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ABSTRACT
Understanding the effects of climatic upheavals during the Early to Late Cretaceous tran-

sition is essential for characterizing the tempo of tectonically driven landscape modification 
and biological interchange; yet, current chronostratigraphic frameworks are too imprecise, 
even on regional scales, to address many outstanding questions. This includes the Mussen-
tuchit Member of the uppermost Cedar Mountain Formation, central Utah (southwestern 
United States), which could provide crucial insights into these impacts within the Western 
Interior Basin of North America yet remains imprecisely constrained. Here, we present 
high-precision U-Pb zircon dates from four primary ash beds distributed across ∼50 km 
in central Utah that better constrain the timing of deposition of the Mussentuchit Member 
and the age of entombed fossils. Ages for ash beds are interpreted through a combination of 
Bayesian depositional age estimation and stratigraphic age modeling, resulting in posterior 
ages from 99.490 + 0.057/−0.050 to 98.905 + 0.158/−0.183 Ma. The age model predicts
probabilistic ages for fossil localities between the ashes, including new ages for Moros in-
trepidus, Siats meekerorum, and several undescribed ornithischian dinosaur species of key 
interest for understanding the timing of faunal turnover in western North America. This new 
geochronology for the Mussentuchit Member offers unprecedented temporal insights into a 
volatile interval in Earth’s history.

INTRODUCTION
Climatic perturbations typically occur on 

the scale of tens to hundreds of thousands of 
years, much too short to be recorded in most 
stratigraphic records (Huybers, 2007, 2011; 
Hain et al., 2014). To address this, geoscientific 
studies have employed high-precision U-Pb zir-
con dating to resolve cryptic stratigraphic rela-
tionships and formulate meaningful temporal 
frameworks for climate reconstruction. Such 
initiatives are particularly interesting within 
the Western Interior Basin of North America, 
a mosaic of contemporaneous and highly fos-
siliferous sedimentary successions preserving 
multiple intervals of climate fluctuations (Miall, 
2008; Schwartz et al., 2021; Singer et al., 2021). 

The past several decades have seen intensify-
ing efforts to constrain the world-famous ver-
tebrate assemblages of the Campanian in the 
Western Interior Basin (e.g., Eberth and Kamo, 
2020; Beveridge et al., 2022; Ramezani et al., 
2022), resulting in marked improvements in our 
understanding of corresponding climatic and 
paleoenvironmental changes (predominantly 
cooling and aridification and their cascading 
effects on ecosystem evolution near the close 
of the Mesozoic; Wang et al., 2014; Barral et al., 
2017). By comparison, refined correlations of 
terrestrial rocks spanning what is arguably the 
peak of Mesozoic global warming—the Ceno-
manian–Turonian Cretaceous Thermal Maxi-
mum (CTM)—have remained elusive.

One such sedimentary succession, the Mus-
sentuchit Member of the uppermost Cedar 
Mountain Formation, central Utah (southwest-
ern United States), might be an archive of the 

Early–Late Cretaceous transitional climatic 
crisis (Fig. 1) (Laskowski et al., 2013; Kirk-
land et al., 2016; Tucker et al., 2020, 2022), but 
biostratigraphic calibration has remained tenu-
ous, with local and transitional fauna mixed and 
as much as half of the local fauna representing 
range extensions (Cifelli et al., 1999). Radioiso-
topic dating of volcaniclastic sedimentary rocks 
has also met with mixed success, with the ear-
liest efforts establishing ages of 98.39 ± 0.07 
and 97.0 ± 0.1 Ma for the Mussentuchit Mem-
ber from 40Ar/39Ar dating of plagioclase (Cifelli 
et al.,1997, 1999; recalibrated by Garrison et al., 
2007). Recent attempts at temporal refinement 
using 206Pb/238U laser ablation–inductively cou-
pled plasma–mass spectrometry (LA-ICP-MS) 
dating of detrital zircon from key fossil-bearing 
localities yielded relatively imprecise dates that 
are unrealistically too young, likely due to Pb 
loss (Tucker et al., 2020). Despite being essen-
tial for reconstructing patterns of biotic turnover 
and determining causal relationships with a host 
of potential forcers (including Western Interior 
Basin tectonism and shifting climate factors), 
uncertainty in the age of the Mussentuchit Mem-
ber persists. Here we present a new temporal 
framework for the Mussentuchit Member using 
high-precision 206Pb/238U zircon dating of four 
stratigraphically significant ash beds (herein 
defined as Mussentuchit Ash Zones 1 through 
4, MAZ1–MAZ4) and Bayesian age modeling.

GEOLOGY AND SAMPLING
The Mussentuchit Member is informally 

subdivided into a lower and upper unit, sepa-
rated by the regionally extensive “middle sand-
stone” (Fig. 2) (Tucker et al., 2020, 2022). Four 
ash beds persist across ∼50 km of the exposed 
regional outcroppings (Figs. 1 and 2) despite *tucker@sun .ac .za
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(1) regional tectonic deformation (synform-anti-
form), (2) minor faulting, (3) downcutting by the 
overlying Naturita Formation, and (4) thinning 
of the Mussentuchit Member northward until it 
pinches out near Castle Dale, Utah. Three of the 
four laterally continuous altered ash layers were 
previously described for the Mussentuchit Wash 
7.5-minute quadrangle (Garrison et al., 2007). 
Across the mapping area, the lowest ash bed 
(MAZ1) occurs 6–8 m above the basal contact 
and 1–2 m below the middle sandstone (upper-
most lower Mussentuchit Member). The second 
ash bed (MAZ2) overlies the middle sandstone 
by 0.5–1.0 m. The third bed (MAZ3) is 5–7 m 
above the middle sandstone and 4–8 m below the 
contact with the overlying Naturita Formation. 

The highest bed (MAZ4) is 0.5–1.0 m below 
the overlying contact with the Naturita Forma-
tion. Due to the variable erosional downcutting, 
MAZ4 is intermittently present (Garrison et al., 
2007; Tucker et al., 2022). The ash beds range 
in thickness from 20 to 40 cm on average and 
weather to light green, drab gray, gray, dark 
gray, and light black. Haystack and surficial 
popcorn weathering are ubiquitous, along with 
internal jigsaw puzzle clay fractures and nodu-
lar masses. More detailed observations include: 
(1) visible waxy texture; (2) quartz, biotite, and 
plagioclase phenocrysts; (3) visible glass; (4) 
vesicles; (5) variation in internal layering; (6) 
clay charge; and (7) wet versus dry color modi-
fication (Fig. 1). Garrison et al. (2007) identified 

three of the four as altered bentonites; however, 
based on our observations, all four are identi-
fied as tuffaceous K-bentonites (Huff, 2016; see 
the Supplemental Material1, including Tables 
S1 (X-ray fluorescence [XRF] data) and S2 
(X-ray diffraction [XRD] data) and Fig. S1). 
The 10 samples for U-Pb zircon geochronol-
ogy were collected across ∼50 km based on 
geographic distribution and stratigraphic posi-
tion (GPS locations in Table S3). In addition to 
these four beds, we resampled historical sites 
WS19 (V826) and WS10 (V695), previously 
dated via 40Ar/39Ar and recalibrated by Garrison 
et al. (2007, p. 476).

U-Pb geochronology was conducted at the 
Isotope Geology Laboratory, Boise State Uni-
versity, Idaho, USA, using two U-Pb zircon 
analysis methods for most samples: LA-ICP-
MS U-Pb dating of sharply faceted grains to 
identify the youngest grains, followed by chemi-
cal abrasion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS; Mattinson, 
2005) to obtain precise U-Pb dates. Exceptions 
are sample COI-2, which yielded zircon too 
small for LA-ICP-MS and thus was dated by 
CA-ID-TIMS only, and sample WS19, which 
yielded only detrital zircon and thus was not 
dated. Details of the analytical methods and 
cathodoluminescence images of zircon grains 
are given in the Supplemental Material.

U-Pb GEOCHRONOLOGY
Zircon grains in the 10 samples from the four 

ash bed zones (MAZ1–MAZ4) vary in the pro-
portion of sharply faceted grains, from nearly 
entirely sharply faceted grains that are likely 
primary pyroclastic zircon to nearly entirely 
round grains that are detrital zircon incorpo-
rated during post-depositional reworking (esti-
mates are given in Table S4). Only six of the 
281 sharply faceted grains dated by LA-ICP-MS 
were clearly detrital, demonstrating the effec-
tiveness of this pre-screening approach for iden-
tifying the eruption-phase grains (Tables S5–
S16). CA-ID-TIMS dates from 74 grains from 
10 samples (Fig. 3; Table S4) are concordant and 
highly precise (average error on single analy-
ses is ±0.069 m.y. or 0.07%), primarily due to 
large amounts of radiogenic Pb (average in each 
grain is 18 pg) relative to common Pb (average is 
0.15 pg). Most samples yielded a range of dates 
(spanning as much as 1.64 m.y.), with the young 
end of the spectra in each sample typically hav-
ing two to six equivalent dates. Dispersion on 
the order of <200 k.y. can be attributed to a 
protracted magmatic residence and recycling of 

1Supplemental Material. All analytical results of 
all samples included within this study (LA-ICP-MS, 
CA-ID-TIMS, XRD, and XRF) along with CL zir-
con images with ablation spots indicated. Please visit 
https://doi .org /10 .1130 /GEOL .S.23750286 to access 
the supplemental material, and contact editing@geo-
society .org with any questions.
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Figure 1. Study area in central Utah, southwestern United States. Exposures of Cedar Mountain 
Formation (CMF) are in orange (modified from Tucker et al., 2022). Labeled rectangles represent 
7.5-minute quadrangles. (A) Exposure of Mussentuchit ash zone 3 (MAZ3). (B) Exposed bed 
of MAZ4 with surficial popcorn weathering. (C) Indurated and altered bentonite from sample 
site WS19. (D, E) 40-cm-thick MAZ2. (D) and closeup image (E) with visible phenocrysts. (F) 
Light microscope (2× magnification) photo of biotite, quartz, and feldspar phenocrysts along 
with visible glassy textures.
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zircon grains (e.g., Wotzlaw et al., 2014), while 
more significant amounts are likely due to the 
incorporation of epiclastic zircon during syn- 
or post-depositional reworking of the ash beds, 
evidenced by the considerable proportions of 
round, obviously detrital grains in some samples 
(Table S16) and the few LA-ICP-MS dates that 
indicate detrital origins.

Due to the difficulty in identifying the 
youngest statistical group of dates from com-
plex distributions and lower-n data sets, we inte-
grated all 206Pb/238U zircon dates within each ash 
zone with our composite stratigraphic column 
to construct an age model that generates strati-
graphically conditioned posterior ages using 
Bayesian Markov Chain Monte Carlo statis-
tics (e.g., Schoene et al., 2019, 2021). We first 
employed the Bayesian algorithm of Keller 
et al. (2018) to establish probabilistic eruption 
and depositional ages of 99.474 ± 0.052 Ma 
for MAZ1, 99.432 ± 0.079 Ma for MAZ2, 

99.198 ± 0.053 Ma for MAZ3, and 
98.881 ± 0.176 Ma for MAZ4 (2σ errors) 
(Fig. 3; Table S17), which were subsequently 
used as input likelihoods in the modified 
Bchron age model (Trayler et al., 2020; R Core 
Team, 2020). The outcomes of the age mod-
eling are stratigraphically conditioned poste-
rior ages of 99.490 + 0.057/−0.050 Ma for 
MAZ1, 99.401 + 0.058/−0.066 Ma for MAZ2, 
99.191 + 0.057/−0.062 Ma for MAZ3, and 
98.905 + 0.158/−0.183 Ma for MAZ4 (medi-
ans ± 95% highest density intervals; Fig. 3B; 
Fig. 4; Table S18), which are our preferred ages 
for these ash beds.

IMPLICATIONS
Our probabilistic ages for the ash zones 

are consistent with superposition (Rossignol 
et al., 2019; Sharman and Malkowski, 2020; 
Vermeesch, 2021) and therefore interpreted as 
depositional ages. Age modeling results indicate 

that accumulation of the Mussentuchit Member 
occurred between 99.674 + 0.439/−0.197 and 
98.905 + 0.158/−0.183 Ma, for a duration of 
776 + 421/−242 k.y. Furthermore, the age model 
establishes probabilistic ages for fossil localities 
between the ash zones (Fig. 4). Most notewor-
thy are ages of 99.415 + 0.056/−0.059 Ma for 
specimen NCSM 33392 (holotype of Moros 
intrepidus), 99.119 + 0.071/−0.139 Ma 
for FMNH PR 2716 (holotype of Siats 
meekerorum), 99.652 + 0.413/−0.176 Ma 
for NCSM 29373 (holotype of Iani smithi), 
99.466 + 0.046/−0.053 Ma for NCSM 
33548 (a new species of thescelosaurid), and 
99.214 + 0.079/−0.051 Ma for NCSM 25022 
(a new species of ceratopsian). In-field observa-
tions of sample sites WS10 (Cifelli Quarry 2) 
and WS19 initially indicated patterns of post-
emplacement alteration or hydraulic reworking 
(Fig. 1) (Cifelli et al., 1997, 1999). This pre-
diction was corroborated by our zircon dating, 

A

B

Figure 2. Geological map (A) and stratigraphic cross-section (A–A′) (B) with correlations of each Mussentuchit ash zone (MAZ1–MAZ4) and 
locations of samples collected in 2021. Labels with zircon(s) and parentheses indicate samples analytically assessed via laser ablation–
inductively coupled plasma–mass spectrometry and isotope chemical abrasion–dilution–thermal ionization mass spectrometry in this study. 
Geological map modified from Hintze et al. (2000) and Tucker et al. (2020, 2022).
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with WS19 lacking any young zircon and WS10 
containing epiclastic grains that are older than 
the eruption and parautochthonous fossil frag-
ments. We confirm that the youngest LA-ICP-
MS dates provided by Tucker et al. (2020) were 
biased by Pb loss and thus do not represent the 
depositional age.

We observed disparities in vertebrate fos-
sil abundance patterns within the Mussentuchit 
Member. Specifically, most fossils are preserved 
in tight association with MAZ1–MAZ2 and the 
middle sandstone (Fig. 4), including two locali-
ties (an associated hadrosaur and a disassociated 
theropod and microvertebrate fossil bonebed) 
that are entombed directly within MAZ2. Other 
key vertebrate fossil sites are clustered around 
MAZ3 in the upper Mussentuchit Member. In 
contrast, zones of the lower- and uppermost 
Mussentuchit Member lacking bedded ashes 
are relatively depauperate of well-preserved 
macrovertebrate fossils (Fig. 4).

Multiple non-mutually-exclusive factors 
could produce this apparent preservation pattern. 
First, despite extensive surveys of the Mussen-
tuchit Member in recent decades, collection bias 
exists in the paleontological data. Researchers 
are more likely to document and excavate fossil 
localities containing associated individuals, new 
taxa, or abundant remains (bonebeds). Although 
our distribution data may not capture isolated to 
poorly preserved materials, this bias does not 
negate the observed trend of macrovertebrate 

site clustering, which minimally represents dis-
parities in preservation mode. The pattern may 
also be linked to variable depositional condi-
tions observed between the lower and upper 
Mussentuchit Member (Tucker et al., 2022), 
mainly related to the emplacement of the middle 
sandstone; yet this does not explain the pattern 
observed proximal to MAZ3.

Alternatively, the increase in preservation 
potential may be linked directly to the ashes 
themselves. Ramezani et al. (2022) discussed 
a tight association between fossil richness and 
volcanic activity in younger, Campanian-age 
strata across the Western Interior Basin and sug-
gested changes in climate and habitability (Lu 
et al., 2021) or increases in preservation poten-
tial linked to the diagenesis of volcanic sedi-
ments as potential drivers. Our findings extend 
the relationship between fossil abundance and 
volcanic sedimentation across >20 m.y. of the 
tectonic evolution of the Western Interior Basin. 
Thus, the landward paralic setting of the Mus-
sentuchit Member would have simultaneously 
been a collection point for volcaniclastic ash 
and other volcano-sedimentary detritus along 
with a distributary system to the outboard distal 
shelf and slope depocenters (Lee et al., 2018; 
Tucker et al., 2022). Thus, the Mussentuchit 
Member may have played a role in the fertil-
ization of nutrients into the Western Interior 
Sea of North America, perhaps resulting in a 
carbon sink that is reflected in the global cool-

ing trend between Ocean Anoxic Event 1d and 
an antecedent trigger for Ocean Anoxic Event 
2 (Wang et al., 2014; Barral et al., 2017; Lee 
et  al., 2018). Our high-resolution temporal 
framework of the Mussentuchit Member pro-
vides unprecedented refinement for address-
ing questions of biotic responses to tectonism, 
landscape modification, and climate change just 
before the Cretaceous Thermal Maximum. As 
a result, we can provide significantly improved 
temporal insights into the Albian–Cenomanian 
transition during a climatic recovery phase just 
after Ocean Anoxic Event 1d in Utah and across 
western North America.
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Figure 3. Ranked chemi-
cal abrasion–isotope 
dilution–thermal ioniza-
tion mass spectrometry 
206Pb/238U zircon dates 
from the Mussentuchit 
Member grouped by indi-
vidual samples (A) and 
combined into each of 
MAZ1–MAZ4 (B). Col-
ored fields illustrate 
depositional ages (2σ 
uncertainties [error bars]) 
for ash beds derived by 
using all U-Pb zircon 
dates in each ash zone 
and the Bayesian algo-
rithm of Keller et al. (2018), 
used as age likelihoods in 
the model.
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