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Carbon isotope
chemostratigraphy of the Yucca
Formation from the Solitario, Big
Bend Ranch State Park, Texas

E. J. Biebesheimer* and M. B. Suarez*

University of Kansas, Department of Geology, Lawrence, KS, United States

Introduction: The Yucca Formation is a Lower Cretaceous sedimentary unit
present in West Texas. Based on its relative stratigraphic position in the
Cretaceous succession of West Texas, it is expected that the Yucca Formation
is of Albian and/or Aptian age. It is also expected that the carbon isotope
excursions associated with OAE 1a and OAE 1b should be identified in the
Yucca Formation. The goals of this project are to 1. construct a carbon isotope
chemostratigraphic record of the Yucca Formation, and 2. correlate the Yucca
Formation with strata of similar age using chemostratigraphy.

Methods: 163 samples were collected from Big Bend Ranch State Park (BBRSP)
to determine the δ13C value of bulk sedimentary organic matter.

Results: C-isotope values range from −27.02‰ to −18.42‰.

Discussion: Carbon isotope excursions (CIEs) that are associated with the
Aptian-Albian Boundary are identified as well as CIEs associated with Oceanic
Anoxic Events (1a and 1b). This allows us to conclude that the Aptian-Albian
boundary is recorded within the Yucca Formation strata at about 71 m above
the base of the section exposed in the Lower Shutup of the Solitario in Big
Bend Ranch State Park. Regional correlation of the Yucca Formation to other
chemostratigraphic records from other Cretaceous strata suggests that the
Yucca Formation in BBRSP is time equivalent to the Sligo, Pine Island, James,
Bexar, and a portion of the lower Glen Rose Formation on the Comanche
Platform and to a portion of the lower Glen Rose Formation in Big Bend National
Park.
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1 Introduction

The Cretaceous Period is known as a time of great change in Earth history, with major
evolutionary advances (expansion of angiosperms, marine Mesozoic revolution, major
paleogeographic and tectonic changes) (Jenkyns, 2003; Lloyd et al., 2008; Föllmi, 2011;
Hay and Ploegel, 2017; Gale et al., 2020). Cretaceous marine rocks are characterized by
widespread carbonate deposition interrupted by periodic episodes of organic carbon-rich
deposition. These episodes are manifested lithologically as laminated organic rich shales
and limestones and are thought to represent oceanic anoxic events (OAEs).

Such dramatic changes to the carbon cycle resulted in changes to the carbon isotope
values of the different carbon reservoirs and, potentially, climatic changes. Previous work
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FIGURE 1
Maps marking the study location. (A) Paleogeographic map of the North American during the Aptian (left) and Albian (right) with the study location
marked by a yellow star. Modified from Scotese, 2021. (B) Modern day map of the state of Texas. The pop-out box shows a closer view of the study
area in Big Bend Ranch State Park. The sampling location is marked with a red dot, the arrow points at the Solitario, and the black line represents the
United States of America–Mexico border.

has shown that there were indeed large, drastic changes to
paleoclimate throughout the Cretaceous (Jenkyns, 2003; Jenkyns,
2010; Föllmi, 2011; McAnena et al., 2013; Hay and Ploegel, 2017),
many of which are coincident with large positive or negative
carbon isotope excursions (CIEs) in the stratigraphic record of
marine and terrestrial carbonate carbon or bulk organic carbon.
These excursions are currently thought to have been caused
by a rapid influx of CO2 from methanogenic and/or volcanic
forces (negative excursion) and the following increase in organic
carbon production and burial from increased nutrient runoff
due to increased weathering rates (positive excursion) (Jenkyns,
2010; Wang et al., 2022). How such climate changes affected the
ecology and organisms on a more regional level requires time
constrained paleoclimate records. A better understanding of the
timing, triggers, and responses of climate shifts during an overall
greenhouse climate may help us better predict how current changes
in climate may affect life on Earth in the coming decades.

The Yucca Formation is one of the most southern edges of
Cretaceous strata in Laramidia (the western landmass of North
America in the Cretaceous) (Figure 1). It is a Lower Cretaceous
sedimentary unit found throughout West Texas (Herrin, 1957;
Amsbury, 1958; Campbell, 1980; Corry et al., 1990; Li, 2014)
that is thought to be late Aptian and/or early Albian in age
(Herrin, 1957; Campbell, 1980; Li, 2014). However, this is still
unconfirmed, and the assignment is based primarily on its

position within the sequence of Cretaceous marine strata in
the region. The Yucca Formation overlies the locally deposited
Shutup Conglomerate and underlies the widespread Glen Rose
Formation (Amsbury, 1958; Maxwell et al., 1967; Smith, 1970;
Campbell, 1980; Corry et al., 1990; McCormick et al., 1996;
Scott et al., 2007). Traditional correlations using biostratigraphy
are not resolved for the Yucca Formation because to date,
few biostratigraphically significant fossils have been identified
(McCormick et al., 1996). The Cretaceous ammonite Dufrenoyia
justinae has been found in the Yucca Formation and is
attributed to the Aptian stage, representing ∼13 million years
(Stoyanow, 1949; Young, 1974; Renz, 1982; Emerson et al.,
1994; Henry and Muehlberger, 1996; Barragán, 2001; Barragán
and Maurrasse, 2008; Barragán et al., 2021), but otherwise, no
other biostratigraphically constrained taxa have been identified.
While this is consistent with the inferred age based on the
overlying Glen Rose Formation, this study aims to provide
greater relative age resolution for the Yucca Formation. In
addition, the Yucca Formation is lithologically and depositionally
diverse as it represents terrestrial to marine environments,
which complicates attempts at stratigraphic correlation through
both lithology and biostratigraphy. This is further compounded
by the fact that no absolute dates have been published for
any outcrops of the Yucca Formation across West Texas
to this point.
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FIGURE 2
Correlation of Lower Cretaceous formations throughout Southern Texas. Solitario stratigraphic column edited from McCormick et al. (1996), Big Bend
National Park stratigraphic column from Maxwell et al. (1957), and Comanche Platform stratigraphic column edited from Phelps et al. (2015). In the Big
Bend National Park stratigraphic column, TC stands for ‘Telephone Canyon’ unit, MS stands for ‘Maxon Sandstone’ unit, GR stands for Glen Rose.

The primary goal of this project is to produce a stable isotope
chemostratigraphic record for the Yucca Formation to improve
its overall age constraint. This chemostratigraphic record can
then be compared to other, better time constrained strata of
the Cretaceous Period. Carbon isotope chemostratigraphy offers
a means of relative correlation between depositional systems
(for example,: Scholle and Arthur, 1980; Herrle et al., 2004;
Ludvigson et al., 2010; Ludvigson et al., 2015). Scholle and Arthur
(1980) was one of the first studies to recognize the utility
of carbon isotope chemostratigraphy, especially in Cretaceous
strata. Since then, many have utilized chemostratigraphic
records to improve stratigraphic correlations, especially when
other means of correlation are lacking (Ludvigson et al., 2010;
Saltzman and Thomas, 2012; Ludvigson et al., 2015). This is
common practice for strata in the Cretaceous due to the
lack of useful fossils for biostratigraphic correlation between
marine and terrestrial strata and the geologic synchroneity
of carbon isotope signature in various sedimentary basins,
regardless of lithologic differences (Scholle and Arthur, 1980;
Herrle et al., 2004; Ludvigson et al., 2010; Ludvigson et al., 2015).
In combination with biostratigraphy and/or geochronology,
the carbon isotope chemostratigraphic record of different
localities can greatly improve relative age constraints, especially
if correlations can be made to time constrained carbon isotope
records. Based on its lithostratigraphic position and the
limited biostratigraphy, we hypothesize that CIEs associated
with OAE 1a and the OAE 1b set should be resolvable in
this section.

2 Materials and methods

2.1 Geologic setting

Along with the underlying Shutup Conglomerate, the Yucca
Formation represents some of the oldest Cretaceous strata in Big
Bend Ranch State Park near the structural feature (an exposed
volcanic dome) known as the Solitario (Figure 2). During the time
of deposition in the early Cretaceous, this area existed along the
Northeast margin of the Chihuahua trough (Muehlberger, 1980;
Reck, 1980) (Figure 3). The Chihuahua Trough was a Mesozoic rift
basin formed in the Jurassic that occupied the northeasternMexican
states of Chihuahua and Sonora in Mexico and parts of the Trans-
Pecos Texas andNewMexico regions in theU.S. (Muehlberger, 1980;
Smith, 1981; Haenggi, 2002). It was related to displacement along
the Mojave-Sonora megashear and the opening and subsidence of
the Gulf of Mexico basin in the late Jurassic (Muehlberger, 1980;
Smith, 1981; Anderson and Schmidt, 1983; Salvador, 1987). In the
late Jurassic and Early Cretaceous, it was connected to the Sabinas
basin to the southeast and joined the Bisbee basin to the northwest
(Haeggi, 2002). During the Aptian and Albian stages, the area
was being flooded by the Jurassic-Cretaceous transgression that
occurred across the North American Craton (Salvador, 1987) and
resulted in the formation of the Mid-Cretaceous Interior Seaway. By
Early Aptian, the ancient shoreline was in a place such that marine
sedimentation had begun in the area, and carbonate sedimentation
shortly began to dominate (McCormick et al., 1996). The area of
Big Bend Ranch State Park was located along the tectonic hinge
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FIGURE 3
Early Cretaceous tectonic elements and paleogeography of West
Texas and Northern Mexico. The black line unclosed represents the
modern day border of Texas. The red dashed line represents the edge
of the Texas craton. Edited from McCormick et al. (1996).

line between the Chihuahua trough and the Texas Craton (Salvador,
1987), and the strata was deposited primarily on the flank of the
Chihuahua trough (Muehlberger, 1980).

2.2 Sample collection and preparation

We sampled 142.78 m of Yucca Formation strata from an
outcrop located in the Lower Shutup (a southward drainage) of the
Solitario within Big Bend Ranch State Park (Figure 1). Sampling
began 2 m above the top of the Shutup Conglomerate on the eastern
side of the Shutup as it was easier to traverse, had a clear starting
point, and better exposure. The aim was to collect samples every
25 cm up section in the dip direction, but this interval was often
adjusted due to cover or accessibility issues. During sampling,
observations including color, lithology, sedimentary structures,
fossils, and any other noteworthy features, were recorded. Field
descriptions (visual observations with the unaided eye and aided
by hand lens), supplemented by thin section analyses were used
to identify facies within the studied outcrop. Figure 4 shows the
line of section from which samples were collected. Sampling of the

Yucca Formation occurred along five sections: Sections 21-1, 21-
2, 21-3, 22-1, and 22-2 (Figure 4; Figure 5). These sections were
sampled during two field seasons, one inwinter of 2021 (sections 21-
1, 21-2, and 21-3) and the other in winter of 2022 (sections 22-1
and 22-2). Section numbers were based on sampling groupings of
continuous section. Where section became covered or in-accessible,
new section numbers were designated and sampling resumed either
by side-stepping along marker beds or skipping covered intervals.
The contact between the Yucca Formation and the overlying Glen
Rose Formation was measured at 173.48 m above the base of
the section (contact between the Shutup Conglomerate and Yucca
Formation). Due to accessibility, exposure, and time constraints,
sampling stopped at 142.78 m.

Samples were cut with a water-cooled rock saw to expose
fresh surfaces. Depending on sample hardness, the samples were
powdered by either drilling with aluminum carbide or diamond
coated drill bits or by grinding using a mortar and pestle. The
resulting powders were weighed and placed into 50 mL centrifuge
tubes. Samples were decarbonated with approximately 30 mL of 0.5
Molar HCl for 24 h. Samples were centrifuged and acid decanted,
after which fresh acid was added to determine if the samples were
fully decarbonated. If samples continued to react, they were left
to continue to decarbonate until all carbonate was fully removed.
Samples were rinsed by adding approximately 40 mL of deionized
water to the centrifuge tubes and shaking them until the water and
sediment were fully mixed. After full mixing, samples were rinsed
repeatedly by centrifuging for approximately five to 10 minutes and
decanting at least three times. After the third rinse, the pH of the
water in the sample was tested. Rinsing continued until the water
in the sample was no longer more acidic than the rinse water.
Samples were dried in a low temperature oven (∼65°C) and weighed
to determine carbonate mass loss. Samples were re-homogenized
into a fine powder using a mortar and pestle. The finished sample
powders were stored in individual borosilicate vials until it was time
to analyze them.

2.3 Carbon isotope analysis

163 bulk organic carbon samples were measured for δ13Corg
values throughout the entire measured Yucca Formation. The
samples were analyzed at the Keck Paleoenvironmental and
Environmental Stable Isotope Lab (KPESIL) at the University of
Kansas. Samples were weighed into 4 mm x 6 mm or 5 mm x 8 mm
tin capsules (depending on how much sample was needed) and
combusted on aCostech 4,010 Elemental Analyzer, and the resulting
CO2 was analyzed on aThermofinniganMAT253 isotope ratiomass
spectrometer (IRMS). Sample sizes ranged from 1.4 mg to 80.7 mg
depending on the amount of organic carbon necessary to produce
measurable CO2 determined by analyses of a set of pilot samples.
Isotope ratios were corrected to VPDB (Vienna Pee Dee Belemnite)
scale using internal and international standards: IAEA-600 (caffeine,
δ13C = −27.77‰), ANU Sucrose (newly named IAEA-C6, sucrose,
δ13C = −10.80‰), USGS-24 (graphite, δ13C = −16.05‰), MT Soil
(Montana soil, δ13C=−17.20‰), and Peach Leaf (δ13C=−26.20‰).
The reproducibility was monitored by repeated analyses of Dogfish
muscle (DORM) and Costech Atropine and is reported as+/-0.1‰.
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FIGURE 4
Aerial drone photo of the Yucca Formation outcrop in the Lower Shutup of Big Bend Ranch State Park. Colored lines denote the paths taken for
sampling of each section. Dashed lines indicated where beds were traversed to reach better exposure. Black lines denote contacts between formations.

2.4 % TOC and % CaCO3 calculations

During carbon isotopic analyses, the weight percent of organic
carbon in the samples was measured.This percentage was then used
to calculate the total mass of carbon in the decarbonated sample.
First, the mass of organic carbon in the decarbonated sample was
calculated using the measured weight percent of organic carbon in
the analyzed sample and the decarbonated sample mass.

(wt.%org.C) ∗ (decarbonatedsamplemass)
100

=masso f org.Cindecarbonatedsample

Themass of organic carbon in the decarbonated samplewas then
used with the initial sample mass to calculate the percentage of total
organic carbon (% TOC).

masso f org.Cindecarbonatedsample
inital samplemass

∗ 100% = %TOC

Percent carbonate (% CaCO3) was calculated using the
measured weights before and after decarbonation.

inital samplemass− decarbonatedsamplemass
initial samplemass

∗ 100% = %CaCO3

2.5 Nitrogen isotope analysis

19 samples were analyzed separately to determine δ15N
on the Costech 4,010 Elemental Analyzer connected to the

Thermofinnigan MAT 253 at KPESIL. The limited number of
samples analyzed is due to the small amount of nitrogen present
in each sample and the large amount of sample needed to
produce measurable nitrogen peaks. 100 mg of samples were
weighed into 9 mm x 10 mm tin boats, combusted, and the
resulting CO2 and N2 measured. Of these 19 samples, only 14
produced large enough N2 peaks for accurate analysis. Isotopic
ratios were corrected to VPDB (δ13C) and AIR (δ15N) using
internal and international reference standards: IAEA-600 (caffeine,
δ13C = −27.771‰, δ15N = +1.0‰), USGS-25 (Ammonium
Sulfate, δ15N = −30.41‰), USGS-26 (Ammonium Sulfate, δ15N
= +53.75‰), and ANU Sucrose (newly named IAEA-C6, sucrose,
δ13C = −10.80‰). The reproducibility was monitored by repeated
analyses of Dogfish muscle (DORM) and Costech Atropine and is
reported as+/-0.1‰.

3 Results

3.1 Lithology

Lithostratigraphic observations are shown in Figure 5
and detailed sample descriptions are available in
the Supplementary Material. The base of the Yucca Formation
is primarily composed of fine-grained siliciclastic sand- and
siltstones. These rocks fine up section until there is a transition to
primarily calcareous rocks (at 34.5 m). These rocks are packstones
and wackestones with varying amount of allochems, primarily
bioclasts. The stratigraphically first calcareous units contain sand
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FIGURE 5
Lithostratigraphic column of the Yucca Formation in the Lower Shutup of Big Bend Ranch State Park. Boxes to the left of the vertical axis show hand
sample coloration whereas the boxes to the right are colored and patterned based on lithology (see legend). Gaps in the column indicated unsampled
strata due to high amounts of cover, float, and/or inaccessibility. Lower x-axis scale is for siliciclastic grain size from claystone (cl) to coarse sandstone
(cs). Upper x-axis scale is for carbonates based on the Dunham classification from mudstone (ms) to boundstone (bs). The brackets to the right of the
lithostratigraphy are our measured sections (Sections 21-1, 21-2, 21-3, 22-1, and 22-2) and the interpreted informal members of McCormick et al.
(1996). Detailed sample descriptions are available in the Supplementary Material.

and silt as well as the bioclasts, but siliciclastic grains gradually
disappear up section while the bioclasts remain. Above these
fossiliferous mud-to packstone beds (34.5 m–56.95 m) are beds
of oolitic packstones (56.95 m–60.95 m). Above these oolitic
limestones, there was a significant amount of cover that prevented
sampling between 60.95 m and 68 m. After this gap, the rocks
sampled are again fossiliferous pack- and wackestones. However,
the concentration of fossils varies bed by bed, and there are beds of
mudstones with few fossil fragments as well. The fossils included
in these units are oysters, gastropods, serpulids, foraminifera,
and unidentified fossil fragments. Above this interval of pack-
and wackestones, there was again a thick succession of cover
(95.68 m–122.78 m) from which we did not collect samples. The
uppermost portion of the Yucca Formation that we sampled
(122.78 m–144.78 m) was composed primarily of alternating
beds of sandy limestones and fine-grained quartz sandstones.
Fossils, mainly whole and fragmented oyster shells, are present in
both lithologies.

Our descriptions of the Yucca Formation are consistent
with previous works at this location (McCormick et al., 1996).

This work utilized the informal members (both for naming and
distinguishing members) that has been applied to the Yucca
Formation throughout West Texas (Smith, 1940; Amsbury, 1958;
Campbell, 1980; Li, 2014; Fox, 2016). Using this convention, the
Yucca Formation is split into three informal members: lower,
middle, and upper. While our initial sections (Sections 21-1, 21-
2, 21-3, 22-1, and 22-2) were not originally determined based
on the informal members as applied by McCormick et al. (1996)
to this location, we can still apply these informal members
to our measured section (Figure 5). The lower member of the
Yucca Formation as described by MCormick et al. (1996) is
equivalent to our measured section of 0 m–34.5 m, which is
the bottom portion of our Section 21-1. The middle member
includes Sections 21-1, 21-2, 21-3, and 22-1. It encompasses
34.50 m–95.68 m, however due to gaps in sampling resulting from
cover, the top most extent could be higher. The upper member
of the Yucca Formation is equivalent to our measured section
between 122.78 m and 173.48 m (base of the overlying Glen
Rose), which is the entirety of Section 22-2 and the unsampled
strata above it.
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FIGURE 6
Graph of δ13Corg values vs. height (m) of the Yucca Formation. Light
blue dots are the measured δ13Corg values, and the dark blue line is a
running three-point average. Lettered intervals are labeled along the
right hand side. Reproducibility is+/-0.10‰.

3.2 2 δ13Corg

The bulk organic carbon isotope values range between a
minimum δ13Corg value of −27.02‰ and a maximum value of
−18.42‰. The average δ13Corg value for the Yucca Formation is
−23.01‰. Figure 6 shows the composite δ13Corg record with a line
representing a running three-point average.

To more easily discuss the δ13Corg values, we have broken the
curve down into 16 intervals labeledA-P, as seen in Figure 6. Interval
A is from 2 m to 18.5 m above the base of the section. There is a
general decreasing trend throughout this interval with a minimum

value of −25.72‰. B occurs from 18.5 m to 33.75 m. It has four
distinct trends that make up an overall positive excursion. From
18.5 m to 25 m there is an increase in δ13Corg values to a maximum
of −19.68‰. There is then a small decrease from 25 m to 28.5 m
that is followed by another increase up to −19.91‰. Finally, there
is a decrease from 30.5 m to 33.75 m with a minimum value of
−26.12‰. C is from 33.75 m to 42.65 m with a positive trend that
reaches a maximum value of −20.63‰. Interval D has an overall
decreasing trend from 43.95 m to 46.2 m, reaching a minimum
value of −22.99‰. E covers the interval from 46.2 m to 49.95 m.
There is an increase in δ13Corg values up to a maximum value of
−21.28‰. F has a decreasing trend from 49.95 m to 58.45 m. The
minimum δ13Corg value in this interval is −25.89‰, however this
value is significantly more negative than the other δ13Corg values
in this interval and creates a dip in the trendline that makes the
overall negative trend harder to see. The next interval, G, spans
58.45 m–60.95 m. There is an increasing trend throughout this
interval up to a maximum δ13Corg value of −20.92‰. Interval H is
from 68.0 m to 71.12 m, and δ13Corg values fluctuate around −23‰
throughout the entire interval. Interval I, from 72.63 m to 76.13 m
is an increasing trend in δ13Corg values, up to a maximum value of
−23.73‰. Interval J is from 76.13 m to 82.13 m and includes both a
decrease followed by an increase in δ13Corg values. From 76.13 m to
77.38 m there is a decrease in δ13Corg values down to −25.32‰.This
is followed by an increase to a maximum value of −18.42‰ through
the rest of J (77.38 m–82.13 m). K encompasses 82.13 m–87.38 m
and has a similar trend to J. From 82.13 m to 83.63 m there is a
decrease with a minimum value of −24.51‰. This is then followed
by an increase from 83.63 m to 87.38 m up to a maximum value of
−20.5‰. The interval L ranges from 87.38 m to 95.68 m. Through
this interval, δ13Corg values again decrease to a minimum value
of −24.99‰.

Between intervals L and M (95.68 m–122.78 m), there was a
significant amount of cover, and thus no samples were collected,
which explains the gap in data in Figure 6. The sampling and
intervals resume with interval M which encompasses 122.78
m–124.78 m.Throughout this interval there is an increase in δ13Corg
values up to a maximum of −19.36‰. The next interval is N which
encompasses 124.78 m–130.78 m.The δ13Corg values in this interval
decrease, then increase, and once again decrease. The first decrease
occurs from 124.78 m to 126.28 m to a minimum δ13Corg value of
−23.12‰. This is followed by an increase up to −19.69‰ through
126.28 m–127.78 m. The rest of N is from 127.78 m to 130.78 m,
and δ13Corg values decrease to −25.55‰. O is the next interval from
130.78 m to 135.28 m. From 130.78 m to 133.28 m, δ13Corg values
increase to −21.76‰. This is followed by a decrease in values to
−25.62‰ from 133.28 m to 135.28 m. The final interval is P, and it
encompasses 135.28 m to the top of our sampled section, 142.78 m.
Throughout P, there is an increase in δ13Corg with the highest value
of −20.23‰.

3.3 % TOC and % CaCO3

Percent total organic carbon (% TOC) and percent calcium
carbonate (% CaCO3) were calculated for 156 of the 163 samples
(Figure 7). % TOC values ranged between 0.002% and 0.36% with
an average value of 0.066%. In general, the % TOC decreases up
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FIGURE 7
(A) Graph of %TOC vs. height. (B) Graph of %CaCO3 vs. height.

section with areas of higher % TOC corresponding to areas with
lower %CaCO3. % CaCO3 values range between 1.13% and 99.86%
with an average value of 68.28%.

3.4 4 δ15N and C/N

Values for δ15N, % Ν, and C/N of are provided in
the Supplementary Material. δ15N values range from 0.43‰ to
7.93‰ with an average value of 3.55‰. C/N ratios range from
3.71 to 27.59 with an average value of 10.27. There are two samples,
Yucca21-2750 and Yucca21S2-550, that have much higher C/N
ratios than the other samples (21.65 and 27.598 respectfully).

4 Discussion

4.1 Facies and depositional environment

Prior depositional environment interpretations of the Yucca
Formation range from more continental environments in the
west and more transitional to marine environments in the
east. In Big Bend Ranch State Park, we identified four distinct
facies groups in the rocks of the Yucca Formation: fine grained
clastic with varying carbonate percentages, ooid pack/grainstones,
fossiliferous calcareous mud-to packstones, and sandy, calcareous
beds with oysters. We interpret these to represent shallow marine

depositional environments that include lagoonal/intertidal, ooid
baffles, and subtidal environments. This is consistent with previous
interpretations in this area (Reck, 1980; McCormick et al., 1996),
and likely records the rise in sea level and encroachment of the Mid
Cretaceous Interior Seaway.

The stratigraphically lowest (and therefore oldest) facies in
our study section is the fine grained clastic rocks with varying
carbonate percentages. Multiple sedimentary structures are present
within these rocks including ripple marks, burrows, thin beds,
and wavy contacts along with iron oxide staining along some
bedding planes (Figure 8).These rocks are indicative of an intertidal
and/or lagoonal depositional environment with the percentage of
carbonate lithologies increasing with distance from shoreline and
potential fluvial inputs of clastic material (McCormick et al., 1996).
Around 34.35 m the lagoonal deposits transition to more calcareous
mudstones, but clastic grains are still present. Overall, this would
have been a low energy depositional environment that was protected
by the next depositional environment represented by the ooid pack-
and grainstones facies (Figure 8). This facies is characterized by
massively bedded ooid grainstones and packstone and represent
high energy ooid shoals (McCormick et al., 1996).These ooid shoals
would have acted as a protective baffle for the previously discussed
lower energy lagoon/intertidal area.

The overlying facies (fossiliferous calcareous mud-to
packstones) is representative of a subtidal/shallow marine
depositional environment (Wilson and Jordan, 1983). These rocks
represent periods of time where carbonate production was the
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FIGURE 8
Photographs and photomicrographs of sedimentary structures and fossils that are representative of the four facies groups. All thin section photos are in
plane polarized light (ppl). Facies Group 1: (A) Outcrop photograph of burrows on a bedding plane; (B) Outcrop photograph of ripple marks. Facies
Group 2: (C) Photograph of hand sample of fossiliferous ooid packstone, white arrow indicates area of abundant ooids (scale bar = 1 cm); (D)
photomicrograph of ooids in thin section (scale bar = 200 microns). Facies Group 3: (E) photomicrograph of fossils, including foraminifera (arrows) and
serpulids in the center (scale bar = 200 microns); (F) photomicrograph of fossil fragments in thin section, including a bivalve shell (scale bar = 200
microns). Facies Group 4: (G) outcrop photograph of sand filled burrows (lighter coloration); (H) outcrop photograph of gastropods and oyster shells.

dominant sedimentary process over clastic input. A reduction in
terrigenous sediment supply likely aided an increase in carbonate
production.The identifiable bivalves were found, but fragments that
could have been bivalve or gastropod were also found and hence
these are described as “indeterminate” mollusks (Figure 8). The
amount fossils present in any give bed can vary, but fossils and/or
fragments are found in all beds. The final facies group, calcareous
sandstones and sandy limestones, represents subtidal/shallow
marine environments as well (Wilson and Jorda, 1983), but
clastic input has dramatically increased. This increase in clastic
input (likely due to uplift and erosion in sediment source areas
(McCormick et al., 1996)) would have made it hard for sediment
sensitive organisms to survive, reducing carbonate production.
Oysters, being more tolerant of turbidity, become the dominant
bioclast. These rocks vary from sandy limestones to calcareous

sandstones, but oysters are present in all, along with burrows in
the sandstones (Figure 8). This interpretation is supported by the
presence of large rudist reefs at the base of the overlying Glen Rose
Formation, as a reef would be the next depositional environment
seaward following these subtidal/shallow marine deposits (Wilson
and Jordan, 1983).

4.2 % TOC vs. δ13Corg and % CaCO3 vs.
δ13Corg

For accurate correlation of the δ13Corg record of the Yucca
Formation to others, we need to ensure that variation in δ13C is a
function of global changes and not local changes in preservation
of carbon or changes in lithology (as represented by the amount
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FIGURE 9
Graphs of %TOC vs. δ13Corg and %CaCO3 vs. δ

13Corg. Best fit lines (solid
blue lines) and associated R2 values are marked on each graph.
Reproducibility is+/-0.10‰. (A) Graph of %TOC vs. δ13Corg. (B) Graph
of %CaCO3 vs. δ13Corg.

of carbonate material). To investigate this, we looked at graphs of
%TOC vs. δ13Corg and %CaCO3 vs. δ13Corg (Figure 9) to determine
if any correlation is present between δ13C and either %CaCO3
and %TOC (Hollander and McKenzie, 1991; Suarez et al., 2013;
Suarez et al., 2018; Hennhoefer et al., 2019). Visually, there appears
to be no strong correlation between either %TOC or %CaCO3 and
δ13Corg. This is corroborated by the R2 values of both graphs, which
are 0.067 and 0.21 for %TOC and %CaCO3 respectively. Both of
these R2 values are closer to 0 than 1, indicating that any variations
in δ13Corg are not likely due to changes in the amount of organic
material or the lithology of the sample.This supports our assumption
that the changes we see in δ13Corg are global signatures as opposed
to local changes in environment that would affect the organic carbon
preservation or lithologic variation.

4.3 3 δ13C, δ15N, and C/N

Due to the potential for terrestrial input during the deposition
of the Yucca Formation (as represented by the influxes of clastic
material discussed in Section 4.1), it is possible that terrestrial

organic matter may have been introduced and mixed with
marine organic material. This could potentially alter δ13Corg as
terrestrial organic matter and marine organic matter have different
fractionation processes resulting in varying δ13Corg values (Sharp,
2017). To determinewhether δ13Corg values and the changes in them
reflect global carbon cycle fluctuations and not local changes in
organic matter source material, the δ15N and C/N of a subset of
samples were analyzed.

C/N ratios can be used to distinguish the source of organic
matter in sediment, specifically whether the organic matter is from
algal or land-plant sources (Meyers, 1994). C/N ratios for aquatic
plants and algae are lower than those of terrestrial plants due to
the lack of cellulose in aquatic plants and algae. When C/N are
used in combination with δ13Corg, different organic matter sources
can be identified (Meyers, 1994). Figure 10A shows where Yucca
Formation bulk sedimentary organic matter C/N vs. δ13Corg data
plot in relation to common ranges for different organic matter
sources.Most of our samples plotwithin or near the range formarine
algae. Two samples (Yucca21-2750 and Yucca21S2-550) plot closer
to the expected range of values for terrestrial material due to their
higherC/N ratios. Neither sample represent trends in carbon isotope
stratigraphy that we have identified as major CIEs. One samples
(Yucca21S2-5,500) does have an anomalously low δ13Corg value
compared to surrounding samples. As this is only a single outlier,
it is interpreted that major shifts (consisting of multiple data points)
in the carbon isotope record through the Yucca Formation at this
locality are not the result of shifting organic matter source material,
but rathermajor shifts are attributed to changes in atmospheric δ13C
from global carbon cycle perturbations.

In addition toC/N, bulk sedimentary organicmatter δ15Nvalues
from Yucca Formation plot close to or within the expected range of
δ15N values for ocean particulate organic matter (POM). Figure 10B
shows the range of measured δ15N values with respect to other
organic matter sources. Some δ15N values do also overlap with
the range of δ15N for soil organic matter, suggesting some limited
terrestrial input, but again these samples do not correspond
with major shifts in the δ13Corg chemostratigraphic record. This
again support the interpretation that major shifts of multiple data
points in the δ13Corg record through the Yucca Formation are the
result of changes in atmospheric δ13C from global carbon cycle
perturbations.

4.4 Correlation to existing
chemostratigraphic records

The δ13Corg profile produced by Bralower et al. (1999) from
hemipelagic sections deposited in the Sierra Madre in northeastern
Mexico was one of the first bulk organic carbon chemostratigraphic
profiles from the Americas. We compared our profile first to that
of Bralower et al. (1999) because, like our profile, it is constructed
fromorganic carbon (δ13Corg).While records of δ13Corg and δ13Ccarb
do show similar trends, magnitude of changes should be more
similar when comparing similar material. Secondly, the Bralower
profile distinctly shows the major δ13C changes and all of the major
carbon isotope segments (C1-C15) that are likely in the Yucca
Formation. Finally, other studies (Herrle et al., 2004; Phelps et al.,
2015) have correlated δ13C profiles (often with higher resolution
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FIGURE 10
(A) Graph of C/N vs. δ13Corg of Yucca Formation. Colored areas represent common ranges of various organic carbon sources. After Meyers (1994). (B)
δ15N ranges of three common organic matter sources. The blue rectangle highlights the range of δ15N values of 14 samples from the Yucca Formation.
Edited from Sharp (2017).

carbon isotope segments) to the Bralower et al. (1999) profile.
Therefore, by correlating to Bralower et al. (1999), it will be possible
to correlate to other sections that may not distinctly show all the
excursions or changes that are present in the Yucca Formation δ13C
curve. The full correlation to Bralower et al. (1999) is presented in
Figure 11. While there are differences in the exact δ13Corg values
between our data and Bralower et al. (1999), the general trends,
structure, and amplitudes are very similar, and it is the trends in
these records that have been shown to be the basis of correlation
(Scholle and Arthur, 1980; Ferreri et al., 1997; Herrle et al., 2004).
Differences in absolute values of δ13C of different locations could
arise from factors such as differences in depositional environment
and hence sources of organic matter, or differences in location that
could result in enhanced primary productivity leading to varying
amounts of enrichment in δ13C of DIC (Hennhoefer et al., 2019).
For δ13Corg specifically, differences are primarily due to differences
in organic carbon sources. As discussed in the previous section,
the sources of organic carbon within the Yucca Formation in Big
Bend Ranch State Park is marine organic matter as indicated by
C and N analyses. Ranges in terrestrially derived organic matter
vary relative to marine organic matter, but they overlap significantly
(Meyers, 1994), so differing amount of terrestrial input may explain
variations in absolute δ13Corg between our data and other δ13Corg
records. However, the similarities in general trends, structure, and
amplitudes are again the important characteristics for correlation
between our data and that of Bralower et al. (1999).

At the base of the Yucca section δ13Corg profile, there is a
decrease in δ13C values (interval A), and this decrease is interpreted
to correspond to the C2 interval of Bralower et al. (1999) that
culminates in the C3 negative isotope excursion, corresponding to
most negative isotope value at the end of A. There is then a large
increase which is labeled as C4 that is correlated to the lowest
portion of segment B. Intervals C5 and C6 are not well represented
in our data. C7 is an interval of more positive δ13Corg values that
are seen in the middle portion of segment B. The negative trend at
the end of B corresponds to C8. The following positive trend, C9,
is correlated to our segment C. This is the followed by a series of

δ13Corg values that remain positive but do have some variation.This
is interpreted as the C10 interval and encompasses all of our D, E, F,
and G isotope segments. The following large, abrupt decrease that
is C11 corresponds to the top portion of our segment H and the
base of I. The majority of I is equivalent to C12. J, K, and L, are
all within C13.

The topmost portion of our profile (122.78m–142.78 m) ismore
difficult to correlate due to the large data gap from 95.68 m to
122.78 m. There are two potential correlations for this section. The
first is that intervals M, N, and O are equivalent to C14 and interval
P is the beginning of C15. The second interpretation is that M,
N, O, and P are all continuations of C13. Of these two options,
the first seems more likely due to the stratigraphic thickness, and
therefore time, between the rest of the Yucca Formation data and
this portion.

4.5 Correlation to age-calibrated carbon
isotope events

Identification of the carbon isotope segments of Bralower et al.
(1999) and the subsequent correlation by Herrle et al. (2004) to
reference sections of the Vocontian Basin of Europe is important
because it provides the opportunity to correlate the Yucca Formation
to biostratigraphically and age calibrated chemostratigraphy from
these reference sections (Figure 12). Importantly, two major CIEs
are of significance. That includes the C3 negative excursion which
is associated with the initiation of OAE 1a and the C11 (which
Herrle et al. (2004) defines as “Al1”). This is part of a set of short
negative excursions associated with OAE 1b set. It is important to
note that lithologically we do not see evidence to suggest increased
organic matter preservation or changes in lithology associated with
the carbon isotope excursion within the Yucca Formation, but
rather we only observed the associated carbon isotope fluctuations.
These OAEs have often been associated with increased continental
run off, however, in our section, the increase in siliciclastics
are not correlated with these C-isotope events suggesting local
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FIGURE 11
Correlation between the Yucca Formation δ13Corg curve and that of Bralower et al. (1999). Lettered intervals (as explained in the results section) are
along the right-hand side. The chemostratigraphic segments (C2-C15) of Bralower et al. (1999) are in the middle. The y-axis represent height, but not
at the same scale so as to make correlation easier. The Yucca Formation in the Lower Shutup is 142.78 m thick and the San Angel Limestone, La Peña
Formation, and Tamaulipas Limestone in the Santa Rosa Canyon of Bralower et al. (1999) is approximately 220 m thick.

changes (possibly increased uplift in a source area) are responsible
(McCormick et al., 1996) and not climate changes.

Attempts to provide time-calibrated carbon isotope records
are ongoing, but progress over the last decade has provided
some time constraint. The C11 isotope segment is associated with
OAE 1b. ‘OAE 1b’ is not well defined and is made up of a
cluster (‘OAE 1b set’) of mostly negative excursions that span the
Aptian/Albian boundary (Gale et al., 2020). OAE 1b may include
the Jacob, the Kilian, the Paquier, the Leenhardt, and/or the
l’Arboudeyesse Events depending on an author’s designation. In
the case of the Yucca Formation, we clearly see a large negative
excursion that correlates to the C11 isotope segment, which
is associated with the Kilian Event specifically (Coccioni et al.,
2014; Bodin et al., 2023; Bornemann et al., 2023). Carbon isotope

excursions associated with the Jacob, Paquier, Leenhardt, and
l’Arboudeyesse are not clearly resolved in our chemostratigraphic
record and so are not identified. Recently the basal Albian
boundary was designated as the first appearance datum (FAD)
of the planktonic foraminifera Microhedbergella renilaevis at the
GSSP (Col de Pré-Guittard section, Arnayon, Drôme, Frace)
(Kennedy et al., 2014; Kennedy et al., 2016). It is also associatedwith
a negative excursion in the carbon isotope record (Herrle et al., 2004;
Gale et al., 2020) associated with the Kilian Event in the OAE 1b set
(Bornemann et al., 2023) and to which we correlate our segment H.
The Aptian/Albian boundary is placed at 113.2 Ma based on a U-Pb
radioisotopic date from an ash bed at Vörhum in northern Germany
that has been correlated to the GSSP (Selby et al., 2009). There have
been recent studies that suggest the Kilian Event, and therefore
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FIGURE 12
Correlation of this study’s Yucca Formation δ13Corg curve to other δ13C curves from local to global locations. All δ13C values are measured vs. ‰VPDB.
The lower, dark gray boxes denote OAE 1a. The upper, light gray boxes denote some portion of the ‘OAE 1b set’. The red line marks the Aptian/Albian
boundary. The placement of OAE 1a, ‘OAE 1b set’, and the Aptian/Albian boundary is determined by the δ13C curves’ respective authors. The y-axis
represents height or depth and have been rescaled to match (see scale bar in the Legend). The numbered carbon isotope segments are labeled on the
curve of Bralower et al. (1999).

the Aptian-Albian boundary, may occur slightly before the Vörhum
boundary tuff and placing it around 113.65 Ma (Bornemann et al.,
2023). However, this has not been officially ratified, so we have
chosen to use the date of 113.2 Ma for the Aptian/Albian boundary.
This allows us to interpret that the Aptian/Albian boundary in the
Yucca Formation occurs at a height of approximately 71 m above the
contact with the Shutup Conglomerate.

The distinctive C3 negative isotope excursion followed by the
C4-6 positive excursion is often identified in early Cretaceous C-
isotope chemostratigraphy (Menegatti et al., 1998; Bralower et al.,
1999; Gröcke et al., 1999; Herrle et al., 2004; Ando et al., 2008;
Herrle et al., 2015), however, an age calibration for this excursion
associated with OAE 1a (also known as the Selli Event) remains
elusive. Leandro et al. (2022) produced an astronomically-tuned age
model of the Aptian from the Poggio le Guaine core of the Umbria-
Marche Basin, Italy that provide estimates of ages for the black shale
events of the Aptian (which are often accompanied by CIEs). In this
study, Leandro et al. (2022) places the age of the Selli event (or OAE
1a) at 118.8 Ma. The CIE associated with OAE 1a spans the C3-
C6 intervals as defined by Bralower et al. (1999). We have identified

these intervals in our data as the upper part of segment A and lower
part of segment B (Figure 11; 18.5 m to approximately 21 m), and
can relatively date this span of the Yucca Formation to approximately
this age. While the entirety of OAE 1a is not clearly recorded (C5
and C6 are not distinguishable), the event itself is present. This
event appears to be synchronous with the main eruption of the
Ontong Java Plateau, a large igneous province (Li et al., 2016; Gale
et al., 2020).

Identification of the C3-6 carbon isotope segments and the
C11 isotope segment allow us to confidently constrain the Yucca
Formation to the Aptian and lower Albian stages. While we cannot
directly assign precise numerical ages to the Yucca Formation,
the age constraints of these isotope segments to date from other
locations suggest deposition of the Yucca Formation occurred before
the Selli Event (at approximately 118.8 Ma (Leandro et al., 2022)) to
somewhat after the Kilian Event (113.2 Ma (Selbey et al., 2009)).

Based on the estimated ages of the identified carbon isotope
events (118.8 Ma–113.2 Ma) spanning from 18.5 m to 71 m,
the average sedimentation rate for this area during deposition
would be approximately 9.3 m per million years, or 9.3 mm per
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FIGURE 13
Revised correlation of Lower Cretaceous Formations of southern Texas. Based on our interpretation of chemostratigraphic data, the boundary between
the Yucca Formation and the Glen Rose occurs above the Aptian/Albian boundary. The blue highlighted areas represent strata that correlate to the
Yucca Formation based on our chemostratigraphic interpretations. The Solitario and Big Bend National Park columns are edited from McCormick et al.
(1996), and the Comanche Platform column is edited from Phelps et al. (2015).

thousand years. This is a lower rate than expected for analogous
depositional environments as other estimates of sedimentation rates
for carbonate platforms in the Cretaceous range from 20 mm/kyr
to 155 mm/kyr (Wilson, 1975; Enos, 1977; Sarg, 1988; Ferreri et al.,
1997). Explanations for this lower rate can be potentially explained
by a combination of compaction and/or periods of erosion (or
non-deposition) through the sequence (Enos, 1991).

4.6 Correlation to regional
lithostratigraphy

Having identified the carbon isotope segments of Bralower et al.
(1999), the Yucca Formation chemostratigraphic record can be
compared to various other records from throughout Texas. One
such record is the extensive compilation of chemostratigraphic
records for the Cretaceous Comanche Platform of central Texas by
Phelps et al. (2015) (Figure 12). This correlation suggests that the
Yucca Formation at Big Bend Ranch State Park is time equivalent to
the Sligo, Pine Island, James, Bexar, and lowest portion of the Glen
Rose Formation on the Comanche Platform (Figure 13). Recent
geochemical work by Godet et al. (2023) in Big Bend National
Park (East of Big Bend Ranch State Park) at the Persimmon Gap
and Santa Elena Canyon sections provides another opportunity for
regional correlation. Godet et al. (2023) identified the presence of
chemostratigraphic segments Al2 - Al5 (Herrle et al., 2004) in the
composite of their two Big Bend National Park δ13C records. These
chemostratigraphic segments (Al2 - Al5) are time equivalent to a
portion of C13 (Herrle et al., 2004) as well as a portion of the OAE
1b set (Phelps et al., 2015). As both a portion of C13 and the OAE
1b set are identified in the chemostratigraphic record of the Yucca
Formation at Big Bend Ranch State Park (Figure 11; Figure 12), it

can be concluded that the upper Yucca Formation is time equivalent
to some portion of the lower Glen Rose in Big Bend National Park
to the east or our study locality (Figure 13).

5 Conclusion

This study provides the first stable organic carbon isotope
chemostratigraphic record for the Yucca Formation in Big Bend
Ranch State Park. The record allows for correlation across multiple
localities including Sierra Madre, NE Mexico (Bralower et al.,
1999); Comanche Platform, West Texas (Phelps et al., 2015);
Vocontian Basin, SE France (Herrle et al., 2004); Umbria-Marche
Basin, Italy (Leandro et al., 2022)); and Big Bend National Park
(Godet et al., 2023) to accurately determine the relative age of the
Yucca Formation. The stable carbon isotope record also shows
the presence of two carbon isotope excursions (CIE) that are
associated to two major geochemical events related to global
palaeoceanographic events: OAEs 1a and 1b. The presence of the
CIE associated with OAE 1a better constrains the timing of the
earliest strata to approximately 118.8 Ma (Leandro et al., 2022).
The identification of CIEs associated with OAE 1b (specifically
the Kilian Event) is consistent with the previously assumed age
of the Yucca Formation and the presence of the Aptian/Albian
boundary (113.2 Ma).

The results of this study provide a strong basis for
future work on the Yucca Formation. Future work could
expand on the chemostratigraphic record and employ
numerical age constraints in order to better understand the
Yucca Formation and the paleoclimatic conditions during
its deposition.
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