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Abstract: The terrestrial Lower Cretaceous Cedar Mountain Formation, Utah, is a critical archive of
paleoclimate, tectonics, and vertebrate ecology and evolution. Early Cretaceous carbon cycle perturba-
tions associated with ocean anoxia have been interpreted from this succession, as expressed in stable
carbon isotopes. However, refining the timing of the observed stable isotope excursions remains a key
challenge in understanding how marine anoxia affects the Earth system, and is ultimately recorded
in the terrestrial realm. The geochronology and geochemistry of a terrestrial carbonate near the base
of this succession, which potentially records the Ap7 global carbon isotope excursion, is studied here.
Petrographic and geochemical analyses are used to test plausible mechanisms for U incorporation
into the calcite lattice in this sample. Using these methods, the hypothesis that the incorporation
of U was at or close to the timing of carbonate precipitation is evaluated. U–Pb geochronology of
calcite indicates a plausible Early Cretaceous age. However, comparison of the new U–Pb ages of
calcite with detrital zircon maximum depositional ages immediately beneath the studied sample
indicates a disparity in the apparent sedimentation rates if both types of geochronologic information
are interpreted as reflecting the timing of sediment deposition. The totality of data supports an early,
and high-temperature, diagenetic timing of U incorporation, with potential for minor leaching of U
in subsequent fluid–rock interaction. The most likely mechanism for U transport and immobilization
in these samples is hydrothermal fluid–rock interaction. Therefore, the radiometric ages, and corre-
sponding stable isotope composition of U-bearing carbonate domains in this sample, indicate early
subsurface fluid–rock interactions and not a record of atmosphere–soil geochemical reactions.

Keywords: U–Pb geochronology; diagenesis; calcrete; palustrine; Early Cretaceous; clumped isotope

1. Introduction

The Cretaceous represents a time of pronounced oceanic and atmospheric change,
resulting in fluctuating climate states and episodic global ocean anoxia and localized
dysoxia [1–5]. Volcanism-induced perturbations to the global carbon cycle were a poten-
tial driver of these global changes, as the emergence of several large igneous provinces
(LIPs) [6], notably the Ontong Java–Manihiki LIP [7], coincided with intervals of ocean
anoxia [8]. The coincidence of LIP volcanism and Cretaceous ocean anoxic events (OAE) is
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well-documented in the increasingly refined Cretaceous geologic time scale [8–10]. The tim-
ing of ocean anoxia and paleoclimate perturbations/ecologic change on land are gaining in-
creasing fidelity through isotope analysis of terrestrial-derived fossil plant material [11–15],
and through chemostratigraphic comparisons between fully terrestrial and marine suc-
cessions [16–22]. However, the necessity of calibrating the age of marine and terrestrial
stratigraphic successions during OAEs via high-precision radiometric dating has hindered
precise connections between observed shifts in stable carbon isotopes in terrestrial succes-
sions with the well-known marine isotopic time series changes. This study adds additional
insight into the connections between terrestrial environments, and perhaps climatic change,
during the earliest global OAE of the Cretaceous (The Aptian OAE-1a, “Selli Event”) using
a combined radioisotope, petrographic, geochemical, and stable isotope investigation of
terrestrial carbonates from the Cedar Mountain Formation.

The Cedar Mountain Formation is a Lower Cretaceous succession of terrestrial strata
in the four corners region of the western United States, cropping out in Utah and correlative
units in Wyoming and western Colorado [23] (Figure 1). This succession is gaining increas-
ing prominence for the rich record of vertebrate fossils at key evolutionary junctions in
Ornithischia [24,25], and the potential paleoclimate and geochemical records of terrestrial
change coincident with marine OAEs [19]. The Cedar Mountain Formation is subdivided
into five lithostratigraphic members (Figure 2), not all of which are preserved everywhere.
In order from oldest to youngest these are: the Buckhorn Conglomerate, the Yellow Cat
member, the Poison Strip sandstone, the Ruby Ranch Member, and the Mussentuchit mem-
ber. The Yellow Cat member and Poison Strip sandstone are regarded as time equivalent
to all of or part of the Buckhorn Conglomerate [18] and occur between the Colorado and
Green rivers in southeastern Utah (Figure 1A). The Poison Strip and Ruby Ranch members
of the Cedar Mountain Formation plausibly record a chemostratigraphic expression of
global climate change during the first ~1.2 myr global OAE of the Cretaceous, OAE-1a [18].
Therefore, the age and diagenetic history of carbonates from the Poison Strip and Ruby
Ranch members are the focus of this study.
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Figure 1. Maps of the field locations (after [19]). (A) Outcrop map of the Cedar Mountain Formation
(shaded region around the San Rafael Swell and elsewhere) in present-day Utah. (B) Paleogeo-
graphic reconstruction of the study area with respect to the Sevier Foreland Basin and the Skullcreek-
Thermopolis Seaway. (C) Global paleogeography during the early Aptian with the location of the
study area indicated by the square symbol. Color gradient reflects general areas of low–high relief
(light to dark colors, respectively).

Detrital zircon U–Pb geochronology has been used to draw important inferences to the
tectonic and erosion controls on sediment supply and deposition of the Cedar Mountain
Formation in the foreland basin of the Sevier orogen [26,27]. In the absence of conventional
single crystal ID-TIMS or detrital zircon analyses of sedimentary strata, non-conventional
approaches of applying (laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) analysis to paleosol zircon crystal yielded promising U–Pb age populations [21], as
well as the U–Pb analysis of carbonates, which is reported herein, and from [18]. These new
geochronologic methods have greatly improved the resolution of time recorded in these
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strata, allowing terrestrial–marine geochemical correlations for significant Early Cretaceous
climate phenomena such as the Valanginian “Weissert Event” [13,28,29] for the Yellow
Cat member with a zircon crystallization age of 136.3 ± 1.3 Ma [21] and 135.10 ± 0.3, 0.31,
0.34 Ma [30,31]. The overlying Poison Strip member produced a carbonate (calcite) U–Pb
age of 119.4 ± 2.6 Ma [18]. Volcanic ashes in the uppermost Mussentuchit Member of
the Cedar Mountain Formation have yielded precise 40Ar/39Ar (sanidine) ages of the
mid-Cretaceous, 98.39 ± 0.07 Ma [30], and mean ages ranging from 98.5 ± 0.6 Ma to
96.7 ± 0.5 Ma [32]. The Mussentuchit member also yields inferred maximum depositional
ages (MDA) of between 96–94 ± ~1.3 Ma based on detrital zircon U–Pb analyses using LA-
ICP-MS, as well as two chemical abrasion thermal ionization mass spectrometry (CA-TIMS)
ages of 95.64 ± 0.11 Ma and 99.68 ± 0.12 Ma [33]. The revised geochronology reported
herein is focused on the nature and timing of U complexation in terrestrial carbonates
from the Poison Strip member of the Cedar Mountain Formation to elucidate the age of
the lowermost sections of the Cedar Mountain Formation. This carbonate geochronology
technique stems from the pioneering Pb-Pb geochronology work of Moorbath et al. [34] and
U–Pb analyses of Smith and Farquhar [35], and has been shown to be reliable in comparison
to more conventional dating techniques [36].

Over a decade of terrestrial carbonate stable isotope measurements from the Yellow
Cat–Ruby Ranch members of the Cedar Mountain Formation has resulted in a large range
of δ18O values (−3‰ to −18‰ VPDB), including a significant number of diagenetic car-
bonates with δ18O values < 9‰ [18,19,22,37–40] (Figures 2 and 3). Determining which
carbonate components preserve an authigenic isotope signal has been challenging as it is
evident that paleoclimate/environmental change produced varying meteoric water δ18O
values, which overlap with some components that reflect hydrothermal alteration during
burial [19]. In addition, plausible variations in atmospheric CO2 concentrations [19] and
variations in paleoecology [41,42] may have led to similarly high variance in measured
δ13C values. Furthermore, the specter of complete isotopic overprinting through later stage
diagenesis and hypogene hydrocarbon migration, borne out through two independent
paleotemperature estimates [22,40], remains plausible for the majority of this stratigraphic
succession. Nevertheless, through detailed petrographic analysis and microsampling for
stable isotopes in space and time, more detailed and confident assessments of paleoevap-
oration extents and ancient carbon cycling have been made [19,22,39]. A compilation of
all available stable oxygen and carbon isotope data for the Yellow Cat and Ruby Ranch
members of the Cedar Mountain Formation (see Supplementary Material) indicate that
δ18O values have an order of magnitude greater variation than δ13C values, and lack an
“inverted-J” signature of regional isotopic resetting during burial diagenesis [43]. Rather,
carbonate cement stratigraphy reveals subsets of the overall data set that may reflect early
meteoric diagenesis conditions that are distinct from the larger range of δ18O values (more
negative than −9‰) with relatively invariant δ13C values indicating later stage isotope ex-
change during fluid flow and hydrocarbon migration through Cedar Mountain Formation
strata [40]. Of the more authigenic carbonate domains, variable slopes of covariant δ18O
and δ13C values are indicative of changing evaporative conditions and soil productivity
through time [19,22,39]. A nominal δ18O value of between −9 to −8‰ is indicative of
“meteoric calcite lines” for this region [29,37]. However, the meteoric calcite line δ18O
values change through time: (1) a shift to more negative values (ca. −15‰) within the
Poison Strip member; (2) a progressive increase in meteoric calcite line δ18O values in the
Ruby Ranch member (ca. −8‰); and (3) a shift towards more negative δ18O values in
the upper part of the Ruby Ranch member (ca. −9 to −10‰). The meteoric calcite lines
also display a range of δ13C values from 2–3‰ between distinct meteoric calcite line δ18O
values, which indicates prominent variations in ecosystem productivity or equilibration
with different paleoclimates, a conclusion supported by paleobotanical reconstructions of
the paleoclimate in the Cedar Mountain Formation [41].
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Figure 2. Summary of Cedar Mountain Formation strata discussed in this study and chemostrati-
graphic correlations. (A) Current radiometric constraints on the Yellow Cat, Poison Strip, and Ruby
Ranch members, and marine-based carbon isotope stages. (B) Composite stratigraphic column
including field areas on the eastern San Rafael Swell and the Paradox Basin. (C) Summary of C and O
stable isotope compositions based on individual members within the Cedar Mountain Formation
and chemostratigraphic trends (after [19,40]).
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Figure 3. Summary of stable isotope data on carbonate materials in the Cedar Mountain Formation.
Data are presented in stratigraphic order as well as inferred temporal sequence (e.g., cement stratig-
raphy of the Poison Strip member [40]). The Yellow Cat member data are from lacustrine oncoid
material [37]. The overlying carbonate-cements sandstones of the Poison Strip member are from [40].
The overlying Ruby Ranch member pedogenic carbonate results are from [22]. Inferred meteoric
calcite lines (MCLs) are shown for each of the data sets and numbered sequentially through time,
with 1 being the oldest, and 6 being the youngest.
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The stratigraphic variation of authigenic δ13C values of terrestrial carbonates, palus-
trine, and calcrete carbonate further indicate pronounced excursions of δ13C values through
time. These excursions have been correlated to the stages of chemostratigraphic varia-
tion recognized in marine successions, and with the current U–Pb MDAs and carbonate
U–Pb ages, indicate that these excursions are correlative to marine fluctuations in DIC
and organic carbon burial [18,19]. However, revisions to the Cretaceous timescale [6,8]
have created uncertainty in the exact timing of Cretaceous OAEs; for example, in the
case of OAE-1a, shifting the timing of this event by ~6 myr. Refining the U–Pb-calibrated
numeric timescale for the Cedar Mountain Formation, therefore, is critical to elucidating
the connection between the terrestrial record of paleoclimate/paleoecologic change and
the marine OAEs.

2. Geologic Setting

Intentionally ignored in the second half of the 20th century for geologic and paleonto-
logic study because of the “lack of vertebrate fossils”, the Cedar Mountain Formation in
the 21st century is now known to be a pivotal archive for the evolution and biogeography
of terrestrial vertebrates [24,44]. In addition, the lithostratigraphic position of the Cedar
Mountain Formation is vital for understanding the unique pattern of basin evolution in the
early stages of Sevier orogenesis [45]. This succession preserves an archive of terrestrial–
marine teleconnections during the lilt of Early Cretaceous OAEs, climate and hydrologic
cycle changes, in the form of their attendant stable isotope perturbations [46,47]. Thus, an
intense interest has emerged in the last decade for refining the numerical age control of this
slightly drab to variegated collection of mudstone, carbonate, and sandstone.

The Cedar Mountain Formation represents deposition in the transition to, and acme
of, thick-skinned thrusting that generated the Sevier foreland basin [45,48,49]. The origin
of the foreland basin-style subsidence and geometry of the sedimentary wedge adjacent
to the Sevier orogenic belt occurred during the Aptian [26,48], which indicates that the
Yellow Cat member of the Cedar Mountain Formation and the Buckhorn Conglomerate
most likely record deposition in the incipient stages of compressional tectonism in the
region. The spatial limitations of the Yellow Cat member, within the Paradox Basin, along
with increases in isopach thickness of Lower Cretaceous strata in this region, indicate that
halokinesis was likely an important local control on subsidence in the study area [23,45].

The Buckhorn Conglomerate is a predominantly lithic extraformational clast-supported
conglomerate with gravel bedforms and sheet-like deposits confined to distinct channel-
ized geometries. Minor laterally discontinuous lithic arenite/wacke bedsets occur within
this unit with preservation of terrestrial vertebrate fossils; however, laterally correlative
overbank facies are uncommon, as the channel systems are bound laterally against 5th
order erosional surfaces (as defined by [50]). Vertebrate fossils have been recovered from
the arenitic/wacke portion of this rock unit [23]. Detrital zircon U–Pb analyses indicate a
successive change in chronofacies upsection, with a distinct Pennsylvanian–Jurassic age of
clasts indicative of erosional unroofing of the Sevier orogenic belt and subsequent trans-
port of that sediment into the alluvial–fluvial systems of the Buckhorn Conglomerate [26].
However, the broad areal extent (600 km along the length of the conglomeratic fluvial
system) of the Buckhorn Conglomerate and its correlative units in Wyoming, Colorado,
Montana, and Canada is indicative of regional uplift of the Sevier orogenic belt prior to the
initiation of foreland basin-style subsidence [48,51]. Based on data-model comparisons of
the slopes required for physical transport of gravel clasts in the Buckhorn Conglomerate,
Heller and Paola [48] and Yingling and Heller [48] conclude that these sedimentary units
record pre-thrust sheet tilting and initial erosion of bedrock and underlying strata, whereas
the overlying units of the Cedar Mountain Formation record the progressive development
of foreland basin-style subsidence in response to loading of the crust from thrusting during
the Sevier orogeny.

The Yellow Cat member is a laterally discontinuous unit at the basin-scale, attaining
a maximum thickness of ~50 m, occurring only between the Green and Colorado rivers
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in southeastern Utah, and consists of variegated mudstones displaying pedogenic iron
nodules [23], sand sheet, sediment gravity flow, and sandy bedform elements [52], and
an uppermost terrestrial carbonate succession [53]. In terms of lithofacies abundance, the
Yellow Cat member is predominantly overbank fine material with an increasing abundance
of pedogenic carbonate up section. The uppermost part of the Buckhorn Conglomerate at
Woodside Anticline in the eastern limb of the San Rafael Swell contains oncoids on gravel
and dinosaur/wood clasts [37], indicating a continuity of depositional/paleoenvironmental
settings between the uppermost portions of the Buckhorn Conglomerate and Yellow Cat
member depositional systems. Consistent with this interpretation, the Yellow Cat member
may represent an extensive period of overbank deposition adjacent to the prominent
channel systems of the Buckhorn Conglomerate. However, the lowermost hydromorphic
paleosols of the Yellow Cat member have been regarded as a continuation of the Brushy
Basin Member of the Morrison Formation [54]. Kirkland et al. [23] interpret these paleosols
as part of the Cedar Mountain Formation based on an interpretation of a “wet” paleoclimate
that stands in contrast to more arid paleoclimates of older and younger strata [54,55],
and set the unconformable contact between the Jurassic and Cretaceous at the base of
this succession. The climate-based interpretation of Kirkland et al. [23] demands a more
rigorous assessment of the bio-/chronostratigraphy of the basal portion of the Cedar
Mountain Formation to further clarify these discrepancies. The uppermost Yellow Cat
member displays a laterally discontinuous succession of multistage pedogenic carbonate
development [53]. These carbonates range in thickness from 1 m up to several meters and
occur prominently as ridges at the Ruby Ranch Road locality [23]. The extensive pedogenic
carbonates are capped by a laminated, brecciated, and chert-cemented terrestrial carbonate,
interpreted to reflect palustrine deposition and pedogenesis [19]. The palustrine carbonate
yielded a total U–Pb age of 119.4 ± 2.6 Ma [18], and this deposit is the focus of this study.

The Poison Strip member displays facies elements of sand and gravel bedforms, and
downstream accretion elements, as well as a lithofacies abundance that is dominated by
sandstones [24,40]. The fluvial system of the Poison Strip Member extends across the
Sevier Foreland Basin [56–58] and is the lowermost laterally continuous subdivision of
the Cedar Mountain Formation. Thus, in contrast to the Yellow Cat member, which may
record overbank sedimentary systems coeval to the Buckhorn Conglomerate fluvial system,
the Poison Strip member represents a reorganization of the fluvial system of the Sevier
Foreland Basin. Furthermore, halokinetic fault movements of the Paradox Basin, which
may have locally controlled the sedimentary systems of the fluvio-lacustrine Yellow Cat
member, are interpreted to have had little impact on the fluvial sedimentary systems of the
Poison Strip member, as lateral lithofacies variations occur independent of location with
respect to the Paradox Basin [23]. The Poison Strip member, however, ranges in thickness
from 2 m to ~20 m.

The Ruby Ranch member occurs at every location where the Cedar Mountain Forma-
tion is preserved [23]. Sand bedforms, gravel bars, downstream accretion elements, and a
distinct ribbon-channel morphology are observed in the in-channel lithofacies of the Ruby
Ranch member. Moreover, weathering and erosion of these rock units have superimposed
the ribbon-channel morphology as relatively continuous ridge lines of exhumed pale-
ochannels. Overbank lithofacies include abundant variegated siltstones and illite-bearing
mudstones, displaying very common pedogenic calcite nodules [18,19,22,59] and less com-
mon bedded carbonate [19,60]. By proportion, the Ruby Ranch member is predominantly
overbank lithofacies and is often recognized in the field on the basis of ~10–100 m thick
successions of carbonate-bearing variegated siltstones and mudstones, contrasting against
the sandstone lithofacies below and smectite-bearing mudstone-dominated succession of
the overlying Mussentuchit member lacking pedogenic carbonate [38], or the quartzose
sandstone lithofacies of the Naturita Formation, where the Mussentuchit member is absent.
The thickness of the Ruby Ranch member increases in a roughly SW–NE direction, reaching
a maximum thickness in the northern areas of the San Rafael Swell [23,61]. The Para-
dox Basin, however, preserves a vertical facies association of Ruby Ranch member strata,
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with basal sandstone in-channel lithofacies underlying a silt- and mudstone-dominated
succession interpreted as lacustrine facies [23,62].

The Mussentuchit member occurs primarily along the western flank of the San Rafael
Swell [25,61,63]. This unit is recognized as a succession of fossiliferous mudstones con-
taining abundant smectite-group minerals and coal [25]. A basal lag deposit of gravelly
sand bedforms separates the Mussentuchit member from the underlying Ruby Ranch
member [23,25]. The first systematic macrofloral record from the Cedar Mountain For-
mation was recovered from the Mussentuchit member, the “Soap Wash flora” [41,42], an
assemblage which is angiosperm-dominated. Moreover, the macroflora recovered from the
Mussentuchit member indicates that a diverse woody dicot forested ecosystem existed in
this region that contained diverse plant traits such as leaf longevity [42].

3. Materials and Methods
3.1. The Sample

The carbonate sample studied herein was collected in 2003 from the uppermost Yellow
Cat member of the Cedar Mountain Formation. This sample was studied in the field and
collected from the Ruby Ranch Road field locality (38.854525◦ N, 109.970845◦ W). The
sample is derived from a thick-bedded, laminated micritic limestone. At the hand sample-
scale, cements within the limestone are either microsparite, sparite, or chert. Laminations
within the limestone display a distinct transition from brecciated laminations at the base
of the sample, with numerous cements, to laminations that display lateral continuity
across the limestone, with minor brecciation locally. The sample is interpreted to reflect
a palustrine depositional environment on the basis of the laminated bedding character,
reflecting episodes of carbonate deposition; with brecciation of the lower laminae indicating
subaerial exposure between two or more phases of limestone deposition [19].

3.2. Petrographic Investigations

Carbonate petrography was assessed via optical microscopy and cathodoluminescence
(CL) at the Kansas Geological Survey. An Olympus BX51 petrographic microscope with
a digital 10.5 Mpx Olympus SC100 color camera under paired plane-polarized and cross-
polarized illumination was used to characterize the carbonate mineralogy and generate
photomicrograph images. A CL imaging analysis was used to assess zonation and cement
stratigraphy within the samples. A Relion Industries Reliotron III cold-cathode cham-
ber, with operating conditions consisting of a rarified helium atmosphere at 50 milliTorr,
an accelerating voltage of 10 kV, and a beam current of 0.5 mA, was used for imaging.
Macroscale imaging through the 50 mm top window of the chamber was carried out using
a 16 Mpx Canon EOS SL1 DSLR camera with a macro lens suspended over the CL chamber.
Microscale imaging was carried out with the CL chamber mounted on a modified Olympus
BX41 compound microscope using a Peltier-cooled 17 Mpx Olympus DP73 color camera.
Imaging modes included transmitted light, reflected light (RL), and CL. Macroscale imag-
ing was used to quickly scan thin and thick sections for the identification of microscopic
domains of special interest. Paired microscopic RL and CL images were also collected to
map microsampling targets from micropolished thick sections at sub-millimeter scales.

3.3. Uranium Chemistry and Spatial Distribution

Autoradiography was used to generate spatial maps of radionuclide concentration
prior to laser ablation and synchrotron analysis at the University of Minnesota. Slabbed
and polished samples of carbonate were placed on a phosphor imaging plate [64]. The
imaging plate was a film of photostimuable barium fluoro bromide doped with Eu2+, and
overlain with a protective coating. The slabbed samples interacted with the plate for 30 d in
a darkroom environment, where any ionizing radiation energy from the sample was stored
in the phosphor crystals. After 30 d, the samples were removed and the plate was imaged
by scanning the plate with a laser (λ = 400 nm), releasing the stored ionizing radiation
energy as light which was captured by a photomultiplier tube (1000 V potential). The
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light intensity is proportional to the concentration of radionuclides in a sample in direct
contact with the plate. The phosphor images were overlain onto photographic images of
the samples to locate regions of high radionuclide concentration.

Synchrotron X-ray Fluorescence (XRF) mapping at the National Synchrotron Light
Source (NSLS) X26A and NSLS II XFM hard X-ray beam lines show the relationships
between U and other elements. XRF maps were made by moving the sample across the
beam, and the fluorescence was recorded by detectors. These maps were made at 17.3 keV
to be above the binding energy for U. Areas of elevated U concentrations were selected
for U X-ray Adsorption Near Edge Structure (U-XANES) analyses at the U L3 edge (the
excitation of an electron in the 2p subshell to an unfilled d subshell, where L3 has the
highest intensity signal at the lowest energy). This method scans in energy from just below
to above the U L3 edge position, and the position of the edge is indicative of the oxidation
state of U in the sample [65].

3.4. Uranium–Lead Geochronology

Laser ablation inductively coupled plasma (LA-ICP-MS) analyses were conducted at
the Facility for Isotope Research and Student Training (FIRST) at Stony Brook University
(SBU) and at the University of Kansas. At SBU, a 213 UV New Wave laser system coupled
to an Agilent 7500cx quadrupole ICP-MS was used (Table 1). While the mixed gas was
typically set at 0.85 L/min, it was also used to tune to minimize oxides and doubly charged
ions and can range between 0.75 and 1.1 L/min. Additionally, the torch in/out position was
adjusted to maximize signal and minimize oxides and doubly charged ions. U/Pb ratios
were analyzed using spot analyses. 238U, 232Th, and 208Pb, 207Pb, and 206Pb were collected
sequentially for 0.1 s with 30 s ablation time and a 120 µm spot. Unknowns were bracketed
by 5 reference material spots (both NIST612 soda glass, and WC-1 calcite) and 2 of each
of the reference materials were analyzed between 10 unknown spots. A typical session
had 30 unknown spots, 16–20 spots of each reference material, and a secondary standard
such as Barstow [66]. The WC-1 calcite reference material [65] was used to calculate U/Pb,
and NIST612 was used for Pb isotope fractionation correction and for approximating
element concentrations using signal intensity. U–Pb data were processed with the U–Pb
geochronology data reduction scheme (DRS) [67] and trace elements were processed with
the trace element DRS [68]. After data reduction, IsoplotR [69] was used to plot U–Pb data
on Tera–Wasserburg-type Concordia plots.

Table 1. Laser ablation instruments and parameters used in this study (Stony Brook University).

Instrument Settings and Running Parameters

New Wave Research UP-213 Laser

Fluence: 0.75–1.20 J cm−2

Repetition Rate: 20 Hz
Ablation duration for spots: 30 s
Sample movement rate for maps: 20 microns/s
Spot diameter: 120 microns
Carrier gas: 100% He in cell—1.21 L/min
Makeup gas: Ar—0.85–0.9 L/min (tuned to
optimize signal and minimize doubly charged ions
and oxides (sourced from Agilent)

Agilent 7500cx
Quadrupole ICP-MS

Sample introduction: ablation aerosol via
conventional tubing
RF power: 1250 W
Detection system: Dual-mode electron multiplier
Masses Measured: 238U, 232Th, 208Pb, 207Pb, 206Pb,
88Sr, 43Ca, 28Si, 24Mg

LA-ICP-MS analyses were conducted at the University of Kansas with a Thermo Scien-
tific Element2 ICP-MS attached to a Photon Machines Analyte.G2 193 nm ArF excimer LA
system (see Table 2 for operating parameters). Circular spots of 130 µm diameter were ab-
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lated with the laser at 2.7 J cm−1 fluency and 10 Hz repetition rate. The ablated material was
carried to the ICP in He carrier gas at 1.01 L min−1 and blended, 20 cm before entering the
ICP-MS, with Ar carrier gas at 1.1 L min−1. Isotope fractionation for Pb, laser-induced frac-
tionation, and calibration drift were corrected by bracketing measurements of unknowns
with NIST614 glass using the U_Pb_Geochronology3 data reduction scheme for the IOLITE
software package [66]. Data produced with these programs was then exported to Microsoft
Excel for correction of U/Pb and uncertainty propagation (pers comm. A. Kylander-Clark),
using the carbonate reference materials Duff Brown Tank limestone for calibration and
WC-1 calcite for validation. Tera–Wasserburg concordia plots were produced using the
ISOPLOT version 4.12 macro for Microsoft Excel.

Table 2. Laser ablation instruments and parameters used in this study (University of Kansas).

Instrument Settings and Running Parameters

Arf excimer 193 nm, Photon Machines Analyte
G2, Atlex300

Fluence: 2.7 J cm−2

Repetition Rate: 10 Hz
Ablation duration for spots: 30 s
Sample movement rate for maps: 20 microns/s
Spot diameter: 130 microns
Carrier gas: He—1.1 L/min, Ar—1.35 L/min
(two-volume cell)
Makeup gas: Ar—0.85–0.9 L/min (tuned to
optimize signal and minimize doubly charged
ions and oxides (sourced from Agilent)

Thermo Element2 magnetic sector field ICP-MS

Sample introduction: ablation aerosol via
conventional tubing
RF power: 1350 W
Detection system: single detector, counting
Masses Measured: 238U, 232Th, 208Pb, 207Pb,
206Pb

The lack of knowledge of the initial U activity ratio (234U/238U) of the U-rich fluids [70]
is potentially an issue with U–Pb carbonate analyses. High 234U/238U activity produces
unsupported 206Pb that would cause age calculations to be too old, and this effect has been
well documented for calcite of Pleistocene age [71]. However, given the Cretaceous age
of the limestone from this study, it would be nearly impossible to measure any residual
disequilibrium, and therefore we were unable to make any quantifiable correction for
this effect. This potential bias is likely insignificant relative to the magnitude of reported
uncertainties presented, and thus holds little potential to change the overall interpretation
of ages and their geological significance. Isochron results presented here have a spread
of MSWDs that range from ±1 to significantly greater than/less than 1 (over-dispersed).
Modelled ages that were over-dispersed, i.e., ages not passing a chi-square test for age
homogeneity, were treated with caution, but the ages were entirely consistent with better
constrained isochrons.

3.5. Carbon and Oxygen Isotopic Compositions of Carbonate Minerals

Based on petrographic analysis, five discrete microfacies within the Cedar Mountain
Formation sample were sampled to characterize carbon and oxygen stable isotope variation.
The goal of this effort was to understand the relationship of the U-bearing carbonate
component to other phases interpreted as representing primary calcite precipitation and
various stages of secondary diagenetic alteration within this sample. These components
were densely sampled (naverage = 14.3) with 50 µm tungsten-carbide drill bits and analyzed
via stable isotope ratio mass spectrometry at UC Davis and the University of Kansas.
Calcite microsamples of between 20–30 µg were roasted in vacuo for 1 hr at 380 ◦C to
remove organic materials and adsorbed CO2. Roasted microsamples were reacted with
anhydrous H3PO4 at 70 ◦C in an automated Kiel III device coupled to a ThermoFinnigan
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MAT 252 isotope ratio mass spectrometer (University of Kansas, Lawrence, KS, USA) or
a GVI Optima isotope ratio mass spectrometer (Stan Margolis Stable Isotope Laboratory,
University of California Davis). Analytical precision was ±0.1‰ for δ13C and δ18O during
the timeframe of analysis (2007–2009) based on repeated analysis of the secondary reference
material UCD-SM92, and replicate microsamples (Table 3).

Table 3. Stable isotope results and carbonate domain.

δ18O (VPDB) δ13C (VPDB) Carbonate Domain Cement Stratigraphy

−9.66 −3.80 Micrite Stratum 1
−9.96 −3.83 Micrite Stratum 1
−10.14 −3.82 Micrite Stratum 1
−10.46 −3.79 Micrite Stratum 1
−10.28 −4.09 Micrite Stratum 1
−10.06 −3.87 Micrite Stratum 1
−10.35 −4.08 Micrite Stratum 1
−9.75 −3.82 Micrite Stratum 1
−10.26 −3.79 Micrite Stratum 1
−9.95 −3.56 Micrite Stratum 1
−9.30 −3.26 Micrite Stratum 1
−8.88 −3.71 Micrite Stratum 1
−8.86 −3.62 Micrite Stratum 1
−10.65 −4.56 Micrite Stratum 3
−10.56 −4.59 Micrite Stratum 3
−10.52 −4.53 Micrite Stratum 3
−10.60 −4.46 Micrite Stratum 3
−10.48 −4.32 Micrite Stratum 3
−9.78 −4.06 Micrite Stratum 3
−9.36 −4.24 Micrite Stratum 3
−8.51 −3.93 Micrite Stratum 3
−8.06 −3.80 Micrite Stratum 3
−8.90 −3.92 Micrite Stratum 3
−9.61 −4.00 Micrite Stratum 3
−9.39 −3.73 Micrite Stratum 3
−11.08 −4.82 Micrite Stratum 4
−11.37 −4.91 Micrite Stratum 4
−7.47 −3.81 Micrite Stratum 4
−7.65 −4.12 Micrite Stratum 4
−10.47 −4.78 Micrite Stratum 4
−10.58 −4.34 Micrite Stratum 4
−10.59 −4.34 Micrite Stratum 4
−9.90 −5.41 Micrite Stratum 4
−7.89 −3.94 Micrite Stratum 4
−7.45 −3.33 Micrite Stratum 4
−7.83 −3.83 Micrite Stratum 4
−7.85 −3.97 Micrite Stratum 4
−7.77 −4.08 Micrite Stratum 4
−7.61 −4.14 Micrite Stratum 4
−8.03 −4.1 Micrite (Stratum 2) U-enriched
−8.26 −4.29 Micrite (Stratum 2) U-enriched
−8.4 −4.26 Micrite (Stratum 2) U-enriched
−8.56 −4.27 Micrite (Stratum 2) U-enriched
−8.45 −4.24 Micrite (Stratum 2) U-enriched
−8.48 −4.32 Micrite (Stratum 2) U-enriched
−8.18 −4.1 Micrite (Stratum 2) U-enriched
−8.08 −4.15 Micrite (Stratum 2) U-enriched
−8.01 −3.91 Micrite (Stratum 2) U-enriched
−8.38 −4.17 Micrite (Stratum 2) U-enriched
−8.16 −4.14 Micrite (Stratum 2) U-enriched
−7.89 −4.02 Micrite (Stratum 2) U-enriched
−8.32 −4.17 Micrite (Stratum 2) U-enriched
−8.07 −4.32 Micrite (Stratum 2) U-enriched
−8.1 −4.12 Micrite (Stratum 2) U-enriched
−8.05 −4.14 Micrite (Stratum 2) U-enriched
−6.88 −3.4 Micrite Stratum 1
−7.05 −4.04 Micrite Stratum 1
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Table 3. Cont.

δ18O (VPDB) δ13C (VPDB) Carbonate Domain Cement Stratigraphy

−6.76 −3.82 Micrite Stratum 4
−7.8 −4.43 Micrite (Stratum 2) U-enriched
−6.54 −3.04 Micrite Stratum 4
−12.11 −6.22 Sparite Stratum 4
−7.54 −4.36 Micrite Stratum 1
−7.54 −4.26 Micrite Stratum 1
−7.00 −4.06 Micrite Stratum 1
−7.95 −4.50 Micrite Stratum 1
−7.14 −4.09 Micrite Stratum 1
−6.93 −3.66 Micrite Stratum 1
−6.83 −4.01 Micrite Stratum 1
−6.90 −3.61 Micrite Stratum 1
−6.58 −4.21 Micrite Stratum 1
−8.29 −4.25 Micrite Stratum 1
−9.58 −5.18 Micrite Stratum 1
−9.32 −4.12 Micrite Stratum 1
−4.21 −2.85 Micrite Stratum 1
−9.65 −4.45 Micrite Stratum 1
−8.19 −4.28 Micrite Stratum 1
−5.46 −3.13 Micrite Stratum 1
−8.43 −4.16 Micrite Stratum 1
−7.50 −4.83 Micrite Stratum 1

3.6. Carbonate Clumped Isotope Paleothermometry

A subset of three samples were separately micromilled at SBU from the micrite facies
with elevated U based on phosphor imaging (strata 2). These samples were run for carbon-
ate clumped isotopes in the stable isotope laboratory in the SBU Department of Geosciences.
The isotope measurements were made using a custom carbonate phosphoric acid digestion
and CO2 purification device (common acid bath at 90 ◦C) that utilizes cryogenic trapping
of water in −80 ◦C slushes, and CO2 in liquid nitrogen, coupled to a MAT 253 Plus isotope
ratio mass spectrometer [72,73], identical to the one used in [74]. Carbonate carbon, oxygen,
and clumped isotopes (denoted by the isotope ratio ∆47) were measured on the micromilled
powder. Approximately 6 mg of powdered sample was used for each measurement and
two sample measurements were replicated (Table 4).

Table 4. Carbonate clumped isotope measurement results.

Sample n δ13C ± 1 SD δ18O ± 1 SD ∆47 ± 1 SD T (∆47) T (∆47) δ18Ofluid δ18Ofluid

(‰, VPDB) (‰, VPDB) (‰, CDES90) (◦C) 95% CI * (‰, VSMOW) 95% CI #

CdrMtn1 1 −3.33 −7.19 0.481 72 12 3.0 1.7
CdrMtn2 2 −4.07 ± 0.04 −8.44 ± 0.06 0.405 ± 0.009 116 12 7.7 1.4
CdrMtn3 3 −4.07 ± 0.03 −8.58 ± 0.05 0.388 ± 0.015 128 13 9.1 1.4

* Clumped isotope temperature 95% confidence intervals (CI) include propagated temperature calibration error
(~±3 ◦C from [71]). A minimum measurement error of ±0.012‰ is assumed for samples where n < 3. # Calculated
fluid δ18O 95% confidence intervals include both T (∆47) 95% CI and the δ18O error propagated through the [72]
calcite–water oxygen isotope thermometry equation.

The carbonate clumped isotope data were corrected following the established protocols
in [75], using standard 13R, 17R, and 18R values from [76]. To calculate micrite clumped
isotope temperatures, we used the equation from [77], and to calculate fluid δ18O values,
we used the calcite–water oxygen isotope equation from [78]. The reported error for fluid
δ18O in Table 4 propagates both error in T(∆47) and carbonate δ18O measurement through
these equations.

4. Results
4.1. Carbonate Petrography

CL imaging analysis and optical microscopy define four carbonate strata in the sample
composed of non-luminescent micrite. These strata are bound by zoned and luminescent
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microspar and sparite, including common microcrystalline quartz domains (Figure 4). In
general, each stratal layer identified is bordered by microcrystalline quartz, and some, but
not all, are bordered by cavities infilled with microsparitic cement. The microcrystalline
quartz is nonluminescent throughout the entire sample. The first strata contain micrite that
is weakly luminescent. Cross-referencing the autoradiography results with the CL analy-
sis indicates that regions of U-enrichment occur in one of the carbonate strata identified
as stratum 2 (Figure 4B). Stratum 2 is likewise weakly luminescent to brightly lumines-
cent. Stratum 3 is an irregular domain of micrite that is brightly luminescent everywhere.
Stratum 4 is a laminated micrite with alternating bright to dull luminescence. The CL
imaging analysis and subsequent identification of microstrata in the sample guided the
microsampling protocol for stable isotope analysis.
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Figure 4. Petrography and cathodoluminescence (CL) results of the studied sample. (A) Plain light
image of the sample (highlighted in Table 1) and displaying the microsample locations for strata 1
(microsamples a–m), 3, (microsamples a–m) and 4 (microsamples a–n) processed at the University of
Kansas for stable isotope analysis. (B) CL image of the sample with inset images (C,D) indicating the
location of high-resolution sampling of microsparite in stratum 4. (C,D) High-resolution sampling
areas (yellow) of microsparite in stratum 4 for stable isotope analysis.
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4.2. Uranium Chemistry and Spatial Distribution

Element abundance maps produced via LA-ICP-MS reveal a strong spatial relationship
between Si and U, in addition to U and Pb existing diffusely within micritic carbonate
(Figure 5). Moreover, the carbonate matrix has a surprisingly elevated concentration of
Al in the range of 100s of ppm. The REE pattern of the carbonate is very low relative
to the post-Archean Australian shale (PAAS). However, Ce is high with a positive Ce
anomaly of Ce* = 4.5. The U/Pb of the carbonate matrix outside of the regions indicated
by autoradiography is low (average < 2). U-XANES and EXAFS results indicate that U
from the micritic carbonate in the sample is tetravalent (Figure 6). XRF maps show that U is
the most highly concentrated along micro fractures (Figure 6B). Elevated U concentrations
occur within the micrite as diffuse zones of U-enrichment, consistent with the LA-ICP-MS
results. RGB maps (U, Fe, Ca) indicate no correlation between U and Fe (Figure 5). This
is consistent with the synchrotron XRF results which show anti-correlated regions of the
sample with concentrated U versus Fe and Mn.
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Figure 6. XANES and XRF results of the U-enriched portion of stratum 2. (A) Slab of the studied
carbonate sample of the Cedar Mountain Formation. The boxed area with the red image is the
location of the uranium map in (B). (B) XRF map of U. The brighter red corresponds to higher
U concentrations. Dark areas have lower U concentrations. The white spots are the locations of
U-XANES scans. (C) Merged U-XANES from the Cedar Mountain Formation carbonate, as well
as a cave carbonate with published EXAFS, indicating aligned peaks around 17,153 eV consistent
with UO2.

4.3. Uranium–Lead Geochronology

Two independent LA-ICP-MS campaigns (University of Kansas and SBU) conducted
using autoradiography confirmed the locations of radionuclide concentrations in the stud-
ied sample. These new LA-ICP-MS results include two new U–Pb ages that are compared
to an initial U–Pb age produced by isotope dilution thermal ionization mass spectrometry
(ID-TIMS) analysis (Figures 7 and 8). The sub-sampling locations for LA-ICP-MS were
determined by autoradiography results of the sample; thus, an identical approach for
subsampling carbonate for U and Pb isotopic analysis was performed for ID-TIMS and
both LA-ICP-MS campaigns. The original ID-TIMS U–Pb age was based on five spots that
were microdrilled from areas of elevated U based on phosphor imaging (Figure 8). The
samples analyzed by ID-TIMS gave an age of 119 ± 2.6 Ma. The University of Kansas
LA-ICP-MS results indicate an age of 123.66 ± 1.91 Ma (MSWD = 0.53, Figure 7C); whereas
the SBU LA-ICP-MS results indicate an overlapping age of 122.3 ± 3.15 Ma (MSWD = 2.0,
Figure 7A). The two LA-ICP-MS methods differ principally not in the general data reduc-
tion protocol, but rather in the carbonate reference material used. The University of Kansas
protocol calibrated the Pb isotope fractionation to NIST614 glass, then the U–Pb age to
the DBTL (Duff Brown Tank limestone) reference [79], followed by validation against the
WC-1 reference. The calibration protocol at SBU used the NIST612 for the Pb isotope ratio
and WC-1 reference material for U–Pb, with an in-house secondary reference material,
Barstow. While the LA ages indicate a slightly older age for the sample, the ages all overlap
within uncertainty.
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Figure 7. (A) Tera–Wasserburg concordia plot of LA-ICP-MS data from Stony Brook University.
(B) Polished slab with spots for the SBU isochron circled and numbered. The numbers go from left to
right and from top to bottom when there are stacked holes. (C) Tera–Wasserburg concordia plot of
LA-ICP-MS data from the University of Kansas (KU). (D) Polished slab with the spots for the KU
isochron indicated with arrows and numbers. There is an extra set of spots outside of the region
indicated by the arrows from a previous analysis session.
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Figure 8. (A) Tera–Wasserburg concordia plot of ID-TIMS data. The insert is a histogram of ages
based on 1000 Monte Carlo simulations based on the five data points. (B) Slab of the Cedar Moun-
tain Formation carbonate that was dated. The micrite in the lower middle part of the sample
where there are holes was microdrilled. Two of the sampled areas are on the back of this slab, but
along the same horizon. The yellow areas have the highest U concentrations based on phosphor
imaging autoradiography.
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4.4. Carbon and Oxygen Isotopic Compositions of Carbonate Minerals

Strata 1–3 were sampled at the University of Kansas for δ18O and δ13C analysis,
whereas strata 2 was sampled at the University of California Davis along with representative
samples of microsparite and spar to characterize the isotopic composition of the coarse-
grained calcite domains. A summary of the stable isotope results is provided in Table 3.
A cross-plot of δ18O and δ13C indicates a clustering of the samples that correspond to the
zone of U-enrichment in the sample along with the laminated regions of stratum 4 and the
non-U-bearing regions of stratum 2 (Figure 9). Strata 1 and 3 correspond to distinctly more
negative δ18O values; however, stratum 4 is unique in that two clusters of data are evident,
with the second clustering of data having distinctly more negative δ18O values than the first
cluster, which has a similar isotopic composition to the zone of U-enrichment (Figure 9).
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Figure 9. Stable isotope results for the studied palustrine carbonate. The cross plot indicates the δ18O
and δ13C values of specific strata in the sample. The light gray symbols reflect the summary data
from the Cedar Mountain Fm. from Figure 3, for comparison. Sparite from a vug is indicated by the
open square symbol. Histograms on the ordinate axis and abscissa highlight the range of δ18O and
δ13C values of the U-enriched portion of stratum 2 relative to the distribution of all of the strata. The
hydrothermal domain is determined from the results of the clumped isotope analysis and reflects an
interpretation of the calcite stable O and C isotope results of the clumped isotope analysis.

4.5. Clumped Isotope Paleothermometry

Micrite clumped isotope temperatures from strata 2 (U-bearing micrite) range between
72 and 128 ◦C (Table 4). The carbon and oxygen isotope values of the clumped isotope
sub-samples are generally similar to those from the Yellow Cat member (Figures 3 and 9),
and when the measured δ18O are combined with clumped isotope temperatures, they yield
calculated fluid δ18O values of 3.0 to 9.1‰. Such elevated fluid δ18O is uncharacteristic
for terrestrial and meteoric fluids, and may instead result from micrite crystallization in
a rock-buffered system (i.e., low water/rock ratios) or from a carbonate clumped isotope
bond reordering during burial heating [80].

5. Discussion

U–Pb geochronology is increasingly applied to terrestrial carbonates in deep-time
stratigraphic successions, providing an additional avenue to provide high-precision geochrono-
logic information for stratigraphy [81,82]. The Cedar Mountain Formation sample studied
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here provides a unique opportunity to compare ID and LA-ICP-MS carbonate ages. Further-
more, the LA-ICP-MS analyses was performed independently in two separate laboratories,
yielding statistically indistinguishable ages that confirm that the U–Pb age recorded by this
micritic carbonate is between 116.4–125.57 Ma (Figures 7 and 8). These ages, based on the
geochemical and petrographic observations of U-incorporation into the micrite of these
samples and the clumped isotope temperatures, are interpreted as maximum depositional
ages for the overall carbonate sample as the U-incorporation and U–Pb ages likely reflect
early diagenesis. Thus, if authigenic stable isotope compositions are preserved in this
sample, then those carbonate components likely predate the timing of U-incorporation in
the micritic components of the studied sample.

The method of incorporation of U into the sample has direct implications for inter-
preting the U–Pb age. One possible mechanism for U incorporation is through direct
substitution of U4+ for Ca2+ [83,84], or via coordinated complexation of UO2

2+ with Ca and
CO3 [85]. The oxidation state of uranyl-U in this sample is determined to be tetravalent
via XANES (Figure 6). Thus, U incorporation into the micrite of stratum 2 is most likely
through direct substitution of U4+ for Ca2+, similar to results from a Mississippi Valley-type
calcite studied by [84]. The elevated Ce anomaly detected in this micrite phase (stratum 2)
also indicates a prevalence for water–rock interaction of this carbonate mineral in an over-
all reducing environment. In addition, the CL imaging results further indicate that the
U-enriched micrite has slightly elevated concentrations of Mn and/or Fe2+ (Figure 4). Thus,
the prevalence of redox-sensitive element abundances in the micrite and the IV oxida-
tion state of U indicate that a reducing fluid interacted with or was the parent fluid for
this micrite.

The clumped isotope temperatures of ~75–125 ◦C indicate that this carbonate
(re)precipitation occurred in one of three possible subsurface environments: (1) during
moderate to deep burial (~2–4 km assuming a generic 25 ◦C/km geothermal gradient) [86];
(2) hydrothermal alteration during burial [87,88]; or (3) hydrothermal alteration at or near
the time of carbonate sediment accumulation. Bond reordering during burial heating [89,90]
is also a probable mechanism to explain the elevated clumped isotope temperatures. How-
ever, the association of U with microfractures and Si concentrations in the studied sample,
the tetravalent nature of U in the sample, and the general low Eh environment recorded
by Fe, Mn, and Ce in the U-bearing micrite indicate that fluid–rock interaction (albeit
in a rock-buffered system) describes a family of scenarios most consistent with the data
presented herein. The U–Pb age information of these carbonate components adds cru-
cial context [91] to eliminate a burial diagenesis environment as the mechanism/timing
of U-incorporation, as strata underlying the studied sample in the Yellow Cat member
produce an age of 136 ± 1.3 Ma [21], with an additional age of ca. 131 Ma ~3 m below
this sample at the study location [31]. However, the potential effects of Pb-loss on the
zircon crystals producing these ages, and over-dispersion of ages [92], mean that these
ages may well reflect overly young age estimates for Yellow Cat member strata. Thus,
unreasonably low depositional rates would have to be invoked to explain the age disparity
of the studied sample with the maximum depositional ages of the underlying paleosols.
Moreover, there are no disconformable/nonconformable contacts between the Yellow Cat
member and the overlying Ruby Ranch and Mussentuchit members that would indicate
burial and exhumation of the studied strata prior to the deposition of volcaniclastic material
in the Mussentuchit member, which produces ages of ca. 97 Ma, approximately 100 m
higher than the studied sample. Therefore, it is not plausible to achieve both the age of
the carbonate domain with elevated temperatures and a burial depth of 2–4 km. However,
given the short vertical distance between the Yellow Cat member U–Pb deposition age of
136 ± 1.3 Ma and the sample studied herein that produces an age between 119–123 Ma, it
seems likely that the U–Pb reported for this calcite material reflects immobilization and
incorporation of U into calcite during early diagenesis/shallow burial. However, deeper
burial depths are consistent with other diagenetic domains in carbonate material of the
Cedar Mountain Formation. Robertson et al. [40] report intergranular volumes filled with
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poikilotopic calcite cements, consistent with a burial depth of 2–3 km [86], with further
evidence for fluid–rock interaction and oxygen isotope exchange reactions in these via
large variance in, and very negative values of, δ18O values (Figure 3). These results indi-
cate hydrothermal fluid–rock interaction at great depth. However, the δ18O values of the
carbonate domains (Figure 9) and estimated δ18O values of the interacting fluid do not
display the same range of values as indicated in [40], indicating a different location/timing
of the fluid–rock interaction in these U-enriched carbonate domains. Therefore, the most
likely scenario to explain the U–Pb ages, redox poise of the U-emplacing fluid, and the
elevated clumped isotope temperatures is supergene hydrothermal interaction. Geologic
evidence supporting this interpretation includes the presence of vertical to subvertical
tufa extending from the Upper Jurassic strata and terminating in the Lower Cretaceous
Cedar Mountain Formation in north-western Colorado. The termination of this tufa is
in a laterally continuous and bedded radially fibrous calcite (outcrops near Deerlodge
Campground, 40.43851 N, 108.52409 W). The existence of these tufa columns indicates an
active hydrothermal system in the study region during the Early Cretaceous, which adds
support to the interpretation that hydrothermal fluids interacted with sediments at shallow
depths, and therefore soon after deposition.

The studied sample exhibits a complex association of carbonate and quartz cements in
addition to brecciation of the carbonate matrix. Interpretations of the authigenic formation
of the carbonate are based on: (1) the prevalence of micrite; (2) microfractures consistent
with contraction of the micrite volume; and (3) the laminar nature of micrite (Figure 4A).
These features are consistent with a palustrine-type carbonate [93–95], which exhibits both
bedded carbonate during lacustrine conditions and aspects of pedogenic carbonate in the
form of brecciation and desiccation. The luminescent microsparite and quartz cements are
interpreted to have formed during diagenesis, containing high concentrations of dissolved
silica and low dissolved oxygen concentrations. The near complete envelopment of micritic
laminae by these cements attests to the unusually high porosity of this material during fluid
migration through the sample. Moreover, the elevated Al-concentrations of this carbonate
(Figure 5) is consistent with the residual accumulation of Al in the pedogenic environ-
ment [96]. The occurrence of elevated U in just one of the micritic laminae indicates U
emplacement close to the time of deposition. Conversely, if U was incorporated during later
stage diagenesis, it would be expected to correlate with petrographically and CL-identified
diagenetic domains in the sample and perhaps would be more ubiquitous (cf. Figure 6B).
Autoradiography indicates heterogenous U distributions at the hand sample scale, whereas
XRF and LA maps of U-enriched zones confirm that U emplacement in the micrite is
homogenous at the domain scale. These results are consistent with XRF microprobe maps
of U concentrations in other calcite samples that contain U(IV) that has become part of
the substituted calcite lattice [84], rather than an incorporation of uraniferous minerals or
inclusions of organo-metal complexes. Moreover, the enhanced U concentrations along
microfractures and the surfaces of micrite bordered by quartz cements indicates the possi-
ble effects from calcite dissolution of U-substituted calcite. This correlation with fractures
may also be consistent with a hydrothermal emplacement mechanism of U in this sample.
Zhang et al. [97] reported enhanced dissolution of calcite with high U concentrations,
which was followed by precipitation of U-concentrated secondary minerals on surfaces. If
such a situation explains the discrepancy between diffuse U concentrations in the micrite
strata versus high U concentrations along microfractures and lamina surfaces, then this
provides evidence for the relative dating of U incorporation prior to the emplacement of
the prominent later stage diagenetic components of the sample.

An alternate hypothesis for U incorporation into this calcite is developed based on the
elevated U concentrations of quartz cements in the sample. In this scenario, U migration
would accompany the fluids that precipitated these cements, and water–rock interaction
with the micrite would lead to substitution of tetravalent U in the calcite lattice under
locally reducing conditions. Thus, if the U emplacement in the micritic stratum 2 lamina
was derived from diffusion or reaction with a later stage fluid that precipitated the quartz or
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microsparite cements, it would be expected that re-equilibration (especially of δ18O values)
to these fluids would ocrur. However, the elevated calculated δ18O values of the fluid
required by the clumped isotope temperatures indicate a rock-buffered fluid interaction
scenario; thus, alteration of the authigenic δ18O values for the studied carbonate component
was likely of a lower magnitude than the later stage alteration described in [40]. Stratum 4,
however, while not U-bearing, displays an anticipated isotopic trend of re-equilibration
in the form of two distinct clusters of δ18O and δ13C values, indicating that this carbonate
lamina underwent isotopic exchange at some later stage relative to the timing of authigenic
carbonate precipitation. Thus, this alternate hypothesis is not supported by the range of
geochemical observations tied to the petrography of this sample.

The implications of the U–Pb ages reported here primarily concern the correlation of
stable isotope results in a chemostratigraphic context. The U–Pb ages are interpreted to
reflect the incorporation of U during early stages of diagenesis of this material, likely in
the subsurface, and in a reducing environment. Thus, stable isotope data interpreted to
be authigenic from these micritic carbonate domains [18,19] likely formed earlier than the
emplacement of U and most likely represent an older phase of carbonate precipitation than
the U–Pb ages between 119–123 Ma described herein. Even if the carbonates underwent
burial diagenesis, the clumped isotope results indicate that this was under low water–rock
ratio conditions; δ13C is known to be conservative when carbonate diagenesis is rock-
buffered [98,99], and this may partially (or completely) explain the observed variability in
Yellow Cat (this study) and Poison Strip member δ18O values [40]. The LA-ICP-MS ages of
122.3 ± 3.15 Ma and 123.66 ± 1.91 Ma likely define the time interval in which the studied
strata experienced: (1) hydrothermal fluid interaction; (2) clumped isotope resetting from
this hydrothermal fluid interaction; (3) and immobilization and incorporation of U into a
carbonate phase within the studied strata; all of which postdate the timing of any authigenic
stable isotope ratios preserved in these strata and provide a maximum stratigraphic age for
this sample. Furthermore, the lower members of the Cedar Mountain Formation are now
bracketed by two different geochronometers: (1) zircon crystal U–Pb ages; and (2) calcite
U–Pb ages. The implications for the application of these two geochronometers to the same
strata is that interpretations of zircon crystallization ages indicate that the strata containing
the zircons must be as old or younger than the zircon crystal U–Pb age; conversely, the
U–Pb carbonate ages indicate that the strata is as old or older than the carbonate U–Pb age.
Therefore, these two geochronometers provide important brackets on depositional versus
diagenetic events that affect the strata under investigation.

The implications of the new U–Pb ages and U chemistry of the studied sample indicate
that stable isotopic data interpreted to reflect authigenic paleoenvironmental/paleoclimatic
conditions (Figure 9) likely pre-date the U–Pb age ranges quoted herein (Figures 7 and 8).
The Early Cretaceous stages of Valanginian–Barremian are plausible time intervals in which
the authigenic stable isotope values were fixed in the studied sample. Below, the paleo-
climate trends for these Early Cretaceous stages are summarized to assess which stage
most likely corresponds to the chemostratigraphic record preserved in this stratigraphic
interval. The Valanginian records a prominent decline in paleoatmospheric CO2 concen-
trations and global cooling that overlap in age with the Paraná-Etendeka LIP [29]. If the
stratigraphic trends in terrestrial δ13C (Figure 2) can be expected to correlate with the
marine chemostratigraphy, then it is unlikely the studied sample falls within this interval
due to the pronounced negative isotope excursion preserved in the stratigraphic interval
that the sample was collected from. The Hauterivian of the Canadian Arctic records yet
another LIP-influenced paleoclimate interval. However, the climate archive of this paleo
high-latitude setting indicates a cool–warm–cool paleoclimate fluctuation throughout the
Hauterivian [100]. A contemporaneous low paleolatitude setting in the Sichuan Basin,
reflecting a fully terrestrial depositional environment, records cool and arid conditions
during the middle Valanginian, but with a marked increase in temperature and an increase
in the ratio of precipitation/evapotranspiration by the late Valanginian/early Hauteriv-
ian [101]. The Hauterivian–Barremian, at a similar paleolatitude to the studied depositional
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basin, the North Sea borderlands, record high frequency (precession-scale) fluctuations
in inferred aridity and humidity [102]. The Valanginian–Hauterivian paleoclimate record
from the Canadian Arctic and Sichuan Basin display promising “event”-like changes in
paleoclimate that are consistent with the positive excursion in δ13C recorded in the strati-
graphic interval studied herein. Moreover, these climate trends are associated with the
High Arctic LIP, which presents one mechanism that can plausibly explain global climate
change, which can also explain a positive carbon isotope excursion through the invasion
of mantle-derived carbon to the atmospheric reservoir. Thus, while previous data from
the studied sample have been interpreted to correlate with the OAE-1a (“Selli Event”),
the U–Pb ages and clumped isotope thermometry here indicate that the authigenic stable
isotope values recorded in the Yellow Cat member most parsimoniously overlap in time
with the Valanginian–Hauterivian, which was likewise a time of global climate change,
possibly induced or modulated by LIP volcanism.

6. Conclusions

The geochronology and geochemistry of uranium emplacement in a terrestrial car-
bonate is studied via petrography and a range of geochemical and spectroscopic methods.
LA ICP-MS results for U–Pb geochronology provide two new ages of 122.3 ± 3.15 Ma and
123.66 ± 1.91 Ma Ma based on analysis in two independent laboratories. High-resolution
element maps of the studied samples indicate that U emplacement occurred in two distinct
regions: (1) in a micritic carbonate lamina; and (2) within diagenetic quartz cements and
micro fractures within the micritic lamina. U-XANES data indicate that the U is tetravalent.
Reducing conditions likely explain the incorporation of U into the micritic calcite, as evi-
denced by the prevalence of redox sensitive elements and a positive Ce anomaly. Spatial
heterogeneity of U concentrations is consistent with an early diagenetic incorporation of U,
followed by subsequent fluid–rock interactions, whose conditions are constrained by ele-
vated carbonate clumped isotope temperatures, and the development of distinctly elevated
U concentrations along micro fractures and microcrystalline quartz cements. These results
indicate that the U–Pb ages reported herein most likely reflect an early diagenetic event in
the subsurface, and that the uncertainties about the range of isotopic ages likely constrains
the timing of authigenic carbonate stable isotope values, particularly δ13C, in the micritic
components of this complex sample prior to the U–Pb age information.
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