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Upper Cretaceousmarine sequences in the Gulf Coastal Plain (USA) span the Cretaceous–Paleogene (K–Pg) tran-
sition, allowing for detailed studies of one of themost severe extinction events of the Phanerozoic. To improve the
temporal resolution of the stratigraphic record that represents environmental change leading up to the K–Pg
boundary, we constructed a high-resolution chemostratigraphy and cyclostratigraphy of upper Maastrichtian
shallowmarine deposits located in the state of Mississippi (USA). Upper Maastrichtian strata in this area consist
of alternating decimeter scale chalk and marl rhythmites deposited in a hemipelagic setting. New geochemical
proxy records were used to test whether rhythmic sedimentation was driven byMilankovitch cycles. Stable iso-
topes (δ13Ccarb, δ18Ocarb), carbonate content (wt% CaCO3), and elemental concentrations (Ti, K, Fe) integrated
with microfossil and ammonite biostratigraphy reveal astronomical forcing in the studied record. Spectral esti-
mation suggests that rhythmic bedding was associated with climate change driven by precession (~20 kyr).
Obliquity signals are also apparent in our analysis, and short eccentricity (~100 kyr) is inferred from amplitude
modulation of precession. Studied sections were correlated at the precession scale with the recently tuned K–
Pg succession near Morello, Italy which is stratigraphically equivalent to the well-characterized K–Pg sites in
Gubbio, Italy (Bottaccione, Contessa Highway). Additionally, carbon isotope records from the study area exhibit
large scale trends throughout the latest Maastrichtian, similar to those observed in the Morello and Bottaccione
sections. Thus, we show that Milankovitch-scale climatic signals and low-amplitude carbon isotope shifts
(<0.5‰) of the late Maastrichtian of the Gulf Coastal Plain are well-preserved and can be correlated globally.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The Late Cretaceous is characterized by several global-scale distur-
bances, including the Cretaceous–Paleogene (K–Pg) mass extinction
(e.g. Bralower, 2002; Batenburg et al., 2017; Gilleaudeau et al., 2018;
Barnet et al., 2019). Ample evidence suggests that extremely rapid envi-
ronmental change associated with the Chicxulub bolide impact was the
principal cause of the K–Pg extinction (e.g., Alvarez et al., 1980; Schulte
et al., 2010; Hull et al., 2020; Chiarenza et al., 2020). Studies of K–Pg
boundary sites from around the globe indicate that impact ejecta de-
posits coincide with a severe biotic collapse at the boundary (Schulte
ico, Department of Earth and
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et al., 2010; Hull et al., 2020). Global-scale perturbations following the
impact may have occurred due to vaporization of sulfur-rich carbonate
target rock, with important ‘kill mechanisms’ likely including an impact
winter, disruption of sunlight and photosynthesis, widespreadwildfires,
and acid rain leading to transient ocean acidification (e.g., Sheehan and
Hansen, 1986; Vellekoop et al., 2014; Vellekoop et al., 2016; Henehan
et al., 2019; Alvarez et al., 2019).

Other studies propose a more gradual extinction associated with cli-
mate warming and environmental changes induced by emplacement of
the Deccan Trap Large Igneous Province (LIP) in India (Keller, 2005;
Punekar et al., 2016; Keller et al., 2020). This LIP erupted over a <1-
million-year period during the latest Cretaceous and early Paleogene,
essentially spanning the Chicxulub impact and mass extinction
(Schoene et al., 2019; Sprain et al., 2019; Eddy et al., 2020). A potential
link between Deccan volcanism and the K–Pg extinction is therefore of
kovitch cyclicity in the latest Cretaceous of the Gulf Coastal Plain, USA,
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interest, as several older mass extinction events have been attributed to
the environmental effects of LIP eruptions, including those at the Perm-
ian–Triassic (P–T) and Triassic–Jurassic (T–J) boundaries (e.g., Wignall,
2001; Saunders, 2005; Barnosky et al., 2011; Bond and Wignall, 2014;
Tegner et al., 2020). Debate persists regarding the exact role of the Dec-
can Traps in theK–Pg extinction,which is partially due to poor temporal
resolution of geochemical proxy records (Schoene et al., 2019; Sprain
et al., 2019; Hull et al., 2020). Thus, additional insights may be gained
by linking K–Pg records to higher-resolution Milankovitch-scale envi-
ronmental change in the late Maastrichtian.

The Gulf Coastal Plain (GCP; Fig. 1A, B) region of the USA has under-
gone extensive investigation of the K–Pg transition. Abundant
exposures of marine K–Pg sequences have resulted in numerous pale-
ontological and stratigraphic studies that provide essential information
Fig. 1. A: Late Cretaceous paleogeography. Reconstruction modified from http://www.serg.unic
Bottaccione and Morello localities (2) are indicated by black circles. B: (Left) Map of southeast
Close-up of the Cretaceous outcrop belt and location of study sites (indicated by black stars).
Larina et al. (2016), on which we base our study.
Image modified from Larina et al. (2016).
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on lateMaastrichtianmarine conditions, the effects of the Chicxulub bo-
lide impact, and recovery during the early Danian (e.g., Mancini, 1996;
Smit et al., 1996; Schulte et al., 2010; Hart et al., 2014; Larina et al.,
2016; Witts et al., 2018; Alvarez et al., 2019; Witts et al., 2021). How-
ever, high-resolution chemostratigraphy has not been established for
the late Maastrichtian in the GCP. Here, we present new
chemostratigraphic (δ13Ccarb, δ18Ocarb, wt%CaCO3, and elemental con-
centrations) data from two uppermostMaastrichtian sequences located
in Mississippi (American Museum of Natural History (AMNH) locality
#3525, AMNH locality #3483; Fig. 1B). Cyclical changes in lithology
and independent biostratigraphic constraints facilitate recognition of
orbital cycles in the latest Cretaceous Prairie Bluff Chalk (PBC). Here,
we use new chemostratigraphic data to 1) ascertain the presence of
Milankovitch cycles in the GCP sections; 2) correlate GCP sections
am.it/Reconstructions.htm (Schettino and Scotese, 2005). The GCP study area (1) and the
ern Unites States showing the study area and the Late Cretaceous paleoshoreline. (Right)
The black squares indicate other localities from the biostratigraphic study conducted by

http://www.serg.unicam.it/Reconstructions.htm


Fig. 2.Maastrichtian biostratigraphy andmagnetostratigraphy for the Prairie Bluff Chalk in
the Gulf Coastal Plain. Image modified from Larina et al. (2016). The timeframe in this
study is highlighted in light gray. Magnetostratigraphy is based on correlation and was
not measured for the PBC. From left to right: Magnetochrons, CC and UC calcareous
nannofossil biozones and first occurrences in the GCP; dinoflagellate and ammonite
biostratigraphy; lithostratigrahpic units (litho units; Prairie Bluff Chalk).
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with pelagic carbonates of the Umbria–Marche basin in Morello, Italy
using δ13Ccarb and pXRF data obtained from Sinnesael et al. (2016,
2018); and 3) provide age estimates for the GCP sections based on
cyclostratigraphic correlation with the Morello section (calibrated in
terms of magneto- and cyclostratigraphy), which have a known rela-
tionship with the type section of the K–Pg extinction in Gubbio, Italy
(Alvarez et al., 1980). Our results indicate the presence of Milankovitch
cycles (precession, obliquity and short eccentricity) in most proxy data,
providing a foundation for constructing a late Maastrichtian astronom-
ical timescale for this region, an invaluable tool for future
paleoenvironmental studies of the GCP. We use our cyclostratigraphic
framework to correlate GCP carbon isotope records to published δ13C
data obtained from pelagic carbonates of the Umbria–Marche basin,
Italy. Similar trends and distinctive small-amplitude shifts in δ13C data
indicate a potential global-scale carbon isotope signal in GCP strata. Ad-
ditionally, we investigate calcareous nannofossil records to constrain
the biostratigraphy of our study area and to obtain a more comprehen-
sive understanding of local environmental change during the latest
Cretaceous.

2. Geologic setting

2.1. The Mississippi Embayment

The study area is located in theGulf Coastal Plain (GCP) of theUnited
States within the eastern margin of theMississippi Embayment (Fig. 1).
During the Late Cretaceous, the region was inundated by a shallow sea
that extended from present-day Louisiana to southernmost Illinois
(Fig. 1B; Pryor, 1960; Dastas et al., 2014; Larina et al., 2016). Deposition
was dominated by coastal and shallow marine processes resulting in
mixed carbonate–siliciclastic successions (Mancini, 1996; Cox and Van
Arsdale, 2002). Upper Cretaceous units occur within an outcrop belt
that extends from the eastern to the western margin of the Mississippi
Embayment (Fig. 1B; Liu, 2009). In the study area, the Prairie Bluff
Chalk (PBC) records an offshore, outer neritic environment deposited
on a broad, shallow shelf ~50–100 m deep (Zachos et al., 1989). The
PBC is overlain by the Clayton Formation (Clayton Fm) of Danian age.
The contact between the PBC and the Clayton Fm marks the K–Pg
boundary. In some areas of this region, the basal Clayton Fm is a
spherule-rich sand unit which may represent mass transport or
tsunamite deposits related to the Chicxulub impact (Smit et al., 1996;
Witts et al., 2018). Other sites exhibit a heavily bioturbated K–Pg con-
tact overlain by silty marls of the Danian age Clayton Fm.

2.2. Biostratigraphy

Paleomagnetic and radio-isotopic constraints have yet to be
established for the studied sections. Thus, we use a combination of
new and existing biostratigraphic data to constrain our geochemical
analyses. Biozonation schemes based on planktonic foraminifera, calcar-
eous nannofossils and ammonites have been established for Upper Cre-
taceous sequences in the study region (Fig. 2; Mancini et al., 1989;
Puckett, 2005; Larina et al., 2016). Mancini et al. (1989) assigned the
PBC to the middle late Maastrichtian Globotruncana aegyptiaca and
Racemiguembelina fructicosa planktonic foraminiferal biozones. The ab-
sence of several latest Maastrichtian foraminifera (e.g., Abathomphalus
mayaroensis) has been attributed to ecological preference of this taxon
for deep water and higher latitude environments rather than
representing a significant sedimentary gap (Nifuku et al., 2009; Larina
et al., 2016). The uppermost Maastrichtian planktonic foraminifer
Plummerita hantkeninoides (CF1 Zone) has not been recovered from
the PBC, but has been found in stratigraphically equivalent, deeper
water sites in the GCP (Brazos River, TX), supporting that the absence
of late Maastrichtian planktonic foraminifera is more likely due to envi-
ronmental preferences than a depositional hiatus (Abramovich et al.,
2011; Witts et al., 2021). Despite the absence of upper Maastrichtian
3

foraminifera, the presence of calcareous nannofossil, dinoflagellate
and macroinvertebrate biostratigraphic markers suggest a latest
Maastrichtian timeframe for the PBC (Larina et al., 2016).

A high-resolution ammonite biozonation for the GCP was con-
structed by Larina et al. (2016). Three upper Maastrichtian biozones
were established based on correlation with records from the Atlantic
Coastal Plain (Landman et al., 2004; Landman et al., 2007). The oldest
biozone is represented by the scaphitid ammonite Discoscaphites
conradi, followed by the D. minardi Zone and the youngest D. iris Zone
(Fig. 2). Larina et al. (2016) integrated the ammonite biostratigraphy
of the GCPwith calcareous nannofossil zones and dinoflagellate biostra-
tigraphy. The base of the D. conradi biozone occurs within nannofossil
subzone CC25b/UC20aTP defined by the first occurrence (FO) of
Lithraphidites quadratus. In the GCP, the upper part of subzones CC25b
and UC20aTP are correlative to the upper boundary of dinoflagellate
marker Isabelidinium cooksoniae and the lower boundary of dinoflagel-
late Deflandrea galeata (Edwards et al., 1999; Larina et al., 2016). The
D. conradi zone extends to the top of CC26a/UC20cTP, defined by the oc-
currence of calcareous nannofossilMiculamurus. TheD.minardi biozone
lies within subzones CC26a and UC20cTP. The base of the D. iris biozone
is correlative with the FO of Palynodinium grallator, an uppermost
Maastrichtian dinoflagellate marker (e.g. Firth, 1987; FitzPatrick et al.,
2018) and the base of subzones CC26b/UC20dTP, marked by the FO of
calcareous nannofossil Micula prinsii, representing the uppermost
Maastrichtian (Fig. 2; Thibault et al., 2012; Gardin et al., 2012; Larina
et al., 2016). The occurrence of latestMaastrichtian nannofossil, dinofla-
gellate and ammonite biostratigraphicmarkers therefore indicates a rel-
atively complete late Maastrichtian record in the GCP.

3. Study area

3.1. Starkville, Oktibbeha County, Mississippi (AMNH locality #3525)

The sampled section at Starkville consists of 7.9 m of the PBC over-
lain by 0.3 m of the Clayton Fm (Fig. 1B). The PBC is composed of deci-
meter scale (~0.3–0.4 m), heavily bioturbated, slightly micaceous, silty
marls alternatingwith indurated, gray towhite, slightly micaceous, bio-
turbated chalks. Chalk and marl couplets are ~50–60 cm thick (Fig. 3B)
and generally, the silty marl horizons are thicker than the chalks. Bur-
rows infilled with the lithology of overlying strata are observed
throughout the section, indicating that chalk and marl couplets are of
primary origin as opposed to an artifact of differential diagenesis
(Westphal et al., 2010). The carbonate fraction of the PBC mainly



Fig. 3. Starkville, Mississippi locality A: Overview of the Starkville section. The K–Pg boundary is marked in dashed black B: A chalk–marl couplet highlighted in light (chalk) and dark
(marl) blue. White pins mark 20 cm intervals. C: Close-up of the K–Pg boundary (outlined in dashed black) characterized by Thalassinoides trace fossils indicated by Clayton Fm.
sediment (dark gray) piping down into the Prairie Bluff Chalk. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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consists of well-preserved calcareous nannofossils and some foraminif-
era. The top 3.5 m of the PBC is rich in mollusks preserved as internal
molds, including Discoscaphites iris. In contrast, the basal 4.4 m of the
section is characterized by a sparse molluskan fauna, primarily com-
posed of oysters and pectinid bivalves. The transition from the PBC to
theClayton Fmspans theK–Pg boundary. This unconformable boundary
is undulating and heavily bioturbated with Thalassinoides burrows pip-
ing down Clayton Fm sediments into the PBC. Here, the Clayton Fm is a
0.3 m thick, silty, micaceous and marly fine sand.

At Starkville, Discoscaphites iris is abundant in the upper ~3.5 m of
the PBC (Fig. 5A). Due to a lack of preserved macroinvertebrates in
the basal ~4.4 m, the first occurrence of D. iris is not accurately
constrained in this section. Larina et al. (2016) suggest that the
D. iris Zone extends to ~8 m below the K–Pg boundary based on the
lowest occurrence of the dinoflagellate Palynodinium grallator at
this level. Several ammonite species from the D. iris assemblage
zone occur at the top of the section, including Eubaculites carinatus
and E. latecarinatus (Landman et al., 2004; Landman et al., 2007;
Witts et al., 2021). Existing calcareous nannofossil data from
Starkville is low-resolution, with few age-diagnostic taxa present
(Larina et al., 2016). To obtain a more accurate biozonation and bet-
ter constrain geochemical data, eight new samples were analyzed for
calcareous nannofossils (see Results section).
4

3.2. Prairie Bluff (PB) Landfill, Chickasaw County, Mississippi (AMNH
locality)

The sampled section at the PB Landfill is 6.5 m thick (Figs. 4A, 6A).
Rhythmic bedding is apparent but thicker and less prominent than at
Starkville (Figs. 4, 6). Each rhythmite is up to ~1 m thick, as opposed
to ~0.5–0.6 m at Starkville. Here, the PBC consists of gray, highly biotur-
bated, slightly micaceous silty marls alternating with light gray, mas-
sive, bioturbated, slightly micaceous chalks. Generally, the Landfill
section is more fossiliferous than Starkville, with gastropods, bivalves,
ammonites, and shark teeth scattered throughout the section. The
PBC–Clayton Fm contact is sharp and marks the K–Pg boundary
(Fig. 4C). The basal Clayton Fm is characterized by a ~2.5 m thick,
cross-bedded, coarse grained, quartz sand unit.

Based on Larina et al. (2016) biostratigraphic study, the PB Landfill
locality spans the D. minardi and D. iris ammonite biozones. The lowest
occurrence of D. minardi is documented 13 m below the K–Pg, and the
lowest occurrence of D. iris is documented 9m below the K–Pg. Ammo-
nite taxa associated with the D. minardi and D. iris biozones occur
throughout the section and include Trachyscaphites alabamensis,
Eubaculites carinatus, E. latecarinatus and E. labyrinthicus (Figs. 4, 6;
Larina et al., 2016). Due to reduced exposure at the Landfill when sam-
pling was conducted, the part of the sequence sampled for this study is



Fig. 4. The Prairie Bluff (PB) Landfill locality A: The section at the PB Landfill. The K–Pg boundary is outlined in dashed black line. Chalk and marl alteration in outcrop is indicated by light
(chalk) and dark (marl) blue. B: Part of the sampled section with white pins marking 10 cm intervals. C: Close-up of the K–Pg boundary marked in dashed black line. D: Eubaculites
carinatus in situ 3.9 m below the K–Pg boundary toward the base of the section shown in B. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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restricted to the top 6.5 m of the upper Maastrichtian (Fig. 6). Calcare-
ous nannofossil Lithraphidites quadratus and dinoflagellate P. grallator
occur throughout the section (Larina et al., 2016). Based on the occur-
rence of L. quadratus at the base of the section, the PB Landfill is assigned
to the UC20aTP subzone. However, other biostratigraphic markers such
as P. grallator andD. iris suggest a latest Maastrichtian age. No new anal-
yses for calcareous nannofossils were conducted for the PB Landfill; we
refer to the results of Larina et al. (2016) for this section.

4. Methodology

4.1. Field and laboratory methods

The Starkville and PB Landfill sections span 8.2 m and 6.5 m, respec-
tively. Bulk sediment samples were collected in 0.1 m increments. A
total of 149 samples were analyzed at the UC Santa Cruz Stable Isotope
Facility to obtain δ13Ccarb and δ18Ocarb values of bulk sediments. Samples
were analyzedwith a Fisons Prism III dual-inlet isotope ratiomass spec-
trometer (IRMS). Prior to IRMS analysis, bulk sediment samples were
digested using an acid bath. Carbon dioxide gas and water were pro-
duced by reacting samples in orthophosphoric acid at 90 °C. Water
and non-condensable gases were removed to isolate the CO2 gas prior
5

to analysis. The CO2 gas was then analyzed with the IRMS. An
autocarbonate device pressure transducer has been calibrated to car-
bonate mass, thus providingwt%CaCO3 data simultaneously with stable
isotope values of bulk sediments. The calibrated Carrera Marble stan-
dard was used to correct δ13Ccarb and δ18Ocarb values. We report stable
isotope data with respect to the Vienna Pee Dee Belemnite (V-PDB)
standard.

Prior to pXRF analysis, approximately 100 g of each sample was ho-
mogenized into a fine powder by grinding with a porcelain mortar and
pestle. Cross sample contaminationwas avoided bywashing themortar
and pestle with deionizedwater and acetone prior to each grinding. The
powdered samples were transferred into plastic bags and pressed into
~4× 5 cmpods. Elemental concentrations of Fe, Ti, K, Sr and Cawere ob-
tained from all samples using an Olympus Innov-X X-ray fluorescence
(pXRF) portable hand apparatus. For each sample, elemental data
were collected for a total of 90 s set to 30 kV and 50 kV beams. The cer-
tified NIST 2710 standard was scanned every 20 runs. The analysis was
conducted in the Environmental Science Analytical Center (ESAC) at
CUNY Brooklyn College. A single non-carbonate standard was available
for these analyses, therefore, absolute values of elemental concentra-
tions may not be reliable. However, relative changes in elemental con-
centrations show shifts that match lithological changes well in both
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locations, and thus were used for correlation and cyclostratigraphic
analysis.

Seven samples from the PBC and one from the Clayton Fm of the
Starkville section were analyzed for calcareous nannofossils. Stan-
dard smear-slides were prepared. Ten to twenty fields were exam-
ined in order to count the total number of specimens per field of
view as well as relative abundances of taxa; relative abundances
were calculated across a range of total specimens per sample from
a minimum of 244 up to 474 total specimens for Maastrichtian sam-
ples while only 149 specimens were counted in the Danian sample.
No evaluation of species richness was performed. Taxawere grouped
by genera, except for Prediscosphaera stoveriwhichwas counted sep-
arately from other Prediscosphaera. Fig. 11 reports sampling intervals
and the occurrence of relevant biostratigraphic markers (e.g. Micula
prinsii). No new analysis for calcareous nannofossils was conducted
on PB Landfill sediments; we refer to the results of Larina et al.
(2016) for this section.

4.2. Analytical methods (time-series analysis)

To test for the presence of orbital cycles in the PBC, a time-series
analysis was conducted on δ13Ccarb and δ18Ocarb values, wt%CaCO3, and
elemental concentrations (Ca, Sr, K, Ti, Fe). Data preparation and spec-
tral analyses were conducted using the stand-alone software Acycle (Li
et al., 2019). Prior to spectral analyses, each dataset was interpolated
using a sampling rate of 5 cm. To eliminate long-term trends, all datasets
were detrended using robust locally weighted regression smoothing
(rLOESS)with awindow length of 35%. Spectral analysis was conducted
on all datasets using the Multi-Taper Method (MTM; Thomson, 1982).
Two tapers were selected for this study. Robust red noise estimation
(Mann and Lees, 1996) provided confidence levels of 99.9%, 99%, 95%
and 90%. Frequency changes throughout each dataset were detected
using evolutionary power spectra (Kodama and Hinnov, 2015) with a
Fig. 5.A: Biostratigraphy, lithostratigraphy and stable isotope data fromStarkville,Mississippi. B
the part of the record outlined in dashed red. (For interpretation of the references to color in t

6

sliding window length of 2.3 m and a step of 0.1 m. Cycles were ex-
tracted using the Gaussian band-pass filter technique (Kodama and
Hinnov, 2015), based on significant frequencies (>95% confidence
level) provided by the MTM analysis.

5. Results

5.1. Chemostratigraphy

5.1.1. Starkville section (AMNH loc. 3525)
All proxies exhibit large-scale trends (described below) overprinted

by smaller fluctuations that reflect cyclical changes in lithology. δ13Ccarb
values range from 0.37‰ to 1.33‰ (mean 0.8‰). The basal 4 m of the
section exhibits a steady increase from a minimum value 0.4‰ to
1.2‰. This is followed by a decrease and a subsequent increase to amax-
imumvalue of 1.33‰ between 4mand6m. Values decrease to 0.57‰ at
the K–Pg boundary (Fig. 5A). δ18Ocarb records from Starkville exhibit
several large-scale shifts (Fig. 5A). Values range from −2.8‰ to
−1.7‰ (mean −2.3‰). A general decrease occurs between 0 and 4 m.
The interval between 4 and 6 m exhibits an increase to a maximum
value of −1.7‰, followed by a decrease to−2.2‰ throughout the rest
of the section. In general, a high correlation between δ13Ccarb and
δ18Ocarb implies some degree of diagenetic alteration. At Starkville, low
covariance between δ13Ccarb and δ18Ocarb (R2 = 0.051), in conjunction
with good calcareous nannofossil preservation, suggests that sediments
have not undergone significant diagenetic alteration (Fig. 5B; Mitchell
et al., 1997; Thibault et al., 2016a; Huck et al., 2017).

Weight %CaCO3 from the Starkville locality ranges from44 to 93%with
a mean of 68%. An increase from ~60 to 90% occurs in the basal ~3 m,
followedby a gradual decrease to a ~50%at 6manda subsequent increase
to ~60% up to the K–Pg boundary. Generally, carbonate phase elements
(Ca, Sr) are inversely correlated with Fe, Ti and K, representing the
siliciclastic fraction (Fig. S1). In agreement with other proxies, element
: Cross-plot of δ18Ocarb vs. δ13Ccarb (R2=0.05). C: Basal ~5mof the section corresponding to
his figure legend, the reader is referred to the web version of this article.)
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records show several large-scale trends in addition to small scale shifts
that represent chalk–marl alterations. Fe (%), Ti (ppm) and K (%) exhibit
similar trends throughout the section with a gradual, decreasing trend
between 0 and 4 m. This is followed by a rapid increase between 4
and 6 m and a slight decrease in values up to the K–Pg boundary
(Fig. S2). Carbonate-phase elements (Sr, Ca) show somewhat similar
trends to wt%CaCO3, however, large scale trends in the upper half of the
section are not as apparent. Sr and Ca exhibit a general increasing trend
from0 to 4m followedby adecreasing trendup to the boundary (Fig. S2).
5.1.2. Prairie Bluff Landfill (AMNH loc. #3483)
δ13Ccarb records from the PB Landfill exhibit high-amplitude varia-

tions between chalk and marl beds (~1‰) compared to Starkville.
δ13Ccarb values range from −0.05 to 1.45‰ with a mean of 0.75‰. Like
the Starkville section, chalks exhibit more depleted δ13Ccarb values com-
pared to the marls (Fig. 6A). In accordance with δ13Ccarb, δ18Ocarb values
are characterized by large changes between chalk and marl beds (typi-
cally >1‰), which may suggest diagenesis due to interaction with me-
teoric water. δ18Ocarb range from −3.2‰ to −1.3‰ with a mean of
−2.1‰. Generally, chalks show more depleted values compared to
marls (Fig. 6A). A high covariance (R2 = 0.70) between δ13Ccarb and
δ18Ocarb in addition to unrealistic δ18Ocarb fluctuations suggests that PB
Landfill sediments have undergone somedegree of diagenetic alteration
(Fig. 6B; Mitchell et al., 1997; Jarvis et al., 2015). Consequently, δ13Ccarb
and δ18Ocarb data from the PB Landfill were not used for correlation pur-
poses or environmental reconstruction. Instead, wt%CaCO3 and XRF re-
cords of Ti and K were used to correlate the PB Landfill section with
Starkville.

At the PB Landfill, wt%CaCO3 values range from 22 to 79% with a
mean of 43%. Wt%CaCO3 is characterized by several large-scale
shifts superimposed by cyclical variations. The basal 1.5 m decreases
in wt%CaCO3 from ~60% to a minimum of 22%. This is followed by a
gradual increase toward the K–Pg boundary. Generally, Ti, Fe and K
Fig. 6.A: Biostratigraphy, lithostratigraphy and stable isotope profiles from thePB Landfill. B: Cro
boundary. Bottom right image: D. irismodified from Larina et al. (2016).
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exhibit an increasing trend from 0 to 2m. This is followed by a decrease
in values up to the K–Pg boundary (Fig. S3). As supported by similar
trends observed in the wt%CaCO3, Ti and K as described further below,
we find that the basal approximately 4.7 m of the PB Landfill is correla-
tive to the topmost ~3.3 m of Starkville (Fig. 7).
5.2. Cyclostratigraphy

5.2.1. Cyclostratigraphy in the Starkville section
Spectral estimation reveals several prominent frequency peaks

observed in power spectra obtained from geochemical data. Multi-
Taper-Method (MTM) results indicate spectral peaks within two
distinct frequency bands above the 99.9% confidence interval (CI;
Fig. 8). δ13Ccarb, δ18Ocarb, wt%CaCO3 and detrital elements (Ti, K) show
distinct peaks within a low frequency band centered around 0.90
cycles/m, indicating a periodicity of 1.1 m (cycles). Several proxies (wt%
CaCO3, Ti, K) show significant (>99% CI) peaks within a high frequency
band centered at 1.80 cycles/m, representing a periodicity of 0.55 m;
this is also the approximate thickness of couplets at this locality. Fe also
shows peaks within this frequency band (>99% CI); however, Fe is char-
acterized by a wide range of frequencies in the high frequency portion of
the spectrum, and is thus difficult to interpret (Fig. S4). Carbonate phase
elements (Ca, Sr) reveal somewhat similar results, but spectral peaks
are not as prominent (<95% CI) and are spread out over a wider range
of frequencies compared to Ti, K and stable isotopes. Power spectra for
Ti, wt%CaCO3 and stable isotopes are shown in Fig. 8 (see Fig. S4 for
power spectra of all other proxies).

Changes in frequency patterns throughout the section were deter-
mined using evolutionary power spectral analysis (Fig. 8). The lower
frequency band is most pronounced in the basal ~4 m of the section.
Above this meter level, wt%CaCO3 power spectra indicate a distinct
shift from solely low frequency signals between 0 and 4 m to a higher
frequency band centered around 1.80 cycles/m. The 1.1 m periodicity
ss–plot of δ13Ccarb and δ18Ocarb (R2=0.7). C:Discoscaphites iris in situ ~1mbelow theK–Pg



Fig. 7. Correlation of the Starkville section with the PB Landfill based onwt% CaCO3, Ti and K concentrations. Correlative records are highlighted in light gray. The area highlighted in dark
gray at the top of the PB Landfill is not preserved at Starkville and most likely represents ~2 precession cycles. Error margins for elemental proxies (1 sigma error) are reported in
Supplementary data.
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returns to a higher power toward the top of the section ~1.5 m below
the K–Pg boundary, where both frequencies occur at high powers
(Fig. 8). Ti and K records exhibit high power in both frequency bands
in the basal ~1.5 m of the section (Fig. 8; Fig. S4). In accordance with
wt%CaCO3, the 0.90 cycles/m frequency band dominates the middle–
upper (~1.5–4.5 m) part of the section, above which 1.80 cycles/m fre-
quency band returns to high powers. The Gaussian bandpass filter tech-
nique was used to extract cycles from the time-series with peaks >99%
CI (Fig. 9). Wt%CaCO3, Ti, and K filter outputs show distinct amplitude
modulation of the high-frequency band which is commonly attributed
to the effects of eccentricity on precession (Huybers and Aharonson,
2010; Westphal et al., 2010; Meyers, 2015). We observe ~5 cycles
within each amplitude envelope, consistent with the short eccentric-
ity–precession ratio of 1:5. Gaussian filter outputs for Ti and wt%
CaCO3 are shown in Fig. 9. Filter outputs for the remaining proxies are
provided in Fig. S5.

5.2.2. Cyclostratigraphy in the Prairie Bluff Landfill section
Time-series analysis of detrended proxy data from the PB

Landfill indicates significant spectral peaks within a single frequency
band centered around 1.31 cycles/m in δ13Ccarb, δ18Ocarb, wt%CaCO3, Ti,
K and Fe records (>99.9% CI; Fig. 10). This frequency band corresponds
to a periodicity of 0.76 m, which generally matches the approximate
thickness of couplets observed in outcrop (Fig. S7). As observed in the
Starkville locality, spectral estimation of carbonate phase elements (Sr,
Ca) shows a spread over a wide frequency range, resulting in broad spec-
tral peaks that do not stand out like those obtained from other proxies
(Fig. S6) Overall, proxy records from the PB Landfill reveal significant, dis-
tinct periodicities within a single frequency band centered around 1.31
cycles/m.

Evolutionary power spectra of stable isotopes andwt%CaCO3 reveal a
single, dominant frequency band centered around ~1.31 cycles/m
(Fig. 10). This band shifts from lower frequencies in the basal part of
the sequence (0.9 cycles/m), to higher frequencies (1.6 cycles/m cy-
cles/m) up section (Fig. S6). Fe and Ti show the opposite, with a domi-
nant and consistent frequency band centered at ~1.31 cycles/m with
shifts from higher to lower frequencies up section. Evolutionary power
spectra of Ti reveal a concentration of power within the same frequency
band as δ13Ccarb, δ18Ocarb, wt%CaCO3, and Fe (1.31 cycles/m). Sr and Ca
8

also show a concentration of power within the dominant frequency
band; however, the wide range of frequencies across these spectra
make it difficult to interpret (Fig. S6).

5.3. Calcareous nannofossils

The preservation of the calcareous nannofossil assemblage is
moderate to good in all samples of the section, and very well pre-
served at the 5.7 m level. The total nannofossil abundance remains
high and fairly stable throughout the Maastrichtian part of the sec-
tion, regardless of the lithology (i.e., marls versus limestones), and
fluctuating around 25 specimens per field of view (N/FOV). A large
drop in abundance is recorded in the Danian sample reaching down
to 7.5 N/FOV (Fig. 11).

The Maastrichtian assemblage is dominated by Prediscosphaera
spp., Micula spp., C. ehrenbergii, Watznaueria spp., P. stoveri and
Arkhangelskiella spp. (Fig. 11). There is no clear correlation between
the relative abundance of the most resistant species in the assemblage,
Micula spp., and the total abundance. The percentage of this species
generally remains below 30%, except for one sample. Therefore, we con-
sider that the composition of the assemblage has not been significantly
altered by diagenesis (Thibault and Gardin, 2006). The most significant
change observed in the assemblage across the Maastrichtian is
expressed by a rapid increase in the relative abundance of
C. ehrenbergii. This taxon is a minor component of the assemblage
below 4 m but becomes one of the dominant taxa (>10%) from 5 m to
the top of the section. This change is also paralleled by a relatively
lower abundance of Micula spp., Watznaueria spp. and Arkhangelskiella
spp. up section while minor components of the assemblage such as
zeugrhabdotids (Placozygus and Zeugrhabdotus spp.), Chiastozygus spp.
and Microrhabdulus spp. increase (Fig. 11). The Danian sample is
characterized by a marked increase in the relative abundance of
Cervisiella operculata fragments, which is a typical feature of early
Danian sediments (Gardin, 2002).

This additional sampling has yielded significant new biostrati-
graphic information that better constrains the age of the Starkville
section (Fig. 11). Micula prinsii, the global index species for the
uppermost Maastrichtian, was recovered from 5.7 m and 3 m
levels below the K–Pg boundary. Based on these occurrences, the



Fig. 8. Spectral analysis results from Starkville.MTMpower spectra and evolutionary power spectra for δ13Ccarb, δ18Ocarb, %CaCO3 (wt%) and Ti. K, Fe, Sr andCa spectrograms are included in
Supplementarymaterial. K, Fe, Sr and Cadonot exhibit peaks above the 99.9% confidence intervalwith the exception of K (0.55mpeak exceeded99.9%) and generally show large spread in
spectra with less definitive peaks. Significant spectral peaks and corresponding cycles of the proxies shown here are highlighted in light gray. These peaks represent periodicities of 1.1m
(frequency 0.90 cycles/m) and 0.55m (1.80 cycles/m). Biostratigraphic constraints and a frequency ratio of 2:1 suggest obliquity and precession cycles, respectively. Rho (ρ) is the lag− 1
autocorrelation coefficient and S0 represents the average power.
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top ~5.7 m of the Starkville section is assigned to the UC20dTP sub-
zone (Fig. 5A). The lower part of the section is more difficult to con-
strain. Based on the absence of Micula murus and Ceratolithoides
kamptneri, markers for the UC20bTP and UC20cTP subzones, and the
9

presence of L. quadratus, this interval is assigned to the UC20aTP sub-
zone. However, as noted above, the absence of marker taxa for zones
UC20bTP and UC20cTP is most likely a result of environmental factors
rather than erosion and/or non-deposition.



Fig. 9. Integrated biostratigraphy, lithostratigraphy, chemostratigraphy and cyclostratigraphy from Starkville. Carbonate content (wt%CaCO3), Ti, and K concentration profiles
correspond to precession filter outputs outlined in red (0.55 m cycles), and obliquity filters outlined in green (1.1 m cycles). These correspond to significant frequency bands centered
around 1.8 ± 0.3 cycles/m and 0.9 ± 0.2 cycles/m, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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6. Discussion

6.1. Astronomical forcing and sedimentary cyclicity in the Prairie Bluff
Chalk

Ammonite and microfossil biostratigraphy constrains the likely du-
ration of both sections to ~200–400 kyr, limiting primary cycle possibil-
ities to obliquity and precession, which typically have a ratio of 2:1
(Laskar et al., 2004). To determine which cycles dominate deposition
in theMaastrichtian GCP, we obtained frequency ratios based on signif-
icant spectral peaks (Weedon, 2003; Strasser and Heckel, 2007;
Thibault et al., 2016a). Distinct peaks in power spectra show a 2:1
ratio of dominant frequencies in wt%CaCO3, Ti, and K data from
Starkville (Fig. 8). The high frequency band centered around 1.80 cy-
cles/m (0.55 m cycles), most likely corresponding to precession cycles,
represents the rhythmites in outcrop (Figs. 1A, 12). We interpret the
lower frequency band (0.90 cycles/m),which represents a 1.1mperiod-
icity, to be obliquity cycles. Due to the short length of the sampled re-
cord and a single significant frequency band, frequency ratios cannot
be applied to the PB Landfill section. Consequently, we identified
Milankovitch cycles at the Landfill using correlation with Starkville.
Based on biostratigraphic constraints, spectral estimation and correla-
tion, rhythmic sedimentation at the PB Landfill was also likely con-
trolled by precession cycles. This is consistent with the precession
component being dominant at subtropical locations (Bosmans et al.,
2015; Figs. 1A, 12). However, the likelihood of obtaining a
10
Milankovitch-scale ratio in sedimentary data is high, thus a record
long enough to express multiple frequency ratios is necessary to be
sure (Waltham, 2015). To improve this cyclostratigraphic interpreta-
tion, both GCP sections should be sampled further down to obtain a lon-
ger record. Unfortunately, exposure is limited below our lowest data
points at both sections, constraining the extent to which these data
could be expanded temporally.

Despite this, our cyclostratigraphic correlation and biostratigraphic
constraints allow for preliminary astronomical cycle identification in
the Prairie Bluff Chalk. Cycle counting based on filter outputs suggests
14 and 8 precession cycles at Starkville and the PB Landfill, respectively.
These correspond well with the number of rhythmites observed in
outcrop at both localities. Based on the average estimate for the length
of climatic precession during the Late Cretaceous (66 Ma; ~20.6 kyr;
Waltham, 2015; Berger et al., 1992), the estimated duration of the section
sampled at Starkville (8 m thick) is ~300 kyr. The duration of the
measured sections at the PB Landfill (6.5 m thick) is estimated to
be ~165 kyr. These estimates provide average sedimentation rates of
~2.8 cm/kyr and 3.9 cm/kyr for Starkville and the PB Landfill, respectively.
The PB Landfill section was probably deposited under higher sedimenta-
tion rates than Starkville as suggested by thicker couplets and generally
higher concentrations of terrigenous elements such as Ti. This is probably
due to its closer proximity to a siliciclastic sediment source.

Bandpass filters for wt%CaCO3, Ti, and K reveal typical amplitude
modulation of the high frequency band (1.80 cycles/m; Fig. 9). This pat-
tern is commonly attributed to the effects of short eccentricity on axial



Fig. 10. Spectral analysis results from the Prairie Bluff Landfill. MTM power spectra (top) and evolutionary power spectra for δ13Ccarb, δ18Ocarb, %CaCO3, Fe, and Ti, respectively. Significant
spectral peaks and corresponding cycles are highlighted in light gray. Evolutionary power spectra show powerwith respect to stratigraphy (depth). The frequency band centered around
1.31 cycles/m corresponds to a periodicity of 0.76 m and most likely represents precession cycles.
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precession (Huybers and Aharonson, 2010; Meyers, 2015). Although
this pattern is a good indicator of short eccentricity cycles, the record
is too short to express eccentricity scale frequencies in power spectra.
However, cycle counting based on Ti and K filter outputs shows
approximately five cycles within one amplitude envelope, which is the
typical number of precession cycles within one short eccentricity cycle
(~100 kyr). Amplitude modulation in wt%CaCO3 filters occurs in the
11
basal and upper parts of the section. The weak eccentricity signal in
the middle part of the section seems not preserved, thus, overall ampli-
tudemodulation of thewt%CaCO3 filter output does not reveal any con-
clusive patterns (Fig. 12). If amplitude modulation in Ti and K records
was in fact driven by eccentricity, ~3 short eccentricity cycles are pre-
served within the Starkville section (Fig. 12). This interpretation is in
linewith the estimated duration calculated from the inferred precession



Fig. 11.Composition of the nannofossil assemblage from Starkville depicted by cumulative 922 relative abundance (%). Samples analyzed for nannofossils aremarked by circles next to 923
corresponding meter levels. Micula prinsii occurrences are marked by yellow circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 12. Approximate age estimates and cyclostratigraphic correlation of the Starkville and PB Landfill sites with the Morello section. Filter outputs represent frequency bands centered
around 1.31 ± 0.3 cycles/m (CaCO3 and Ti from the PB Landfill), and 1.80 ± 0.3 cycles/m (CaCO3, K and Ti from Starkville); both are interpreted to represent precession cycles.
Precession filter output for Fe (wt%) data in purple (cycles are numbered). Raw Fe (wt%) data (from Sinnesael et al., 2019) and the short eccentricity output (dashed red). Frequency
bands from Morello that are centered around 3.0 ± 0.5 cycles/m and 0.7 ± 0.3 cycles/m represent precession and short eccentricity cycles, respectively. ~66.32 Ma represents an age
estimate for the C29r/C30 reversal by Sinnesael et al. (2019). Laskar et al. (2011) eccentricity solution (far right) indicating a 2.4 myr eccentricity minimum (modified from Sinnesael
et al., 2019). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cycles. Moreover, our correlation to the Morello section (see below)
supports similar amplitude modulations of the filter outputs we con-
structed using Fe (wt%) data from Sinnesael et al. (2019) (Fig. 12).
These suggested eccentricity minima also coincide with large scale
shifts in wt%CaCO3, δ13Ccarb, detrital element concentrations, and mini-
mum δ18Ocarb values. Thus, large-scale trends in geochemical proxies
could in part be driven by orbital forcing. Interestingly, the upper inter-
val at the Starkville section also exhibits a distinct change in calcareous
nannofossil and macroinvertebrate taxa (discussed below).

6.2. Correlation with other late Maastrichtian records and construction of a
floating timescale for the GCP

Sinnesael et al. (2018, 2019) constructed high-resolution XRF and
stable isotope records for several complete, deep water (~1000 m
paleodepth) K–Pg boundary sites within the Umbria–Marche basin in
Italy, specifically the well-studied Bottaccione site and a new site in Mo-
rello (Fig. 1). The first high-resolution carbon isotope chemostratigraphy
presented here allows for comparison of the GCP sections with the com-
plete sections of theUmbria–Marche basin,which reveals similar patterns
in δ13Ccarb profiles. Although absolute carbon isotope values differ (as ex-
pected for shallowmarine vs. deep water carbonates), strong similarities
are evident in carbon isotope trends and general patterns (Fig. 13). δ13C
trends observed in this study and both sections in Italy (Sinnesael et al.,
2019) are also consistent with upper Maastrichtian carbon isotope re-
cords from Elles, Tunisia (Thibault et al., 2016a; Keller et al., 2020) and
the latest Maastrichtian of the Newfoundland margin (Batenburg et al.,
2017) suggesting our data are consistent with global signals.

Sinnesael et al. (2019) identifiedprecession, obliquity and short eccen-
tricity cycles in Fe (wt%) data from theMorello section.We filtered the Fe
(wt%) data based on periodograms provided by Sinnesael et al. (2019) to
obtain precession and short eccentricity filter outputs (Fig. 12). We then
correlated the Morello section with Starkville at the precession scale by
comparison of filter outputs from this study (specifically wt%CaCO3, Ti
Fig. 13. Biostratigraphy and carbon isotope stratigraphy from the PB Landfill and Starkville corr
isotope data and magnetostratigraphy from Bottaccione and Morello were obtained from Sinn
panded section in the GCP (especially the PB Landfill), compared to Morello and Bottaccione. Co
interpretation of the references to color in this figure legend, the reader is referred to the web
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and K) to that of the filter outputs of Fe (wt%) data from Sinnesael et al.
(2019) (Fig. 12). Our filter outputs for wt%CaCO3, Ti and K compare well
with Fe (wt%) filter outputs from Morello. Additionally, evolutionary
power spectral analysis of proxy data from Starkville reveals similar pat-
terns to Morello and Bottaccione with regard to frequency changes
throughout the section. Wt%CaCO3, Ti and K results show a transition
from a potential obliquity signal (0.90 cycles/m) in the lower part of the
section to a potential precession band (1.8 cycles/m) in the topmost ~4
m of the section. Sinnesael et al. (2018) revealed the same pattern in evo-
lutionary power spectra of pXRF derived Ca, Fe, K data and CaCO3 content
in correlative strata from the Bottaccione section in Italy. They found an
obliquity-dominated signal in the basal 3 m of the section with a shift to
precession and eccentricity dominated spectra in the topmost ~3 m of
the Maastrichtian. Although shifts in evolutionary power spectra can
occur as a result of changing sedimentation rates, there is no evidence to
suggest any change in sedimentation rates at Starkville. However, we do
note a transition towardmoreproximal conditions as indicatedbypaleon-
tological and geochemical data (see Section 6.3 below).

Our cyclostratigraphic correlation with Morello provides some esti-
mate for the duration of the Maastrichtian portion of the K–Pg uncon-
formity in these GCP successions. Given that the K–Pg boundary
section in Morello is considered complete (Sinnesael et al., 2019), our
correlation of distinct precession cycles to this section suggests that ca.
4 cycles (~80 kyr) are missing in the upper Maastrichtian at the
Starkville locality. Subsequently, chemo- and cyclostratigraphic correla-
tion of the PB Landfill to Starkville sections suggests ~1 cycle (~20 kyr) is
missing from the upper Maastrichtian at the PB Landfill (Fig. 12). As
noted above, magnetostratigraphic analyses have yet to be conducted
on these sections to provide absolute age control. However, based on
our correlation with the Morello section and the most recent absolute
and estimated ages for the base of magnetochron C29r (between
66.26 and 66.32 Ma; Sprain et al., 2018; Sinnesael et al., 2019; Eddy
et al., 2020), we propose that the Starkville section encompasses the
C30n/C29r reversal boundary, which should be situated ca. 5 m below
elated with K–Pg sections in Bottaccione andMorello, Umbria–Marche basin, Italy. Carbon
esael et al. (2016, 2019). The y-axis represents depth. These correlations show a more ex-
rrelative isotope shifts are indicated by dashed lines and gray, blue and pink shading. (For
version of this article.)
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the K–Pg boundary. The whole sampled PB Landfill section is
interpreted to be deposited within chron C29r (Figs. 12, 13).

Although the biostratigraphically important ammonite Discoscaphites
iris is preserved only in the upper few meters of the Starkville section, it
occurs throughout the entire sampled section at the PB Landfill. Thus,
based on our cyclostratigraphy, we can also estimate a minimum dura-
tion for the D. iris biozone to be ~185 kyr (165 kyr + 20 kyr hiatus at
the top of the section). These data provide a tentative constraint on the
duration of the highest ammonite zone in North America (D. iris) and
allow for detailed correlation to all sections along the Gulf and Atlantic
Coastal Plains where this zone is present.

6.3. Implications for global environmental change in the late Maastrichtian

Astronomically forced, cyclical changes in our proxy records are
overprinted by prominent large-scale trends that represent global cli-
mate change in the late Maastrichtian. A late Maastrichtian warming
event (LMWE) has been well documented and commonly attributed
to Deccan Trap degassing (Thibault and Gardin, 2007, 2010; Thibault
and Husson, 2016; Batenburg et al., 2017; Barnet et al., 2018; Barnet
et al., 2019). The detailed study of Barnet et al. (2019) reported a
warming episode based on proxy records from several orbitally tuned,
deep-water sites in the Equatorial Pacific and South Atlantic. Their re-
sults show a negative shift of ~1‰ in δ18Obenthic records corresponding
to an increase of ~2.5–4 °C associated with a phase of Deccan Trap out-
pouring that started ~66.34 Ma. δ18Ocarb data from Starkville show a
similar trend with a decrease of ~1‰ throughout the basal 4 m of the
section and agree well with other published δ18Ocarb records from the
same timeframe (Batenburg et al., 2017; Thibault et al., 2016a, 2016b).
Unrealistic δ18O fluctuations among chalk and marl couplets (>1‰)
and a high covariance between δ18O and δ13C suggest that the PB Land-
fill records have been altered. Nevertheless, GCP δ18Ocarb records such as
those from Starkville might represent a global signal of temperature
change that further support our stratigraphic correlation based on
other proxies. However, further high-resolution δ18O records from mi-
crofossils are still needed from the GCP sections to make valid temper-
ature comparisons. Several studies found a decrease of ~0.5‰ in δ13C
of bulk carbonates and benthic foraminifera during the LMWE (Barnet
et al., 2018; Batenburg et al., 2017), suggesting increased atmospheric
CO2 concentrations and some perturbation to the global carbon cycle.
If our floating timescale is correct, Starkville data indicate a decreasing
trend of ~0.5‰ in δ13Ccarb beginning ~300 kyr prior to the K–Pg. Morello
and Bottaccione records show similar changes (Fig. 13).

New calcareous nannofossil analysis of the Starkville section pro-
vides additional insight into environmental changes during the last
~300 kyr of the Cretaceous in the GCP. An increase in C. ehrenbergii rel-
ative abundance during the late Campanian of the Zagros basin (Iran)
has been recently associated with a significant lowering of sea-level
and interpreted as a potential joint response to both a change toward
more proximal settings and a decrease in temperature (Razmjooei
et al., 2020). In our dataset, patterns of species that show a higher affin-
ity for high latitudes such as P. stoveri or Arkhangelskiella spp. (Pospichal
andWise, 1990; Lottaroli and Catrullo, 2000; Thibault et al., 2016b) and
Micula spp., interpreted by some as an ecological generalist with a pref-
erence to cool waters (Watkins and Self-Trail, 2005), show an opposi-
tion to that of C. ehrenbergii, thus ruling out cooling to explain this
trend (Fig. 11). However, the rise in C. ehrenbergii is associated with a
slight increase in Microrhabdulus spp., the latter of which may have
had an affinity for shelf deposits (Friedrich, 2005). A peak abundance
in zeugrhabdotids across the 5–6 m level marks the transition, increas-
ing in concert with the onset of the increase in C. ehrenbergii, suggesting
a slight rise in water column fertility.Watznaueria spp. do not delineate
any clear trend through the section, apart from one peak in abundance
at 4 m, but this taxon appears to respond significantly to temperature
changes only at high latitudes where it is closer to the boundary of its
temperature range (Sheldon et al., 2010; Thibault et al., 2016b).
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As stated above, high-latitude taxa P. stoveri and Arkhangelskiella spp.
decrease up section in parallel with a slight increase in A. regularis, a spe-
cies thatmarkedly shows higher abundances duringwarming episodes in
the late Campanian–Maastrichtian of the Boreal realm (Thibault et al.,
2016b). Therefore, although depicted by small changes in the assemblage
compared to the significant change observed with the rise in
C. ehrenbergii, a slight warming could be suggested by our nannofossil
data for the upper part of the section accompanying the trend toward
more proximal conditions. Moreover, the increase in abundance of
C. ehrenbergii at Starkville is accompanied by a change in abundance of
macrofossils and shifts in elemental concentrations. Although absolute
values obtained from pXRF analysis may not be reliable, relative shifts
showa considerable increase in detrital elements such as Ti and to a lesser
extent K (Fig. 9). The correlative interval at the PB Landfill shows coinci-
dent increases in Ti, K and Fe (Fig. S3), supporting a shift toward more
proximal settings. Finally, the upper part of the section at Starkville is
rich in macroinvertebrates, including abundant ammonites. In compari-
son, only a few invertebrates were recovered from the basal ~5 m of the
section. This dramatic change in macroinvertebrate occurrence may rep-
resent changes in local environmental conditions such as depth and sub-
strate, in parallel with the change in nannofossil assemblages.

7. Conclusions and significance

This study provides the first cyclostratigraphic framework for the
Maastrichtian of the GCP based on new geochemical and biostrati-
graphic analyses of two sections spanning the K–Pg boundary inMissis-
sippi (Starkville and PB Landfill). These data can be used to evaluate
latest Cretaceous environmental change in the US Gulf Coastal Plain
within a more refined temporal framework. Based on stable isotope
(δ13Ccarb and δ18Ocarb), carbonate content (wt% CaCO3), and elemental
concentrations (Fe, Ti, K), precession, obliquity and short eccentricity
are demonstrated to be well-preserved at the Starkville locality. Due
to the shorter record sampled at the PB Landfill, only axial precession
could be identified. Combining chemostratigraphic and new biostrati-
graphic data, the estimated duration of the section below theK–Pg tran-
sition at Starkville is ~300 kyr while the section at the PB Landfill likely
represents ~165 kyr. Although we have only established a “floating”
timescale for the PBC, our data provide constraints on the duration of
the uppermost Maastrichtian Discoscaphites iris ammonite biozone
(≥~185 kyr) and the K–Pg hiatus in this region, estimated to be
~80 kyr at Starkville and ~20 kyr at the PB Landfill.

The high-resolution cyclo- and chemostratigraphy presented here
allows correlation of uppermost Maastrichtian strata within the GCP
to other sectionsworldwide. The Starkville δ13Ccarb record shows trends
and distinctive shifts that are similar to those of the well-studied Mo-
rello and Bottaccione sections in Italy and elsewhere, indicating that
global scale carbon isotope signals are preserved in the GCP. A high-
resolution timescale in addition to a detailed geochemical record of
the PBC provides an excellent stratigraphic foundation for future paleo-
ecological and paleoenvironmental studies of the K–Pg transition in the
Gulf Coastal Plain.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.105954.
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