unit is defined as: (i) 0.5 to 1.0 m above Mussen-
tuchit Ash Zone 1 (MAZ1); and (ii) 0.3 to 0.8 m
below Mussentuchit Ash Zone 2 (MAZ2)
(Tucker et al., 2023).

Geochemistry

To characterize and classify the four ash falls of
Tucker et al. (2023), both XRD (Table 6) and XRF
[Table 7 (majors) and Table 8 (minors)] analyses
were utilized. Identification of the ash beds in the
Mussentuchit Member follows Hong et al. (2019),
with the ash beds consisting of 64 to 80% glass, 20
to 25% phenocrysts, and minor amorphous clays,
which these units fulfil. Based on the XRD results,
the presence of quartz crystals and more

significant amounts of plagioclase (10–20%) as
opposed to orthoclase (0.8–4.5%), and XRF-based
IUGS classification of volcanic rocks (Fig. 10), all
four ash beds are classified as dacitic (Table 8).
According to the discrimination diagrams by

Peccerillo & Taylor (1976) (Fig. 10A), these dacites
are borderline tholeiitic to medium-K calc-alkaline
(Fig. 10B). Moderate levels of an unidentified
amorphous fraction (39–53%) coupled with high
SiO2 values indicates that the amorphous fraction
is predominantly volcanic glass, as opposed to
meta-Kaolin. Although these observations broadly
correspond with a lithology of crystal tuff, the age
and levels of smectite present (13–20%) in these
beds make tuffaceous bentonite a more appropri-
ate lithological designation. Furthermore, field

Fig. 7. (A) Last chance sandstone in the Mussentuchit Wash quadrangle; (B) to (D) last chance sandstone in the
Willow Springs quadrangle; (E) last chance sandstone in the Walker Flat quadrangle.
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observations include haystack erosional land-
forms, popcorn weathering, jigsaw puzzle clay
fractures and nodular masses (so-called ‘eggs’), in
addition to the previous descriptions of significant
amounts of Mg (mixing of brackish waters), min-
eral content (anhedral biotite and euhedral zir-
con), variation in internal layering, layer charge,
variable clay ratios and colour modification when
wet (Huff, 2016). All of these traits support their
designation as K-bentonites. Overall, results sug-
gest that MAZ1 to MAZ4 were deposited as pri-
mary dacitic ashfalls that experienced moderate
devitrification and alteration to tuffaceous K-
bentonites.

Uranium–lead geochronology and
stratigraphic age modelling

Ages of ash zones within the Mussentuchit Mem-
ber have been previously constrained by high-
precision CA-ID-TIMS U–Pb zircon geochronology
and Bayesian age modelling, which Tucker

et al. (2023) used to establish probabilistic ages for
fossil sites in the Mussentuchit Member stratigra-
phy. The current research expands on this previ-
ous work, but with a shifted focus onto
establishing probabilistic ages, durations and depo-
sition rates for lithostratigraphic units. Detrital zir-
con (within the 5% discordance cut-off) sample
MC-07 was recovered from a medium to coarse-
grained cross-bedded sandstone from the upper
portion of the Short Canyon Member, ca 1.5 m
below the local contact with the overlying Mussen-
tuchit Member. Grains exhibit well-faceted euhe-
dral crystal morphologies and clear detrital
patterns such as rounding and abrasion, indicating
a mixed-source assemblage of zircon grains (CL
Images within File S2). One hundred and twenty-
seven detrital zircon grains analysed from sample
MC-07 LA-ICP-MS dates ranging from 1765 � 45
to 94 � 3 Ma (Table S2). Ninety-two of those dates
are between 115 � 6 Ma and 94 � 3 Ma. Six
grains dated by CA-ID-TIMS yielded 206Pb/238U
dates from 104.52 � 0.09 to 102.98 � 0.14 Ma,

Fig. 8. (A) Striking contrast
between the underlying Short
Canyon Conglomerate and overlying
muds of the Mussentuchit Member.
(B) Southward thickening wedge of
the Short Canyon Member in the
Cliffs of Insanity west of the Last
Chance Desert (Willow Springs
quadrangle).
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with the five youngest dates ranging from
103.12 � 0.07 to 102.98 � 0.14 Ma and overlap-
ping at analytical uncertainties (Fig. 11; Table 9). A
probabilistic maximum depositional age for the

MC-07 sandstone bed was established using
the Bayesian algorithm of Keller et al. (2018), in
similar fashion to Johnstone et al. (2019; for exam-
ple, employing a uniform distribution prior), with
likelihoods consisting of the five youngest zircon
206Pb/238U dates. This method yields a 103.03 �
0.096 Ma (2 sigma) maximum depositional age
(MDA) for the sandstone bed represented by sam-
ple MC-07 (Fig. 12). This new MDA for the upper
portion of the Short Canyon Member is consistent
with posterior depositional ages for ash zones
within the overlying Mussentuchit Member of
99.490 + 0.057/�0.050 Ma (MAZ1), 99.401 +
0.058/v�0.066 Ma (MAZ2), 99.191 + 0.057/
�0.062 Ma (MAZ3) and 98.905 + 0.158/
�0.183 Ma (MAZ4) established by Tucker et al.
(2023), and statistically indistinguishable from the
103.7 � 2.6 Ma age for a tephra bed at the contact
between the lowermost Buckhorn Conglomerate
and the Ruby Ranch Member (Ludvigson et al.,
2015).
To place quantitative constraints on the age of

lithostratigraphic units within the Cedar Moun-
tain Formation and establish a probabilistic depo-
sitional age for the Short Canyon Member,

Fig. 9. Stratigraphic sections from South (left/A) to North (right/A’) of the Short Canyon and Mussentuchit mem-
bers with the Last Chance Desert Sandstone in grey (middle Mussentuchit). Modified from Tucker et al. (2023).

Table 6. Quantitative analysis by X-ray diffraction
(XRD) analysis of four representative samples of the
four ash layers (MAZ1–MAZ4) found within the Mus-
sentuchit Member.

Ash layer MAZ1 MAZ2 MAZ3 MAZ4

Sample
Burnt
Leg

Ash
Hole

Ash
Hole VAMP

Quartz 16.3 28.5 28.6 3.7

Kaolinite 0.6 0.4 0.5 5.3

Orthoclase 0.8 2.6 3.2 4.5

Plagioclase 20.5 10.4 10.6 13.3

Muscovite 8.8 0.4 0.4 0.4

Smectite 13.8 16.2 17.2 20.2

Amorphous 39.2 41.6 39.5 52.6
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stratigraphic Bayesian age modelling was
employed using the modified Bchron age model
(Haslett & Parnell, 2008; Trayler et al., 2020) in the
R programming language (R Core Team, 2022).
Models were constructed using composite strati-
graphic thicknesses for Cedar Mountain Forma-
tion strata with age likelihoods consisting of
published depositional ages for Mussentuchit
Member Ash Zones 1 to 4 (MAZ1–MAZ4) from
Tucker et al. (2022), a tephra bed below the Ruby
Ranch Member dated by Ludvigson et al. (2015),
and both with (Model 1) and without (Model 2)
the detrital zircon MDA likelihood for sample MC-

07. Figure 12 compares the two modelling scenar-
ios to illustrate the sensitivity of model outcomes
to a conservative broad uniform age likelihood
represented by the MDA [constructed from a uni-
form distribution between 103.03 Ma (MDA) to
99.47 Ma (MAZ1)] and Gaussian-shaped tails
equivalent to uncertainties on the MDA and
MAZ1 age, respectively (e.g. Landing et al., 2021).
Although both models may be considered equiva-
lent within their 95% highest density intervals
(HDI), the model incorporating the likelihood con-
structed from our new precise U–Pb zircon MDA
for sample MC-07, (Model 1) prefers slightly older

Fig. 10. Classification of
volcaniclastics via: (A) La Maitre–
IUGS; and (B) Peccerillo &
Taylor (1976). Data within Tucker
et al. (2023) or see File S2.
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accumulation paths through the Ruby Ranch
Member and Short Canyon Member, leading to a
wider range of accumulation paths compared to
Model 2 results that exclude the MDA (Fig. 12A
and B). Posterior ages generated in Model 1 and
Model 2 for positions of interest are listed in
Fig. 12C. Most noteworthy is that posterior ages
for the Short Canyon Member conditioned by
superposition, age likelihoods throughout the
Cedar Mountain Formation, and representative
long-term accumulation rates in both models sug-
gest deposition of the Short Canyon Member likely
occurred ca 2 to 3 Ma after the 103.03 � 0.096 Ma
MDA produced by detrital zircon from sample
MC-07. Model 1 predicts a 100.79 + 1.76/
�0.84 Ma age for the base and 100.15 + 1.47/
�0.53 Ma age for the top of the Short Canyon
Member; whereas, Model 2 predicts a 100.44 +
1.35/�0.72 Ma age for the base and 100.08 +
1.14/�0.47 Ma age for the top of the Short Canyon
Member. A ca 100 Ma age for deposition of the

Short Canyon Member is generally consistent with
geological evidence suggesting that the source of
the Short Canyon Member conglomerate was flu-
vial fans developed from the Sevier highlands dur-
ing renewed thrusting across south-central to
north-central Utah (Hunt et al., 2011; Doelling &
Kuehne, 2013; Kirkland et al., 2016; and refer-
ences therein). It is important to consider that age
determinations for the Short Canyon Member from
our modelling could be biased if disconformable
contacts between the Ruby Ranch Member and
Short Canyon Member, as well as the Short Can-
yon Member and the Mussentuchit Member,
represent long-lived hiatuses. However, the con-
servative credible intervals associated with these
ages that are reflected by probabilistic accumula-
tion scenarios likely encompass this geological
uncertainty.
Also established from these age modelling

results are long-term accumulation rates calcu-
lated from 95% HDI of model posterior distribu-
tions and thicknesses of stratigraphic intervals
(Fig. 12C). In general, there are insignificant differ-
ences between accumulation rates generated from
Model 1 (with MDA) versus those generated in
Model 2 (without MDA), this study’s focus is
instead on the steepening of accumulation paths
that is apparent in the lower to middle Mussentu-
chit Member portion of both age models (Fig. 12).
The highest apparent long-term accumulation
rates are represented in the last chance sandstone
(transition from the lower to middle Mussentuchit
Member), reaching a maximum of 42.8 + 72.9/
�20.8 m/Myr between MAZ1 and MAZ2. This
signal of accelerated deposition transitioning from
the lower to middle Mussentuchit Member (last
chance sandstone) is interpreted to reflect the
sediment-rich gravity flow (FA2) mentioned above
(Trayler et al., 2020). After that, relaxation to
29.0 + 19.1/�7.9 m/Myr between MAZ2 and
MAZ3, and a return to rates of ca 10 to 20 m/Myr
above MAZ3, also characteristic of earlier Ruby
Ranch Member deposition (Fig. 12C). If the dis-
conformity between the Short Canyon and Mus-
sentuchit members represents a protracted hiatus,
this rapid deposition may have also been charac-
teristic of lower Mussentuchit Member deposition;
however, the current construction of our Cedar
Mountain Formation age model cannot predict the
hiatus durations for Ruby Ranch Member–Short
Canyon Member and Short Canyon Member–Mus-
sentuchit Member disconformable contacts.
Future work establishing high-precision detrital
zircon MDA constraints in the Ruby Ranch Mem-
ber could help to better estimate hiatus durations

Fig. 11. Chemical abrasion – isotope dilution – ther-
mal ionization mass spectrometry (CA-ID-TIMS)
206Pb/238U zircon dates (� 2r uncertainties: black
bars) for sandstone sample MC-07 from the Short Can-
yon Member. The Maximum Depositional Age (MDA)
for the sandstone was established using all six detrital
zircon dates input into the Bayesian algorithm of Kel-
ler et al. (2018).
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Fig. 12. (A) Bayesian age-stratigraphic models through the Short Canyon and Mussentuchit members constructed
with the modified Bchron age model of Trayler et al. (2020). Models were constructed using U–Pb zircon CA-ID-
TIMS (chemical abrasion–isotope dilution–thermal ionization mass spectrometry) ages of ash zones in the Mussen-
tuchit Member presented in Tucker et al. (2023), the age of a tephra bed underlying the Ruby Ranch Member pre-
sented in Ludvigson et al. (2015) and with our new Maximum Depositional Age (MDA) for sample MC-07 in the
Short Canyon Member represented by the broad orange likelihood distribution. Also shown are modelling results
without incorporating the MDA for sample MC-07. While the 95% highest density intervals (HDI) of both models
overlap, incorporating the Short Canyon Member MDA as a likelihood (median black line with orange field HDI)
produces a wider range in the 95% highest density interval (HDI) and a slightly older most likely accumulation
path. The authors consider the model incorporating the Short Canyon Member MDA more suitable for estimating
the timing of deposition and accumulation rates due to the unknown duration of disconformities that bound the
Short Canyon Member. Note: ’A’ to ’H’ correspond to incorporating MDA, ’1’ to ’8’ lacks MDA; background col-
our: Ruby Ranch Member (RRM) – peach; Short Canyon Member (SCM) – light green; and Mussentuchit Member
(MM) – light yellow. (B) (B1) Long-term sediment accumulation rates calculated from posterior distributions estab-
lished in Bayesian age-stratigraphic models (A) through the Ruby Ranch, Short Canyon and Mussentuchit mem-
bers, and composite stratigraphic thicknesses. Black-dashed arrows indicate decreased rates; whereas, the pink
arrow indicates increased rates. (B2) The shift in accumulation rates in the lower to middle Mussentuchit Member
is interpreted to reflect the interpreted sediment gravity flow across the depositional zone, herein recognized as
the last chance sandstone. (C) Tables of results of Bayesian stratigraphic age modelling for models constructed
with (’A’ to ’H’) and without (’1’ to ’8’) the new detrital zircon MDA for the SCM (C1). Posterior ages represent
the median and 95% credible intervals of model paths for stratigraphic positions of interest. (C2) Long-term accu-
mulation rates were calculated from the posterior distributions at the top and bottom of stratigraphic intervals and
their respective composite thicknesses. (C3) Duration of the SCM calculated from the difference between posterior
distributions for the base and top of the SCM stratigraphic interval. All uncertainties listed are derived from 95%
credible intervals of the model data.
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between members of the Cedar Mountain Forma-
tion and characteristic long-term accumulation
rates for these units.

DISCUSSION

This study provides: (i) a detailed facies descrip-
tion of the Short Canyon Member and last chance
sandstone coupled with revised depositional his-
tory; (ii) inferences about the local to regional tec-
tonically linked sedimentary history; (iii)
confirmed historical linkages or suggested new
correlations to key units in the westerly adjacent
fold-and-thrust belts along with regional transgres-
sion and regression cycles found elsewhere in the

Western Interior Seaway; and (iv) new strati-
graphic linkages across the Western Interior.
Clastic strata of the Short Canyon Member were

described as three separate conglomerate beds
alongside co-occurring sands and carbonaceous
shales with limited exposure north of I-70 (west-
ern San Rafael Swell) (Doelling & Kuehne, 2013;
Kirkland et al., 2016). This study expands the
known exposure of the Short Canyon Member to
the Last Chance Desert south of I-70. North of I-70,
the observations noted here concur with the con-
clusion of Doelling & Kuehne (2013) and Kirkland
et al. (2016) that the Short Canyon Member forms
a northward thickening stratigraphic interval.
Herein, it is proposed that the gravel lag observed
in the quadrangles of Willow Springs and

Fig. 12. Continued
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Model without MDA, posterior ages
Fig. 12 A Positions 0.025 0.5 0.975 ids age (Ma) + -

8 29.5 98.707 98.878 99.038 MAZ4 98.878 0.160 0.171

7 25.5 99.135 99.193 99.246 MAZ3 99.193 0.054 0.058

6 19.5 99.337 99.402 99.456 MAZ2 99.402 0.053 0.066

5 15.5 99.445 99.494 99.557 MAZ1 99.494 0.063 0.049

4 7.5 99.585 99.994 101.060 SCMtop 99.994 1.066 0.409

3 6 99.611 100.084 101.219 MC-07 100.084 1.135 0.473

2 0 99.725 100.442 101.789 SCMbase 100.442 1.348 0.717

1 -50 101.337 103.543 106.075 RRMbase 103.543 2.532 2.206

Model with MDA, posterior ages
Fig. 12 A Positions 0.025 0.5 0.975 ids age (Ma) + -

29.5 98.697 98.875 99.030 MAZ4 98.875 0.154 0.178

G 25.5 99.136 99.194 99.248 MAZ3 99.194 0.054 0.058

F 19.5 99.333 99.402 99.455 MAZ2 99.402 0.052 0.069

E 15.5 99.448 99.495 99.560 MAZ1 99.495 0.066 0.047

D 7.5 99.622 100.151 101.623 SCMtop 100.151 1.472 0.529

C 6 99.679 100.345 102.036 MC-07 100.345 1.692 0.665

B 0 99.943 100.787 102.545 SCMbase 100.787 1.759 0.844

A -50 101.540 103.640 105.979 RRMbase 103.640 2.339 2.100

H

0.025 0.5 0.975 rate (m/Ma) + -

MAZ3-MAZ4 4 8.2 12.7 27.1 12.7 14.4 4.5

MAZ3-MAZ2 6 21.0 28.6 46.8 28.6 18.2 7.5

MAZ2-MAZ1 4 22.9 43.8 117.3 43.8 73.5 21.0

base MM to MAZ1 8 2.6 8.0 40.8 8.0 32.8 5.4

base SCM to top SCM 7.5 6.2 19.7 111.2 19.7 91.5 13.5

base RRM to base SCM 50 9.6 16.7 40.6 16.7 23.9 7.1

Without MDA
accumulation intervals thickness

C

accumulation intervals

CMF accumulation rates without and with MDA
thickness

With MDA
0.025 0.5 0.975 rate (m/Ma) + -

MAZ3-MAZ4 4 8.0 12.5 25.8 12.5 13.3 4.4

MAZ3-MAZ2 6 21.1 29.0 48.0 29.0 19.1 7.9

MAZ2-MAZ1 4 22.0 42.8 115.7 42.8 72.9 20.8

base MM to MAZ1 8 1.9 6.1 30.6 6.1 24.5 4.2

base SCM to top SCM 7.5 4.6 13.7 49.9 13.7 36.2 9.1

base RRM to base SCM 50 10.3 18.4 57.3 18.4 38.9 8.1

duration of SCM 2.50% 50% 97.50% duration (Ma) + -

model without MDA 0.067 0.381 1.211 0.38 0.83 0.31

model with MDA 0.150 0.549 1.637 0.55 1.09 0.40

C1

C2

C3

Fig. 12. Continued
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Mussentuchit Flat corresponds with the Short
Canyon Member. Sedimentation within the Short
Canyon Member is interpreted to reflect a distribu-
tive fluvial fan (FA1), with deposits affected by
hydraulic reworking (Benvenuti & Martini, 2002;
Reading, 2009). Based on Doelling &
Kuehne (2013) and Kirkland et al. (2016), along
with in-field observations, the three-tiered con-
glomerates indicate successive clastic transport
and emplacement in this area of the southward
portion of an eastward flowing distributive fan
linked to activity in the adjacent thrust belt. How-
ever, the interbedded channel sands indicate a
more allochthonous sediment source and, there-
fore, could reflect a two-part sediment influx into
the depocentre. Finer sediments, including grey-
black carbonaceous mudrocks (shales) and evapo-
rites, described by Doelling & Kuehne (2013), are
interpreted to reflect deposition within a distal
floodplain. This carbonaceous succession of muds
may reflect sedimentation similar to that of the
lowermost Mussentuchit Member, indicating
stronger genetic linkages than previously thought
(Tucker et al., 2020). In contrast, our newly named
last chance sandstone of the middle Mussentuchit
Member is interpreted to represent an amalgam-
ated sandy gravity flow (FA2) that blanketed the
whole of the landward paralic depositional area
(Mussentuchit Member), likely composed of local-
ized sediments and parautochthonous fossil mate-
rial. In the north and south, these facies preserve
evidence of hydraulic reworking and
channelization.
In a comparative study to ground-truth sedi-

ment sources within these evolving depocentres,
detrital zircon records first published by Tucker
et al. (2020) and detrital zircon records from the
Short Canyon Member (this study) were com-
pared with that of the recent study by St. Pierre &
Johnson (2022) in consideration of a possible cen-
tral Utah linkage to a late Early Cretaceous, north-
easterly flowing, ‘California Style’ river in a large
basin-axial fluvial system (Fig. 13). This compari-
son stems from similarities of detrital zircon data
presented by Tucker et al. (2020) and St. Pierre &
Johnson (2022), along with variable palaeocurrent
reconstructions similar and dissimilar to St.
Pierre & Johnson (2022) for the Cedar Mountain
Formation of central Utah (Garrison Jr. et al.,
2007; Dickinson & Gehrels, 2008; Hunt et al.,
2011; Suarez et al., 2012, 2014; Tucker et al.,
2020). Therefore, detrital zircon grains from the
Cedar Mountain Formation can be grouped into
three distinct source terranes: (i) Cordilleran Arc
(90–250 Ma); (ii) Orogen–transverse from the

Sevier fold-and-thrust belt (250–1200 Ma and
1900–3500 Ma); and (iii) Orogen–parallel from
the Mogollon highlands (1200–1900 Ma). Overall,
excluding the cosmopolitan detrital history of the
lowermost Buckhorn Conglomerate Member,
the Cedar Mountain Formation detrital zircon
data present an ever-increasing input of Cordille-
ran Arc detritus. If the significant Mesozoic popu-
lations are excluded to constrain relationships
between autochthonous to parautochthonous
(Sevier fold-and-thrust belt clastics and sedi-
ments) and allochthonous sediments (Yavapai–
Mazatzal and up-drainage sediments) or respec-
tively orogen–transverse and orogen–parallel
(axial), variable mixing of multiple sediment
sources is observed.
In contrast to the model of St. Pierre & John-

son (2022), the present study found a more signifi-
cant input from the westward-adjacent Sevier–
orogen–transverse source with moderate to minor
orogen–parallel sources progressing up-section
(Fig. 13). This is interpreted to reflect that fluvial
input into the alluvial plain of the landward
coastal margin of the western Cedar Mountain
Formation consists largely of parautochthonous
Sevier-sourced detritus (similar to Suarez et al.,
2014). This could reflect factors such as the dis-
tance from southern sources and distal to the pro-
posed ‘Cretaceous Distributive Fluvial System’
along with relatively close palaeogeographical
proximity to the Sevier fold-and-thrust belt when
compared to the Kaiparowits depocentre. This
pattern is reflected in the last chance sandstone,
interpreted to be a depocentre-wide, sandy debris
(sheet) flow that displays a distinctly parau-
tochthonous (Sevier fold-and-thrust belt) pattern.
The authors postulate that the source of this sedi-
ment could have been a punctuated, singular
mass debris flow during this intra-volcanic phase
(stratigraphically situated between MAZ1 and
MAZ2). In contrast to this observed pattern is the
strikingly different sample recovered from the
Short Canyon Member, containing the largest
component of allochthonous sediments (extra-
basinal), which is interpreted as a two-part sedi-
mentation process. This study interprets a major-
ity (not all) of lesser parautochthonous clastics
(intra-basinal) and sediments to reflect recycled–
unroofed parautochthonous Sevier highland
siliciclastics that have been mixed with a substan-
tial influx of orogen–parallel detritus, coinciding
coevally with the rejuvenated thrusting
across Utah.
In comparison to previous studies, the authors

initially noticed a slight dissimilarity between the
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Fig. 13. Comparison to St. Pierre & Johnson (2022) with detrital zircon data first presented in Tucker et al. (2020)
for the Buckhorn Conglomerate, Ruby Ranch and Mussentuchit members, along with the Short Canyon from this
study. Zircon populations are subdivided in accordance with St. Pierre & Johnson (2022) into: (i) Cordilleran Arc
with dates younger than 250 Ma (in grey); (ii) Orogen-transverse (Sevier fold-and-thrust belt) with dates 250 Ma–
1.2 Ga along with 1.9–3.5 Ga (in orange); and (iii) Orogen–parallel with dates 1.2 to 1.9 Ga (in blue). Palaeogeogra-
phical reconstruction of western North America and the Cretaceous distributive fluvial system are based on Dick-
inson & Gehrels (2008); Oboh-Ikuenobe et al. (2008); Suarez et al. (2012, 2014); St. Pierre & Johnson (2022); and
figure modified from Tucker et al. (2022). Note: Greater circle plots display all grain populations (i) to (iii); smaller
circle plots display only pre-250 Ma grain populations.
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Short Canyon Member and the underlying Buch-
horn Conglomerate, which would bolster observa-
tions made by Hunt et al. (2011) and Kirkland
et al. (2016) concerning the dissimilarity between
the two sedimentary successions (Fig. 13). The
present datasets offer evidence that agrees with
Hunt et al. (2011), who suggested that during the
middle Cretaceous (Albian/Aptian – Cenoma-
nian), the greater ‘Cretaceous Distributive Fluvial
System’ was geographically east (Yellow Cat
Member of the Cedar Mountain Formation) of the
more westerly Buckhorn depocentre and had
marginal influence on the easterly orogen–trans-
verse systems. However, the siliciclastics of the
Short Canyon Member run counter to this model,
suggesting rather that during this short phase, the
‘Cretaceous Distributive Fluvial System’ possibly
had a more significant influx of maturated sedi-
ments into this westerly depocentre, likely linked
to heightened influx of sediment across the fore-
deep during the rejuvenated thrusting across
southern and central Utah. Lastly, this sedimento-
logical analysis shows evidence for much of the
sedimentary detritus reflecting easterly flowing
orogen–transverse distal fluvial systems trans-
porting sediments through the landward paralic
depocentres of the Mussentuchit Member with
eventual deposition into the adjacent Western
Interior Seaway (Tucker et al., 2022, 2023) in
agreement with reconstructions by Suarez et al.,
2014 (see fig. 5D in Suarez et al., 2014).

Geochemistry

Contractional events in the adjacent Sevier fold-
and-thrust belt were contemporaneous with a
voluminous volcanic flare-up in the westerly
lying Cordilleran Arc associated with magma-
tism that produced the Sierra Nevada Batholith,
Peninsular Ranges Batholith and the Atlanta
Lobe of the Idaho Batholith (Chapman et al.,
2021). Based on this study’s broad-spectrum
analysis via XRD and XRF, the analysed dacite
(borderline tholeiitic to medium-K calc-alkaline)
ashfalls cannot be ascribed to a unique source;
however, based on the stratigraphic proximity
between ashfalls, representing only 0.6 Ma
(MAZ1–MAZ4), it is reasonable to infer that
regional volcanic flare-ups were recurrent with
the earliest phases of volcanic activity at ca
100 Ma (‘Phase C’) in the Sierra Nevada Batho-
lith (DeCelles & Graham, 2015; Paterson &
Ducea, 2015; Balgord et al., 2021; Schwartz
et al., 2021) and ca 105 to ca 87 Ma in the Idaho
Batholith (Gaschnig et al., 2011).

For this timeframe, around 100 Ma, recent
interpretations by Hildebrand & Whalen (2021b)
and Hildebrand et al. (2022) indicate a possible
shift from a retro arc, foreland style foredeep to a
collisional foredeep coeval to the Peninsular
Ranges Orogen. Hildebrand et al. (2022) suggest
that this shift occurred in an 11 Ma interval
before the Cenomanian–Turonian. Based on the
aforementioned reconstruction, this process may
have been initiated during the Albian–Cenoma-
nian transition. It could, therefore, be a mecha-
nism for the transition from forebulge to foredeep
sedimentation for the Short Canyon and Mussen-
tuchit members in the western uppermost Cedar
Mountain Formation (Currie, 1997, 2002; DeCel-
les et al., 2009; Lawton et al., 2010; Tucker et al.,
2020, 2022; Balgord et al., 2021). When the dis-
crimination diagrams modified from Hildebrand
et al. (2022, and references therein), namely Nb/Y
and Ta/Yb, are applied to the Mussentuchit Mem-
ber ashfall deposits, the post-collision signatures
obtained mirror those of Hildebrand & Whalen
(2021a, 2021b) and Hildebrand et al. (2022),
rather than the arc signatures that were expected
(Fig. 14). Although this hypothesis requires fur-
ther testing, the initial data suggest a meaningful
linkage between the Peninsular Ranges arc and
distal emplacement of ashfall in the collisional
foredeep in central Utah; thus, one of the follow-
ing can be substantiated: (i) the shift to a colli-
sional foredeep occurs during the Albian–
Cenomanian Transition, and the ashes of the Mus-
sentuchit Member were deposited during the last
phases of the retro-arc style foredeep; or (ii) the shift
to a collisional foredeep marginally predated the
earlier estimates as given by Hildebrand &
Whalen (2021b) and Hildebrand et al. (2022),
thereby occurring during the Albian–Cenomanian
transition. The above results suggest that scenario
two could be substantiated with future work (Fore-
man et al., 2022; Finzel et al., 2023).

Tectonic linkages

A two-phase system can explain the local tec-
tonic cycles: (i) pulses of contraction and thrust-
ing in the fold-and-thrust belt coupled with
thrust-loading related sedimentation in the adja-
cent depocentres; and (ii) a lessening of thrust
load due to relaxation in the fold-and-thrust belt
which co-occurred with sedimentary reworking
in the depocentre. The first tectonic cycle is pre-
served in the clast-rich Buckhorn Conglomerate,
which would reflect thrust-loading in the adja-
cent foreland as a result of thrusting in the
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Canyon Range (Lawton, 1986; Currie, 1997; Law-
ton et al., 2007; Stikes, 2007; Kirkland et al.,
2016; Quick et al., 2020; Hildebrand et al.,
2022). Subsequently, flexural rebound (erosion
of thrust load) of the thrust belt would have
resulted in a disconformity with overlying units
and coincided with sediment reworking in the
thrust-adjacent areas, including the Ruby Ranch
floodplain-dominated depocentre (Fig. 9)

(Cardenas et al., 2020; Suarez et al., 2021a,
2021b). The above processes have primarily
been placed temporally within the Aptian–
Albian, with most recent ages placing the Ruby
Ranch Member between 120 Ma and 110 Ma
(Kirkland et al., 1997, 2016; Lawton et al., 2007;
Ludvigson et al., 2010; Suarez et al., 2014;
Tucker et al., 2020; Lee, 2021), synchronous
with the shift from proximal forebulge sedimen-
tation for the Ruby Ranch Member to Short Can-
yon and Mussentuchit members within the
foredeep (Lawton et al., 2010; Ludvigson et al.,
2010; Tucker et al., 2022). The shift from proxi-
mal forebulge to foredeep sedimentation would
corroborate the interpreted sequence boundary
suggested by Kirkland & Madsen (2007), Sprin-
kel et al. (2012) and Kirkland et al. (2016, and
references therein). However, in the thrust adja-
cent foredeep, this boundary is demarcated by
the Short Canyon Member, herein interpreted to
be the end of the flexural rebound and rejuvena-
tion of thrust-loading in the foredeep (Heller
et al., 1988; Heller & Paola, 1989; Hunt et al.,
2011; Kirkland et al., 2016; Quick et al., 2020).
The second cycle of thrusting locally is the

linkage between the Pavant thrust and Short Can-
yon Member and the return of thrust loading. CA-
ID-TIMS U–Pb dating of detrital zircons from the
uppermost Short Canyon Member indicated an
emplacement of clastics since 102.95 � 0.06 Ma
(Figs 7 and 9), which is significantly older (ca 4
Myr) than the overlying Mussentuchit Member
(Tucker et al., 2023), suggesting that this MDA
likely significantly pre-dates deposition of the
Short Canyon Member. Results from the Bayesian
age modelling scenarios herein suggest that the
Short Canyon Member was likely deposited
closer to ca 100 Ma as there is no field evidence
for a major disconformity (fifth to seventh-order
bounding surface) between the Short Canyon
Member and overlying Mussentuchit Member
that would represent a long-lived hiatus (eighth-
order) (for example, no significant downcutting)
(Vail et al., 1977). This younger timing of deposi-
tion is consistent with the interpretation of Hunt
et al. (2011) that the San Pitch Formation and the
Canyon Range Conglomerate are incongruent
(Hunt et al., 2011; Kirkland et al., 2016; Hildeb-
rand et al., 2022, fig. 11, p. 13; Wink, 2022). As
such, it is plausible that sediment unloading
coupled with accommodation generated by
renewed thrusting into the adjacent Short Canyon
depocentre would have been contemporaneous
with renewed thrusting in the westerly adjacent
Pavant Thrust during the Albian–Cenomanian
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Fig. 14. Mussentuchit Ash Zones (Orange Circles) 1
to 4 plotted on two discrimination diagrams modified
from Hildebrand et al. (2022, see fig. 27 therein). His-
torical data originally from Pearce et al. (1984) and
Morris et al. (2019) shows that 130 to 100 Ma reflects
Santiago Peak–Alisitos arc signatures and 100 to
86 Ma reflects Peninsular Range Batholith and the
Alisitos volcanic arc.
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transition, which would be in agreement with age
estimates of Pujols et al. (2020) and Quick
et al. (2020). The interpretation herein is that the
linkage of coeval thrusting and sedimentation
between the Iron Springs thrust and the Marshall
Creek debris flow may be reflected between the
Pavant thrust, Canyon Range Conglomerate, with
the Short Canyon Member as a distal portion of
the alluvial complex. Although the timing con-
straints from Pujols et al. (2020) are for exhuma-
tion and not thrusting, the authors infer that the
two are penecontemporaneous, reflected in
increased sedimentation rates, following the
interpretations of Gardner et al. (2022). If accu-
rate, the Iron Springs and Pavant thrusts would
be coeval with the Nebo thrust to the north, signi-
fying that the responses to the Albian–Cenoma-
nian tectonic transition is near-contemporaneous
across much of Utah (DeCelles & Coogan, 2006;
Bartnik, 2019; Schwartz et al., 2019, 2021; Lawton
et al., 2020; Pujols et al., 2020; Quick et al., 2020;
Chapman et al., 2021; Gardner et al., 2022;
Hildebrand et al., 2022). In addition, this early
phase of renewed thrusting and sediment
unloading co-occurred with the regional TS2–
SB3.1 transgression–regression or the KAI8
transgression–regression (Oboh-Ikuenobe et al.,
2008; Haq, 2014; Miall & Catuneanu, 2019).
Following the deposition of the Short Canyon

Member, flexural rebound occurred within the
adjacent foredeep with the emplacement of
the lower Mussentuchit Member. Sedimentation
rates for the Mussentuchit Member are estab-
lished to have been ca 8 m/Ma until
99.494 + 0.063/�0.049 Ma (Figs 8 and 12C). Dur-
ing this period, the Mussentuchit depocentre was
a landward paralic mudflat, forming a sink for
suspension, settling fines with subsequent pedo-
genesis (Tucker et al., 2022, 2023). Deposition is
contemporaneous with a minor transgression and
a locally high base level just after the KAI8 regres-
sion and before the KCe1 regression and early
phases of the TS3.1 (Oboh-Ikuenobe et al., 2008;
Haq, 2014; Miall & Catuneanu, 2019; Tucker
et al., 2023). Around 99.494 + 0.063/�0.049 Ma,
subduction-related arc activity commenced,
resulting in contraction and increased
thrusting rates in the Pavant that generated
increased thrust loading and sedimentation
between 99.494 + 0.063/�0.049 and 99.402 +
0.053/�0.066. Sedimentation rates likely
increased with the emplacement of the last
chance sandstone, which could account for the
slightly higher apparent accumulation rate of ca
44 m/Ma in the lower Mussentuchit Member.

However, coeval with the last chance sandstone
is a regional base-level fall in the Mussentuchit
depocentres (Tucker et al., 2022, 2023). This
would corroborate early temporal estimations and
linkages to the regional regression KCe1/SB3.2 by
Oboh-Ikuenobe et al. (2008) and Haq (2014).
Sedimentary sequences overlying MAZ2 indicate

slowing of sedimentation rate, with: interval (1)
MAZ2 (99.402 + 0.053/�0.066 Ma) to MAZ3
(99.193 + 0.054/�0.058 Ma) estimated at
28.6 m/Ma; and interval (2) MAZ3 (99.193 + 0.054/
�0.058 Ma) to MAZ4 (98.878 + 0.160/�0.171 Ma)
estimated at 12.7 m/Ma. During this time, the Mus-
sentuchit depocentre was transitioning from a
mixed process landward paralic zone into a distal
floodplain with more influence by alluvial pro-
cesses (Tucker et al., 2022). Besides minor channel-
ization, most sediments are directly linked to
ashfall accumulation or pedogenesis within a short-
lived stable environment. This would have
occurred with the ongoing base level fall and the
SB3.2 regression (Oboh-Ikuenobe et al., 2008;
Haq, 2014). As previously mentioned, MAZ4 at
98.878 + 0.160/�0.171 Ma indicated continued
subduction-related volcanism in the arc, which
resulted in thrusting/duplexing in the Pavant thrust
that provided sediment into the foredeep. Although
this is speculative, as the overlying Naturita Sand-
stone regionally erodes into the upper Mussentu-
chit Member (Garrison Jr. et al., 2007; Tucker et al.,
2022, 2023), another erosive gravel lag separates the
overlying Naturita Sandstone and the Tununk
Shale (Eaton et al., 1990; Renaut et al., 2023).
Throughout the study area, the uppermost bound-
ing surface of the Mussentuchit Member was an
erosive contact (fifth, sixth, or greater order) with
downcutting by the overlying Naturita Sandstone.
This study concurs with the definition of
Young (1960, 1965), supported by Carpenter (2014),
that the Naturita Sandstone correlates to the Dakota
Sandstone. Distinguishing between the upper Mus-
sentuchit and basal Naturita at a rough scale can
become problematic due to: (i) variable amount of
downcutting by the Naturita Formation; (ii) north-
ward thinning of the Mussentuchit Member; and
(iii) the lateral variability of sandstone and mud-
stone thickness between exposures in the Naturita
Formation (ergo Phillips et al., 2021). However,
field observations and newly obtained U–Pb age
constraints indicate that these two sedimentary
successions share a diachronous contact of
�3.0 Ma or more (Tucker et al., 2020, 2023; Renaut
et al., 2023). The authors also agree with Phillips
et al. (2020) that the Naturita is an association of
coastal and nearshore environments; however,
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many outstanding complexities and different
interpretations show the need for further chronos-
tratigraphic ties and an improved framework (Phil-
lips et al., 2021). This may also reflect bottom-up or
top-down stratigraphy, as Kirkland et al. (2016)
noted. Thus, the patterns of tightly linked volca-
nism, thrusting/contraction and sedimentation are
interpreted to have continued to at least the
Cenomanian–Turonian Boundary (Bhattacharya &
MacEachern, 2009; Renaut et al., 2023). If substanti-
ated, these multiple tectonic drivers could have
contributed to ongoing regional mid-Cretaceous
eurybatic fluctuations, OAE2 and the Cretaceous
Thermal Maximum (Wang et al., 2014). Based on
the above, the penecontemporaneous nature
between the arc, thrust activity and sedimentation,
as suggested by Pujols et al. (2020) and Quick
et al. (2020), has been confirmed by this study.
Lastly, this ca 2 Ma landscape evolution corrobo-
rates the analysis of Hildebrand & Whalen (2021b)
and Hildebrand et al. (2022), which indicates that
this is more contemporaneous with the Albian–
Cenomanian Wrangellia accretion in southern
Alaska than previously thought. Despite this, the
resulting sedimentary influx into the adjacent fore-
deep was serendipitous to capture the influx of
Asian dinosaurs and other exotic lineages.

Regional correlations

Regional correlations across the Western Interior
can be proposed or strengthened based on the
aforementioned timeframe. To the north, and based
on recent work by Gardner et al. (2022), the Pavant
thrusting would be near-contemporaneous (ca 102
to 100 Ma) with thrust-unroofing in central Idaho
and south-western Montana, namely the Pioneer
and Hawley Creek thrust and progradation of the
Blackleaf Formation D clastic wedge in Montana. If
correct, this would corroborate that the Mussentu-
chit Member is penecontemporaneous with the
Wayan Formation of eastern Idaho, based on the
latter formation’s depositional age of 101.4 to
97.55 Ma proposed by Dorr (1985) and Krume-
nacker et al. (2017). Recent geochronological
results indicate an Albian (101.0 Ma) estimate for
the lower Wayan Formation (Ross et al., 2017).
Therefore, this study proposes a potential
linkage between the lower Wayan Formation
of Idaho and that of the Short Canyon Member
(Krumenacker, 2019; Bonde et al., 2022). The
Mussentuchit Member was emplaced penecontem-
poraneously with the Arrow Creek bentonite (Boot-
legger Member) of the Blackleaf Formation D
clastic wedge in south-western Montana (in

agreement with Gardner et al., 2022). This study
agrees with the assertion of Gardner et al. (2022)
that activity in the St. Mary and Hall Lake thrusts
was likely near synchronous with thrusting
in Utah. Corroboration of regional ties by
Gardner et al. (2022) and others indicates that the
Willard, Meade and Hawley Creek thrusts in north-
ern Utah, Idaho and Wyoming are also penecon-
temporaneous to thrusting in central and southern
Utah (Nebo, Pavant and Iron Springs thrusts) (Gen-
try et al., 2018; Craddock & Malone, 2022; Malone
et al., 2022). This correlation could indicate a tem-
poral linkage between the Short Canyon Member
with the clastics in the western Bear River Forma-
tion (K3) and the Mussentuchit Member with the
lower Aspen Formation (K4) (Ryer, 1994; Yonkee
et al., 2019). Quick et al., 2020 (Fig. 9) proposed a
correlation south of the Iron Springs thrust to the
Keystone thrust system to ca 99 Ma, which this
study agrees with based on the earlier work of
Fleck & Carr (1990). Given an emplacement age
between 99.494 (+0.063/�0.049) and 98.878
(+0.160/�0.171) Ma, the Mussentuchit Member
would directly correlate to the late SB3.1–TS3.1–
SB3.2 (Fig. 4), forming stronger linkages to the
south with the uppermost Mesa Rica Sandstone
and Romeroville Sandstone rather than the previ-
ously suggested Thatcher Limestone (Tucker et al.,
2022). In closer geographic proximity, D’Emic
et al. (2019) recently revised the temporal frame-
work for the Cloverly Formation of Wyoming to
between the Valanginian (140 Ma) to Cenomanian
(98 Ma), via U–Pb LA-ICP-MS and CA-TIMS dating
of detrital zircons. However, the lack of temporal
constraint for the uppermost Himes Member and
Greybull Sandstone (ca 109–98 Ma) precludes
potential penecontemporaneous linkages with the
Short Canyon and Mussentuchit members, in con-
trast to the proposed linkage with the underlying
Ruby Ranch Member, suggested by Ludvigson
et al. (2015) (D’Emic et al., 2019). It is also important
to highlight the work of Foreman et al. (2022) that
presents detrital zircon U–Pb ages for a key Creta-
ceous sedimentary succession in Wyoming. Based
on the rough correlation, the upper Cedar Mountain
Formation would be contemporaneous to: (i) the
Bear River Formation, Aspen Shale of the Western
Wyoming foredeep; and (ii) the very uppermost
Thermopolis Shale and the lowermost parts of the
Mowry Shale in the Bighorn Basin forebulge (based
on table 1, p. 6 in Foreman et al., 2022).
To the south in Arizona and New Mexico, possi-

ble contemporaneous Albian–Cenomanian deposits
include the Turney Ranch Formation, Cintura For-
mation, the upper Mojado Formation and the

� 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

Geological history of the upper CMF, Utah, USA 31

 13653091, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13211 by Stellenbosch U

niversity, W
iley O

nline Library on [04/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



??

??
??

??

??

??

??

??

??
?

Wes
ter

n I
nte

rio
r S

ea
way

Mussentuchit 
Landward Paralic Zone 

MAZ 1

DACITIC ASH 

Sevier highlands

Wes
ter

n I
nte

rio
r S

ea
way

Mussentuchit 
Landward Paralic Zone 

Last C
hance Ss

? LasLa

?

nce

?

Ch
ast C

hhance?

Ss
e Ss

?

??

??
??

??

??

??

??

??

??
?

Wes
ter

n I
nte

rio
r S

ea
way

Mussentuchit 
Landward Paralic Zone MAZ 2

DACITIC ASH 

??

??
??

??

??

??

??

??

??
?

Wes
ter

n I
nte

rio
r S

ea
way

Mussentuchit 
Landward Paralic Zone MAZ 3/ M

AZ 4

DACITIC ASH 

500 Km

La
ra

m
id

ia

W
es

te
rn

 
In

te
rio

r 
Se

aw
ay

D

E

F

G

Sevier highlands

Short C
anyon Floodplain

Short Canyon 
Fluvial Fans 

A

Study Area

10
0-

98
.9

 –
 9

8.
9 

M
a

TS
2 

– 
SB

3.
1 

to
TS

3.
1–

SB
3.

2

B

Wayan and 
Blackleaf Fm.

Bear River Fm. and 
Aspen Shale

Turney Ranch and 
Cintura Fms(?)

C

Stratigraphic 
Younging

This
Study

106 104 102 100108 106 104 102 100

−4
0

−2
0

0
20

F

95% HDI

Legend
Model 1
without

MDA
(preferred)

MAZ1
MAZ2

MAZ3
MAZ4

Median

Fm. & 
Mbr

Average
Lithology

Naturita 
Fm.

R
ub

y 
R

an
ch

 M
em

be
r

M
us

se
nt

uc
hi

t
C

ed
ar

   
  M

ou
nt

ai
n 

   
 F

or
m

at
io

n
SC

M
lo

w
er

up
pe

r

C
om

po
si

te
 S

ec
tio

n 
(m

et
er

s)
St

ra
tig

ra
ph

ic 
Yo

un
gi

ng
40

G

E D

C

Fig. 15. (A) Palaeogeographical reconstruction of Western North America, modified from Tucker et al. (2022); (B)
lithostratigraphic intervals and Mussentuchit Ash Zones (MAZ) for the Cedar Mountain Formation, with the mod-
ified Bchron Bayesian age mode excluding MDA; (C) to (G) Facies reconstructions of the Short Canyon and Mus-
sentuchit members corresponding to temporal placement on the Bchron Bayesian age mode (B).
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uppermost Beartooth Quartzite; however, these
require further investigation (Clinkscales & Law-
ton, 2015; Amato, 2019; Ferguson et al., 2019;
Lawton et al., 2020; Caylor et al., 2021). Also, cor-
relations can be confirmed to the south between
the Willow Tank Formation of southern Nevada
and the Mussentuchit Member (Bonde et al.,
2022). Lastly, although far from the study area,
there are potential linkages to the Early–Late Cre-
taceous transition identified within the Kahiltna
Basin, which contemporaneously experienced
similar tectonic regimes (Hampton et al., 2010;
Trop et al., 2020). The reader should note that
many of these correlations remain inexact and are
subject to refinement in future investigations.

CONCLUSION

As a result of increased temporal resolution for the
upper Cedar Mountain Formation in central Utah,
meaningful tectono-sedimentary linkages across
central Utah can now be established. Overall, the
data obtained from this study support interpreta-
tions for reactivation of exhumation and erosion
in the eastern front of the thrust belt across central
Utah that occurred near-synchronously during the
Albian–Cenomanian transition. This resulted in a
series of orogen–transverse fluvial distributive fans
that displaced sediments from the fold-and-thrust
belt to the adjacent easterly foredeep, probably
driven by arc-related volcanic processes and coe-
val crustal shortening. Although various local and
regional studies have suggested many of the asser-
tions mentioned above, the findings indicate that
these events took place in a short geological time-
span, roughly during the earliest Cenomanian (ca
100 Ma and ca 98.9 Ma). Therefore, sedimentation
would have occurred simultaneously with ongo-
ing tectonics. This study also found evidence that
a late Early Cretaceous north-easterly flowing ‘Cal-
ifornia Style’ river had less influence on sedimen-
tary processes and deposition in central Utah than
in southern Utah, especially during the Albian–
Cenomanian transition when it would have been
all but absent. Lastly, these novel insights have
strengthened regional linkages to key deposits
across the Western Interior, and the importance of
broadscale holistic studies has been highlighted.
The tectonic and depositional events that occurred
during the Early Cenomanian in Utah can be sum-
marized as follows (Fig. 15A to G):

• Approximately 100.4 to ca 99.9 Ma (Fig. 9C):
Reactivation of thrusting in the Iron Springs,

Pavant and Nebo thrusts across Utah is in
response to continental contraction related to
subduction and volcanism in the Cordilleran Arc.
Simultaneous erosion and transport of alluvial
sediments into the adjacent foredeep, including
the Short Canyon Member and the Marshall Creek
fluvial debris flow, occurred. Specifically, the
Short Canyon orogen–transverse distributive flu-
vial fans extend eastward across the depocentre,
depositing coarse clastics that would mix with
finer, more mature siliciclastics sourced from dis-
tal orogen–parallel fluvial influx via a developing
late-Early Cretaceous north-easterly flowing “Cal-
ifornia Style” river.

• Approximately 99.9 to ca 99.4 Ma (Fig. 9D):
Ongoing erosion of the Pavant thrust sedimenta-
tion into the adjacent foredeep with decreasing
amounts of an orogen–parallel fluvial influx of
allochthonous sediments. Sedimentological
reconstruction for the adjacent Mussentuchit
paralic depocentre is absent of fluvial sedimenta-
tion but rather is dominated by the accumulation
of suspension settling fines, including ash from
the first pulse of regional volcanism (MAZ1)
along a mudflat. A minor influx of orogen–parallel
sediment (suspension settling fines) was depos-
ited into this depocentre, likely the distal influ-
ence of the interpreted Early Cretaceous north-
easterly flowing ‘California Style’ river.

• Approximately 99.4 to ca 99.4 Ma (Fig. 9E):
The first and second of four extensive ashfall
deposits [Mussentuchit Ash Zones 1 and 2
(MAZ1 and MAZ2)] in the Mussentuchit Member
suggest that volcanic activity increased during
the earliest Cenomanian. Subduction and arc vol-
canism triggered simultaneous continental short-
ening and thrusting, resulting in coeval erosion
into the adjacent foredeep between eruptions
represented by the ashfall deposits MAZ1 and
MAZ2. During this intra-volcanic phase, the last
chance sandstone represents an orogen–trans-
verse sandy debris flow beyond the intersection
point of the alluvial fans to the west. After that,
subsequent eruptions occurred at ca 99.402 Ma
(MAZ2) and were coupled with an additional
influx of alluvial-linked sedimentary sequences.
These particular sediment successions would be
contemporaneous to the Blackleaf Formation D
clastic wedge, Bear River Formation and possibly
the uppermost Cloverly Formation.

• Approximately 99.402 to ca 98.878 Ma and
younger (Fig. 9F and G): Sedimentation accumula-
tion in the Mussentuchit depocentre was tied to
the ongoing erosion of the Pavant thrust; however,
facies analysis indicates encroachment of distal
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fluvial floodplain processes and not alluvial pro-
cesses. This is speculative as Mussentuchit Ash
Zone 4 (MAZ4) occurs near the disconformable
contact with the overlying Naturita Sandstone,
which exhibits local downcutting. However, it can
be confidently noted that ongoing subduction trig-
gered volcanism and continental contraction,
resulting in thrusting coevally occurring with syn-
chronous sediment emplacement into the foredeep
well into the Cenomanian and likely the Turonian.
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File S1 GPS locations for all samples used for the Short
Canyon and Mussentuchit members, originally pro-
vided by Tucker et al. (2023).

File S2 Cathodoluminescence images of zircon. Grains
selected for CA-ID-TIMS are shown with analysis labels,
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File S3 LA-ICP-MS and CA-ID-TIMS methods in full.

File S4 LA-ICP-MS data in full.

File S5 CA-ID-TIMS data in full.
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