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Abstract: The Early Cretaceous Yellow Cat Member of the terrestrial Cedar Mountain Formation
in Utah, USA. has been interpreted as a “time-rich” unit because of its dinosaur fossils, promi-
nent paleosols, and the results of preliminary chemostratigraphic and geochronologic studies.
Herein, we refine prior interpretations with: (1) a new composite C-isotope chemostratigraphic
profile from the well-known Utahraptor Ridge dinosaur site, which exhibits 513C features tenta-
tively interpreted as the Valanginian double-peak carbon isotope excursion (the so-called “Weissert
Event”) and some unnamed Berriasian features; and (2) a new cryptotephra zircon eruption age
of 135.10 + 0.30/0.31/0.34 Ma (20) derived from the CA-ID-TIMS U-Pb analyses of zircons from a
paleosol cryptotephra. Our interpretations of '3C features on our chemostratigraphic profile, in
the context of our new radiometric age, are compatible with at least one prior age model for the
“Weissert Event” and the most recent revision of the Cretaceous time scale. Our results also support
the interpretation that the Yellow Cat Member records a significant part of Early Cretaceous time.

Keywords: carbon-isotope chemostratigraphy; U-Pb zircon ages; paleosol; cryptotephra; mudstone

1. Introduction

The Yellow Cat Member of the terrestrial Cedar Mountain Formation is known world-
wide for its diverse fossil vertebrates, and particularly its dinosaur fossils [1,2]. It is
dominated by alluvial mudrocks with prominent, stacked paleosols [2—4]. Palustrine to
lacustrine sediments, including nodular to bedded carbonates (“calcretes”) are locally
prominent, and fluvial sandstones are comparatively minor components [1,3,4]. Previous
research carried out by some of us over more than a decade [3-7] has established the value
of comprehensive stable-isotope geochemistry in the Cedar Mountain Formation, especially
when coupled with radiometric dating, yet our geochronologic framework the formation is
still incomplete. It is a persistent challenge to establish reliable geochronology in widely
distributed continental stratigraphic sections in the absence of widespread marker beds
and marine biota and under the severe constraints of exceedingly few or no observable
tephras. Our results, however, demonstrate the value of the concept of cryptotephras [8] in
challenging terrestrial sedimentary successions.

The Yellow Cat Member is particularly intriguing—and even problematic—because:
(1) its depositional extent was limited to a part of southeastern Utah by ancient salt tecton-
ics, (2) its dinosaur faunas suggest that the unit records a large part of Early Cretaceous
time, (3) its well-developed Vertisol-like paleosols are likely to record long intervals of
geologic time within a few meters or less of sediments [1-4], and, therefore, (4) it is thought
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to be a “time-rich” unit [4]. We present a new composite 5!°C chemostratigraphic profile
at Utahraptor Ridge, Utah (Figure 1), where the Stikes Quarry has been excavated over
a period of years for spectacular dinosaur fossils, including the remains of the epony-
mous dromaeosaurid Utahraptor [1,2]. We also provide U-Pb zircon ages from the same
stratigraphic section. Earlier work identified multiple Aptian—Albian carbon-isotope ex-
cursions (CIEs) in chemostratigraphic profiles of the Cedar Mountain Formation [5,6] and
demonstrated that some strata in the Yellow Cat Member are older than Aptian [3]. The
present paper presents new results that verify the Berriasian—Valanginian ages of part of the
Yellow Cat Member and extend the organic carbon-isotope record of the member farther
back in geologic time than ever before. Some of the CIEs that we identify herein may
correlate globally.
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Figure 1. Geographic and stratigraphic setting of study site. (a) Location of Utahraptor Ridge site
(UR) in Grand County, Utah, USA. The Yellow Cat Member of the Cedar Mountain Formation was
previously described by Joeckel et al. [3,4] at Poison Strip (PS). (b) Location of study area identified
in (a) within Utah and relative to major structural and physiographic features. (c) Simplified cross-
section of Cedar Mountain Formation in southeastern Utah.

2. Materials and Methods

We sampled strata of the Yellow Cat Member at Utahraptor Ridge (Figures 2 and 3),
a section that has been described in great detail by Kirkland et al. [2] their figure 19),
and to which we refer readers for more detail. The Yellow Cat Member at Utahraptor
Ridge consists of four distinct stratigraphic intervals. A lower interval (approximately
0-3.5 m in stratigraphic height in Figure 2) consists of light gray to white, very fine to
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very coarse, and pebbly sandstones. The coarse-grained, basal unit of this interval lies
atop the Brushy Basin Member of the Morrison Formation (Jurassic). The thick overlying
interval (approximately 3.5-26.5 m in Figure 2) is dominated by light greenish-gray to
red paleosol-bearing mudstones. It also contains a few, thin intervals of sandstone and
nodular carbonates (“calcretes”). A prominent “calcrete” (approximately 26.5-32 m in
Figure 2) consists chiefly of large to very large nodules of fine-grained carbonate with minor
interstitial mudstone. This interval is prominent and the top of it (#2 in Figures 2 and 3)
is useful in local correlations. Another mudstone-dominated interval with intercalated
sandstones (32 m and above in Figure 2) overlies the thick “calcrete.” The position of Stikes
Quarry, an important vertebrate fossil site, is at approximately 37 m in our measured
section (Figure 2: #3). There are slight discrepancies between the stratigraphic heights of
units in Kirkland et al. [2] (their figure 19) and our stratigraphic section. Nevertheless, the
top of the thick “calcrete” interval is readily identifiable in both their measured section and
ours (Figures 2 and 3).
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Figure 2. Stratigraphic section at Utahraptor Ridge. Important contacts in bold black numerals 1-3
are: (1) top of the Brushy Basin Member of the Jurassic Morrison Formation (Jm); (2) top of a thick and
prominent “calcrete” or horizon of large to very large carbonate nodules, described by Kirkland et al. [2]
(their figure 19); and (3) approximate position of Stikes Quarry, also described by Kirkland et al. [2]
(their figure 19). Kirkland et al. [2] (their figure 19) placed the top of the “calcrete” at 30 m above the
upper contact of the Morrison Formation, whereas it is placed at approximately 32 m in ours. This slight
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difference probably results from local relief on stratigraphic contacts. Likewise, the position of
Stikes Quarry is higher above the Morrison Formation in our section relative to that of Kirkland
et al. [2] (their figure 19). Three concordia ages (red letters and numbers) derived from LA-ICP-MS
zircon analyses are shown in red at their stratigraphic positions: SQE-1.3 (145.8 £ 1.6 Ma), SDR-
3.85 (139.7 £ 2.2 Ma), and SDR-36.35 (136.1 & 1.2 Ma) were reported by Joeckel et al. [3]. A newly
revised high-precision CA-ID-TIMS age for SDR-36.35 is shown here. This estimated eruption age
of 135.1 & 0.3 Ma is reported for the first time in this paper. Abbreviations for grain-size scale are
carbonate (c), clay (cl), silt (si), granules (g), and pebbles (p); sand ticks in part of scale labeled “sand”
correspond to very fine, fine, medium, coarse, and very coarse sand, from left to right. Colors in the
stratigraphic column approximate rock colors in the field.

Naturita Fm.

Figure 3. West end of Utahraptor Ridge, Utah, looking north; photograph taken approximately
parallel to strike. Stratigraphic levels 2 and 3 are also identified in Figure 2. Stratigraphic level
identified as “top” is the top of the stratigraphic section in Figure 2.

Our new work at Utahraptor Ridge is contextualized by prior work in the immediate
area. Joeckel et al. [4] examined exceptionally good exposures of the Yellow Cat Member less
than 10 km to the east at the Poison Strip site (Figure 1, “PS”). These authors demonstrated
that vertical paleosol features such as filled cracks, very common small slickensides, and
prominent synformal sets of very large slickensides are pervasive in massive, blocky-
weathering mudstones that dominate the Yellow Cat Member at Poison Strip and other
nearby outcrops. They also documented multiple instances of multigenerational paleosol
crack fills that piped ancient surface sediments from on top of paleosol surfaces downward
nearly to the bases of ancient soil profiles (Figure 4). Moreover, the ubiquitous large
slickensides in paleosol profiles at Poison Strip evince the obliquely upward movement of
clastic sediment (soil material) and carbonates by shear by ancient pedoturbation [4]. The
Poison Strip exposures are nearly pristine vertical faces under an overhanging sandstone
unit, but the equivalent part of the Yellow Cat Member at Utahraptor Ridge lacks such a
protective overhang, is much less well-exposed, and is partially covered by talus blocks
and colluvium (Figure 3). These conditions preclude making parallel, detailed observations
across hundreds of meters of pristine paleosol outcrop (as at Poison Strip). Nevertheless,
examinations of vertically extensive shallow trenches at Utahraptor Ridge indicate that
the Yellow Cat Member there is dominated by massive mudstones with some of the same
paleosol features that can be seen at Poison Strip, namely blocky weathering, carbonate
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nodules, small slickensides, and color zonation reminiscent of soil horizons. Given the
proximity of Utahraptor Ridge to Poison Strip and the general similarity of these paleosol
features in mudstones at the two sites, we surmise that Cretaceous soil-forming processes
and their climatic and hydrologic controls were very similar in both places. If ancient soils in
both places experienced some degree of pedoturbation, then sediment grains, masses of soil
material, soil organic carbon, and other material of different ages, compositions, and origins,
would have been mixed vertically and laterally. Therefore, the successions in the Yellow
Cat Member at Utahraptor Ridge and Poison Strip are unlikely to be perfectly superposed
vertical successions, at least within paleosol profiles, which are approximately 0.5 to 4 m
in thickness. This point is germane to interpretations of organic §!3C chemostratigraphic
results and volcanogenic zircon dates made in the Discussion section of this paper.

Figure 4. Photos illustrating paleo-Vertisol features in the Yellow Cat Member at Poison Strip, Utah
(Figure 1; PS), where local conditions have maintained exceptional paleosol exposures of far greater
quality than those at Utahraptor Ridge (Figure 3). (a) Two stacked paleosols (ps1, ps2); psl contains
several carbonate-filled cracks (horizontal white arrows), and ps2 exhibits a zone of prominent, filled
soil cracks (sc). Pathways of the downward translocation of sandier soil material from above into
clayey soil material below are shown for selected cracks as yellow arrows at the left. (b) Closeup of soil
cracks (sc) in ps2. (¢) Another paleosol (ps) with prominent slickensides, identified by diagonal white
arrows; general sense of shear along slickensides is shown by yellow arrows. Shear within this Early
Cretaceous soil profile moved materials obliquely up and down. Features shown in these photographs
suggest that perfect stratigraphic superposition (e.g., of paleosol organic matter and volcanogenic
zircons) is very unlikely to exist within these paleosol profiles due to ancient pedoturbation. We
propose that conditions were similar at Utahraptor Ridge during the Early Cretaceous (see text for
further discussion).

Palynological results from prior research, especially when interpreted in the context
of preliminary ostracode and charophyte biostratigraphy [3], very strongly suggest that
the Yellow Cat Member predates the late Barremian. Thus, Joeckel et al. [3] assigned the
Yellow Cat Member to the middle Berriasian to early Hauterivian stages (i.e., a range
encompassing the Valanginian Stage) based on the presence of Foraminisporis wonthaggiensis
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and Trilobosporites sp. cf. T. canadensis, and the absence of F. asymmetricus, Appendicisporites
spp. and angiosperms.

2.1. Carbon-Isotope Analyses

We produced two new organic 5!3C profiles for a stratigraphic section of the Yellow Cat
Member at Utahraptor Ridge. These two profiles are combined in a composite chemostrati-
graphic profile, with a sample gap between the approximate stratigraphic heights of 19
to 33 m (Figure 5). This sample-gap interval spanned a section with extremely hazardous
slopes that precluded collection. Chemostratigraphic samples from the Utahraptor Ridge
section were collected by personnel from the University of Arkansas. These samples
were sent to the University of Kansas Keck Paleoenvironmental and Environmental Stable
Isotope Lab (KPESIL), where they were powdered with a mortar and pestle to generate
approximately 1 g of powder. Samples were then decarbonated with 0.5 M hydrochloric
acid for at least 24 h or until samples no longer reacted with fresh acid. Samples were
then rinsed with deionized water by centrifugation and decanting of rinsed water until no
longer acidic. Rinsed samples were dried at 50 °C and re-homogenized with a synthetic
ruby mortar and pestle and stored in borosilicate vials. Raw 8'3C values were obtained via
high-temperature combustion with a Costech ECS 4010 Elemental analyzer connected to
a continuous-flow ThermoFinnigan MAT 253 isotope ratio mass spectrometer at KPESIL.
Samples were corrected to the VPDB scale using linear regression of in-house and interna-
tional standards (USGS 24, IAEA 600, DORM, and IAEA C6). Calibration lines typically
yield R? values of 0.9994 or better. Multiple analyses of DORM were also used to determine
the precision of 0.2%.. Organic $'3C data from Utahraptor Ridge are presented in Table 1.
As is common practice in chemostratigraphic studies of sedimentary strata [3,9-11]), we
employ a moving average of 5!3C values in the chemostratigraphic profile derived from
our data (Figure 5).
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Figure 5. The §!3C chemostratigraphic profile (trend line is a smoothed 3-point moving average)
from Yellow Cat Member, overlying Jurassic Morrison Formation (Jm) at Utahraptor Ridge. The
stratigraphic position of a new high-precision eruption age of cryptotephra from sample SDR-36.35,
as well as those of other published LA-ICP-MS concordia ages are shown in red; sample gap indicated
by dashed line. “P” denotes positive 5!3C features on the 3-point moving average curve described in
text and “N” denotes a prominent negative feature. See Figure 1 and text for details. Raw data are
presented in Table 1.
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Table 1. Organic d13C and total organic carbon (TOC%) values from sedimentary rock samples at
Utahraptor Ridge. Stratigraphic height refers to position in Figure 5.

Sample Stratigraphic Height (m) Organic §'3C TOC %
SQ-0 0 —28.29 0.06
SQ-1 0.2 —27.4 0.05
SQ-2 0.4 —27.73 0.05
SQ-3 0.6 —27.73 0.05
SQ-4 0.8 —27.43 0.03
SQ-5 1 —28.35 0.04
SQ-6 1.2 —28.01 0.04
SQ-7 1.4 —27.45 0.03
SQ-8 1.6 —26.65 0.08
SQ-9 1.8 —26.38 0.04
5Q-10 2 —25.45 0.06
5Q-11 22 —26.86 0.08
5Q-12 24 —26.44 0.06
5Q-13 2.6 —27.13 0.06
5Q-14 2.8 —26.73 0.06
5Q-15 3 —26.02 0.06
5Q-16 3.2 —26.26 0.06
5Q-17 34 —27.29 0.06
5Q-18 3.6 —27.4 0.05
5Q-19 3.8 —28.19 0.05
5Q-20 4 —27.97 0.04
5Q-21 4.2 —27.38 0.06
5Q-22 44 —26.78 0.05
5Q-23 4.6 —28.68 0.09
5Q-24 4.8 —29.04 0.09
50Q-25 5 —28.65 0.08

5Q-26 6 —26.39 0.12
5Q-27 6.25 —28.94 0.08
50Q-28 6.5 —28.99 0.11
5Q-29 6.75 —29.59 0.09
5Q-31 7.25 —29.91 0.08
5Q-32 7.5 —29.57 0.1
5Q-33 7.75 —29.66 0.1
5Q-34 8 —29.83 0.09
5Q-35 8.25 —25.92 0.07
5Q-36 8.5 —26.62 0.05
5Q-37 8.75 —26.76 0.06
5Q-38 9 —27.55 0.07
5Q-39 9.25 —27.06 0.06
5Q-40 9.5 —26.23 0.06
5Q-41 9.75 —26.76 0.06
5Q-42 10 —26.91 0.06
50Q-43 10.25 —27.65 0.05
5Q-44 10.5 —27.72 0.04
5Q-45 10.75 —27.4 0.05
5Q-46 11 —27.94 0.05
5Q-48 11.5 —27.18 0.13
5Q-49 11.75 —26.28 0.16
5Q-50 13.75 —28.22 0.05
5Q-51 14 —28.37 0.04
5Q-52 14.25 —28.01 0.04
5Q-53 14.5 —27.82 0.03
5Q-54 14.75 —27.97 0.04

5Q-55 15 —28.18 0.04
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Table 1. Cont.

Sample Stratigraphic Height (m) Organic §13C TOC %
SQ-56 15.25 —27.25 0.06
SQ-57 155 —27.86 0.04
SQ-58 15.75 —27.92 0.05
SQ-59 16 —27.93 0.04
SQ-60 16.25 —28.02 0.05
SQ-61 16.5 —25.18 0.05
SQ-62 16.75 —28.17 0.03
SQ-63 17 —27.93 0.04
SQ-64 17.25 —28.34 0.04
SQ-65 17.5 —28.34 0.12
SQ-66 17.75 —27.98 0.05
SQ-67 18 —27.73 0.05
SQ-68 18.25 —27.35 0.05
SQ-69 18.5 —-27.71 0.06
SQ-70 18.75 —28.14 0.17
SQ-71 19 —27.54 0.14
SQ-72 19.25 —27.22 0.21
SQ-73 325 —27.02 0.05
SQ-74 32.75 —27.1 0.07
SQ-75 33 —-27.3 0.04
SQ-76 33.25 —27.08 0.14
SQ-77 335 —26.64 0.05
SQ-78 33.75 —23.53 0.08
SQ-79 34 —-27.17 0.09
SQ-80 34.25 —27.17 0.04
SQ-81 345 —15.65 0.32
SQ-82 34.75 —26.27 0.1
SQ-83 35 —26.72 0.13
SQ-84 35.25 —27.17 0.06
SQ-85 35.5 —26.58 0.09
SQ-86 35.75 —26.91 0.08
SQ-87 36 —28.11 0.19
SQ-88 36.25 —27.35 0.09
SQ-89 36.5 —-27.1 0.09
SQ-90 36.75 —27.18 0.06
SQ-91 37 —26.79 0.06
SQ-92 37.25 —27.12 0.06
SQ-93 37.5 —27.7 0.05
SQ-94 37.75 —27.66 0.06
SQ-95 38 —255 0.05
SQ-96 38.25 —27.81 0.05
SQ-97 38.5 —27.97 0.03
SQ-98 38.75 —27.89 0.05
SQ-99 39 —27.6 0.03
SQ-100 39.25 —27.44 0.03
SQ-101 39.5 —27.22 0.03
SQ-102 38.25 —-27.11 0.03
SQ-103 38.5 —26.75 0.03
SQ-104 38.75 —26.94 0.03
SQ-105 39.75 —26.84 0.06
SQ-106 40 —25.71 0.06
SQ-107 40.25 —28.29 0.25
SQ-108 40.5 —-279 0.06
SQ-109 40.75 —27.83 0.06
SQ-110 41 —27.63 0.15

SQ-111 41.25 —27.68 0.04
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Table 1. Cont.

Sample Stratigraphic Height (m) Organic §13C TOC %
SQ-112 41.5 —22.34 0.08
SQ-113 41.75 —27.49 0.04
SQ-114 42 —26.94 0.09
SQ-115 42.25 —27.18 0.04
SQ-116 425 —26.89 0.05

2.2. U-Pb Zircon Analyses

Zircons from sample SDR 36.35, derived from a paleosol with the potential to preserve
volcanogenic zircons, were separated by standard heavy mineral separation techniques
at the Isotope Geochemistry Laboratories at the University of Kansas. LA-ICPMS U-Pb
data were reported from this sample in Joeckel et al. [3], with a reported concordia age of
136.1 + 1.2 Ma (20), MSWD = 1.03. To refine this date, additional zircons were mounted
and analyzed by LA-ICPMS, and then the youngest population was plucked from the grain
mount for analysis by CA-ID-TIMS.

Zircons selected for Chemical Abrasion-Isotope Dilution-Thermal Ionization Mass
Spectrometry (CA-ID-TIMS) were ultrasonicated and cleaned in 6 M HCl on the hotplate
before being ‘annealed” at 900 °C for 60 h, then ‘leached’ for 12 h in 29 M HF at 210 °C [12]
in Teflon microcapsules inside Parr dissolution vessels. Zircon grains were then removed
from the microcapsules, ultrasonicated, rinsed in 7M HNOj3, 6 M HCI, and MQ water,
and loaded back in microcapsules with ~50 uL of 29 M HF and ~10 puL of EARTHTIME
ET535 205Ph—233U—-235U tracer solution [13,14] for dissolution at 210 °C for 48 h. Dissolved
samples were then dried down in the microcapsules and redissolved in ~50 pL of 6 M HCl
at 180 °C for 12 h inside the Parr dissolution vessels. The resulting solutions were again
dried down, redissolved in ~50 uL of 3 M HCl, and then U and Pb were separated from
other elements using 50 uL anion exchange columns with AG1X8 resin using a procedure
modified after Krogh [15]. The combined U and Pb separates were dried down with ~1 uL

The U plus Pb samples were later mixed with ~2 uL of silica gel activator [16] and
loaded onto degassed zone-refined Re filaments for analysis on the Isotopx Phoenix TIMS
at the University of Kansas. A peak-hopping method was used to measure Pb isotopes
on the Daly ion counting system behind a WARP filter, and Pb isotopic fractionation was
corrected using a factor of 0.16 =+ 0.04 (20) %/amu (based on long-term measurements
of the NBS 981 Pb reference material). U was measured as UO; using a static Faraday
method, with a correction for the 22*U'80'°0 isotopologue’s interference on 2°U'0Q0O
assuming an '80/160 of 0.00205 inside of the Tripoli software; isotopic fractionation
correction for U was determined using the tracer’s 2°U/?*U and an assumed zircon
238 /235U of 137.818 + 0.045 (20) [17]. U-Pb data reduction was performed in the ET
Redux software [18,19], assuming all Pb comes from laboratory blank and correcting for
initial 230Th /238U disequilibrium using a conservative estimated Th/Umagma of 3.5 & 2.0
(20). U-Pb ID-TIMS data are presented in Table 2.
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Table 2. U-Pb Chemical Abrasion-Isotope Dilution-Thermal Ionization Mass Spectrometry (CA-ID-TIMS) for zircons from sample SDR 36.35 at Utahraptor Ridge.

SDR

Dates Composition Isotopic Ratios gg:;g_l:iteiz:;
(Ma)
ZOéPb/ 206Pb/ 206Pb/238U
B8y +20 207pp, 20 207pp 120 Th/ Pbe Pb*/ 206pp, / 28y 207pp, 207pp, <Th>-
Fraction ~ <Th>? abs Byb abs 206pp b abs % disc © Ud (pg) © Pbc f 204pp 8 <Th>ha  +20% 2y h +20 % 206pp h +20%  27Pb/?>U Fraction
21‘):21' 135.32 0.12 13532 0.53 137.1 8.8 1.38 0.18 0.67 19.96 1380 0021214 0091  0.1425 0.42 0.04880 0.37 0.554 2104221—
Zircon
56 135.67 011 136.18 0.87 147 15 7.59 0.30 0.70 10.09 686 0021270 0086  0.14353 0.68 0.04900 0.63 0.622 56
2(%31' 135.28 0.30 1347 27 127 48 ~635 027 1.66 3.77 269 0021207 022 0.1419 22 0.04859 2.0 0.536 ngg'
21()521' 135.06 0.76 1342 29 120 48 _1257 0.51 0.80 5.79 380 0021171 057 0.1413 23 0.04844 20 0.554 2{);21
21()521- 13532 0.12 135.32 0.53 137.1 8.8 1.38 0.18 0.67 19.96 1380 0021214 0091  0.14256 0.42 0.04880 0.37 0.554 2104221'
2200271' 135.23 034 1349 27 131 46 ~326 0.21 1.57 434 312 0021199 0.25 0.1421 21 0.04867 20 0.668 2200271'
2301261' 136.38 0.29 135.7 18 125 31 —9.36 0.61 7.74 5.58 37 0021382 0.2 0.1429 14 0.04854 13 0.469 2301261'

2 Corrected for initial Th/U disequilibrium using radiogenic 208Pb and Th/U[magma] = 3.5. ® Isotopic dates calculated using A238 = 1.55125 x 10~ (Jaffey et al. 1971) and A235 =
9.8485 x 10710 (Jaffey et al. 1971). € % discordance = 100 — (100 x (206Pb/238U date)/(207Pb/206Pb date)). d Th contents calculated from radiogenic 208Pb and 230Th-corrected
206Pb /238U date of the sample, assuming concordance between U-Pb Th-Pb systems. ¢ Total mass of common Pb. f Ratio of radiogenic Pb (including 208Pb) to common Pb. 8 Measured
ratio corrected for fractionation and spike contribution only. ! Measured ratios corrected for fractionation, tracer, and blank.
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3. Results
3.1. Carbon-Isotope Analyses

Organic carbon §!3C values from the composite chemostratigraphic profile at Utahrap-
tor Ridge range from a minimum of about —30%. VPDB up to about —23.5%. VPDB. Our
chemostratigraphic profile (Figure 5) shows data points for individual carbon isotope anal-
yses along with a smoothed 3-point moving average trend line that we use to determine the
approximate magnitude of 5'3C shifts. The dashed line in Figure 5 represents the sample
gap and it merely connects §'3C values from immediately below and above the gap. The
long-term trend through the whole carbon isotope profile shows slightly increasing §'3C
values upward through the section (Figure 5).

Carbon isotope 5'C values of about —28%. VPDB appear to characterize baseline
values at the bottom (0 to 1.5 m), middle (approximately 13 to 19 m), and near the top of the
profile (approximately 33, 36, 38, and 40 m). Critically, these baseline intervals bracket other
intervals with well-defined chemostratigraphic structures (Figure 5). Apparent positive
carbon-isotope features exist at approximate stratigraphic heights of: (1) 1 to 4 m, with a
shift with a magnitude of about 2 per mil (Figure 5: P1); (2) 9 to 12 m, with a shift with a
magnitude of about 1.5 per mil (Figure 5: P2); (3) 34 to 36 m, with a shift with a magnitude
of about 1 per mil (Figure 5: P3); and 39 to 41 m, with a shift with a magnitude of 1 per mil
(Figure 5, P4). One apparent negative carbon-isotope feature is present at a stratigraphic
height of 4 to 8 m and it has a shift with a magnitude of about 2 per mil (Figure 5: N).
We also note that the P3 and P4 intervals include chemostratigraphic samples with yet
even higher “outlier” §'3C values. Carbon isotope values of —23.53%. and —25.71 were
produced from samples at stratigraphic heights of 33.75 m and 40 m respectively. Those
sample positions coincide with the peak §!3C values of P3 and P4, and might actually be
more indicative of the full magnitude of these CIEs at Utahraptor Ridge.

3.2. U-Pb Zircon Analyses

Six zircons analyzed by CA-ID-TIMS yield concordant 2*Th-corrected U-Pb dates
between 136.4 Ma and 135 Ma. The youngest four form a tight cluster around 135.3 Ma, in
good agreement with the LA-ICPMS U-Pb concordia date of 136.1 &= 1.2 Ma (20) reported
in Joeckel et al. [3]. We interpret the scatter in zircon ages well outside their uncertainties
as evidence of prolonged zircon crystallization or incorporation of zircons in this sample
from slightly older magmatic systems. The youngest age represented what we interpret as
our best estimate of the zircons’ eruption age and the maximum depositional age of the
sample. To estimate the minimum of the zircons’ age spread, we use the Bayesian algorithm
presented by Keller et al. [20]. This approach avoids artificially reducing the age uncertainty
when evaluating a weighted mean of the youngest zircons up to an arbitrary and ambiguous
cutoff age. As illustrated in Figure 6, the uncertainty is + 0.30/0.31/0.34 Ma (20). The
uncertainty is given in the form X/Y/Z, where X includes analytical sources of uncertainty,
Y additionally includes uncertainty in calibration of the ET535 isotopic tracer, and Z includes
analytical, tracer, and decay constant uncertainty contributions.

We consider our volcanogenic zircon samples to represent cryptotephras. Our usage
of the term cryptotephra [8], in this case refers, to the technical approach of laboratory
separation of microscopic fragments from volcanic tephra deposits that are contained
within sedimentary units (in the present case, paleosol-bearing mudstones) that show
no visible evidence of volcanic ash deposition in the field. The processing sequence for
Quaternary cryptotephras [8] differs from ours in that microscopic volcanic glass shards are
concentrated from mudstone paleosol samples in the laboratory for the purpose of chemical
fingerprinting of known well-dated Quaternary tephra deposits. In the case of our Early Cre-
taceous cryptotephras, microscopic zircon crystals are concentrated in the laboratory for the
purpose of LA-ICP-MS U-Pb screening of large zircon populations to identify the Maximum
Depositional Age (MDA) age cluster. Given that LA-ICP-MS ages have a 2% range of un-
certainty, higher-precision CA-ID-TIMS U-Pb analyses of zircon crystals from the MDA age
cluster are required to refine age models with appropriate sub-million-year uncertainties.
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Figure 6. U-Pb CA-ID-TIMS data for sample SDR 36.35. (a) Plot showing 20 uncertainty ellipses
for the six zircon analyses in Table 2. The blue line is concordia, the gray shaded region is the
20 uncertainty defined by the 2*U and 23U decay constant uncertainties, and all data have been
corrected for initial 22°Th disequilibrium. (b) Age-rank plot of analyzed zircon dates. Black boxes
illustrate +20 analytical uncertainties, and the red-shaded region is the calculated best estimate of the
eruption and maximum depositional age using the algorithm of Keller et al. [20]. See Table 2 for data.

4. Discussion

C-isotope chemostratigraphy from Utahraptor Ridge is tentatively correlated with
other pre-Hauterivian chemostratigraphic records around the world in Figure 7. Given
the eruption age of 135.1 &+ 0.3 Ma of a cryptotephra from 36.35 m above the contact
between the underlying Morrison Formation and the Cedar Mountain Formation contact,
we interpret the C-isotope record from 32.5 to 42.5 m as Valanginian s and the C-isotope
record from 0 to 19.25 m as Berriasian. We specify CIEs in the chemostratigraphic profile at
Utahraptor Ridge as comparatively short-term departures from, and subsequent returns to,
the long-term baseline §!°C values. Thus, a positive CIE exhibits an underlying rising limb
of increasing $'3C values culminating in a maximum §'3C value, with an overlying falling
limb of decreasing values returning to the long-term baseline §!3C values. Conversely, a
negative CIE has an underlying falling limb culminating in a minimum 513C value, overlain
by a rising limb and an eventual return to the long-term baseline 5'3C values.

In support of our analysis of Berriasian chemostratigraphy, we note the seminal iden-
tification of two minor positive CIEs that were reported from pelagic marine carbonates
from the Berriasian stratotype by Emmanuel and Renard [21] from the Vocontian basin of
southeast France (Figure 7). The magnitude of the positive carbon-isotope shifts described
by these authors is +0.32 and +0.37 per mil, respectively. A more recent analysis of ma-
rine Berriasian chemostratigraphy at the La Chambotte section on the Jura Platform by
Morales et al. [22] showed a similar structure, but with much larger carbon-isotope shifts of
about 2 per mil. Given our age constraints derived from volcanogenic zircons, we correlate
the Berriasian positive carbon isotope chemostratigraphic features described by Emmanuel
and Renard [21] to the +2.3 per mil positive §!3C shift at approximately 3 m in stratigraphic
height at Utahraptor Ridge (within P1 in Figure 5) and to the +4.0 per mil positive 5'3C shift
at 8.25 m (within P2 in Figure 5). The magnitudes of the positive carbon isotope shifts in
our continental organic 5'3C record from Utahraptor Ridge are much greater than the CIEs
to which we correlate them in the marine carbonate record. Notwithstanding, it is common
for terrestrial §'>C chemostratigraphic records to exhibit magnitudes that exceed those of
correlative marine records by factors of two or more (Table 3) [4-6,11,23-41]. The causes
of such frequently observed differences between correlative terrestrial and marine §!3C
records have not been fully explored. Notwithstanding, cogent observations can be brought
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to bear on the matter, such as the realization that terrestrial records directly capture tempo-
ral shifts in the §!*C composition of atmospheric CO,, while correlated marine records are
likely to be buffered by a marine dissolved inorganic carbon reservoir that exceeds that of
the atmosphere by 50 to 60 times [20]. Therefore, potential leads and lags—the mixing times
of the atmospheric and marine carbon reservoirs, which differ by orders of magnitude—are
important considerations in the recording of C-cycle perturbations in the sedimentary
record. Emmanuel and Renard [21] interpreted the Berriasian §'3C chemostratigraphy in

their section as related to sequence stratigraphic and sea-level changes.

Table 3. Comparison of magnitudes of published marine and terrestrial records of well-known
Cretaceous and Paleogene carbon-isotope excursions (CIEs), exemplifying comparative differences in

the magnitudes. See text for further explanation.

Carbon-Isotope Excursion

Publication (CIE) Events Marine CIE Magnitude Terrestrial CIE Magnitude
Bains [23] Paleocene—E(?cene Thermal 2.5 per mil 5.5 to 8 per mil
Maximum 0.0 to 2.5 %o —15.5 to 8.5%o
Grocke et al. [24] Albian—Cenomanian OAE 1d 325 t}; e{ 2}%1)1 _ ziizr_rgg%o
Grocke and Joeckel [25] Albian—Cenomanian OAE 1d . s 6.%11;?3121. 6%
Richey et al. [26] Albian—Cenomanian OAE 1d . _2361:t>§r_n;i31 %,
Andrzejewski et al. [27] Albian—Cenomanian OAE 1d . _ 259I;§r—122 %
Ross et al. [11] Albian C15 segment 20 g t}; e;gn(yi _ ziﬁgrgg%o
Ludvigson et al. [5] Aptian OAE 1a, 1b zi)l:t)(e)r;.gio}m _36};6)1‘_1’1;1;01/)0
Ludvigson et al. [6] Aptian OAE 1a, 1b ziﬁgzgi‘y{m _%?g{;;i
Channell et al. [38] Valanginian CIE 11 55 t};e;(r)r;l -
Erba et al. [41] Valanginian CIE 11 55 tlf)e?f.(r)ll/i _
Celestino et al. [28] Valanginian CIE 1%2?;3;1{) -
Cavalheiro et al. [29] Valanginian CIE _ 31111?23%0 -
Robinson & Hesselbo [30] Valanginian CIE 11 _'-‘? tlf)e?f.(r)ll/i _ztigr_n;ll %,
Grocke et al. [31] Valanginian CIE 11 55 t}z)e;(r;;i . 244}2?33%0
Joeckel et al. (this report) Valanginian CIE 1%?51‘;.8;10 _ 228;;?3161 %,
Emmanuel and Reynard [21] Early Berriasian CIEs 0,15}z§r1r,r51£/£o _
Morales et al. (2013) Early Berriasian CIEs Oi)}zgrzr.r(;i"/to
Joeckel et al. (this report) Early Berriasian CIEs - 4 per mil

—30 to —26 %o
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Figure 7. Comparison of new composite chemostratigraphic profile from Utahraptor Ridge with
profiles from nearby Poison Strip, Utah (see Figure 1), as well as Oman, France, Crimea, and Eng-
land [21,28,30,31] The correlation of the Valanginian carbon isotope excursion by Robinson and
Hesselbo [30] has been here further subdivided into the upper and lower s13C peaks.

If correctly correlated, ours is one of only a few terrestrial organic §'3C records of
Berriasian age and it indicates potentially significant C-cycle perturbations of unknown
origin. We note that positive feature P1 at Utahraptor Ridge (Figure 5) qualifies as a CIE
because it has both rising and falling limbs, whereas positive feature P2 (Figure 5) is a
very abrupt positive shift relative to underlying §'3C values and has no rising limb per
se. A future effort in finer-scale sampling frequency could determine whether there are
intermediate values in the profile at Utahraptor Ridge. Morales et al. [22] (their figure 5)
effectively report the same phenomenon at the approximate 25 m level in the Berriasian
La Chambotte section on the Jura Platform in eastern France, a chemostratigraphic pro-
file, which also shows an abrupt increase in 'C values between two adjacent samples.
Furthermore, there is an uncanny resemblance between the Berriasian 5'C profiles at La
Chambotte of Morales et al. [22] and the part of our composite 5'3C profile that we propose
to be Berriasian strata at Utahraptor Ridge.

Positive CIEs with possible magnitudes of as much as +3.6 per mil at 33.75 m in
stratigraphic height and of possibly as much as +2.3 per mil slightly below 40 m in our
chemostratigraphic profile at Utahraptor Ridge ((Figure 5: P3, P4). Furthermore, the overall
configuration of our chemostratigraphic profile between approximately 33.75 and 40 m
(Figure 5) is strongly reminiscent of the “double-peak” positive C-isotope excursion in the
Valangian observed in many marine carbonate records and called the “Weissert Event” or
“Weissert Episode” by some authors [31-46] (Figure 7). In the chemostratigraphic profile
presented in Figure 5, we interpret feature P3 as the lower of the two peaks and P4 as the
upper one. The Valangian positive CIE records the first of several major perturbations
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of the global carbon cycle during the Cretaceous Period [31-34]. Although it has been
identified chiefly in marine carbonate strata, the “Weissert Event” was first identified
in continental strata nearly two decades ago [30]. Recently, Joeckel et al. [3] proposed
evidence for this event in a chemostratigraphic profile of the Yellow Cat Member at Poison
Strip (Figures 1 and 4), but our recent results presented herein add further weight to
this idea The magnitude of the positive CIEs at the “Weissert Event,” where it is firmly
identified in terrestrial records, are ~+3 per mil from the pre-excursion background for
the first peak and ~+1.5 per mil for the second peak isotope excursion in these carbonate
records. This C-isotope trend is also seen in continental records of coal and charcoal [31],
but at a much higher magnitude (+5.9 per mil and +2.41 per mil); it is noteworthy that the
data from Utahraptor Ridge are consistent with this trend. Furthermore, the SDR-36.35
mudstone paleosol sample at Utahraptor Ridge is one of two (the other being sample
PSMA-11.71) that produced large n clusters of Valanginian zircon grains from the LA-
ICP-MS U-Pb data reported by Joeckel et al. [3]. The Maximum Depositional Age (MDA;
136.1 £ 1.24 Ma) reported from this cluster of zircons in SDR-36.35 is a close approximation
to some published ages for the Valanginian positive CIE or “Weissert Event” [47] and
marked this sample as a likely paleosol cryptotephra. Our high-precision eruption age of
135.1 £ 0.3 Ma for sample SDR-36.35 is a close match to the recently estimated age of the
Weissert Event at 135 to 134 Ma [47]. Testing our hypothesis that the “Weissert Event” can
be identified in the Yellow Cat Member will require more work. If our hypothesis is correct,
however, we are the first identification and in situ age assessment of the WE in terrestrial
sediments in North America.

We have already compared, by way of sedimentologic context, the Yellow Cat Member
at Utahraptor Ridge with the same unit at the nearby Poison Strip, Utah. This comparison
strongly suggests that ancient pedoturbation occurred at both sites and materials atop and
within paleosol profiles—including those we sampled for organic $'3C analyses and vol-
canogenic zircons—were mixed vertically and laterally to some degree. It is very unlikely,
then, that there is a perfect vertical superposition of sediments (i.e., paleosol materials)
of slightly different ages through multiple paleosol profiles approximately 0.5 to 4 m in
thickness. Accordingly, neither individual organic §'3C values nor volcanogenic zircons
derived from analyses of either stratigraphic section may be in the exact stratigraphic
positions in which they were originally accumulated. In this scenario, the detailed structure
of a resulting chemostratigraphic profile would be modified relative to an equivalent hypo-
thetical sedimentary succession with perfect vertical superposition. Isotopic signatures of
carbon-cycle change would thus be “smeared” across paleosol-bearing intervals because
soil organic matter of slightly different ages in our samples may not have been directly
superimposed at decimeter-to-meter scales. To some extent, our use of a three-point moving
average trend line mitigates the potential impacts of vertical translocation due to ancient
pedoturbation. Such effects would affect only the details of the curve at scales of a few
meters or less, and not the overall trend of 5§!°C values. We observe that a similar approach
in pelagic marine carbonates mitigates the effects of the “bioturbation window” through
centimeter-to-decimeter stratigraphic intervals.

In view of such potential complications, we are inclined to draw particular attention
to our reported organic 5'3C values greater than —26%. in our sections (Figure 5). Those
values are within intervals that express positive §!3C excursions in successive samples at
the decimeter scale in the line representing our three-point moving average (Figure 5). Thus,
even though they do not lie on that curve, they may still represent §!3C peak values within
CIEs. The fact remains that at both Poison Strip locality [3,4] and Utahraptor Ridge, there
are significant, positive 5!3C excursions that are expressed at the meter-to-decimeter scale.
Moreover, a recent, but as-yet unpublished, chemostratigraphic study of the Yellow Cat
Member in eastern Utah independently reports other probable records of the Valanginian
double-peak 313C excursion or “Weissert Event” [48].

Comparisons of our interpretive record of the Valanginian CIE at Utahraptor Ridge
with other published §!3C profiles widely accepted to record the event indicates that there
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are local or regional differences in its expression. We observe: (1) that 13 correlated §!3C
profiles from the Pacific to Europe compiled by Duchamp-Alphonse et al. [46] show such
differences, (2) many records of the Valanginian CIE display two discrete lower and upper
§13C peaks (the record at Poison Strip begins at the position of this lower peak, and (3) the
§13C values in the lower peak are nearly always higher than in the upper peak.

5. Conclusions

This paper continues a longstanding line of inquiry into the stable-isotope chemostratig-
raphy and geochronology of the Cedar Mountain Formation e.g., [3,5-7]. The lower part of a
distinctive double-peak positive carbon-isotope excursion in a composite '>C chemostrati-
graphic profile of the Yellow Cat Member from Utahraptor Ridge, Utah is directly associ-
ated with a cryptotephra zircon eruption age of 135.10 £ 0.30/0.31/0.34 Ma (20) derived
from the U-Pb CA-ID-TIMS analyses of paleosol zircons. These geochronological and
chemostratigraphic results are consistent with the absolute age model of Channell et al. [38]
for the Valanginian positive carbon-isotope excursion or so-called “Weissert Event” in a
succession of marine carbonates in Europe. Moreover, our results and our interpretation of
a Valanginian double-peak C-isotope excursion are compatible with the most recent place-
ments of not only the “Weissert Event” (135-134 Ma), but also the Berriasian—Valanginian
boundary (137 Ma) and the Valanginian—-Hauterivian boundary (132 Ma) [47].

Our work also identifies important avenues for future research. High-precision U-Pb
geochronologic analyses can be used to test the hypothesis that the “Weissert Event” is
recorded in the study area. Furthermore, the probable Berriasian 513C features we have
identified in our composite §'3C chemostratigraphic profile from Utahraptor Ridge almost
certainly have broader significance, and they too should be scrutinized in future research.
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