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Abstract: Upper Maastrichtian to lower Paleocene, coarse-
grained deposits of the Lefipan Formation in Chubut Pro-
vince, (Patagonia, Argentina) provide an opportunity to
study environmental changes across the Cretaceous—Palaeo-
gene (K-Pg) boundary in a shallow marine depositional
environment. Marine palynological and organic geochemical
analyses were performed on the K-Pg boundary interval of
the Lefipdn Formation at the San Ramoén section. The paly-
nological and organic geochemical records from the San
Ramén K-Pg boundary section are characteristic of a highly
dynamic, nearshore setting. High abundances of terrestrial
palynomorphs, high BIT-index values and the occasional
presence of plant fossils are indicative of a large input of ter-
restrial organic material. The organic-walled dinoflagellate
cyst (dinocyst) assemblage is generally dominated by Sene-
galinium and other peridinioid dinocyst taxa, indicative of

high-nutrient conditions and decreased salinities, probably
associated with a large fluvial input. The reconstructed sea
surface temperatures range from 25°C to 27°C, in accor-
dance with the tropical climate inferred by palynological and
megafloral studies. As in the Bajada del Jagiiel section,
~500 km north-north-east of San Ramodn, peaks of Sene-
galinium spp. were recorded below and above the K-Pg
boundary, possibly related to enhanced runoff resulting from
more humid climatic conditions. The lithological, palynolog-
ical and organic geochemical records suggest the occurrence
of a sea-level regression across the K-Pg boundary, resulting
in a hiatus directly at the boundary in both sections, fol-
lowed by a transgression in the Danian.

Key words: Cretaceous, Palaecogene, Argentina, climate, sea
level, dinocysts.

THE Cretaceous—Palaecogene (K—Pg) boundary mass
extinction (~66 Ma) has been shown to be related to glo-
bal environmental perturbations as the result of the
impact of a large extraterrestrial body (e.g. Schulte et al.
2010 and references therein). This impact is likely to have
led to exceptionally rapid and profound global climate
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change (e.g. Galeotti et al. 2004; Kring 2007; Vellekoop
et al. 2014, 2015, 2016) superimposed on a latest Maas-
trichtian cooling trend (Olsson et al. 2002; Habib &
Saeedi 2007; Vellekoop et al. 2016). High-resolution
reconstructions of short- and long-term environmental
changes across the K—Pg boundary interval are based
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mostly on ancient shallow marine sections, as these are
generally characterized by higher sedimentation rates and
therefore provide a high temporal resolution (e.g. Brin-
khuis et al. 1998; Vellekoop et al. 2014, 2016; Alegret
et al. 2015; Woelders & Speijer 2015). However, the
expression and stratigraphical completeness of these mar-
ginal marine K-Pg successions typically is highly variable
(MacLeod & Keller 1991; Adatte et al. 2002; Hart et al.
2012) complicating accurate dating and complete por-
trayal of climatic and biotic changes across the K-Pg
boundary. Some studies have suggested that, at least
regionally, the late Maastrichtian to early Paleocene was
marked by relatively long-term changes in relative sea
level, on timescales in the order of hundreds of thousands
of years (MacLeod & Keller 1991; Habib et al. 1992;
Adatte et al. 2002; Miller et al. 2005; Schulte et al. 2006;
Kominz et al. 2008). However, while such changes have
been documented across the K-Pg boundary on a regio-
nal scale on the northern hemisphere, very few records
exist from the southern hemisphere because of the scar-
city of outcrops of sediments of this age (Kiessling &
Claeys 2002). This emphasizes the need for additional
studies on K—Pg boundary sections in the southern hemi-
sphere. The upper Maastrichtian to lower Paleocene,
coarse-grained, tidally dominated deposits of the Lefipan
Formation (Chubut Province, Patagonia, Argentina; see
Spalletti 1996; Barreda et al. 2012; Scasso et al. 2012) pro-
vide an opportunity to study climate and sea level
changes across the K-Pg boundary in a very shallow-mar-
ine depositional environment. These deposits present an
ideal record to investigate the interaction between local
shallow-marine sedimentary systems, and regional and
global sea level changes.

However, the acquisition of a reliable age-model can be
challenging in such settings, as planktic foraminiferal
stratigraphic marker taxa are often absent or very rare
(e.g. Woelders et al. 2017). Fortunately, organic-walled
dinoflagellate cysts (dinocysts) are often abundantly pre-
sent in very shallow-marine settings (e.g. Elliot et al.
1994; Brinkhuis & Schigler 1996; Praimparo & Papd 2006;
Vellekoop et al. 2016) and can provide powerful biostrati-
graphical age constraints across the K—Pg boundary (e.g.
Schigler et al. 1997; Brinkhuis et al. 1998; Pramparo &
Papt 2006; Agikalin et al. 2015; Vellekoop et al. 2015,
2016). In addition, dinoflagellates are highly sensitive to
changes in environmental parameters such as nutrient
loading and salinity (Sluijs et al. 2005; Vellekoop et al.
2015). Therefore, dinocysts provide an excellent tool for
both biostratigraphy and the reconstruction of palaeoen-
vironmental changes in the coastal setting of the Lefipan
Formation. In such a setting, changes in environmental
parameters are generally interpreted as changes in terres-
trial influence, allowing for a tentative assessment of
changes in coastal proximity (Sluijs et al. 2005). In turn,

changes in coastal proximity can be interpreted as varia-
tions in relative sea level (Schigler et al. 1997; Sluijs et al.
2005).

The poor preservation of carbonate in these types of
deposit can be problematic for oxygen isotope and trace
element palaeothermometry, hampering quantitative
assessment of climate changes across this time interval.
However, organic biomarker-based proxies present a
promising alternative. The TEXgs palacothermometer
(Schouten et al. 2002) is based on archaeal membrane
lipids, and is ideal for reconstructing changes in sea sur-
face temperature (SST) across the studied interval (e.g.
Vellekoop et al. 2016). The BIT-index, based on bacterial
and archaeal membrane lipids (Hopmans ef al. 2004)
allows for the assessment of relative changes in the input
of riverine and soil-derived organic matter (Huguet et al.
2007; Walsh et al. 2008; Zell et al. 2013).

Here, we combine marine palynological and organic
geochemical analyses at the K-Pg boundary interval
within the Lefipin Formation at the San Ramoén section,
north-western Patagonia, Argentina (Barreda et al. 2012;
Scasso et al. 2012). Correlation of our palynological and
organic geochemical data from this very shallow, near-
shore site with similar recently published data from the
mid-shelf deposits of the Bajada del Jagtiel section in the
Neuquen Basin, Argentina (~500 km north-north-east of
the San Ramon section; Woelders ef al. 2017) may help
to distinguish local from regional signals, and will allow
an evaluation of the stratigraphical completeness of our
record. Combining these records provides a way of assess-
ing possibly synchronous climatic and sea level changes
across the K-Pg boundary in Argentina.

GEOLOGICAL SETTING

The stratigraphic section studied here is that of the San
Ramoén section in the Lefipin Formation, which crops
out in north-western Patagonia, Argentina, in the Paso
del Sapo Embayment (Fig. 1). During the Maastrichtian
and Paleocene, this embayment was situated at approxi-
mately 45-50°S (van Hinsbergen et al. 2015) in the
humid, warm-temperate climatic belt (Scasso et al. 2012).
Palynological and megafloral studies suggest that this
region was characterized by coastal mangrove forests and
swamp communities, and a hinterland with rainforests
comprising megathermal angiosperms (Baldoni 1992; Bar-
reda & Palazzesi 2007; Iglesias et al. 2007; Palazzesi &
Barreda 2007; Barreda et al. 2012).

The San Ramoén section is up to 400 m thick (Scasso
et al. 2012), of which approximately 260 m are latest Cre-
taceous in age, and the remainder are early Paleocene.
The underlying unit is the Campanian to early Maas-
trichtian Paso del Sapo Formation, while the overlying
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Bajada de Jagiiel

FIG. 1. A, palaeogeographical reconstruction of the marine
basins in Patagonia (Argentina) during the Maastrichtian—
Paleocene, with estimated palaeolatitudes, after Scasso et al.
(2012). B, index map highlighting the area of South America
represented in A. Colour online.

unit is the late Paleocene Bardas Coloradas Ignimbrite.
Strata of the Lefipin Formation were deposited in a
coarse-grained, tidally dominated delta environment with
strong salinity variations, based on macrofossil communi-
ties (Scasso et al. 2012). At the San Ramodn section, the
uppermost Cretaceous of the Lefipan Formation is char-
acterized by tidal channel, tidal gully and tidal flat depos-
its, whereas the lower Paleocene is characterized by tidal
bars in a distal delta front (Scasso et al. 2012). One of the
most significant lithological changes in this formation is a
marker bed with members of the gastropod genera Tur-
ritella and Pseudamaura, which indicates the K-Pg
boundary (Scasso et al. 2012). This massive bed, charac-
terized by a dense aggregation of gastropods, with ray
and shark teeth, and reworked concretions, immediately
overlies the K—Pg boundary (Fazio et al. 2013). It has an
erosive base, generally shows coarsening upwards and
comprises parallel and crossbedding. For a more detailed

description of the lithological succession of the San
Ramoén section, see Scasso et al. (2012).

MATERIAL AND METHOD
Sampling

The Lefipan Formation is exposed in recessive cliffs along
the Middle Chubut River Valley, Chubut Province,
Argentina. For the present study, 38 samples were
acquired from the San Ramoén section, the most complete
log of the Lefipin Formation in the area (Ruiz et al
2005; Scasso et al. 2012). The base of the section is situ-
ated at 42.6699°S 69.8556°W; the top of the section is
located at 42.6851°S 69.8268°W. Since the focus of the
present study is on organic microfossils (organic-walled
dinoflagellate cysts) and organic geochemistry (TEXgs and
BIT-index) the samples were predominantly taken from
fine-grained lithologies, as these are generally character-
ized by a better preservation of organic matter. Samples
are currently stored at the sample storage of the Earth
Science department of Utrecht University (The Nether-
lands) under sample codes PLW and LPF.

Palynology

The samples from the San Ramoén section were processed
following standard palynological processing techniques.
Approximately 10 g of each sample was crushed, oven
dried (60°C) and weighed. The samples were then treated
with 10% HCI and 40% HF so as to dissolve carbonate
and silicate minerals, respectively. The residue was sieved
over nylon mesh sieves of 250 and 15 um and treated
with ultrasound for 5 min to break up agglutinated parti-
cles of the residue. Microscope slides were prepared by
mounting well-mixed, representative fractions of the resi-
due of the 15-250 pum fraction on standard microscope
slides. All slides are stored in the collection of the Labora-
tory of Palaeobotany and Palynology, Utrecht University.
Where possible, the palynomorphs were counted up to a
minimum of 200 dinocysts. The taxonomy of dinocysts
follows that cited in Fensome & Williams (2004) and
Fensome et al. (2008). A species list can be found in the
Dryad Digital Repository (Vellekoop et al. 2017).

Organic geochemistry

The organic geochemical samples from the San Ramoén
section were analysed for TEXgs and the BIT-index fol-
lowing standard procedures (see Schouten et al. 2002,
2007; Vellekoop et al. 2014). Organic compounds were
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extracted from powdered and freeze-dried rock samples
of approximately 10 g with dichloromethane (DCM)/
methanol (MeOH) (9:1, v/v) using a DIONEX accelerated
solvent extractor (ASE). The total extracts were separated
into three fractions over an activated Al,O3; column suc-
cessively using hexane:dichloromethane (DCM) (9:1, v/v),
DCM:MeOH (95:5, v/v) and MeOH (100%). The DCM:
MeOH (95:5, v/v) fraction was subsequently analysed
using high-performance liquid chromatography/atmo-
spheric pressure positive ion chemical ionization mass
spectrometry (HPLC/APCI-MS) according to Schouten
et al. (2007). The TEXgs values were calculated following
Schouten et al. (2002); BIT-index values were calculated
following Hopmans et al. (2004). Different calibrations
exist between relative abundances of GDGT and SST (for
example, TEXgs, TEXgqn, TEXgse and BAYSPAR) (Schou-
ten et al. 2002; Kim et al. 2010; Tierney & Tingley 2014).
The TEXggn calibration proposed by Kim et al. (2010)
has been frequently used to calibrate past greenhouse cli-
mates. Since we apply the TEXgs palacothermometer on
samples from a mid-latitude site from the Cretaceous—
Palacogene greenhouse world, unambiguously character-
ized by high sea surface temperatures (SSTs) (>15°C), we
applied TEXggn to translate TEXge index values to mean
annual sea surface temperature (SST). This calibration
has an error of 2.5°C, whereas the analytical error of
TEXggu-based SSTs is 0.3°C (Schouten et al. 2013). How-
ever, for completeness, we also provide SSTs using the
more recently developed BAYSPAR method (Tierney &
Tingley 2014) in Vellekoop et al. (2017).

RESULTS
Palynology

The preservation of organic microfossils of the San
Ramoén varies between samples, ranging from very poor
to well-preserved. Four samples are entirely barren of
palynomorphs (see Vellekoop et al. (2017) for the palyno-
logical data) which is probably due to post-depositional
oxidation. The productive samples display a strong pre-
dominance of terrestrial palynomorphs, mostly compris-
ing fern spores, angiosperm pollen and gymnosperm
pollen, with high abundances of podocarps and Classopol-
lis sp. The marine component consists mostly of organic-
walled dinoflagellate cysts and acritarchs. Throughout the
section, the ratio of terrestrial palynomorphs to the sum
of terrestrial and marine palynomorphs (t/m ratio) is very
high (0.72-1.0; see Fig. 2). The t/m ratio reaches its high-
est values across the Maastrichtian interval: in the lower
Danian (16 m above the K-Pg boundary) and in the
upper part of the section (the interval between 35 and
70 m above the K-Pg boundary), where the t/m ratio is

generally >0.9. The highest relative abundance of marine
palynomorphs (~28%) is reached at ~26 m above the K—
Pg boundary. In the present study we focus on the mar-
ine component of the palynological assemblage. For a
detailed study of the terrestrial palynomorphs of the San
Ramoén section, see Barreda er al. (2012). The dinocyst
record is characterized by a very impoverished organic-
walled dinoflagellate community. In total, 32 different
dinocyst taxa have been identified, several of which were
useful for providing stratigraphic age constraints.

To assess palacoenvironmental signals in the palyno-
logical dataset, the dinocyst taxa were assigned to eight
different morphological groups, following e.g. Schigler
et al. (1997): (1) Senegalinium spp., combining all species
within the genus Senegalinium; (2) the Andalusiella—
Palaeocystodinium complex, lumping all species belonging
to Andalusiella and Palaeocystodinium; (3) other peridin-
ioids, combining all other peridinioid dinocysts; (4) Hys-
trichosphaeridium spp., combining all species within the
genus Hpystrichosphaeridium; (5) the Areoligera group,
lumping all dorsoventrally compressed gonyaulacoid cysts
with an apical archeopyle, such as Glaphyrocysta and
Areoligera; (6) fibrous cribroperidinioids, combining all
Cribroperidinioidea with a fibrous wall, such as
Cordosphaeridium, Disphaerogena, Damassadinium and
Fibrocysta; (7) the Spiniferites group, combining all species
of Spiniferites and the morphologically related genus
Achomosphaera; and (8) other dinocysts, combining all
dinocysts not assigned to any of the other groups.

The dinocyst community (see Fig. 2) is generally domi-
nated by the presumed heterotrophic taxon Senegalinium
(~10-100% of the assemblage). The highest abundances of
this group are reached in the upper Maastrichtian (~13 m
below the K-Pg boundary): in the lower Danian (16 m
above the K-Pg boundary) and in the top part of the sec-
tion (the interval between 40 and 70 m above the K—Pg
boundary). The morphological group composed of the
peridinioid dinocysts Andalusiella and Palaeocystodinium
(referred to as the ‘A—P complex’; Brinkhuis et al. 1998;
Vellekoop et al. 2015) shows a peak occurrence with very
high abundances approximately 20 m below the K-Pg
boundary, where it reaches up to 77% of the dinocyst
assemblage. Other peridinioid dinocysts, such as represen-
tatives of the genera Cerodinium, Deflandrea, Laciniadinium
and Alterbidinium, are also abundant throughout the
record (1-40% of the assemblage). Fibrous cribroperidin-
ioids are relatively rare in most of the record (0-10%), but
are comparatively abundant at three stratigraphic levels: at
the base of the section; directly above the K-Pg boundary
and at the top of the section, where they represent 30-50%
of the assemblage. Hystrichosphaeridium spp. and the Are-
oligera group generally represent a minor component of the
dinoflagellate assemblage (0-5%), but show slightly higher
abundances directly above the K—Pg boundary (10-15%).
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FIG. 2. Palynological and organic geochemical results for the San Ramon section. Lithological section after Scasso et al. (2012). The
intervals barren of palynomorphs are indicated with grey bars. To identify the major trends in the BIT-index data, a LOESS fit
(o0 = 0.45; Npts = 6) was generated (solid line). A—P complex, Adalusiella—Palaeocystodinium complex. Colour online.

The Spiniferites complex is relatively rare in most of the
record but becomes more abundant (10-28%) at 25-35 m
above the boundary.

Organic geochemistry

Most of the 20 geochemical samples contained traces of
glycerol dialkyl glycerol tetraether (GDGT) lipids. How-
ever, the overall concentrations were generally relatively
low, in some samples only just above the detection limit,
resulting in a poor signal-to-noise ratio. Only 13 samples
had a good signal-to-noise ratio, allowing for the calcula-
tion of the BIT-index (Hopmans et al. 2004). There is a
large bed-by-bed variability, with values ranging between
0.06 and 0.79 (see Fig. 2). In general, the BIT-index is rel-
atively high, indicating high abundances of riverine and
soil-derived organic matter (Hopmans et al. 2004). To

identify the major trends in the BIT-index data, a LOESS
fit (a0 = 0.45; Npts = 6) was generated (Fig. 2). The high-
est BIT-index values are reached at approximately 20 m
below (0.79) and directly above (0.64) the K—Pg bound-
ary Turritella/Pseudamaura bed.

High relative concentrations of soil organic matter in
sediments can cause a substantial bias in TEXge-recon-
structed sea surface temperatures (Weijers et al. 2006).
To exclude all TEXg4-reconstructed sea surface tempera-
tures possibly biased by high concentrations of terrestrial-
derived GDGTs, samples with a BIT-index exceeding 0.3
were discarded, following Weijers et al. (2006). As a
result, TEXgqs-based sea surface temperatures could be cal-
culated for only three samples (see Fig. 2). The TEXggn-
reconstructed SSTs range from 25.6°C to 27.1°C; the
average BAYSPAR-based SSTs range from 25.1°C to
27.3°C (see Vellekoop et al. (2017) for the organic geo-
chemical data).
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DISCUSSION
Stratigraphy

One of the most prominent lithological changes within
the Lefipan Formation is a marker bed with a dense
aggregation of the gastropod genera Turritella and Pseu-
damaura. Previous studies have identified this marker
bed as the K—Pg boundary, based on a major change in
invertebrate faunal composition (e.g. Medina & Malag-
nino 1990; Scasso ef al. 2012) and on age-diagnostic
palynomorphs (Barreda et al. 2012). The latter authors
argued that a K-Pg boundary layer, characterized by
global boundary markers such as an anomalous concen-
tration in Ir, Ni-rich spinels and microkrystites (cf.
Molina et al. 2006) is not preserved at San Ramoén. This
suggests a possible small stratigraphic hiatus at the
boundary. Interestingly, at the relatively nearby Bajada
del Jagiiel K-Pg boundary section (Neuquen Basin,
Argentina), ~500 km north-north-east of the San Ramdn
section (see Fig. 1) the K-Pg boundary is also repre-
sented by a stratigraphic hiatus (Scasso et al. 2005;
Woelders et al. 2017). The concurrence of this hiatus
directly at the boundary in both sections suggests that it
might have been caused by a regional or even global
process. In the mid-shelf setting of the Bajada de Jaguél
(Scasso et al. 2005; Woelders et al. 2017) this strati-
graphic hiatus roughly covers planktic foraminiferal
Zones PO to Pla, with sedimentation starting again in
Zone P1b of Olsson et al. (1999; see Keller et al. 2007;
Woelders et al. 2017). Although tentative, in view of the
concurrence with the stratigraphic hiatus at the Bajada
del Jagiiel section, it is plausible that the stratigraphic
hiatus at the K-Pg boundary in the San Ramoén section
roughly covers the same biostratigraphic interval.

The dinocyst record of the San Ramén section com-
prises several biostratigraphically important taxa (see
Fig. 3) providing further stratigraphic constraints. Several
taxa are indicative of a general Maastrichtian—Paleocene
age. The taxon Deflandrea galeata (Fig 4K) occurs from
the base of the section to up to ~54 m above the K-Pg
boundary (Fig. 3). In the northern hemisphere, D. galeata
has its first occurrence (FO) in the middle upper Maas-
trichtian (Schigler & Wilson 1993; Nghr-Hansen 1996;
Herngreen et al. 1998; Slimani 2001; Slimani et al. 2016).
In Argentina, this taxon has previously been recorded in
the upper Maastrichtian of the Jagtiel Formation in the
Neuquen Basin, at the Cerro Butalé (Pramparo & Papu
2006), Opaso (Papud et al. 1999) and Bajada del Jagiiel
sections (Woelders et al. 2017). Glaphyrocysta perforata
(Fig 40), which is also considered to be typical for the
Maastrichtian and Paleocene (Pramparo & Papu 2006),
occurs from ~18 m below the K-Pg boundary to up to
~25 m above the boundary (Fig. 3.)
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FIG. 3. Stratigraphic interpretation of the San Ramon section. The
ranges of stratigraphic marker taxa are indicated. The most important
‘dinocyst events’ are numbered as follows: 1, the first occurrence

(FO) of Disphaerogena carposphaeropsis; 2, the FO of the
Cordosphaeridium—Damassadinium complex; 3, the FO of Damassa-
dinium californicum. For lithological legend, see Fig. 2.

Disphaerogena carposphaeropsis, which has a global first
appearance datum (FAD) at ~67 Ma (de Gracianski et al.
1998; Williams et al. 2004) appears throughout the stud-
ied interval (Fig. 3), indicating that the Maastrichtian part
of this interval was deposited within the last million years
prior to the K-Pg boundary. An interesting taxonomic
feature of specimens of D. carposphaeropsis from the San
Ramoén section is the development of distinct apical and
antapical horns (Fig. 4L, M). This is a typical feature that
fibrous cribroperidinioids, such as Disphaerogena, Cor-
dosphaeridium, Damassadinium, Thalassiphora, Carpatella
and Fibrocysta, display in the latest Cretaceous and early
Paleocene (Brinkhuis & Schigler 1996; Herngreen et al.
1998; Pramparo & Papu 2006; Vellekoop ef al. 2014;
Agikalin et al. 2015; Slimani et al. 2016).

Senoniasphaera cf. inornata and Senoniasphaera inor-
nata s.s. (Brinkhuis & Schigler 1996; Vellekoop et al
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2014, 2016; Agikalin et al. 2015) were not encountered
at San Ramon. Instead, the lowermost Paleocene of the
section is characterized by the rare occurrences of inter-
grades between the taxa Cordosphaeridium fibrospinosum
and Damassadinium californicum (Fig. 4I). Several previ-
ous studies referred to such transitional morphotypes as
Damassadinium cf. californicum (Vellekoop et al. 2014,
2015; Agikalin et al. 2015). These morphotypes are dis-
tinguished from Damassadinium californicum s.s. by hav-
ing a narrower process base. These forms appear to have
evolved during the early Danian (planktic foraminiferal
Zones PO-Pla, see Vellekoop et al. 2014, 2015; Agikalin
et al. 2015) and range throughout the Paleocene (Sluijs
& Brinkhuis 2009). The oldest possible date for D. cf.
californicum appears to be early, albeit not -earliest,
Danian (Vellekoop et al. 2014, 2015; Agikalin et al.
2015). At the San Ramoén section, these intergrades
already occur in the lowermost Paleocene sample, from
directly above the Turritella/Pseudamaura bed (Fig. 3).
The absence of typical early Danian markers, such as
Senoniasphaera cf. inornata (Vellekoop et al. 2014;
Acgikalin ef al. 2015; cf. Agikalin et al. 2015) and the
presence of markers for the early, but not earliest,
Danian directly above the Turritella/Pseudamaura bed is
consistent with the presence of a small stratigraphic hia-
tus at the K—Pg boundary, as inferred by Barreda et al.
(2012). The absence of the S. inornata, a taxon charac-
terized by a stratigraphic range restricted to the early—
middle Danian interval (66.00-62.6 Ma; (de Gracianski
et al. 1998; Williams et al. 2004) could suggest that this
hiatus at the K—Pg boundary comprises a larger time
interval. However, as all members of the Areoligera
group, the morphogroup to which S. inornata belongs,
are generally very rare in the San Ramoén section, the
absence of this marker taxon is more likely to be caused
by unfavourable conditions for this taxon, rather than a
stratigraphic hiatus. The global biostratigraphic markers
D. californicumm and Carpatella  cornuta, which have
respective FADs at approximately ~65.75 and 65.7 Ma
(Brinkhuis ef al. 1998; Williams et al. 2004) are also
very rare in the Paleocene of the San Ramén section.
The lowest occurrence of D. californicum (Fig. 4]) is at
~2 m above the K—Pg boundary, ~50 cm above the top
of the Turritella/Pseudamaura bed; the lowest occurrence
of C. cornuta (Fig. 4F) is at ~75 m above the K-Pg
boundary (Fig 3). In view of the rarity of this taxon, it
is questionable whether this lowest occurrence in the
San Ramodn section corresponds to its global first
appearance. Nevertheless, the presence of these strati-
graphic markers suggests that the interval from ~2 m
above the K-Pg boundary up to the top of the section
is equivalent to (a part of) planktic foraminiferal Zones
Pla or P1b of Olsson et al. (1999; see Habib et al. 1996;
Agikalin et al. 2015).

Palaeoenvironment

The lithological succession as well as both the palynologi-
cal and organic geochemical records of the San Ramén
K-Pg boundary section are typical of a highly dynamic,
very shallow marine setting. The coarse-grained litholo-
gies of the Lefipin Formation yield a highly variable
preservation of organic matter, with some beds entirely
barren of organic matter, whilst others are characterized
by abundant, well-preserved palynomorphs and GDGTs.
In some intervals, in particular in the Maastrichtian part
of the section, there are even muddy beds with abundant
coalified plant remains (Scasso et al. 2012). The high
abundances of terrestrial palynomorphs, high BIT-index
values and occasional presence of plant fossils in this sec-
tion are indicative of a large input of terrestrial organic
material, and are probably related to the proximity to the
coastline. As the high values of the BIT-index generally
correspond to stratigraphic levels with high abundances
of terrestrial palynomorphs (Fig. 2) and/or plant remains,
they probably reflect an original signal of high input of
soil organic matter, instead of poor preservation due to
oxic degradation (cf. Huguet et al. 2008).

In general, the dinocyst assemblage is dominated by
Senegalinium and other peridinioid taxa. Based on correla-
tions between palynological records and other palaeo-
proxies, it has been suggested that members of the Sene-
galinium group (sensu Sluijs & Brinkhuis 2009) reflect an
inferred heterotrophic group that flourished best under
high-nutrient conditions and were tolerant of decreased
salinities (Brinkhuis & Zachariasse 1988; Lucas-Clark 2006;
Sluijs & Brinkhuis 2009). The high abundances of Sene-
galinium and other peridinioid dinocyst taxa in the San
Ramoén record are therefore indicative of high-nutrient
conditions, possibly under decreased salinities. Given the
inferred proximity of the coastline, the high abundance of
terrestrial material, high-nutrient conditions and decreased
salinities are most likely to be related to a large fluvial
input. This interpretation is also supported by the presence
of intervals with low-diversity marine invertebrate faunas
characteristic of high-stress environments with low salini-
ties (Scasso et al. 2012). According to Scasso et al. (2012),
salinity was the principal component controlling the biofa-
cies at San Ramon, with salinity varying from oligohaline
and mesohaline in the deltaic, high-stress environments, as
typified by monospecific bivalve assemblages, to more nor-
mal marine and stable conditions, indicated by diverse and
trophically more complex associations.

Sea level

In deltaic, very shallow marine sites, identifying relative
sea level changes can be challenging, because autocyclic
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deltaic processes can have a strong influence on the for-
mation of sequences. However, several features of the
Lefipadn sequence suggest that a general pattern can be
recognized, overprinting the smaller, autocyclic processes.

The uppermost Cretaceous at San Ramon is character-
ized by tidal channel, tidal gully and tidal flat deposits
that are occasionally densely bioturbated and mostly lack
marine macro- and megafauna (Scasso et al. 2012); this is
indicative of a very shallow marine palacoenvironment.
The high abundances of terrestrial palynomorphs, pre-
dominance of peridinioid dinocysts, high BIT-index val-
ues (Fig. 5) and occasional presence of beds with
coalified plant remains are all in agreement with such an
interpretation. The upper Maastrichtian of San Ramoén
also comprises an interval dominated by the Corbicula
assemblage (Scasso ef al. 2012) characteristic of a high-
stress environment, with salinities that strongly deviate
from those of the open sea. According to Scasso et al.
(2012), of all the macrobenthic biofacies of the San
Ramoén section, the Corbicula assemblage was the one
closest to the freshwater end of the salinity scale. At
approximately 10-12 m below the K-Pg boundary,
slightly lower t/m ratio and BIT-index values are
recorded, suggesting that this stratigraphic level represents
an interval with a slightly stronger marine influence.
Interestingly, in all Lefipin K-Pg boundary sections, the
bioturbation increases in the approximate uppermost
10 m of the Maastrichtian (Scasso et al. 2012). In general,
this interval is characterized by yellow-reddish-brown bio-
turbated sandstones that are barren of fossils and paly-
nomorphs because of intense oxidation. Compared to the
heterolithic beds below this interval, which are rich in
plant remains and palynomorphs and are presumably
deposited in muddy tidal flats and tidal gullies (Scasso
et al. 2012), these bioturbated sandstones might reflect a
higher energetic and slightly more distal environment.
Therefore, in Chubut, Argentina, such strongly biotur-
bated beds potentially herald transgressions.

The inferred hiatus at the K-Pg boundary probably
represents non-deposition or erosion during a lowstand.
This suggests the occurrence of a sea level regression
across the K-Pg boundary. If so, the uppermost

Maastrichtian most likely represents a highstand systems
tract (HST), capped by a sequence boundary (SB),
marked by the erosive base of the K-Pg boundary Tur-
ritella/ Pseudamaura bed.

The lowermost Paleocene, directly above the Turritella/
Pseudamaura bed, is characterized by a relatively high
abundance of marine palynomorphs and a relatively
diverse dinoflagellate assemblage, indicative of more nor-
mal marine conditions (sensu Sluijs et al. 2005). Hystri-
chosphaeridium spp., the Areoligera group and fibrous
cribroperidinioids are all relatively abundant directly
above the Turritella/Pseudamaura bed. Fibrous cribroperi-
dinioids are generally considered to be indicative of
coastal, normal marine conditions (e.g. Schigler et al.
1997; Pross & Brinkhuis 2005), whereas the Areoligera
group is considered indicative of nearshore, high-energy
environments (Brinkhuis & Zachariasse 1988; Brinkhuis
1994; Pross & Brinkhuis 2005). Previous studies have
argued that high abundances of the Areoligera group
might be characteristic of marine transgressions (e.g.
Sluijs & Brinkhuis 2009; Slimani et al. 2010). Sedimento-
logically, the flat, erosive base of the Turritella/Pseu-
damaura bed, with a high concentration of marine fossils
from various ichnofacies and intraformational particles,
suggests energetic scouring and reworking of earlier sedi-
ments having taken place in a high-energy, shallow mar-
ine environment (Scasso et al. 2012). This erosion and
winnowing was subsequently followed by rapid accumula-
tion. This recorded transition from a regression and low-
stand, represented by erosion and winnowing at the K—Pg
boundary, to subsequent rapid accumulation under
coastal, normal marine conditions, suggests that the Tur-
ritella/Pseudamaura bed represents a transgressive lag
deposit (cf. Cattaneo & Steel 2003), as was also suggested
by Fazio et al. (2013).

The lower Paleocene of the San Ramoén section com-
prises deposits of tidal bars in a distal delta front (Scasso
et al. 2012), indicative of a slightly more offshore setting in
comparison with the Maastrichtian interval. However, the
interval 10-20 m above the K-Pg boundary is nevertheless
characterized by high t/m ratios and a high abundance of
Senegalinium, suggesting that the lower Paleocene was still

FIG. 4. Representative dinocyst taxa. A, Achomosphaera sp. (PLW 08; —13 m). B, Andalusiella gabonensis (PLW 38; +75 m). C,
Andalusiella mauthei (PLW 20; +26 m). D, Andalusiella polymorpha (PLW 38; +75 m). E, Areoligera medusettiformis (PLW 08;

—13 m). F, Carpatella cornuta (PLW 38; +75 m). G, Cerodinium diebelii (PLW 20; +26 m). H, Cordosphaeridium fibrospinosum

(PLW 13; 2.5 m). 1, Cordosphaeridium—Damassadinium complex (PLW 38; +75 m). ], Damassadinium californicum (LPF 6; +2.5 m).
K, Deflandrea galeata (PLW 08; —13 m). L, Disphaerogena carposphaeropsis (PLW 38; +75 m). M, Disphaerogena carposphaeropsis
(PLW 38; +75 m). N, Fibrocysta sp. (LPF 1; —23 m). O, Glaphyrocysta perforata (LPF 6; +0.5 m). P, Hystrichosphaeridium ?tubiferum
(PLW 38; +75 m). Q, Laciniadinium arcticum (PLW 14; +5.5 m). R, Phelodinium magnificum (LPF 6; +2.5 m). S, Palaeocystodinium
lidiae (PLW 43; +75 m). T, Peridinioid cyst indet. (PLW 14; +5.5 m). U, Senegalinium sp. (PLW 14; +5.5 m). V, Senegalinium bicava-
tum (PLW 08; —13 m). W, Spiniferites ramosus complex (PLW 20; +26 m). X, Trithyrodinium evittii (PLW 38; +75 m). Y, Micrhystrid-
ium fragile (PLW 20; +26 m). PLW and LPF refer to two sample sets from the San Ramén section. Distance in metres from the K—Pg

boundary. Scale bar represents 50 pm.
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dominated by high-nutrient and/or low salinity conditions,
similar to the uppermost Maastrichtian interval. The pres-
ence of a Corbicula—Venericardia biofacies association at
the base of the Paleocene (Fig. 5) is also indicative of an
elevated degree of environmental stress, with salinity
diverging from normal marine (Scasso et al. 2012).

From ~16 m above the K-Pg boundary to approxi-
mately 26 m above the boundary, the relative contribu-
tion of marine palynomorphs progressively increases.
Within the same interval, peridinioid dinocysts, including
Senegalinium, decrease in relative abundance, whilst
fibrous cribroperidinioids and the Spiniferites complex
both increase in abundance. The Spiniferites complex, the
most ‘offshore’ component in the San Ramén dinoflagel-
late assemblage (cf. Schigler et al. 1997; Sluijs et al. 2005),
reaches its highest abundances at ~26 m above the K-Pg
boundary. Since both fibrous cribroperidinioids and the
Spiniferites complex are generally considered indicative of

coastal, normal marine conditions, their increased abun-
dances suggest an elevated marine influence in the San
Ramén record. This is recorded by the macrobenthic bio-
facies as well, which shows a transition to alternating
intervals characterized by the Ledina and Struthioptera—
Venericardia associations (Scasso et al. 2012), indicative
of normal marine, low- and high-energy environments,
respectively. The two BIT-index data points from this
interval both show relatively low values (0.3 and 0.25),
indicating a lower soil or riverine input, in accordance
with the suggested increasing marine influence. This com-
bined evidence suggests that the interval above the K-Pg
boundary is characterized by a marine transgression,
reaching a maximum flooding at approximately 26 m
above the boundary (Fig. 5).

The interval from ~26 m above the boundary to the
top of the succession studied is characterized by rapidly
decreasing abundances of marine palynomorphs and a
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marked predominance of Senegalinium, indicating
another phase of high-nutrient input and/or lower salinity
conditions, possibly related to increased fluvial input. The
overall predominance of a Ledina macrobenthic biofacies
association in this interval (Scasso et al. 2012) is indica-
tive of a low-energy environment with a relatively high
abundance of particulate organic matter within the sedi-
ment, leading to slightly reduced oxygen levels within the
sediment. The high abundance of peridinioid taxa such as
Senegalinium and the presence of the Ledina microbenthic
biofacies association therefore suggest that this interval
was characterized by high nutrient availability and high
productivity. However, the occasional occurrences of a
Struthioptera—Venericardia biofacies association indicate
that parts of this interval were characterized by relatively
stable, normal marine environments. In summary, the
palynologial and palaeontological evidence shows that the
upper part of the interval studied was typified by
increased terrestrial input, possibly related to an increas-
ing coastal proximity. This transition might be related to
progradation and basin infill characteristic of a highstand
systems tract (HST; Fig. 5).

Comparison with Bajada del Jagiiel

The lithological, palynological and organic geochemical
records of the Bajada del Jagtel section (~500 km north-
north-east of the San Ramoén section; Woelders et al.
2017) indicate that the depositional environment was fun-
damentally different from that at the San Ramoén site. At
Bajada del Jagiiel, the succession consists of relatively
monotonous, fine-grained sediments, characteristic of a
mid-shelf setting (Scasso et al. 2005), whereas the much
more variable, and generally more coarse-grained litholo-
gies at San Ramodn (Scasso et al. 2012) are characteristic
of a highly dynamic, very shallow marine setting. In
accordance with the inferred more open marine environ-
ment at Bajada del Jagliel, dinocyst taxa characteristic of
normal marine conditions, such as the Spiniferites com-
plex (sensu Sluijs et al. 2005) are much more predomi-
nant in that section, whereas the input of riverine or soil
organic matter (BIT-index) is much lower (Fig. 6;
Woelders et al. 2017).

However, both records exhibit overall high abundances
of Senegalinium spp. and other peridinioid dinocysts, sug-
gesting that both sites were influenced by high nutrient
and/or freshwater input. Based on the palynological
records of these sections, a tentative correlation can be
made. Within the biostratigraphical framework provided
by the FOs of the stratigraphic markers D. carposphaerop-
sis, the Cordosphaeridium—Damassadinium complex and
D. californicum, five possibly correlatable events can be
identified (see Fig. 6). The first is the FO of

D. carposphaeropsis (Event A). In the Bajada de Jaguél
section, this FO occurs at ~14 m below the K-Pg bound-
ary, whereas at San Ramon, this taxon already occurs in
the lowermost sample, at ~23 m below the boundary.
This suggests that sedimentation rates were considerably
higher at San Ramoén, consistent with its more proximal,
deltaic depositional setting. The second event is a peak
abundance of Senegalinium spp. below the K-Pg bound-
ary (Event B). Woelders et al. (2017) argued that this
peak abundance might be related to enhanced runoff,
resulting from more humid climatic conditions in central
and northern Patagonia, caused by the latest Maas-
trichtian warming event. The third event (Event C) is the
hiatus representing the K-Pg boundary. As discussed
above, the occurrence of a hiatus directly at the K-Pg
boundary at both Bajada del Jagiiel and San Ramén sug-
gests that a regional sea level regression occurred across
the K-Pg boundary. The fourth event (Event D) is an
ingression of more normal marine dinocyst taxa, above
the K-Pg boundary hiatus, in the basal part of the inter-
val equivalent to planktic foraminiferal Zone P1b. At both
San Ramoén and Bajada del Jagiiel, this ingression occurs
at ~5 m above the boundary. The last possibly correlat-
able stratigraphic event (Event E) is a peak in abundance
of Senegalinium spp. at the top of the Bajada del Jagiiel
section, within the equivalent of planktic foraminiferal
Zone P1b. According to our sequence-stratigraphic inter-
pretation, this peak abundance occurs during the Danian
transgression, in an increasingly distal setting. Therefore,
it is likely that this peak of Senegalinium represents a run-
off signal instead of a sea level signal, implying that these
high abundances are related to enhanced runoff resulting
from more humid climate conditions, similar to those of
the late Maastrichtian.

Climate

Only three organic geochemical samples of the San
Ramoén section yielded reliable TEXg4-based sea surface
temperatures (see Fig. 2). The reconstructed SSTs range
from 25.6°C to 27.1°C, in accordance with the tropical
climate inferred by palynological and megafloral studies,
suggesting that this region was characterized by a hinter-
land with rainforests with megathermal angiosperms (Bal-
doni 1992; Barreda & Palazzesi 2007; Iglesias et al. 2007;
Palazzesi & Barreda 2007; Barreda et al. 2012). Given the
low number of TEXgs data points, climate trends across
the studied interval could not be assessed.

Several studies have shown that dinocyst assemblages
can also be used to assess relative changes in sea surface
temperatures across the K-Pg boundary interval (Brin-
khuis et al. 1998; Vellekoop et al. 2015). However, the
records that are generally used for this approach



530 PALAEONTOLOGY, VOLUME 60

12YbIH
— % % % % % % %
80 ¥0 000F O o 0 O 008 0F O OV O 08 0F O
[ . . - NN [(WENEN A |
....... e R B e A By e
gl fo oo.:@ ..................................... - .
g IR S O I —
\@
é
T T
w
-
Z
Q
@
x
T FTrrerel M1 FPr [rprrere] POrrrr] [Trrprrrrr]
=1 (%) = > a > o (%]
85 < g 3 3 5 5 ¢
=3 2 e £ 3 g g &
og 3 s © § 5 3 g
o8 o & S & k=3 3 =
S w 3 Q .w. @ Lol <
2 s 3 £ § ~ S B
o} M 3. © 3. =3 °
& = SN 3. ©
2 5 m 2
B % Z
2 he)
©
uowey uesg

*QUITUO INOJ0Y) "7 "SI 235 ‘puasa[ [ed130[01I]

10 *q 0} ¥ S[oAd] d[qee[a110d A[feoryderSiiens oy) Uo s[rejap 10§ 1xa3 39S *(£107) IV 12 SIOP[2OAA WO dIe YIS SIY) 10§ U0NeIdIdIUI [9AI] BIS (SATJB[OT) PALIAJUI ) SE [[om Se ‘[ande( [op
epefeq Jo eiep [eoTwapoad oruedio pue [eordojouded oy, 'suonoas [onSe( [op epeleg pue uowey UeS ) JO SPIOIAT [EITWYD023 dTueSio pue [edidojoused o) Jo UOTIR[PIIOO YV "9 "DId

exe} Jasew 3sKdouiq

_I
=
>
O,
o

Q

<

13YBIH

T

:
.
[ S

:
- -

pajaidiayu]

|oA8] eaS alAje|al

% %
0007 00 O

T

%

N, Y IR yl.._..llu .......
=94
2 § g Q
] =. 3% 1w 2
A S © o & 0]
=1 = S =3 9 =
a ol "9 OO =
@ 3 0o ® I3 @
X 3 =393 X
» g 2 o
ks
Q 39 3¢ 3
o T O o =
3 S5 Qe a
3 3T 3. =3
s =2 < 3.
£ 3 g )
& 3 g
a
& B
©

|anBer op epeleg

0 00¥ 0 OF

%
0

-dds wniuyebauss .

S

D

exe) Jaxew ysAdouig

1= %
SIES
o O |IsTE
3 S EE
5 o8t
> cE
® JlakE
Tl E
= ? |9k
oy o |VE
3
o [SE
_nou”
1A Yol
=3
o (o
— o
= (0]
> =3
o o
OI (=9
«Q
<

UOIRUOZ |eJ3jIUIWIEIO) dIPjuR|d

UOIJBUOZ |BISjIUILIEIO) DI UB|d

19

99

['s]
©

(en) o6y



VELLEKOOP ET AL.: CLIMATE & SEA LEVEL AT K-PG BOUNDARY 531

commonly represent normal marine sites with high diver-
sity dinoflagellate assemblages. The impoverished dinocyst
community at San Ramén complicates this approach. An
interesting feature of the palynological record of San
Ramon is the peak of the Andalusiella—Palaeocystodinium
complex, approximately 20 m below the K-Pg boundary,
where it reaches up to 77% of the assemblage. (Brinkhuis
et al. 1998) described this group as typical of high sea
surface temperatures. This suggests that the upper Maas-
trichtian interval at the San Ramon section was character-
ized by relatively high temperatures, possibly related to
the latest Maastrichtian warming event (Woelders et al.
2017). However, in view of the low number of reliable
TEXgs data points, this possible warming signal cannot be
verified by our organic geochemical record.

CONCLUSIONS

Our new dinocyst biostratigraphy confirms the presence
of uppermost Maastrichtian and lower Danian strata at
the San Ramon site (Lefipdn Formation), Argentina, and
is consistent with a previously inferred small stratigraphic
hiatus at the K-Pg boundary. The presence of D. califor-
nicum and C. cornuta above the K-Pg boundary suggests
that this interval is equivalent to planktic foraminiferal
zones Pla or P1b of Olsson et al. (1999).

The lithological succession and palynological and
organic geochemical records from the San Ramoén K-Pg
boundary section are typical of a highly dynamic, very
shallow marine setting. The high abundances of terrestrial
palynomorphs, high BIT-index values and occasional
presence of plant fossils are indicative of a large input of
terrestrial organic material, related to the proximity of the
coastline. The dinocyst assemblage is generally dominated
by Senegalinium and other peridinioid dinocyst taxa,
indicative of high-nutrient conditions and decreased
salinities, presumably related to a large fluvial input.

The latest Maastrichtian of the San Ramoén section was
characterized by a very nearshore setting. The inferred
hiatus at the K—Pg boundary suggests a sea level regres-
sion across the K—Pg boundary. The transition from a
regression and lowstand at the K-Pg boundary to the
winnowing and subsequent rapid accumulation under
coastal, normal marine conditions, recorded by the Tur-
ritella/Pseudamaura K—Pg boundary bed, suggests that
this bed represents a transgressive lag deposit. The lower
Danian of San Ramon is characterized by a transgression,
with a maximum flooding surface at approximately 26 m
above the boundary. The palynological and palaecontologi-
cal evidence shows that the upper part of the interval
studied was characterized by increased terrestrial input,
related to increased coastal proximity.

By comparing the palynological data from the very shal-
low marine, nearshore San Ramon site (Lefipan Formation)
with that from the mid-shelf deposits of the Bajada del
Jagtiel section (Jagiiel Formation), five possibly correlatable
events can be identified. These suggest that sedimentation
rates were considerably higher at San Ramon, consistent
with its more proximal depositional setting. Both records
are characterized by a peak abundance of Senegalinium spp.
below the K—Pg boundary, possibly related to enhanced
runoff, resulting from more humid climate conditions,
potentially related to the warming in the latest Maas-
trichtian. The occurrence of a hiatus directly at the K-Pg
boundary in both Bajada del Jagiiel and San Ramén sug-
gests at least a regional sea level regression across the K—Pg
boundary in Argentina, followed by a transgression in the
Danian. This new record will permit correlations to global
sea level trends observed across the K-Pg boundary.
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