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ABSTRACT

The Cretaceous-Paleogene boundary represents the latest of the five major mass extinctions in Earth's history.
Previous biomarker studies at distal K-Pg sites have suggested transient changes; however, the lack of high-
resolution and extended records limits our understanding of the mechanisms and duration of post-impact bi-
otic recovery.

We performed a multiproxy analysis at continuous cm-scale resolution across an ~300 cm-thick K-Pg
boundary interval at the Caravaca distal section (SE Spain) that spans ~22 kyr before to ~220 kyr after the K-Pg
event. We analysed the section's biostratigraphy and explored changes in organic matter composition (n-alkanes,
acyclic isoprenoids, steranes and hopanes), trace elemental ratios and concentrations (K/Al, Ti/Al, Ba/Ti, Ca/Al,
Ir and CaCO3), and isotopic compositions of both bulk (613Ccarb, 613C0rg) and high-molecular-weight n-alkanes
(8'3Cpvw). Changes in the organic matter abundance and provenance, isotopic composition and in trace element
distributions were observed, mainly in the post-impact ejecta layer and boundary clay layer (representing ca.
~10 kyr after impact). Although many biomarker mass accumulation rates exhibit a decrease and slow recovery
after the K-Pg, an increase in some putative marine productivity biomarkers (pristane and phytane; LMW n-al-
kanes) is recorded from 5 kyrs before to 30 kyrs after the K-Pg mass extinction. Intriguingly, a co-eval variation in
some inorganic terrestrial/extraterrestrial input (Ti/Al, K/Al, Ir) and some biomarker proxies with an anomalous
excursion in the organic carbon isotope record (613C0rg) suggest transient change in organic matter, perhaps
reflecting an erosive event associated with the impact. This erosive event appears to be related to the remobi-
lization of less thermally or diagenetically altered terrestrial organic matter, making it analogous to but distinct
from studied distal Cretaceous-Paleogene sections such as Agost, in Spain, and Mid-Waipara, in New Zealand
which were characterised by remobilization of thermally mature organic matter. Thus, with our novel high-
resolution primary productivity evolution results, we can evidence for first time, heterogeneity on biomarker's
responses in distal the Cretaceous-Paleogene boundary sites.

1. Introduction

event and the disappearance of about 72% of marine and continental
species (D'Hondt, 2005). This mass extinction is typically attributed to

The Cretaceous-Paleogene (K-Pg) boundary, dated ~66.0 Myr the catastrophic environmental consequences of the Chicxulub Impact
(Sprain et al., 2018), is associated with the most recent mass extinction (Alvarez et al., 1980; Smit and Hertogen, 1980; Schulte et al., 2010;
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Palike, 2013; Hull et al., 2020; Morgan et al., 2022). However, other
mechanisms, such as the volcanism associated with the Deccan Traps,
have also been invoked as contributing to theses environmental changes
(Li et al., 2022; Schoene et al., 2015, 2019).

Much work has focused on understanding the short- to long-term
effects of the Chicxulub impact on the global environmental system,
including the time frame required for the re-establishment of pre-impact
environmental conditions and the microbial and non-fossilizing phyto-
plankton communities. The many K-Pg sections worldwide exhibit
different features depending on the distance to the impact in the Gulf of
Mexico (Chicxulub structure) (Hildebrand et al., 1991; Swisher Ill et al.,
1990), e.g.: i) very proximal, less than 500 km from impact site: ii)
proximal, between 500 and 1000 km from impact site; iii) intermediate,
between 1000 and 5000 km from Chicxulub impact site; and iv) distal,
more than 5000 kms from impact site. Although proximal K-Pg marine
deposits provide information about the immediate physical effects of the
impact and associated environmental changes (Bralower et al., 2020a;
Lowery and Bralower, 2022; Morgan et al., 2022; Schaefer et al., 2020),
the distal sections are particularly important for assessing the global
consequences of the K-Pg boundary and the nature of both environ-
mental and biotic recovery after this impact event (Bralower et al., 2020;
Henehan et al., 2019; Septlveda et al., 2019).

In previous molecular fossil (i.e. biomarker) based studies focused on
several distal K-Pg sites (> 5000 km from Chicxulub impact site), such as
the Stevns Klint (Denmark), Mid-Waipara (New Zealand) and Agost
(Spain) sections (Bralower et al., 2020; Septilveda et al., 2009; Sosa-
Montes de Oca et al., 2023; Sosa-Montes de Oca et al., 2021), only minor
changes in the non-fossilizing phytoplankton community across the
boundary were observed, in particular, a transient change in marine
algal (sterane and n-alkane) biomarker distributions within 10 kyrs after
impact. However, in proximal K-Pg sites, large and persistent changes
have been observed in both the organic matter (OM) abundance and
biomarker assemblages across the boundary (Schaefer et al., 2020; Sosa-
Montes de Oca et al., 2024). Distal sites do record other environmental
changes, albeit often associated with a rapid return to pre-impact con-
ditions. The Caravaca and Agost marine K-Pg distal sections, located in
southeastern Spain, and the El Kef section, located in Tunisia, represent
some of the most continuous, well-preserved and well-studied K-Pg
boundary distal sections worldwide (e.g. Molina et al., 2005; Rodriguez-
Tovar et al., 2006). Inorganic geochemistry and ichnological analyses on
the Spanish sections (Sosa-Montes de Oca et al., 2020; Sosa-Montes de
Oca et al., 2013, 2016, 2018a, 2018b) revealed decreased bottom water
oxygenation associated with the ejecta layer, but the recovery to pre-
vious oxic conditions occurred almost instantaneously, allowing the
macrobenthic community to quickly recolonize the substrate (Laska
etal., 2017; Rodriguez-Tovar, 2005, 2024; Rodriguez-Tovar et al., 2006;
Rodriguez-Tovar and Uchman, 2004; Rodriguez-Tovar and Uchman,
2006; Rodriguez-Tovar and Uchman, 2004; Sosa-Montes de Oca et al.,
2020).

A limitation of those previous studies — and a potential reason for the
lack of biomarker change at the marine distal sites — is their limited
stratigraphic resolution and range, with previous studies often focusing
on sections only a few tens of cm in total thickness. For example, pre-
vious biomarkers analyses at the Caravaca section revealed a spike of
pyrosynthetic polycyclic aromatic hydrocarbons related to an abrupt
decrease in organic 8'3C (Arinobu et al., 1999) and the influx of
terrestrial biomarkers into the marine environment after K-Pg boundary
(Arinobu et al., 2005; Mizukami et al., 2013). However, these (and
other) studies covered only a short-time interval before and after K-Pg
boundary, only span between 7 kyrs before to 30 kyrs after K-Pg
boundary. Therefore, long-term K-Pg records, like we got at the Car-
avaca section, are e ssential for contextualizing these inferred changes in
OM sources (terrestrial, marine or reworked) by providing a baseline of
pre- and post-K-Pg variability. Terrestrial (e.g., land plants) and marine
(e.g., algal, bacterial and archaeal) OM biomarkers can be used to infer
changes in aeolian, fluvial and erosive inputs of the former and
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productivity changes in the latter (e.g., Cranwell et al., 1987; Eglinton
and Hamilton, 1967; Huang and Meinschew, 1979; Rontani and Volk-
man, 2003). Thus, here we report extended organic geochemical record
to improve our understanding of the long-term response of the pre and
post-impact biotic changes/recovery. We present a multiproxy analysis
across an ~300 cm-thick K-Pg boundary interval at the Caravaca marine
distal section (SE Spain) that spans the ~22 kyr preceding and ~ 220 kyr
following the K-Pg event (Arenillas et al., 2004; Gilabert et al., 2021). To
complement interpretation of biomarker changes, we also determined
stable carbon and oxygen isotope values (bulk and n-alkanes of inferred
terrestrial origin) and major and trace element ratios (Ca/Al, K/Al, Ba/
Ti, Ti/Al, Ir, CaCOs). We focus on the distribution of specific phyto-
plankton (e.g. pristane, phytane, n-alkanes, steranes), higher plant
(high-molecular-weight n-alkanes) and bacterial (hopanes) biomarkers,
in order to assess changes in paleoenvironmental conditions, OM inputs,
and the composition of microbial and non-fossilizing phytoplankton
community assemblages both across the K-Pg event and for an extended
interval preceding and following it.

2. Geological setting

The K-Pg boundary section at Caravaca (38°04'36.39N,
1°52'41.45W) is located on the NW side of road C-336, about 4 km
southwest of the town of Caravaca (Murcia, Spain), in the Barranco del
Gredero (Fig.1). The lithology in ascending order is comprised by the
uppermost Cretaceous (upper Maastrichtian) sediments that consist of
gray calcareous marlstones and marlstones (unit a), and the overlying
lowermost Paleogene (lower Danian) sediments. The latter include a
2-3-mm-thick red clay layer (the ejecta layer - unit b), a 6 cm-thick
blackish-gray clay layer (the boundary clay - unit c¢) with a gradual in-
crease in carbonate content (related to the recovery of biological pro-
ductivity; e.g., Tribovillard et al., 2006), and light marly limestones
(unit d) (Fig. 2) (see for more details Sosa-Montes de Oca et al., 2013).
The Caravaca distal section is thought to represent deposition at bathyal
paleowater depths of ~1000 m (Schulte et al., 2010) and at around
27-30° N paleolatitude (Smith et al., 1981) at the time of the impact
event.

The ejecta layer (unit b) at the Caravaca distal section marks the
sharp contrast between the Maastrichtian and Danian, and contains
impact evidence such as spherules (Glass and Burns, 1987; Smit, 1999;
Smit and Klaver, 1981), iridium, platinum-group element and rare earth
element (REE) anomalies, a sulphide-rich carbonaceous chondrite (Kyte,
1998; Martinez-Ruiz et al., 1997; Shukolyukov and Lugmair, 1998), and
a significant decrease in Ca due to the mass extinction among pelagic
calcifiers (Goderis et al., 2013; Schulte et al., 2010) (Figs. 2 and 3).

3. Materials and methods
3.1. Core description and sampling

The Caravaca section was drilled on July 2021 to obtain a complete
and continuous record of the K-Pg interval with the four-above-
mentioned units (a, b, ¢ and d, see Fig. 2), ranging from the upper-
most Maastrichtian to the lowermost Danian. It was recovered using a
Rolatec RL 48 L drilling machine with rubber tracks from the Centro de
Instrumentacion Cientifica (CIC), University of Granada, Spain.

A total of 5 cores were obtained in the Caravaca section (Fig. 2), but
only in 2 of them, CA4 and the CA5, was the K-Pg boundary (both the
ejecta layer - unit b and the boundary clay - unit c) recovered. From
these two cores, only the ~300 cm-thick bore hole of the K-Pg CA4 was
selected for this study, as it contained a better record of the K-Pg. This
core was described, measured, and then continuously sampled (~30 g
was taken for each sample) at varying resolution (between 3, 4, 5 or 6
cm), depending on the unit interval and to the distance to the K-Pg. A
total of 65 samples were taken for organic geochemical, total organic
carbon (TOC), and stable carbon and oxygen isotope analyses (613Ccarb
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Fig. 1. Location of the K-Pg section at the Caravaca site (red colour) located in Southeast Spain. (A) 66 Ma ago. (B) at present days. Number 1 in red shows the
Caravaca section, number 2 in black indicates the Agost section, number 3 in blacks shows the El Kef section. (C) Photograph of the Caravaca section taken during
drilling. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and §'%0; 613C0rg). In addition, 30 samples were selected for compound
specific isotope analysis (CSIA) of high-molecular-weight n-alkanes (>n-
Ca9) (613CHMW). Planktonic foraminifera assemblages were examined to
corroborate the continuity or the presence of hiatuses.

3.2. Micropaleontological analysis

Micropaleontological analysis of the Caravaca section is based on
planktonic foraminifera, whose stratigraphic distribution is illustrated
in Fig. 3 and Table 1 from supplementary material. A total of 17 samples
were studied, of which 3 were below the K-Pg limit and the rest above.
Sample density was greater in the first 100 cm situated above the K-Pg
boundary, in order to identify the different biozones that characterize
the base of the Danian. Samples were broken up with a mortar and pestle
into ~1 cm chunks, soaked for at least 24 h in a solution of peroxide and
borax to aid disaggregation, and then washed over a 45 pm sieve. The
sieved residue was then dried overnight in an oven and analysed under a
Zeiss Discovery V8 microscope for the presence/absence of bio-
stratigraphically significant taxa.

The samples are rich in planktonic foraminifera, and preservation is
moderate to good. For this study, the taxonomic framework used for
Upper Maastrichtian is based on Robaszynski et al. (1984), Caron
(1985), Nederbract (1991), Arz and Molina (2002), Arz et al. (2010) and
the pforams@mikrotax website (Young et al., 2024). The planktonic
foraminifera taxonomy applied to the basal Danian is based on those
proposed by Luterbacher and Premoli Silva (1964), Loeblich Jr and
Tappan, 19870lsson et al. (1999), Arenillas and Arz (2000), Arenillas
et al. (2004, 2007), and pforams@mikrotax website (Young et al.,
2024). According to Arenillas and Arz (2000), the species Parvularugo-
blobigerina longiapertura and Parvularugoglobigerina eugubina have been
differentiated and used to stablish the lowermost Danian biozonation.
Using the biozonation proposed by Arenillas et al. (2004) and Gilabert
et al. (2021), all the biozones of the K-Pg transit were identified (Fig. 3).

3.3. XRF core-scanner analyses

High-resolution XRF core-scanning was conducted using a Itrax
FixRAY located at the Centro de Instrumentacion Cientifica (CIC) at the
University of Granada (Spain). The core Caravaca CA4 presents 6 un-
altered samples (MI). First, each core was cut in half; then, each half was
fixed in the scanner and measured in continuous mode with a resolution
that varied between 2 mm for MI5 (where the K-Pg boundary is crossed)
and 4 mm resolution for the rest MI1, MI2 MI3, MI4 and MI6. A total of
58 major and trace chemical elements, between mass element 24 (Mg)
and 238 (U), were measured using a 100 s count time, 30 kV X-ray
voltage, and X-ray current of 2 mA. Furthermore, we used the Q-Spec
program to convert point counts into concentrations (%) using Nist-610
as internal standart.

Through the K-Pg interval, large shifts in carbonate content occur,
impacting most element distributions. To study elemental variability
without this carbonate dilution effect, Al-normalized concentrations or
recalculation on a carbonate-free basis is usually applied (Calvert and
Pedersen, 1993; De Lange et al., 1987; Morford and Emerson, 1999;
Tribovillard et al., 2006; Van der Weijden, 2002). We have selected the
following ratios Ca/Al, Ba/Ti, K/Al, Ti/Al and Ir to locate the K-Pg
boundary and to provide insights into productivity, terrigenous input
and extraterrestrial contamination, complementing the biomarker
results.

3.4. Organic geochemistry

3.4.1. Total organic carbon (TOC) analysis

In total, 65 samples distributed along the ~300 cm core CA4 were
selected for determination of total organic carbon (TOC) contents and
biomarkers. This includes 22 samples from the 100 cm-thick interval of
uppermost Cretaceous sediments (unit a), 1 sample from the 0.2 cm-
thick ejecta layer (unit b), 2 samples from the 6 cm-thick boundary clay
(unit c), and 40 samples from the 200 cm-thick light marly limestones
(unit d), with higher resolution sampling closer to the K-Pg boundary.
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Fig. 2. (A) Photographs of 5 cores taken at the Caravaca section (dashed red line marks the K-Pg boundary). (B) Stratigraphic column of K-Pg boundary Caravaca
section showing sample depths [black circles]). The ~3.0 m thick profile comprises 1.0 m of uppermost Cretaceous (unit a) and 2.0 m of Paleogene sediment; the
latter includes an ejecta-rich layer (unit b), which contains spherules and an iridium anomaly, overlain by 6-10 cm of the blackish-gray boundary clay layer (unit c)
and 1.90 m of the light marly limestones (unit d). (C) Detail of the K-Pg boundary recovered core. (D) High Resolution Scanning Field Scanning Electron Microscope
(HRSEM) photographs of the impact spherules at the ejecta layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

TOC concentration was determined by subtracting the inorganic carbon
(IC) from the total carbon (TC) content in each sample, both determined
with a SHIMADZU TOC-VCSH at the Stable Isotope Laboratory (SIDI) at
the Universidad Auténoma de Madrid (Spain), with a precision better
than 0.05%.

3.4.2. Biomarker analysis

A total of 65 samples were taken for biomarker analyses. They were
extracted and analysed at the Organic Geochemistry Unit (OGU) at the
University of Bristol (UK). Approximately 30 g of sediment was freeze-
dried, then powdered using a steel ball mill (MM400) and extracted
via a Soxhlet apparatus for 48 h using dichloromethane (DCM)/meth-
anol (MeOH) (2:1 v/v). Then, total lipid extracts (TLE) were separated
into two fractions using a column packed with activated silica by elution
with hexane/DCM (9:1 v/v; apolar fraction) and DCM/MeOH (1:2 v/v;
polar fraction). Finally, all fractions were evaporated to dryness under a
steady flow of nitrogen.

GC analyses were performed on a CarloErba Gas Chromatograph
equipped with a flame ionisation detector (FID) and fitted with a
Chrompack fused silica capillary column (50 m x 0.32 mm interior
diameter) coated with a CP Sil-5CB stationary phase (dimethylpolysi-
loxane equivalent, 0.12 pm film thickness). GC-MS analysis was

performed on a Thermo Finnigan Trace Gas Chromatograph interfaced
with a Thermo Finnigan Trace Mass Spectrometer operating with an
electron ionisation source at 70 eV and scanning over m/z ranges of 50
to 850 Da. The GC was fitted with a fused silica capillary column (50 m
x 0.32 mm i.d.) coated with a ZB1 stationary phase (dimethylpolysi-
loxane equivalent, 0.12 pm film thickness) and helium as the carrier gas.
For both GC and GC-MS, 1 pl of sample was injected at 70 °C (1 min
hold) using an on-column injector. The temperature was increased to
130 °C with an initial ramp of 20 °C/min, then to 300 °C at 4 °C/min,
followed by an isothermal hold for 20 min. Due to the low concentration
of the hopanes and steranes they were measured by SIM mode. All
concentration results are semi-quantitative, with peak areas determined
from appropriate mass chromatograms (n-alkanes m/z 57; hopanes m/z
191; steranes m/z 217 + 218) and normalized to the internal standard
(5a-androstane) and amount extracted; due to varying response factors,
these were not converted into absolute concentrations and we instead
normalise the dataset to the sample with the highest concentration or
mass accumulation rate as relevant (see below at 3.6).

3.5. Stable isotope analyses

The organic (613c0,g) and inorganic (5'3Cear) carbon and oxygen
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Fig. 3. Biostratigraphy of the Caravaca K-Pg section. For lithology, see caption in Fig. 2.

isotopes (6180carb) were analysed in 65 samples from 1.0 m below to 2.0
m above the K-Pg boundary (21 samples on unit a, 1 sample unit b, 2
samples unit ¢, and 41 samples unit d). Analyses were conducted in the
Stable Isotope Laboratory (SIDI) at the Universidad Auténoma de
Madrid (Spain) (613Corg) and the Centro de Instrumentacion Cientifica
(CIC) from Universidad de Granada (Spain) (8*3Cgarb). For the former,
inorganic carbon (IC) was removed, and all samples were weighed
(between 0.012 and 0.030 g); depending on the quantity of total carbon
(TC), they were then analysed with an elemental analyzer, a Carlo Erba
1108 coupled to a IRMS VG Isochrom, in continuous flow mode for bulk
organic matter isotopic (513corg) determination. The reference material
used for 5'3C analysis was IA-R001 [8'3Cyppp = —26.43%0], with a
precision better than 0.08%o. Results are expressed in the common

§-notation in per mil (%o) relative to the V-PDB standard. For determi-
nation of bulk inorganic carbon isotopic (6'3Cearp) and oxygen isotopic
values (6180), all samples were treated with phosphoric acid (H3PO4 at
103%) using a VG Isocarb system thermostatized at 90 °C. The liberated
CO4 was analysed with an Isotope Ratio Mass Spectrometer (IRMS) VG
Prism II. The international carbonate standard NBS-19 (National Bureau
of Standards; 5!3C = 1.95%0 and 580 = —2.20%c) was used to calibrate
to Vienna Pee Dee Belemnite (VPDB), with an average precision of
0.03%o for 613Ccarb and 0.05% for 580 analyses.

Stable carbon isotopic compositions of n-alkanes were determined
for 30 samples, from 0.8 m below to 1.0 m above the K-Pg boundary (16
samples on unit a, 1 sample unit b, 1 samples unit ¢, and 12 samples unit
d). This was done via gas chromatography-combustion-isotope ratio
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mass spectrometry (GC-C-IRMS), at the OGU, University of Bristol, using
a Hewlett Packard 6890 gas chromatograph connected to a Thermoquest
Finnigan Delta plus XL spectrometer, via a GC III combustion interface
(comprising Cu, Pt and Ni wires within a fused alumina reactor at a
constant temperature of 940 °C). Duplicate analyses were conducted for
each sample, with values reported in standard delta (%o) notation rela-
tive to Vienna Pee Dee Bee Belemnite (VPDB). Analytical accuracy, on
the basis of replicate analysis of a standard of mixed fatty acid methyl
esters (FAMEs), was typically +0.5%0 and precision, represented by 1
standard deviation is generally < +0.5%o.

3.6. Mass accumulation rates

Given the changes in lithology as well as likely changes in sedi-
mentation rates (Gilabert et al., 2021, see at 4,1) across our section, we
calculated Mass Accumulation Rates (MAR; pg/cmz/kyr) to examine
variations in OM input in relation to the time of deposition for different
apolar biomarkers. The MAR was obtained by multiplying the concen-
tration (ug/g Dry Weight) of each biomarker (pristane, phytane, n-al-
kanes, hopanes and steranes) by the sedimentation rates (crnz/kyrs)
calculated in each unit or foraminifera subzones (see at 3.2 and Fig. 4).
Because concentrations are semi-quantitative, as discussed above, we
then normalized MARs for each compound or class to the sample with
the highest value which is set as MAR = 1.

4. Results
4.1. Biostratigraphy, age-depth model and sedimentation rate

Below the K-Pg boundary (unit a), a typical upper Maastrichtian
association was recognized, where Plummerita hantkeninoides is present
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and whose last occurrence marks the upper boundary of the biozone of
the same name and the top of the Cretaceous. The upper part of the
section (200 cm above the K-Pg boundary) is represented by the bio-
zones of Guembelitria cretacea, Parvularugoglobigerina eugubina and the
lower part of Parasubbotina pseudobulloides. The Gb. cretacea biozone has
been divided into two subzones on the basis of the lowest occurrence
(LO) of Parvularugoglobigerina longiapertura (Arenillas and Arz, 2000).
The 6 cm interval located directly above the K-Pg boundary (Fig. 3),
which includes the reddish ejecta level and the dark boundary clay layer
(units b and c), contains the assemblage formed by Muricohedbergella
holmdelensis, Muricohedbergella monmouthensis, Heterohelix globulosa,
Guembelitria cretacea, Guembelitria blowi, Chiloguembelitria hofkeri, Chi-
loguembelitria danica and Pseudocaucasina antecesor. This association
characterises the M. holmdelensis subzone, equivalent to the Zone PO of
Berggren and Pearson (2005) and Wade et al. (2011). Reworked
Cretaceous specimens are abundant in this subzone. At the base of unit
d (Fig. 3), 9 cm above the K-Pg boundary (sample CA4-5-Pg 6-9, Table 1
from Supplementary material), the first trochospiral forms represented
by tiny parvularugoglobigerids (Parvularugoglobigerina and Palae-
oglobigerina) appear, which was used to place the base of the Pv. long-
iapertura subzone.

The LO of Parvularugoglobigerina eugubina in a sample situated 24 cm
above the K-Pg boundary (CA4-4-Pg-24-28, Table 1 from Supplemen-
tary material), marks the base of the biozone of the same name. Within
this biozone, the subzones Parvularugoglobigerina sabina and Eoglobiger-
ina simplicissima can be identified. The first subzone covers a range of 36
cm, from 24 to 60 cm above K-Pg (samples CA4-4-Pg-24-28 to CA4-4-
Pg-56-60, Table 1 from Supplementary material) and is characterised by
an abundance of Parvularugoglobigerina taxa. The LO of Eoglobigerina
species with a pitted/cancellate wall texture (Arenillas et al., 2004;
Arenillas and Arz, 2013) occurs 60 cm above the K-Pg boundary (sample
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Fig. 4. Age-depth model plot for our Caravaca K-Pg section based on Arenillas et al. (2004) and Gilabert et al., 2021. Sedimentation rates are shown next to segments
of the age model line. For lithology, see caption in Fig. 2. For K-Pg boundary age we used Gradstein et al. (2020).
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CA4-4-Pg-60-64, Table 1 from Supplementary material). This bioevent
and the abundance of Woodringina are used to identify the
E. simplicissima subzone. According to Berggren and Pearson (2005) and
Wade et al. (2011), the Zone Pa represents the interval of total range of
Pv. eugubina. Following the arguments of Arenillas and Arz (2000),
Arenillas et al. (2004) and Metsana-Oussaid et al. (2019), the Zone P
comprises the Py. longiapertura subzone, Pv. eugubina biozone and the
lowest Parasubbotina pseudobulloides biozone (Fig. 3).

The last 95 cm of the Caravaca section belong to the
P. pseudobulloides biozone, defined by the first occurrence of the index
species. In addition, this biozone is characterised by the predominance
of Chiloguembelitria and Woodringina, together with other less frequent
species as Parasubbotina, Eoglobigerina, Chiloguembelina, Globanomalina
or Praemurica (Fig. 3 and Table 1 from Supplementary material). The
absence of Subbotina triloculinodes in the samples indicates that only the
Eoglobigerina trivialis subzone is represented in this section. This subzone
is practically equivalent to the Subzone Pla of Berggren and Pearson
(2005) and Wade et al. (2011).

Biostratigraphic analysis revealed frequently reworked Cretaceous
specimens in the lower part of the Danian, until 0.3 m above the K-Pg
boundary, particularly abundant in the initial samples (P0). The exis-
tence of reworked Cretaceous specimens in the Danian of the Caravaca
section was previously demonstrated by Kaiho and Lamolda (1999).
Recently, Gilabert et al. (2021) studied the palaeoenvironmental
changes of the lower Danian of Caravaca and identified numerous
Cretaceous specimens reworked in the earliest Danian samples. Addi-
tionally, a significant decline in the abundance of reworked Cretaceous
specimens was observed throughout the lower part of the Danian, a
trend also documented by Arz et al. (2000). On the other hand, the
identification of all biozones and subzones defined for the K-Pg
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transition suggests that in this section there were no hiatuses and implies
stratigraphic continuity.

Utilizing the planktonic foraminifera biohorizons previously cali-
brated by Arenillas et al. (2004) and Gilabert et al. (2021) as a reference,
we estimated the following age-depth model for the Caravaca CA4 core
from the Caravaca K-Pg section (see Fig. 4). The samples strati-
graphically underlying the K-Pg boundary (from —1.00 m to the K-Pg
boundary) do not record any distinct first or last occurrence biohorizon.
However, the entire assemblage is characterised by planktonic forami-
nifera indicative of the latest Maastrichtian P. hantkeninoides Biozone
(Arenillas et al., 2004). The Lowest Occurrence (LO) of the index taxon,
a bioevent dated by Husson et al. (2014) as 140 kyr prior to the K-Pg
boundary, was used as a chronostratigraphic tie-point. Leveraging this
tie-point, Gilabert et al. (2021) established an average sedimentation
rate of 4.5 cm/kyr for the latest Maastrichtian interval within the Car-
avaca section. Assuming a constant sedimentation rate of 4.5 cm/kyr
across at the uppermost Cretaceous, we propose an approximate dura-
tion of 22.2 kyr for our uppermost Maastrichtian sedimentary sequence.
The ejecta layer represents an extremely rapid deposition event,
potentially occurring over a timescale of years to decades (Artemieva
and Morgan, 2020; Artemieva and Morgan, 2009), but the boundary
clay layers have low sedimentation rates (PO; 0.6 cm/kyr). Then sedi-
mentations rates increase from 1.80 to 2.77 cm/kyr, and finally decrease
again to 1.07 cm/ky and 0.73 cm/kyr in the top of our studied section.

4.2. Core scan profiles

Geochemical data analysed by XRF core scanner are presented as
elemental ratios (Ca/Al, Ba/Al, K/Al, Ti/Al and Ir and CaCO3 [%])
across the K-Pg boundary (Fig. 5). Selected Al-normalized ratios provide
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Fig. 5. Inorganic XRF core scanner profiles, showing: (A) Productivity ratios, such as Ca/Al (continuous dark blue line), Ba/Ti (dashed light blue line) and CaCO3
content (%, continuous light blue line); (B) terrigenous input ratios, such as K/Al (continuous dark green line) and Ti/Al (continuous light green line); and (C) the
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referred to the web version of this article. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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information about environmental variations at continuous, mm-
resolution along the ~200 cm-thick studied interval (100 cm above
and below K-Pg boundary). Elemental ratios related to the extraterres-
trial input, such as Ir, all clearly identify the ejecta layer (Fig. 5C).
Although the XRF core scanner instrument is not the best option to make
accurate Ir analyses, Ir was only detected at the ejecta layer and was
below detection in all other samples. Some geochemical ratios used as
productivity indicators, such as Ca/Al, Ba/Ti, and CaCOs content (%)
decrease within the ejecta layer and boundary clay layer, with minimum
values of ~5 for the Ca/Al ratio, ~0.1 for the Ba/Ti ratio and ~ 15% for
the % CaCOg3 content (Fig. 5). Typical detrital input ratios, K/Al and Ti/
Al, have more complex profiles, with several peaks in the early Paleo-
cene but also during the ejecta layer and boundary clay layer deposition.

4.3. Stable isotopes

The 5'%0 profile shows some variability along the section, with
values ranging between —1.04 and —2.28% (Fig. 6B). A clear 5'%0
negative excursion is recorded at the K-Pg, with a negative shift of 2.0%o,
and a later recovery at ca. 8 cm above the K-Pg. Values from 8 to 100 cm
above the K-Pg boundary (ejecta and clay boundary layers) are similar to
those of the Cretaceous and then increase to the top of the unit d.
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The 8"3Cearp, profile also shows variability along the section, with
values ranging between 0.07 and 2.05%. (Fig. 6C). A clear negative
excursion in 8'3Cyyp, of 1.5% is recorded just at the ejecta and boundary
clay layers, recovering to pre-excursion values ca. 8 cm above the K-Pg.
Another 1.0%o negative excursion is observed between 90 cm to 125 cm
above the K-Pg. Otherwise, values are very similar for the Cretaceous,
the first meter above K-Pg and between 1.4 and 2.0 above K-Pg. The
613Corg values show more variability and range between —24.4 and —
27.6%o (Fig. 6C). Positive excursions are observed at 50 cm below the K-
Pg and between 90 cm to 125 cm above K-Pg. The 613C0rg profile also
exhibits a positive rather than negative carbon isotope excursion (with a
positive shift of 2.0%o) in both the ejecta layer and in the boundary clay
layer above K-Pg.

To further explore the organic carbon isotopic signature, we deter-
mined §'3C values of high-molecular-weight (HMW) odd-carbon-num-
ber n-alkane (>n-Cag; Fig. 6D). These could preferentially reflect higher
plant signals via a leaf wax origin (Eglinton and Hamilton, 1967), but
that interpretation is complicated in thermally mature samples where n-
alkanes may derive from multiple sources. The mean-weighted 5" 3Crvw
value for the uppermost Cretaceous (unit a) is —29%., although it de-
creases upwards from —28%o to —31%o, before increasing just prior to
the ejecta layer. The ejecta layer itself (unit b) contains a single sample
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Fig. 6. TOC contents (A; continuous red line) and carbon isotopic data at the Caravaca K-Pg section, including: (B) Oxygen isotopic compositions of bulk carbonate
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with a 613CHMW value of —31%o. Then, at the clay boundary (unit c¢) and
until the first 60 cm from the Danian (unit ¢, ~33 kyr after the K-Pg),
813Cenw values are variable around —29%o. Finally, in the upper part, at
62.5 cm above the K-Pg boundary (~35 kyr after the K-Pg) 8'3Cyyw
values again decrease to —31.1%o. Some of these trends parallel those of
613C0rg, but others are markedly distinct including a negative rather than
positive excursion in the ejecta layer.

4.4. TOC content

TOC content is less than 1% throughout the section (Fig. 6A), varying
from 0.14 to 0.89%. In unit a from the late Cretaceous, it ranges from
0.14% to 0.67% (mean value of 0.22%). In the early Paleogene, values
are 0.37% at the ejecta layer (unit b), from 0.22% to 0.44% (mean value
of 0.33%) at the boundary clay layer (unit c) until 10 kyrs after the K-Pg,
from 0.15% to 0.27% (mean value of 0.22%) within the unit d until ~75
kyrs after the K-Pg, and from 0.39% to 0.89% (mean value of 0.57%)
until ~220 kyrs after the K-Pg (Fig. 6A).

4.5. Biomarkers

Despite relatively low TOC contents (Fig. 6A), the sediments from
Caravaca K-Pg boundary sections contain diverse hydrocarbons (Fig. 7)
from both terrestrial and marine sources (e.g. n-alkanes, acyclic iso-
prenoids, steranes, hopanes).

The apolar compounds' distributions and concentrations vary
stratigraphically through the section (Fig. 8). These include a homolo-
gous series of n-alkanes (Fig. 7, red colour) with a low but variable odd-
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over-even predominance (expressed as the carbon preference index,
which varies from ~1 to 3; Fig. 8), suggesting a significant terrigenous
input of OM to the sediments (Cranwell et al., 1987; Eglinton and Clavin,
1967; Eglinton and Hamilton, 1967b; Kvenvolden, 1967; Rieley et al.,
1991). In many samples, the distribution of n-alkanes is bimodal with a
significant amount of mid-molecular-weight n-alkanes (Fig. 7). LMW n-
alkanes (<Cy;), typically attributed to aquatic algal and bacterial sour-
ces (Cranwell et al., 1987; Schneider et al., 1970) are present in low
abundances throughout (<10% of the total n-alkanes, Fig. 8), although
they represent a slightly higher proportion of the n-alkanes just at the
ejecta and boundary clay (unit b and c). Other biomarkers occur in only
very low concentrations, typically at the limit of detection (Fig. 7).
Pristane and phytane (Fig. 7, orange colour) are present in concentra-
tions similar to those of co-occurring LMW n-alkanes and exhibit mini-
mal changes across the section. The apolar fractions also contain a series
of bacterially derived Cy7 to C3; hopanes (Fig. 7, blue colour), as well as
eukaryote derived Cy7-Cag regular steranes (Fig. 7, purple colour).

4.5.1. Depth profiles of biomarkers

Many of the biomarkers and biomarker ratios can constrain OM
sources (marine, terrestrial or reworked) as well as the thermal maturity
of the OM in the Caravaca section. Evidence for marine OM input is
suggested by the pristane and phytane and LMW/total n-alkane ratios
([C17 + Cig + Ci9 + Cg0 + C211 / [ total n-alkane]; Cranwell et al.,
1987; Eglinton and Hamilton, 1967), and possibly by high proportions
(%) of Cyy steranes (e.g., Huang and Meinschew, 1979) (Fig. 8A). LMW/
total n-alkane ratios (Cranwell et al., 1987; Eglinton and Hamilton,
1967) are always low but highest at 10 cm below K-Pg boundary, and at
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4.5 cm, 20 cm and 100 cm above the K-Pg boundary (Fig. 8A); and the
Ca7/Cag sterane ratio shows a similar trend (Fig. 8A). The putative algal
chlorophyll degradation products, pristane and phytane (Dean and
Whitehead, 1961; Rontani and Volkman, 2003), are present through all
the Caravaca CA4 core except in the ejecta layer (unit b) (Figs. 7 and 9B).
The Cyy sterane proportions (%) are higher than Cyg (%) throughout the
entire section except a few cm below and between 90 and 125 cm above
the K-Pg boundary (e.g., Huang and Meinschew, 1979) (Fig. 8A).

Evidence for terrestrial OM input is suggested by high abundances of
long-chain n-alkanes with an odd-over-even predominance, reflected by
HMWY/ total n-alkane ratios ([Cg7 + Cag + Ca9 + C30 + C31 + C32 + C33 +
Cs4 + Cs5 + C36 + C37] / [>_ total n-alkane]) (Cranwell et al., 1987;
Eglinton and Hamilton, 1967), terrestrial to aquatic ratios (TAR; [Co7 +
C39 + C31] / [Ci5 + Ci7 + Ci9]) (Bourbonniere and Meyers, 1996;
Cranwell et al., 1987), and possibly by high proportions (%) of Cag
steranes (e.g., Huang and Meinschew, 1979) (Fig. 8B). In our section,
HMW/total n-alkane ratios have two minima at 10 cm below and 4.5 cm
above the K-Pg. TARs have maximum values at the bottom of the unit d,
between 6 and 20 cm above K-Pg. Cyg steranes (%) are generally less
abundant than Cyy steranes (%), except for a few cm below and between
90 and 125 cm above the K-Pg boundary, which could indicate increased
terrigenous input at those intervals (Fig. 8B). However, the steranes
trends are dissimilar to those of the n-alkanes (Figs. 8-9), suggesting that
the former reflect variations in algal sources (i.e. Schwark and Empt,
2006) rather than terrestrial/marine sources.

The diagenetic alteration and thermal maturity OM ratios calculated
here, i.e. the Carbon Preference Index (CPI = 1/2*X(X; + Xj12 + ... +
X0)/Z(Xi1 + X1 + oo 4+ Xn1) + 0.5*2(X; + Xipa + ... + X0)/ Z(Xiy1 +

10

Xit3+ ... + Xnt1), withi = 25 and n = 35) (Bray and Evans, 1961; Peters
et al., 2005) and the C3; fo / (af + pa) hopane ratio, both show that the
Caravaca K-Pg section is thermally mature but not overmature. Conse-
quently, functionalized biomolecules such as glycerol dialkyl glycerol
tetraether lipids (GDGTs, Schouten et al., 2013), are not detected nor are
the biologically produced and thermally unstable 17p(H),21f-homo-
hopane (Cs1pp hopane) and 17p(H),21p hopane (C3opp hopane) isomers
(Mackenzie et al., 1980; Ourisson et al., 1979; Peters and Moldowan,
1991; Seifert and Moldowan, 1980). Consistent with that, the Cy7_99
sterane compounds are represented by their four epimers (5a(H),14a
(H),17a(H),20R; 5a(H),140 (H),17a(H),20S; 5a(H),14p(H),17p(H),20S
and 5a(H),14p(H),178(H),20R).

Variations in thermal maturity parameters through the section likely
reflect changes in source inputs (e.g. Bray and Evans, 1961; Peters et al.,
2005). The CPIs, which typically approach 1 in thermally mature rocks
(e.g. Gearing et al., 1976; Pendoley, 1992), are particularly high (close
to ~5) in the ejecta layer (unit b) and at the bottom of the boundary clay
layer (unit c). The Cg; hopane ratio [17p(H),21a / (17p(H),21a + 17a
(H),21p)]-hereafter pa / (B + opf), which decreases with thermal
maturity, is low (~0.3) through most of the section but reaches a
maximum value ~0.8 for both, the ejecta (unit b) and boundary clay
(unit c) layers (Fig. 8C). The CPI and po/(pa + ap) ratios could reflect
reduced reworking of older, thermally mature OM, in contrast to ob-
servations at other K-Pg sites (Sosa-Montes de Oca et al., 2024). How-
ever, alternative explanations exist for both. The CPIs could reflect the
input of less diagenetically altered, i.e. ‘fresher’ OM which has experi-
enced shorter soil residence times (e.g. Bray and Evans, 1961; Peters
et al., 2005). Moretane abundances (Ba) are partially governed by
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lithology and decrease with carbonate content (Peters et al., 2005), such
that decreased carbonate deposition in the ejecta layer and lower
boundary layer could explain the elevated pa / (o + ap) ratios.

4.6. Relative mass accumulation rates profiles

MAR was not calculated for the ejecta layer (unit b) because it was
deposited rapidly, potentially on the order of days to months (Artemieva
and Morgan, 2009) (Fig. 9). The MARs of n-alkanes (Fig. 9A), steranes
(Fig. 9C) and hopanes (Fig. 9D) are all the highest in sediments from the
Late Cretaceous (unit a) (Fig. 9). MARs for the same biomarkers are 3 to
4 times lower (or more) in the Paleogene sediments (units b-c). The
differences in these values are partially but not entirely due to the lower
sedimentation rates during the Paleogene. Overall, this suggests that the
mass extinction was associated with decreased OM and carbonate pro-
duction that persisted long after the event, in contrast to observations at
other distal sites (Bralower et al., 2020; Hull and Norris, 2011; Lowery
and Bralower, 2022; Septlveda et al., 2009; Sosa-Montes de Oca et al.,
2023; Sosa-Montes de Oca et al., 2021). Alternatively, it could reflect
poorer OM preservation with lower sedimentation rates (Aller, 1998).
However, the acyclic isoprenoids pristane and phytane (Fig. 9B) exhibit
markedly different trends, as do those of the LMW n-alkanes if they are
disaggregated from the total n-alkane numbers (see Fig. 9A). The MARs
of these compounds of putative marine origin increase in the latest
Cretaceous and remain high but variable through the earliest Paleogene
(unit ¢ and lower unit d), similar to some central Pacific and Atlantic
sites (Hull and Norris, 2011).
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5. Discussion

The K-Pg mass extinction strongly impacted phytoplankton and
calcareous nan noplankton communities (Alvarez et al., 2019; Lowery
et al., 2020), but the response of non-fossilizing plankton remains less
clear (Lowery et al., 2020). Until now, there are few studies based on
biomarkers on the K-Pg boundary (Bralower et al., 2020; Sosa-Montes de
Oca et al., 2021, 2023, 2024; Schaefer et al., 2020; Sepulveda et al.,
2009; Taylor et al., 2018). Here, we apply organic geochemistry ana-
lyses to evaluate how different OM sources (terrestrial, marine or
reworked) changed before and after this mass extinction using a
continuous 300-cm sequence (~242 kyr) of the Caravaca K-Pg distal
section (SE Spain). First, we evaluate the isotopic and inorganic profiles
to understand changes in paleoenvironmental conditions. We then
explore changes in the relative contribution of terrigenous, marine and
reworked OM (the latter inferred from changes in the thermal maturity
of the biomarkers). Finally, we examine hopane, sterane, n-alkane and
Pr + Ph distributions in greater detail, using those to explore the re-
covery of primary producers, mainly bacterial and non-fossilizing
communities, after the K-Pg mass extinction.

5.1. Changes in paleoenvironmental conditions

Negative carbon isotope excursions (-CIEs) in both 613Cmb and
613Corg have been commonly observed, due to global collapse in export
productivity (the flux of OM from the surface to deep ocean), in several
post-K-Pg boundary intervals (Birch et al., 2016; Septilveda et al., 2019).
Generally, at those distal sites (e.g., Ocean Drilling Program, ODP, site
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1262 Walvis ridge; El Kef and Ain Settara in Tunisia; Bidart and Loya bay
in France and Kulstirenden an Hojerup in Demark), the -CIEs in 613C0rg
are smaller and shorter than in 613Cmb. However, in the distal Caravaca
section an unexpected +CIE occurs in the 813C0,g record (Fig. 6Q),
although not in the carbon isotopic compositions of the n-alkanes
(613CHMW; Fig. 6D). An unexpected +CIE was also observed in the
613C0rg record of the Agost distal section (Spain) (Septilveda et al., 2019;
Sosa-Montes de Oca et al., 2021) as well as in the Mid-Waipara K-Pg
distal section (New Zealand) (Sosa-Montes de Oca et al., 2023) (Fig. 10).
As for those previous studies, we attribute this discrepancy to the
complex OM source changes across the K-Pg boundary, which can
complicate both organic carbon and n-alkane carbon isotopic composi-
tions. The impact of reworked OM on the fidelity of the bulk organic
carbon isotopic record has been documented previously for other time
intervals (Carmichael et al., 2019).

Therefore, we instead discuss changes in the carbon cycle recorded
by HMW n-alkanes likely related to higher terrestrial plants (5*3Cryw).
These values are governed by the isotopic composition of substrate
carbon, i.e. atmospheric CO5 (Arens and Jahren, 2000; Popp et al.,
1989), fractionation during carbon assimilation (g,) (Farquhar et al.,
1989; Farquhar et al., 1982; Popp et al., 1989) and environmental
conditions that influence ¢, values, such as water stress (e.g. Diefendorf
et al., 2011; Diefendorf et al., 2010; Kohn, 2010). Both 613Ccarb and
5'3Crmw should have a similar trend, if both are governed primarily by
changes in the carbon isotopic composition of atmospheric CO,.
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However, the 613CHMW values exhibit much more variability than the
613Ccarb values, which are generally stable with the exception of the -CIE
at the K-Pg boundary; this likely reflects secondary factors controlling
5'3Cyvw such as the impact of hydrology on & values, changes in source
vegetation, and contributions of reworked OM. The —2%o CIE shift is
similar in both 613CHMW and 613Cmb, and it was also detected in bulk
terrestrial records from New Mexico, North Dakota, and Montana (Arens
and Jahren, 2000; Beerling et al., 2001; Schimmelmann and DeNiro,
1984).

K-Pg carbon isotopic profiles (5'3Cearbs 613C0rg and 613CHMW) are
rather geographically variable, but some of the features of the Caravaca
section have been observed elsewhere. The ~1-2%o positive shift, in
813Corg prior to the K-Pg boundary (unit a), at —10 cm equivalent to
~2.5 kyr before (Fig. 6C), was also observed in bulk organic stable
carbon isotope records (613C0rg) from the York Canyon section (New
Mexico), Hauso Flat (Montana), and at the Raton Basin, Hell Creek
Road, and Pyramid Butte sections (North Dakota), in the Western Inte-
rior of the USA (Arens and Jahren, 2000; Beerling et al., 2001; Schim-
melmann and DeNiro, 1984). Moreover, previous bulk inorganic stable
carbon isotope records (613Cwb) from several worldwide K-Pg sections,
such as Zumaia (Spain), Gubbio (Italy), El Kef (Tunisia), ODP site 1049
(North Atlantic), ODP site 1262 (South Atlantic) and ODP site 1209
(Pacific), (Gilabert et al., 2024 and references therein), have shown the
same increased values. The evidence of a similar shift in 613CHMW and by
inference in higher vascular plants — suggests a shift in '>C in atmo-
spheric CO; prior to the K-Pg boundary, although the aforementioned
environmental controls, e.g. decreased humidity or lower pCO», cannot
be precluded.

Similarly, the decrease, ~2%o negative shift, in 613CHMW at the ejecta
layer (unit b) is consistent with previous 5'3Crmw records observed by
Arinobu et al. (1999) in Cyg9 n-alkanes at the same Caravaca site, sug-
gesting an injection of '3C-depleted OM into the atmosphere (Birch
et al., 2016). The putative input of CO, from breakdown of the
carbonate-rich target rock of the Chicxulub impact would release
isotopically heavy CO; into the atmosphere (Gardner and Gilmour,
2002; O'Keefe and Ahrens, 1989), and as such a positive excursion
would be expected in 8'3Cymw. The lack of a §'3C positive excursion in
higher terrestrial plant derived biomarkers in the Caravaca section
supports calculations by (Arinobu et al., 1999), who suggested that a
negative carbon isotope excursion (from 1.4%o — 2.8%o) could reflect a
geologically instantaneous burning of ca. 18-24% of terrestrial above-
ground biomass, although there is still debate about how extensive
wildfires were after the boundary (e.g. Morgan et al., 2022). In addition,
the hydrocarbons present in the target rock could have also contributed
to the negative atmospheric CIE (Lyons et al., 2020; Kaiho et al., 2016).
Lyons et al. calculated that 7.5 x 10'* to 2.5 x 10'° g of black carbon
was released from the target rock by the Chicxulub impact. An increase
in CO, could also lead to an increase in ¢, and an associated decrease in
5'3Cumw values (Arens and Jahren, 2000; Cui and Schubert, 2016),
amplifying the impact of a shift in the carbon isotopic composition of the
atmosphere. Other works, however, interpret changes in atmospheric
53¢ CO, as a response to various climatic and eustatic factors (Grocke
et al., 1999; Kaiho et al., 1996). Regardless of mechanism, our 53¢
profile reveals the value of longer-term records that contextualise the
variation occurring immediately following the impact. In this case, it
appears that the impact caused a dramatic but transient impact on the
carbon cycle and this occurred against a background of changing cli-
matic conditions.

5.2. Changes in organic matter source

Consistent with environmental change occurring not just at the K-Pg
boundary but preceding and following it, biomarkers ratios (and espe-
cially those related to marine vs terrestrial OM inputs, Fig. 8) are rather
variable through the Caravaca K-Pg section, and major changes occur in
the MARs (Fig. 9). Intriguingly, although the MARs of many biomarkers
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decrease across the K-Pg boundary, marine (or aquatic) OM inputs
appear to have increased prior to the K-Pg boundary and persisted across
it (ejecta and boundary clay layer).

The uppermost Cretaceous sediments (unit a), from 22 kyr to 5 kyr
before the K-Pg mass extinction, are dominated by a typical terrestrial
OM assemblage, reflected by high HMW/total n-alkane ratios, high
TARs (Fig. 8) and low pristane and phytane relative MARs (Fig. 9B).
However, the CPIs and MARs of HMW n-alkanes are low and close to 1
(Fig. 8), suggesting that these inputs are at least partially from either
highly altered terrestrial inputs or reworked ancient OM. Moreover,
MARs of other biomarkers, including LMW n-alkanes, steranes and
hopanes are still high. All of these are consistent with a significant and
diverse variety of marine and terrestrial OM inputs.

In the final ~5 kyr of the Cretaceous (~20 cm before K-Pg mass
extinction event), organic inputs begin to change, and this could reflect a
late Cretaceous change in environment regime related to higher tem-
perature and higher marine productivity (Gilabert et al., 2024) or as well
as result of the Deccan Trap eruption (e.g., O'Connor et al., 2024).
Pristane and phytane concentrations increase, albeit with high vari-
ability, and LMW/total n-alkane ratios increase (while TARs decrease).
These persist through the ejecta layer (unit b) and boundary layer (unit
c¢) and into the lower part of unit d. These changes in biomarker
assemblage suggest transiently increased marine inputs. At the same
time, CPIs dramatically increase and reach maximum values in the
boundary layer, suggesting a pulse of relatively fresh and less reworked
higher plant inputs, which could have been associated with increased
nutrient inputs. Changes in the Cy7/Cy9 sterane ratios could reflect a
change in algal community (i.e. Schwark and Empt, 2006) associated
with a productivity increase. However, the sterane to hopane ratio [S/(S
+ H)] decreases, suggesting decreased (eukaryotic) phytoplankton in-
puts relative to bacterial ones (e.g., Love and Zumberge, 2021) —
although that could be explained by increased cyanobacterial abun-
dances. Therefore, we suggest that the uppermost Cretaceous and
lowermost Paleogene were associated with increased inputs from rela-
tively fresh marine OM, as well as reworked marine OM (supporting by
the abundant reworked Cretaceous planktonic foraminifer specimens
observed in our biostratigraphic analysis, see Section 4.1 and Fig. 3) and
relatively fresh terrestrial OM. This was accompanied by changes in the
algal assemblage, driving changes in sterane distributions and sterane to
hopane ratios. Intriguingly, these changes all begin at the same time as
the long-term increase in 5'3Crnvw, but they do not appear to respond to
the dramatic post-K-Pg -CIE. This suggests that the biomarker assem-
blages were driven primarily by local climatic and environmental
changes unrelated to the impact that caused a pulse in marine produc-
tivity from 5 kyrs before to 30 kyrs after the K-Pg mass extinction event.

Within the boundary clay layer (unit c¢), which represents the first 10
kyr post-K-Pg, biomarker assemblages are initially like those of the
ejecta layer. LMW/total n-alkane ratios reached maximum values
(Fig. 8A). The Cg7/Cag sterane ratio, Cyy sterane concentration (%) and
pristane + phytane MARs are similar to those from the latest Cretaceous
(Figs. 8A-B and 9) and HMW/total n-alkane and TAR ratios are lower
(Fig. 8B). Therefore, it appears that these local environmental and
ecological changes associated with the latest Cretaceous and the K-Pg
boundary persisted for about 10 kyr.

5.3. The post-K-Pg phytoplankton community

The Chicxulub impact caused a global decrease in productivity in the
world's oceans (Alvarez et al., 1980; Schulte et al., 2010; Smit and
Hertogen, 1980). This has been evident in some biomarker assemblages
from proximal sites (e.g., Trim Cane Creek and Starkville sections, USA),
where a decrease in the flux of marine OM to the seafloor in the im-
mediate aftermath of the impact and mass extinction persisted through
the first ~160 kyr after the K-Pg event (Sosa-Montes de Oca et al., 2024).
But it seems not to be the same for distal sites (e.g., Demark, Spain and
New Zealand; (Septlveda et al., 2009; Sosa-Montes de Oca et al., 2023,
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Sosa-Montes de Oca et al., 2021). These distal places, although with
some local differences, likely reflect a soft impact in biomarkers com-
munities and minimum changes in biomarker assemblages.

In the Caravaca section, after only 10 kyr post-impact, in the upper
part of the Paleogene sediments (unit d), biomarker ratios return to
those values observed at the base of the section — although biomarker
MARs remain low. Low biomarker MARs, arise only partially from lower
biomarker concentrations and are instead driven by lower sedimenta-
tion rates, i.e. lower carbonate MARs, than in the Cretaceous. It appears,
therefore, that export productivity of calcareous primary producers
(carbonate MARs) never recovered to late Cretaceous values during the
entirety of our study time interval, including the first 220 kyr after K-Pg
mass extinction. This is in the previously suggested 1.8 Myr timeframe
for global recovery of the biological pump, as defined by stable carbon
isotopic values (Birch et al., 2016). However, the response of the wider
community, as reflected by biomarker MARs, is more complex, doc-
umenting both a similar dramatic decrease and slow recovery of some
algae (steranes), bacteria (hopanes) and higher plants (HMW n-alkanes)
(Fig. 9A, C-D), although with a pulse of productivity (pristane and
phytane; LMW n-alkanes, see Fig. 9A-B) preceding and spanning, from 5
kyrs before to 30 kyrs after, the K-Pg boundary. Moreover, all algal and
bacterial biomarkers persist though the section (with the exception of
the ejecta layer itself).

This response differs to biomarker records derived from a recently
studied proximal K-Pg section in the Gulf Coast Plain (Sosa-Montes de
Oca et al, 2024), where pristane and phytane MARs decreased
dramatically at the K-Pg, suggesting a transient collapse in primary
productivity. There is spatial heterogeneity in productivity in the post-
impact oceans worldwide (e.g., Birch et al., 2021; Esmeray-Senlet
et al., 2015; Hull and Norris, 2011; Morgan et al., 2022), and different
biomarker responses likely reflect the role of local factors in mediating
the global effect of the impact; for example, the Gulf Coast Plain section
is a middle/inner shelf proximal site and the Caravaca section is a
bathyal distal site, representing two different ecosystems. Moreover, we
note that the increase in productivity in the Caravaca section began prior
to the impact, suggesting that at this distal site, local environmental
change exerted a more direct influence on algal production than the
impact. Climate and environmental changes preceding the K-Pg mete-
orite impact have been well documented (Gilabert et al., 2024), and
local responses will reflect the interaction of these with all of those
associated with the impact (Kring, 2007; Lyons et al., 2020; Morgan
et al., 2022).

6. Conclusions

We analysed lipid biomarkers, inorganic geochemical ratios and
stable isotopic carbon compositions in a continuous 300-cm (~242 kyrs)
interval from the Caravaca K-Pg boundary section in southeast Spain, a
site that is distal to the Chicxulub impact site. We used these to explore
changes in sources of OM prior to and through the K-Pg. In particular, we
determined the response and recovery of non-fossilizing algal (and
bacterial) primary producers, as documented by biomarkers (n-alkanes,
acyclic isoprenoids, steranes and hopanes), across an extended interval
that spans ~22 kyr before to ~220 kyr after the K-Pg impact event. We
observed that despite the dramatic climate and environmental changes
that happened previous to and during the K-Pg impact event, all algal
and bacterial biomarkers persist through the section, consistent with
investigations of other distal sites. However, there are changes in the
sources of OM. While higher plant (HMW n-alkanes) markers are highly
variable in the section, some aquatic, presumably algal, biomarkers
(pristane and phytane; LMW n-alkanes) increase preceding and spanning
across the K-Pg boundary from 5 kyrs before to 30 kyrs after, perhaps
reflecting a pulse of productivity. However, other presumably aquatic
biomarkers exhibit more complex signals (steranes and hopanes).
Collectively, this reveals a complex ecological response to climatic and
environmental events in the latest Cretaceous and across the K-Pg
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boundary and argues against an extended global shutdown of primary
productivity.
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