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Abstract Latest Maastrichtian climate change caused by Deccan volcanism has been invoked as a cause of
mass extinction at the Cretaceous-Paleogene (K-Pg) boundary (~66.0 Ma). Yet late Maastrichtian climate and
ecological changes are poorly documented, in particular on the Southern Hemisphere. Here we present
upper Maastrichtian-lower Danian climate and biotic records from the Bajada del Jagüel (BJ) shelf site
(Neuquén Basin, Argentina), employing the TEX86 paleothermometer, marine palynology (dinoflagellate
cysts), and micropaleontology (foraminifera). These records are correlated to the astronomically tuned Ocean
Drilling Program Site 1262 (Walvis Ridge). Collectively, we use these records to assess climatic and ecological
effects of Deccan volcanism in the Southern Atlantic region. Both the TEX86-based sea surface temperature
(SST) record at BJ and the bulk carbonate δ18O-based SST record of Site 1262 show a latest Maastrichtian
warming of ~2.5–4°C, at 450 to 150 kyr before the K-Pg boundary, coinciding with the a large Deccan
outpouring phase. Benthic foraminiferal and dinocyst assemblage changes indicate that this warming
resulted in enhanced runoff and stratification of the water column, likely resulting from more humid climate
conditions in the Neuquén Basin. These climate conditions could have been caused by an expanding and
strengthening thermal low over the South American continent. Biotic changes in response to late
Maastrichtian environmental changes are rather limited, when compared to the major turnovers observed at
many K-Pg boundary sites worldwide. This suggests that environmental perturbations during the latest
Maastrichtian warming event were less severe than those following the K-Pg boundary impact.

1. Introduction

It is generally assumed that the Chicxulub asteroid impact (~66.0 Ma) was the main cause of the Cretaceous-
Paleogene (K-Pg) boundary mass extinction [e.g., Alvarez et al., 1980; Schulte et al., 2010], one of the “Big Five”
mass extinctions during the Phanerozoic. The proposed triggers for the mass extinction following the impact
include an impact winter [Vellekoop et al., 2014; Brugger et al., 2016], followed by global warming [Vellekoop
et al., 2014, 2016] and ocean acidification [Kring, 2007]. However, the contribution of latest Maastrichtian
Deccan Traps volcanism and climate disruption [Archibald et al., 2010; Schoene et al., 2015] to the mass
extinction continues to be under debate.

A phase of 2–8°C latest Maastrichtian warming between ~450 and ~100 kyr before the K-Pg boundary has
been recognized in many records, both marine [Barrera and Savin, 1999, and references therein; Olsson
et al., 2002; Tobin et al., 2012; Petersen et al., 2016; Vellekoop et al., 2016] as well as terrestrial [Nordt et al.,
2003;Wilf et al., 2003; Kemp et al., 2014] suggesting that this is a global signal. It has been postulated that this
warming interval coincided with one of the largest Deccan outpouring phases [Ravizza and Peucker-
Ehrenbrink, 2003; Schoene et al., 2015]. These climate changes and environmental perturbations prior to
the Chicxulub impact [e.g., Schmidt et al., 2016] are proposed to have resulted in global ecosystem instability.
However, it remains unresolved if and how Deccan Trap volcanism would have led to extinction [Ravizza and
Peucker-Ehrenbrink, 2003; Richards et al., 2015; Punekar et al., 2016].

Regarding open ocean plankton, little evidence exists for loss of species or population abundance during
Late Cretaceous Deccan volcanism [Henehan et al., 2016]. Nevertheless, several late Maastrichtian ecological
signals, such as anomalous abundances, migrations and dwarfism amongst planktic foraminifera [Olsson
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et al., 2001; Abramovich et al., 2010; Keller et al., 2016] and calcareous nannoplankton species [Thibault and
Gardin, 2010; Thibault and Husson, 2016, and references therein] and the global bloom of the
dinoflagellate Manumiella seelandica [Habib and Saeedi, 2007] hint toward biotic response to late
Maastrichtian climate changes.

To understand the contribution of late Maastrichtian climate and environmental changes to the K-Pg bound-
ary mass extinction, well-dated paleoclimate records with sufficient temporal resolution are required.
Unfortunately, many available late Maastrichtian δ18O and other temperature records are of a relatively
low resolution of ~100 ka [Barrera and Savin, 1999; Tobin et al., 2012; Petersen et al., 2016]. Furthermore, some
records yield hiatuses in the upper Maastrichtian interval [Barrera and Savin, 1999] or low signal-to-noise
ratios [e.g., Li and Keller, 1998; Barrera and Savin, 1999; Wilf et al., 2003; Petersen et al., 2016]. This makes
accurately pinpointing the onset and duration of the latest Maastrichtian warming interval problematic
and complicates the quantification of the magnitude of the warming. In addition, apart from several
Antarctic studies [e.g., Tobin et al., 2012; Petersen et al., 2016; Witts et al., 2016], ecological studies have thus
far focused mostly on Northern Hemisphere locations and/or on deep-sea settings. Finally, existing literature
disagrees on preimpact ecological changes in Southern Hemisphere high-latitude areas [e.g., Tobin et al.,
2012;Witts et al., 2016]. Together, this hampers our understanding of the nature and extent of global climate
and other environmental changes prior to the Chicxulub impact. Here we perform an organic geochemical,
benthic foraminiferal, and palynological study on a Southern Hemisphere midlatitude site to increase our
understanding of late Maastrichtian climate and resulting environmental changes.

The upper Maastrichtian midlatitude sedimentary record of the Bajada del Jagüel (BJ) site, in the Neuquén
Basin in Argentina (Figure 1), is well suited to study climate and environmental changes in a marginal marine
setting in the Southern Hemisphere. Such marginal marine records generally experience high sedimentation
rates, potentially providing high-resolution records and information on land-ocean interactions. Crucially,
during the Maastrichtian, the Neuquén Basin was located near the transition between two climate zones,
with a semiarid climate belt situated north of the basin and a humid, warm-temperate climate belt south
of the basin [Chumakov et al., 1995; Boucot et al., 2013] (Figure 1), increasing its sensitivity to record
environmental changes.

Figure 1. (a) Paleogeographic map of the South Atlantic during the latest Maastrichtian, modified after Scotese and Dreher
[2012], showing the location of Bajada del Jagüel (BJ; ~43°S), ODP Site 1262 (~40°S), and Seymour Island (SI; ~65°S).
Paleolatitudes are based on the magnetic reference frame of Torsvik et al. [2012] and calculated using paleolatitude.org
[van Hinsbergen et al., 2015]. (b) Paleogeographic map modified after Scasso et al. [2012] with BJ in the Neuquén Basin,
Argentina (marked by a gray dashed line). Dark blue: deep-sea basin. Light blue: shallow sea. Yellow: low land. Brown:
higher land. Climate belts according to Boucot et al. [2013].
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The absence of open marine, keeled planktic foraminifera, including most stratigraphic marker taxa [Keller
et al., 2007] and of a magnetostratigraphic record hamper an accurate age assessment of latest
Maastrichtian environmental and biotic changes at the study site. Fortunately, organic-walled dinoflagellate
cysts (dinocysts) are abundant in the uppermost Maastrichtian deposits of the Neuquén Basin [Papú et al.,
1996; Prámparo and Papú, 2006] and can provide an alternative powerful biostratigraphic tool [Brinkhuis
and Zachariasse, 1988; Schiøler et al., 1997; Prámparo and Papú, 2006; Açıkalın et al., 2015; Vellekoop et al.,
2015, 2016].

Recrystallization of shell carbonate inhibits the use of traditional carbonate-based sea surface temperature
(SST) proxies at BJ. Therefore, we employ the lipid biomarker-based paleothermometer TEX86 [Schouten
et al., 2002] following recent successful applications in K-Pg shelf studies [Vellekoop et al., 2014, 2016].
Organic biomarkers are expected to be well preserved, since the soft, clay-rich upper Maastrichtian-lower
Danian sediments of BJ have not been buried deeply [Arregui et al., 2011] and have most likely not experi-
enced heating caused by volcanic activity [Folguera et al., 2011]. Organic biomarkers can also be used to
assess the relative input of soil organic carbon using the Branched and Isoprenoid Tetraether (BIT) index
[Hopmans et al., 2004], which is often considered as a proxy for terrestrial input in marine records [e.g.,
Ménot et al., 2006]. Furthermore, we use palynology, notably dinocysts, to provide insight in nutrient
availability, salinity, and coastal proximity [e.g., Sluijs et al., 2005; Vellekoop et al., 2015], and benthic foramini-
fera to reveal sea level changes, in addition to changes in oxygenation and food supply in this neritic
environment [e.g., Corliss and Chen, 1988; Jorissen et al., 2007; Woelders and Speijer, 2015]. Importantly, since
benthic foraminifera and especially organic-walled cyst-producing dinoflagellates experienced relatively few
extinctions across the K-Pg boundary [Brinkhuis and Zachariasse, 1988; Culver, 2003; Woelders and Speijer,
2015], these biota are ideally suited to assess the environmental and ecological change before and after
the K-Pg boundary. To be able to investigate the relationship between these changes and Deccan Traps
volcanism and climatic disruption, knowledge on the exact timing of these changes is required. While the
biostratigraphic age model of the BJ section is sufficient to assess the relative timing of environmental
changes at this locality, no astronomically tuned age model exists for this site. Yet the deep-sea record from
Ocean Drilling Program (ODP) Site 1262 on Walvis Ridge (Figure 1) provides a stratigraphically complete
upper Maastrichtian record of deep-sea nannofossil ooze for the Southern Atlantic [Zachos et al., 2004].
This allows dating based on orbital cycles, supported by detailed biostratigraphy and magnetostratigraphy.
Bulk δ18O data from this record [Birch et al., 2016] provide a qualitative sea surface temperature (SST) signal.
Correlating the biostratigraphically calibrated record of BJ to the astronomically tuned record of Walvis Ridge
provides an excellent opportunity to investigate South Atlantic late Maastrichtian climatic and ecologic
changes and their relationship to Deccan Traps outgassing.

2. Geological Setting
2.1. Bajada del Jagüel, Neuquén Basin
2.1.1. Geological Setting and Lithology
The BJ site (38°06010.5″S, 68°23020.5″W) has a paleolatitude of ~43°S ± 2° relative to the paleomagnetic refer-
ence frame of Torsvik et al. [2012], which is the default frame of paleolatitude.org [van Hinsbergen et al.,
2015]. The site is situated in the Neuquén Basin in Argentina. The Neuquén Basin is bordered to the south by
the North Patagonian massif and to the northeast by the Sierra Pintada massif (Figure 1). A large transgression
from the South Atlantic into the basin [e.g., Bertels, 1979] occurred from the late Maastrichtian to early Danian,
during a time of relative tectonic quiescence and low magmatic activity [Malumián and Náñez, 2011].
Mudstones dominating the Maastrichtian and Danian sediments from the Jagüel Formation are homogeneous,
nonlaminated, and therefore presumably intensely bioturbated, indicating a reasonably well-oxygenated
seafloor [Scasso et al., 2005]. The presence of common bivalves and the rare to common occurrence of planktic
foraminifera indicate deposition at midshelf depth [Bertels, 1975; Scasso et al., 2005; Brezina et al., 2014].

A coarse-grained, mottled, clayey sandstone bed, 15–25 cm thick, separates the Maastrichtian and Danian
mudstones. This bed can be traced laterally for 5 km [Scasso et al., 2005]. Vertical, oblique, and horizontal
burrows 0.5–1 cm wide, filled with sand-sized plagioclase grains, shark teeth, and fragments of bivalves,
are abundant in the sandstone layer. Based on calcareous nannoplankton data, the base of this sandstone
bed represents the K-Pg boundary and is interpreted to have resulted from a tsunami wave, related to the
Chicxulub impact event [Scasso et al., 2005].
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2.1.2. Paleoenvironment
During the late Maastrichtian and early Danian, North and Central Patagonia experienced a warm, humid
climate. Pollen records suggest rainforests, coastal mangrove forests, and swamp communities in the region
[Baldoni, 1992; Kiessling et al., 2005; Barreda and Palazzesi, 2007; Iglesias et al., 2007; Palazzesi and Barreda,
2007]. This vegetation type is classified as megathermal and indicates a minimal average air temperature
of 24°C [Barreda and Palazzesi, 2007; Palazzesi and Barreda, 2007; Barreda et al., 2012].

Circulation in the Neuquén Basin (Figure 1) was somewhat restricted during the late Maastrichtian and early
Danian [Bertels, 1975; Scasso et al., 2005]. Evaporites and mixed carbonate-siliciclastic lithologies in the north-
ernmost part of the Neuquén Basin suggest semiarid conditions and hypersaline conditions in that part of the
basin [Barrio, 1990; Kiessling et al., 2006]. The occurrence of salinity stratification in the northwestern part of
the Neuquén Basin in the late Maastrichtian is indicated by algae (prasinophytes) suggesting stratified and
saline waters [Prámparo et al., 2014]. Abnormalities found in benthic foraminiferal tests from Maastrichtian
and Danian records in the basin point toward hypersalinity and/or fluctuations in salinity as well [Ballent
and Carignano, 2008]. The central part of the Neuquén Basin, where the BJ site is located, is suggested to have
experienced normal marine conditions, evidenced by the presence of planktic foraminifera, dinocysts and
relatively few terrestrial palynomorphs [Papú et al., 1996; Prámparo and Papú, 2006].

2.2. ODP Site 1262 Walvis Ridge

ODP Site 1262 (27°11.150S; 1°34.620E; 4759 m depth) [Zachos et al., 2004] is located on the northwestern flank
of Walvis Ridge, an aseismic ridge and bathymetric high in the SE Atlantic that separates the Cape and Angola
basins. The paleolatitude of Walvis Ridge is ~40°S ± 3° relative to the paleomagnetic reference frame of
Torsvik et al. [2012], which is the default frame of paleolatitude.org [van Hinsbergen et al., 2015] (Figure 1).
An upper abyssal paleodepth (2500–3000 m [Alegret and Thomas, 2007]) during the late Maastrichtian to
early Paleogene was estimated for the site [Zachos et al., 2004]. The K-Pg boundary interval is considered
stratigraphically complete and includes upper Maastrichtian gray-brown clayey nannofossil ooze, and lower-
most Danian red-brown clays [Zachos et al., 2004]. The K-Pg boundary is marked by a sharp, but bioturbated
irregular surface between these two lithologies. The sequence contains nannofossils and foraminifera
throughout [Zachos et al., 2004].

3. Materials and Methods
3.1. Bajada del Jagüel, Neuquén Basin
3.1.1. Sampling
Bulk sediment samples from the BJ section were acquired during two field campaigns, in 2012 and 2014. For
the present study, high-resolution (dm/cm scale), mostly Maastrichtian sample sets were studied. Danian
samples were only studied in low resolution, to provide a general overview across the K-Pg boundary. A
1 m deep trench was dug to acquire unweathered rock samples, to limit possible contamination by modern
soil bacteria. After fresh material was reached, samples were carefully acquired using clean tools. Aliquots of
these samples were used for organic geochemical, palynological, and micropaleontological analyses.
3.1.2. TEX86 and BIT Analysis
Following standard procedures [Schouten et al., 2002, 2013], 27 aliquot samples were investigated for glycerol
dialkyl glycerol tetraethers (GDGTs) at Utrecht University. Briefly, the standard procedures are the following.
Organic compounds were extracted from powdered and freeze-dried rock samples of approximately 5 g with
dichloromethane (DCM)/methanol (MeOH) (9:1, vol/vol) using a DIONEX accelerated solvent extractor (ASE
200). The total extracts were separated in four fractions over an activated Al2O3 column successively using
hexane:dichloromethane (DCM) (9:1, vol/vol), ethyl acetate (100%), DCM:MeOH (95:5, vol/vol), and DCM:
MeOH (1:1, vol/vol). After this, 9.9 ng of a C46 GDGT internal standard was added to the DCM:MeOH (95:5,
vol/vol) fraction for quantification purposes. All fractions were dried under N2, redissolved in hexane-
isopropanol (99:1, vol/vol) and passed over a 0.45 μm PTFE filter prior to analysis using an Agilent 1290
Infinity high-performance liquid chromatography (HPLC) coupled to an Agilent 6130 single quad mass
spectrometer (MS) following the latest method with improved chromatography [Hopmans et al., 2016].
Subsequently, SSTs were reconstructed using TEX86 paleothermometry following Schouten et al. [2002] and
the transfer function of Kim et al. [2010]. The uncertainty on the calculated temperatures using this method
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is ±2.5°C [Kim et al., 2010]. Based on in-house standards, TEX86 reproducibility is better than 0.01, which
translates to less than 0.5°C in our temperature range.

The BIT index [Hopmans et al., 2004] was used to estimate the relative contribution of soil vs. marine organic
matter in the sample, an indicator for terrestrial influx [Hopmans et al., 2004]. Based on in-house standards, BIT
reproducibility is better than 0.03. For a detailed portrayal of the quality control, including the contribution of
methanogenic and methanotrophic archaeal GDGTs, we refer to Text S1 in the supporting information.
3.1.3. Palynological Analysis
Forty-three samples from the BJ section were processed following standard palynological processing techni-
ques at the Laboratory of Paleobotany and Palynology at Utrecht University. Approximately 10 g of each sam-

ple were crushed, freeze-dried, TEXH86 and weighed. The samples were then treated with 10% HCl to remove
carbonate components and 40% HF to dissolve the siliceous components. The residue was sieved over nylon
mesh sieves of 250 μm and 15 μm and submerged in an ultrasound bath for 5 min to break up agglutinated
particles. The 15–250 μm fraction of palynological residues was thoroughly mixed, by shaking on a lab
dancer. Directly after mixing, slides were made from this fraction. All samples and slides are stored in the
collection of the Division of Geology, Department of Earth and Environmental Sciences, KU Leuven, Belgium.

Slides were counted for marine palynomorphs (e.g., dinocysts) up to a minimum of 200 dinocyst specimens
per sample. The taxonomy of dinocysts follows Fensome et al. [2008, and references therein]. In addition, a
qualitative assessment of terrestrial palynomorphs (e.g., pollen and spores) was made.

To identify major changes in the dinocyst record, morphologically closely related taxa were grouped into
complexes using a similar approach as Schiøler et al. [1997], Sluijs and Brinkhuis [2009], and Machalski et al.
[2016]. In our study, the following morphological complexes were established: (1)Manumiella spp., grouping
all species of Manumiella; (2) Senegalinium complex [cf. Sluijs and Brinkhuis, 2009] lumping all other
Peridinioid cysts with a hexaform archeopyle, such as Senegalinium; Cerodinium, and Deflandrea; (3) “coastal
taxa,” combining all dorsally-ventrally compressed Gonyaulacoid cysts with an apical archeopyle, mainly taxa
belonging to the genera Areoligera and Glaphyrocysta, all taxa belonging to Adnatosphaeridium, and all taxa
belonging to Hystrichosphaeridium; and (4) “normal marine taxa,” which includes all other Gonyaulacoid
taxa. This complex is mainly dominated by members of the Spiniferites complex, combining all species of
Spiniferites and the morphologically similar genus Achomosphaera. In addition, the percentage coastal taxa
relative to normal marine taxa was calculated. A list of taxa assigned to these groups can be found in Table S1
in the supporting information.

Based on correspondence and statistical correlations between palynological records and other proxies, it has
been suggested that the Senegalinium complex, an inferred heterotrophic group, was tolerant to increased
freshwater input and flourished under high-nutrient conditions [Brinkhuis and Zachariasse, 1988; Sluijs and
Brinkhuis, 2009]. Therefore, in this study, abundances of the Senegalinium complex are considered indicative
of lower salinities and/or high-nutrient availability.
3.1.4. Foraminiferal Analysis
Thirty-eight samples were processed at KU Leuven for foraminiferal studies following standard micropaleon-
tologic procedures. Rock samples were dried in a stove at 50°C for at least 24 h. About 10 to 90 g of dry rock
were soaked in a soda solution (50 g/l Na2CO3), depending on the amount of available material. After disin-
tegration, each sample was washed over 2 mm and 63 μm sieves. Representative aliquots of the 125–630 μm
fraction, containing at least 300 benthic foraminiferal specimens, were obtained using a microsplitter. Picked
specimens from this size fraction were permanently stored in Plummer slides. Benthic foraminifera were
identified, using the taxonomic works of Cushman [1946], Bertels [1964], and Kellough [1965]. The number
of benthic foraminifera per gram dry sediment (Benthic Foraminiferal Number, BFN) and total number of
foraminifera per gram (benthic and planktic combined) were calculated using foraminiferal counts and dry
sample weight. Percentages planktic foraminifera per sample were calculated relative to the total number
of counted foraminifera per sample.

Benthic foraminifera are commonly used as indicators for trophic conditions and bottom water oxygenation
[e.g., Jorissen et al., 2007]. Particular foraminiferal morphologies are generally assumed to be characteristic for
epibenthic habitats (rounded trochospiral, planoconvex trochospiral, biconvex trochospiral/planispiral, milio-
line, and tubular morphotypes), whereas others are considered more characteristic for endobenthic habitats
(rounded planispiral, flattened ovoid, tapered, and cylindrical) [e.g., Corliss, 1985; Corliss and Chen, 1988]. In
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general, oligotrophic environments are characterized by larger proportions of epibenthic forms, whereas
more eutrophic and poorly oxygenated environments are often characterized by larger numbers of endo-
benthic forms [Jorissen et al., 1995, 2007]. In particular, the endobenthic Buliminacea are indicative for high
food supply and poor oxygenation [Jorissen et al., 1995, 2007]. Although assuming such analogues with
modern fauna has limitations and shortcomings [Buzas et al., 1993], in this study, the percentages of endo-
benthic and Buliminacea are used to interpret variations in food supply and oxygenation. In addition, benthic
species richness and diversity (see section 3.1.5) as well as benthic indicator taxa are used to estimate paleo-
depth [e.g., Kellough, 1965; Gibson and Buzas, 1973; Murray, 2006]. Benthic as well as planktic foraminifera
show high degrees of recrystallization and are therefore not suitable for stable oxygen isotope analysis.
3.1.5. Statistical Analysis
Detrended Correspondence Analysis (DCA) was performed on the Maastrichtian benthic foraminiferal data in
order to identify the main changes during this interval. Following Hayek and Buzas [2013], changes in
diversity of benthic foraminifera and dinocysts across the studied interval were assessed using the
Shannon diversity index (H) and dominance was estimated using the Berger-Parker index (BP). In addition,
the number of species or species richness per sample (S) was calculated, accompanied by the number of spe-
cimens counted per sample (N) for both benthic foraminifera and dinocysts. Finally, a LOESS (local regression)
fit was plotted for all SST data sets with a limited resolution. LOESS is a locally weighted polynomial regres-
sion. Useful values of the smoothing parameter α required for LOESS typically lie in the range 0.25 to 0.5,
where a lower α means less smoothing.

3.2. ODP Site 1262 Walvis Ridge
3.2.1. δ18O Data Analyses
In this study, bulk sediment oxygen and carbon isotope data published by Birch et al. [2016] have been used
to reconstruct seawater temperature changes. We calculated SSTs using the carbonate-water isotopic tem-
perature derived by Epstein et al. [1953]. In this equation, a past seawater δ18O value of �1.2‰ is assumed,
representing an ice-free world [Shackleton and Kennett, 1975]. In this study we are concerned with relative
changes in temperature, rather than absolute changes. Note that the choice of calibration equation hardly
influences such relative temperature changes. For details on the quality assessment of the bulk isotope data,
see supporting information (SI) Text S2.
3.2.2. Age Model
The K-Pg boundary is known to occur close to an eccentricity minimum [e.g., Kuiper et al., 2008; Westerhold
et al., 2008]. Consequently, the 405 kyr eccentricity cycle around the boundary is used as a primary correla-
tion. This is constrained by recent 40Ar/39Ar dating [Renne et al., 2013], which establishes an age close to
66.0 Ma for the boundary, in agreement with Vandenberghe et al. [2012]. Subsequently, individual
short-eccentricity cycles, as identified in ODP Site 1262 and integrated with the land-based section of
Zumaia (Spain), were tuned by correlating eccentricity maxima in the records to correlative maxima in
the La11 orbital solution [Dinarès-Turell et al., 2014]. Additionally, a preferred astronomical age of
66.0225 ± 0.0040 Ma for the K-Pg boundary was derived [Dinarès-Turell et al., 2014]. This takes into account
the occurrence of the first eccentricity maximum below the K-Pg boundary at four precession cycles below
the boundary at Zumaia [Dinarès-Turell et al., 2013] that correlates to an eccentricity maximum in the La11
solution at 66.096 Ma.

The time scale for the Maastrichtian part is derived by correlating the short eccentricity cycles as identified at
ODP Site 1262 [Westerhold et al., 2008] to the corresponding eccentricity maxima in the La11 orbital solution
(Table S2). Westerhold et al. [2008] used X-ray fluorescence (XRF) measurements of iron (Fe) on the spliced
record for Site 1262 for the identification of short-eccentricity (100 kyr) cycles. The cyclic variations in Fe
content were interpreted byWesterhold et al. [2008] as changes in the amount of clay present in the sediment
which in turn was interpreted as an inversed indicator for lysocline depth variations generated by the
astronomically driven carbon cycle. The Fe record was filtered by a Gaussian filter to extract the position of
10 eccentricity maxima along the Maastrichtian part analyzed. Westerhold et al. [2008] report the position
of these 10 Maastrichtian short eccentricity cycle maxima down to the end of the splice record at about
236 mcd (their Table S3). However, the available Fe data set down to 226.98 mcd only encompasses the
youngest five eccentricity cyles (Ma100-1 to Ma100-5). All 10 reported Maastrichtian short eccentricity cycles
are correlated here to successive eccentricity maxima in the La11 orbital solution to construct the time scale
for ODP Site 1262 (Table S2).
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4. Results
4.1. Bajada del Jagüel
4.1.1. Biostratigraphy and Age Model Development

Nannofossil biostratigraphy suggests the presence of upper Maastrichtian sediments at the BJ section [Scasso
et al., 2005; Keller et al., 2007]. Micula murus (First Appearance Datum (FAD) 69.00 Ma [Anthonissen and Ogg,
2012]) is sparsely present throughout the record [Keller et al., 2007]. Furthermore, Nephrolitus frequens (FAD
67.84 Ma [Anthonissen and Ogg, 2012]) is present throughout the record [Keller et al., 2007]. Yet nannofossil
Micula prinsii is absent in the Maastrichtian sediments [Keller et al., 2007].Micula prinsii, although diachronous,
is an excellent biostratigraphic marker for the uppermost Maastrichtian [e.g., Thibault and Husson, 2016]. Its
absence could therefore suggest that the uppermost Maastrichtian is missing [Keller et al., 2007]. However,
it should be noted that the abundance of M. prinsii varies greatly between locations around the globe,
sometimes being very rare, or not present at all [e.g., Henriksson, 1993], suggesting an ecological control.
Its presence is related to latitude and preservation, occurring most abundantly in midlatitude sites, although
its presence or absence cannot always be directly explained [Henriksson, 1993]. The absence of M. prinsii at
the study site is therefore not surprising, particularly considering reduced preservation potential in such a
semirestricted basin compared to a deep-sea basin.

The uppermost Maastrichtian biostratigraphic planktic foraminifer Plummerita hantkeninoides is also absent
at the BJ section [Keller et al., 2007]. Plummerita.hantkeninoides is common in upper Maastrichtian Tethyan
sequences [e.g., Speijer and van der Zwaan, 1996] (denoted as P. reicheli), but often rare at other localities, such
as in deep-sea environments [e.g., Li and Keller, 1998] and extremely rare in the Gulf Coast sequence of Brazos
River, Texas [e.g., Schulte et al., 2006]. In the Neuquén Basin, also other larger open marine planktic foramini-
fera only occur sparsely [Keller et al., 2007; this study]. Gansserina gansseri, an upper Maastrichtian biostrati-
graphic marker with a Last Appearance Datum (LAD) at 66.49 Ma [Anthonissen and Ogg, 2012] occurs in
one sample, at 14 m below the K-Pg boundary [Keller et al., 2007], suggesting that this stratigraphic level
corresponds to >0.5 × 106 years before the K-Pg boundary. However, given the rarity to absence of keeled
planktic foraminifera above this level, it is likely that this spot occurrence of G. gansseri in the BJ record does
not correspond to its LAD. Adverse and variable environmental conditions in the shallow and semirestricted
nature of the Neuquén Basin may explain absence of planktic marker taxa as well as many other typical
Maastrichtian taxa. Therefore, stratigraphic completeness of the top of the Maastrichtian sequence cannot
be confirmed by the usual open marine planktic foraminiferal marker taxa.

Dinocyst biostratigraphic markers found in this study refine the existing biostratigraphy of the BJ section
[Keller et al., 2007]. The taxon Disphaerogena carposphaeropsis, which has its approximate FAD at about
1 × 106 years before the K-Pg boundary [De Gracianski et al., 1998; Williams et al., 2004] is present from
14 m below the K-Pg boundary up to the top of the studied interval. The age derived by the FAD of this taxon
is consistent with the age suggested by occurrence of G. gansseri [Keller et al., 2007]. Disphaerogena
carposphaeropsis var. cornuta, a marker for the uppermost Maastrichtian and Danian [Prámparo and Papú,
2006; Açıkalın et al., 2015], is present in the upper 13 m of the Maastrichtian as well (Figure S3). Manumiella
seelandica occurs in an acme at 25 cm below the K-Pg boundary (Figure S3). The acme of this taxon, in some
studies denoted as its taxonomic junior synonym M. druggii, is characteristic for the last tens of thousands of
years of the Maastrichtian at mid and low latitudes [Habib and Saeedi, 2007; Açıkalın et al., 2015]. This
suggests, in contrast to earlier views [e.g., Keller et al., 2007], that the uppermost Maastrichtian is stratigraphi-
cally complete within the limits of the biostratigraphic resolution. Moreover, there is no obvious sedimento-
logical evidence for severe hiatuses or changes in sedimentation rates, or for scouring or channeling at the
uppermost Maastrichtian, which makes it unlikely that the inferred tsunami wave scoured away much of
the uppermost Maastrichtian sediments.

The simultaneous First Occurrences (FOs) of Senoniasphaera inornata, Membranilarnacia tenella,
Damassadinium cf. californicum, and Damassadinium californicum at +7 cm (Figure S3) indicate that the basal
Danian comprises a hiatus or is very condensed. This confirms the findings by Keller et al. [2007], who found
that the first Danian planktic foraminifera are present above the sandstone are seven species that charac-
terize subzone P1b (e.g., Parasubbotina pseudobulloides, P. varianta, Parvularugoglobigerina extensa,
Globocontusa daubjergensis, Eoglobigerina edita, and Subbotina triloculinoides). The first Danian nannofossil
assemblage above the K-Pg boundary indicates zone NP1b, dominated by Paleocene species survivors
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such as Thoracosphaera sp., and Braarudosphaera bigelowii [Keller et al., 2007]. Together, this indicates that the
lowermost Danian (Zone P0 until Zone P1a) appears to be missing. This would correspond to a missing
interval of at least 790 kyr [Vandenberghe et al., 2012].
4.1.2. General Paleoenvironmental Analyses
SSTs derived from TEX86 values are on average well over 25°C (Figure 2), suggesting that a subtropical to
tropical climate prevailed in the Neuquén Basin during late Maastrichtian to early Danian. A LOESS fit
(α = 0.3; Npts = 5) shows the general underlying trend in the variable SST and BIT index data sets (Figure 2).
SSTs fluctuate throughout the record, displaying distinct warming and cooling intervals. The relatively low
BIT index (<0.20) suggests that soil-derived GDGTs did not interfere with the marine TEX86 SST signal
[Weijers et al., 2006]. There are also no signs of significant contributions of methanogenic and metha-
notrophic archaeal GDGTs (Table S3). TEX86 and BIT index data can be found in Table S3 in the
supporting information.

Palynological samples from the BJ section yield abundant well-preserved palynomorphs, dominated by dino-
cysts and with minor contributions of acritarchs, prasinophytes, and terrestrial palynomorphs (pollen and
spores). The dinocyst associations of the Jagüel Formation (Figure S3) are quite diverse (Figure 3), character-
istic for normal marine, shelf conditions [Papú et al., 1996]. In general, the “normal marine” dinocysts, mostly
represented by representatives of Spiniferites and the morphologically related genus Achomosphaera, are
most abundant in the palynological record, representing 25–75% of the assemblage. The Senegalinium
complex, mostly represented by the genus Senegalinium, also represents an important component of the
palynological assemblage, generally 20–60% of the assemblage. Coastal taxa and Manumiella spp. both
represent a minor contribution to the assemblage (generally<10% of the assemblage) (Figure 2). All palyno-
logical data can be found in Data Set S1 in the supporting information.

Figure 2. Overview of environmental indicators and interpreted relative sea level changes across the late Maastrichtian to
early Danian recorded from BJ. 1: FO Disphaerogena carposphaeropsis; occurrence of G. gansseri [Keller et al., 2007]. 2:
Manumiella seelandica acme. 3: FOs of Senoniasphaera inornata, Membranilarnacia tenella, Damassadinium cf. californicum,
and Damassadinium californicum. Dotted lines through TEXH86 derived SSTs and BIT index data are a LOESS fit (α = 0.3;
Npts = 5). Stratigraphic intervals: see section 4.1.3. Relative sea level as discussed in section 5.2.
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The terrestrial component of the palynological record is mainly dominated by nonsaccate pollen, predomi-
nantly represented by Arecaceae (palms), in accordance with the tropical climate indicated by the SST ana-
lyses. Bisaccate pollen, mostly represented by Podocarpaceae, are a minor component of the assemblage.
Trilete spores, mostly representing ferns, are observed throughout the record, albeit in low abundances
(Figure 2).

The benthic foraminiferal record (Figure S4) generally shows a low diversity and species richness (on average
only 10–20 species per sample), and samples are often dominated by Anomalinoides spp. (Figures 3 and S4).
Buliminacea, dominated by Praebulimina kickapooensis, make up 5–25% of the benthic foraminifera.
Endobenthic morphotypes contribute to 10–45% of the assemblage (Figure 2). Planktic foraminiferal
percentages fluctuate strongly and are virtually absent between�400 and�50 cm (Figure 2). Where present,
Maastrichtian planktic foraminiferal assemblages are dominated by the small, opportunistic taxa Heterohelix
and Guembelitria. All foraminiferal data can be found in Data Set S2 in the supporting information. SEM
images of most commonly encountered benthic foraminifera can be found in Plates S1 and S2.
4.1.3. Stratigraphic Intervals
A sequence of four stratigraphic intervals was recognized based on the DCA of the investigated Maastrichtian
benthic foraminiferal records (Figure 4) and on the dinocyst and geochemical proxy records: �1500 to
�800 cm, (interval M1), �800 cm to �400 cm (interval M2), �400 to �120 cm (interval M3), and �120 cm
to the K-Pg boundary (interval M4). In the lower Danian record, due to the limited number of samples, no
intervals are defined. The SST, BIT index, palynological, and micropaleontological records are presented here
according to the sequence of these intervals. A qualitative summary of most important observations during
the investigated intervals can be found in Table 1.
4.1.4. Interval M1
The SSTs indicate a cooling from ~30°C to ~26.5°C in interval M1. Normal marine dinocyst taxa show an
increasing trend, from ~55% to over 75% of the assemblage, while Senegalinium complex decreases from

Figure 3. Diversity index (Shannon-H), dominance (Berger-Parker), number of taxa (S), and number of specimens counted
for benthic foraminifera (black) and dinocysts (grey) of BJ. For dinocyst marker taxa numbers, see Figure 2. Stratigraphic
intervals: see section 4.1.3.
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~40% to ~20% of the assemblage.
Throughout this interval, coastal dino-
cyst taxa represent approximately
5–10% of the assemblage, where
coastal taxa relative to normal marine
taxa are approximately 10–15%. The
terrestrial palynomorphs fluctuate
between 10 and 15%. BIT index values
decrease from 0.2 to 0.1, resulting from
a decrease in concentration of branched
GDGTs (in ng/g sediment; see Table S3
and Figure 2). This indicates that this
variation in BIT index values is caused
by a decrease in relative input from
land, while marine productivity of
GDGTs remains stable. Diversity in
benthic foraminiferal and dinocyst

assemblages is low, but gradually increases upward, as well as species richness (Figure 3). The interval is
dominated by Anomalinoides spp., which mainly consists of Anomalinoides cf. midwayensis. Its dominance
decreases gradually upward from approximately 90 to 50%. The relative abundance of endobenthic taxa
increases from 5 to 45% in this interval, while Buliminacea fluctuate between 0 and 15%. BFN are quite
low, ~100 benthic foraminifera per gram. The relative abundance of planktic foraminifera, mainly dominated
by opportunistic Heterohelix and Guembelitria, is generally low (<10%) but occasionally peaks to high values
(~40 to 75%) (Figure 2).
4.1.5. Interval M2
A general warming trend is indicated by a slight increase in SSTs, from ~26.5°C to ~28°C across interval M2.
Normal marine dinocyst taxa drop from >75% of the assemblage to ~50% of the assemblage. Over the
same interval, Senegalinium complex shows a strong increase in relative abundance, to over 40%, while
coastal taxa decrease to values below 5%. Coastal taxa relative to normal marine taxa drop to approxi-
mately 5–10%. BIT index values increase slightly from 0.1 to 0.15 (Figure 2). Benthic foraminiferal species
richness and diversity continue to increase, while dominance decreases (Figure 3). The dominance of
Anomalinoides spp., continues to fluctuate between 40 and 70%. After a sharp drop, endobenthic taxa
increase from 15 to 25% across this interval, while Buliminacea increase from 10 to 15%. Planktic foramini-
fera are mostly absent in this interval. If present, %P is mainly dominated by the opportunistic surface
dwelling Heterohelix and Guembelitria.

Table 1. Qualitative Summary of the Most Important Trends (Increase (+) and Decrease (�)) During the Intervals at BJa

M1 M2 M3 M4 Danian

Temperature � + No trend � �, +
Open marine dinoflagellates + � � No trend �, +, �
Senegalinium complex � + + �, + +, �, +
Coastal dinoflagellates No trend � No trend No trend No trend
Total terrestrial palynomorphs No trend No trend No trend No trend +, �, +
Trilete spores No trend No trend + � +, �
BIT index � + No trend No trend +, �
Concentration branched GDGTs (ng/g) � No trend No trend + +, �
Benthic dominance � � � Lowest, + +, �
Benthic diversity + + + Highest, � �, +
Benthic species richness + + + Highest, � �, +
Endobenthics + + after drop Highest, � + �, +
Buliminacea No trend + Highest, � No trend �, +, �
BFN No trend No trend + No trend �, +
Planktic foraminifera Low, peaks Mostly absent Mostly absent + �, +

aWhen plus and/or minus signs are separated by a comma, these indicate consecutive trends within the interval.

Figure 4. Detrended correspondence analysis of Maastrichtian benthic
foraminiferal samples from BJ. Sample numbers represent depth (cm)
relative to the K-Pg boundary (base of sandstone bed). Intervals as
presented in section 4 are indicated.
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4.1.6. Interval M3
SSTs fluctuate between ~26.5°C and ~28.5°C across interval M3. Normal marine dinocyst taxa drop from 50%
to 30% of the assemblage. Over the same interval, Senegalinium complex increases to over 60%. While total
terrestrial palynomorph values remain between 10 and 15%, trilete spores show a slight increase from 3 to
8%. Coastal taxa relative to normal marine taxa fluctuate between 5 and 15% (Figure 2). Benthic foraminiferal
diversity and species richness continue to increase, while dominance decreases (Figure 3). Anomalinoides
spp., is still abundantly present (~5 to 35% of the assemblage) and frequently dominates the assemblage,
but Cibicidoides sp. also frequently dominates the assemblage in this interval (~15 to 25% of the assemblage).
Buliminacea reach the highest values in the record during this interval (~25%) and decrease toward the top of
this interval, to values below 10%. Endobenthic taxa reach maximum values of ~35% but decrease sharply
above ~ �200 cm as well. BFN gradually increases to ~350 and %P is low throughout (0–5%) (Figure 2).
4.1.7. Interval M4
A cooling trend starts in interval M4, reaching SSTs of ~26°C at the top of the interval. Normal marine
dinocysts fluctuate around ~50%. The concentration of branched GDGTs (Table S3) increases, Senegalinium
complex drops to ~40%, and shows a sharp increase toward the boundary. Terrestrial palynomorph percen-
tages remain between 10 and 15%, while trilete spore percentages decrease (Figure 2). Benthic foraminiferal
diversity and species richness reach their highest values in the record in this interval, while dominance
reaches lowest values (Figure 3). Most common taxa in this interval belong to Anomalinoides spp.
Buliminacea remain ~5%while endobenthic morphotypes increase to ~30% during this interval. BFN remains
~200 to 300 with one peak value to ~500. The relative abundances of planktic foraminifera increases slightly,
to ~10 to 20%, and decrease again to ~3 to 10% toward the boundary (Figure 2).
4.1.8. Early Danian Record
SSTs decrease to ~25°C in the first meter above the K-Pg boundary and increase again toward ~27.5°C at the
top-end of the record. Open marine dinocyst taxa reach their lowest values in the basal meter above the K-Pg
boundary (~15%) and display an increase until ~ +5 m, followed by a decrease again toward the top of the
record. Senegalinium complex shows an opposite signal, with values up to 70% in the basal meter above the
K-Pg boundary, low values until ~ + 5 m, and increasing values toward the top of the record. Coastal taxa do
not show a clear trend in the Danian interval, although coastal taxa relative to marine taxa show highest
values in the basal ~2 m above the sandstone bed. The concentration of branched GDGTs increases in the
basal meter above the boundary, resulting in BIT index values increasing toward 0.2. Toward the top of the
record, BIT index values decrease again to 0.1, as the concentration of branched GDGTs decreases (see
Table S3). In the basal meter above the boundary, percentages terrestrial palynomorphs increase, after which
they decrease, until ~3 m above the K-Pg boundary. Terrestrial palynomorphs increase toward the top of the
record. Trilete spores show abundances of ~8% in the basal m above the boundary, and they drop again to
values of ~5% at the top of the record (Figure 2).

BFN, benthic diversity, and species richness decrease in the basal meter above the K-Pg boundary, and
increase toward the top of the record, while dominance shows the opposite signal. Buliminacea and
endobenthics also decrease in the basal meter above the boundary then show an increase, until ~5 m above
the base of the boundary sandstone. Buliminacea decrease again toward the top of the record. Buliminacea
remain below 6% in the entire Danian interval, whereas the endobenthics increase to 20% towards the top of
the record. After an initial decrease in the basal meter above the boundary, %P increases toward ~60%
toward the top of the record.

4.2. Walvis Ridge
4.2.1. Age Model
Our new, astronomically tuned age model (Figure 5) provides absolute ages for the bulk δ18O record of Birch
et al. [2016]. The studied interval reaches from 67.0685 Ma to 66.0225 Ma (the K-Pg boundary).
4.2.2. Oxygen Isotope Record
We plotted SST anomalies with respect to the prewarming interval. From ~66.7 Ma onward (700 kyr before
the K-Pg boundary), a slight decrease in bulk δ18O values indicates a slight warming of the upper water
column (Figure 6). Peak warming occurred between ~450 and 150 kyr before the boundary, with highest
temperatures around ~200 kyr before the boundary. The total decrease in δ18O over this entire warming
interval is ~0.8‰, (from 0.1 to�0.7‰) which corresponds to a total warming of 3.5 to 4°C, assuming ice-free
conditions. Oxygen and carbon data can be found in Table S4 in the supporting information.
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5. Discussion
5.1. Latest Maastrichtian Climate Change

To be able to investigate the relationship between these changes and Deccan Trap volcanism and climatic
disruption, we compared the biostratigraphically calibrated record of BJ to the astronomically tuned
record of Walvis Ridge. While the biostratigraphic constrains of BJ do not allow for an exact dating of
ecological and environmental changes recorded at this site, they demonstrate that the studied interval
roughly covers the last million years of the Cretaceous, at least up to several tens of thousands of years
before the K-Pg boundary. Within these constrains, it is possible to tentatively correlate the BJ section with
the astronomically tuned record of Walvis Ridge. Therefore, combining these sites allows us to investigate
South Atlantic late Maastrichtian climatic and ecological changes and their relationship to Deccan
Traps outgassing.

The interval between 67 and 66.7 Ma shows different temperature signals at Walvis Ridge and BJ. Whereas
temperatures are relatively stable at Walvis Ridge during this interval, as they are at North Atlantic deep-
sea sites [Barrera and Savin, 1999], they drop sharply at BJ. The ~3.5°C cooling at BJ could be interpreted as
a regional signal, possibly as a result of the transgression into the Neuquén Basin. Interestingly, however, a
coeval cooling is also observed in shelf deposits of Seymour Island (Figure 6) [Tobin et al., 2012] and across
the New Jersey continental margin [Vellekoop et al., 2016]. This suggests that shelf and deep-sea environ-
ments responded differently to climate variations during this time interval.

The astronomically tuned bulk δ18O record at Walvis Ridge shows that the latest Maastrichtian warming
interval started very gradually, at around 66.7 Ma, ~700 kyr before the K-Pg boundary, resulting in a total

Figure 5. Cyclic variations of the XRF Fe intensity data for sediments from ODP Site 1262 [Westerhold et al., 2008]. The short
(green) eccentricity-related cycles have been extracted by Gaussian filtering as inWesterhold et al. [2008] and tuned to the
La11 eccentricity solution [Laskar et al., 2011]. A filter at 2.00 ± 0.60 c/m is employed along the Maastrichtian interval to
extract the eccentricity-related cycles. The available Fe data set down to 226.98 mcd only encompasses the youngest five
eccentricity cyles (Ma100-1 to Ma100-5). Yet for the interval between 66.7 and 67.0 Ma, Westerhold et al. [2008] report the
position of five additional Maastrichtian, short eccentricity cycle maxima down to the end of the splice record, at about
236 mcd (their Table S3). The correlation of all 10 successive eccentricity maxima to the La11 orbital solution to construct
the time scale for ODP Site 1262 can be found in Table S2.
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SST increase of 3.5–4°C. This early onset of the warming trend was not observed in benthic and planktic
deep-sea temperature records [Barrera and Savin, 1999, and references therein] but has been recorded in
the TEX86 SST records of the New Jersey paleoshelf as well [Vellekoop et al., 2016]. Peak warming at ~450
to 150 kyr before the end of the Cretaceous at Walvis Ridge concurs with the observed onset and intensity
of the warming signal in other marine records [Barrera and Savin, 1999; Olsson et al., 2002; Vellekoop et al.,
2016]. The timing of this peak warming coincides with the onset of the latest Cretaceous outpouring
phase of the Deccan Traps, at 66.288 ± 0.027/0.047/0.085 Ma [Schoene et al., 2015]. The subsequent
cooling toward the end of the Cretaceous observed in ODP Site 1262, starting around 150 kyr before the
K-Pg boundary, is similar in amplitude to the cooling observed elsewhere [Barrera and Savin, 1999; Olsson
et al., 2002; Wilf et al., 2003; Vellekoop et al., 2016].

The absence of an astronomically tuned age model prohibits absolute dating of the BJ section. Yet because
ODP Site 1262 is located at nearly the same paleolatitude as BJ, we assume that within the constraints
provided by our biostratigraphy of BJ, the temperature records of both sequences can be tentatively corre-
lated. Accordingly, the timing of the gradual warming at BJ, starting ~900 cm below the K-Pg boundary, is
correlated with the onset of warming at 66.7 Ma at Walvis Ridge. Peak warming at ~400–120 cm below the
K-Pg boundary at BJ is thought to correspond to the peak warming at ~450–150 kyr before the K-Pg
boundary in ODP Site 1262 and elsewhere [Barrera and Savin, 1999; Olsson et al., 2002; Wilf et al., 2003].
Similarly, the cooling trend observed in the top meter of the Maastrichtian at BJ is assumed to have started
around 150 kyr before the K-Pg boundary. The rate of climatological change during the Late Maastrichtian
was, however, much slower and less severe than the climatologic change following the K-Pg boundary
bolide impact, such as the (very) short-lived impact winter following the impact [Vellekoop et al.,
2014, 2016].

Figure 6. (left) Bulk δ18O [Birch et al., 2016] curve of ODP Site 1262 and corresponding temperature anomalies with respect
to the prewarming interval. (middle) TEX86-based SST reconstructions of BJ with LOESS fit (dashed line). Zone P0 to
subzone P1a (~790 kyr) [Vandenberghe et al., 2012] are missing. (right) Mollusk δ18O-based temperature curves from
Seymour Island (modified after Tobin et al. [2012]) with LOESS fit (dashed line). Interval of Deccan Traps outpouring phase
(66.288 to 66.1 Ma [Ravizza and Peucker-Ehrenbrink, 2003; Schoene et al., 2015]) is indicated in Figure 6 (left). Red shading
tentatively indicates the warming interval.

Paleoceanography 10.1002/2016PA003007

WOELDERS ET AL. LATEST CRETACEOUS CHANGE SOUTH ATLANTIC 478



5.2. Latest Maastrichtian Environmental Response

Peaks of the inferred opportunistic planktic foraminiferal taxa Guembelitria and Heterohelix indicate an
unstable environment [Keller et al., 2007] during the time interval represented by interval M1. High percen-
tages Buliminacea, endobenthics, and Senegalinium complex suggest high-nutrient availability, possibly
accompanied by freshwater influx. Together, this implies that during this interval occasional (possibly seaso-
nal) freshwater influx transported nutrients to the basin. The dominance of A. midwayensis indicates a shallow
environment [Saint-Marc and Berggren, 1988], which is in line with the low benthic foraminiferal diversity and
species richness that suggests a shallow, rather restricted environment of ~50 m depth [Gibson and Buzas,
1973;Murray, 2006]. Relatively high percentages of coastal dinocyst taxa relative to normal marine taxa in this
interval confirm this interpretation.

An increasing water depth across intervals M1, M2, and M3 is indicated by a gradual decrease in dominance
of A. midwayensis [Gibson and Buzas, 1973; Saint-Marc and Berggren, 1988] (Figure S4), an increase in benthic
foraminiferal diversity and species richness, a decrease in concentration of soil-derived (branched) GDGTs, an
increase in normal marine dinocyst taxa, and a decrease in coastal dinocyst taxa (also relative to normal
marine taxa) (Figure 2).

During the latest Maastrichtian warming (represented by intervals M2 and M3), increasing percentages of
Senegalinium complex, an increase in trilete spore percentages and a slight increase in the BIT index suggest
an increased terrestrial input into the basin. This terrestrial input likely resulted from enhanced runoff, which
possibly led to more permanent salinity stratification, as is also supported by the virtual absence of planktic
foraminifera. Enhanced intensity of the hydrological cycle as a result from the latest Maastrichtian warming
may have caused the increased freshwater influx. In addition to a decreased salinity, the riverine influx
probably led to an increased transport of nutrients toward the basin, as is suggested for instance by increased
Senegalinium complex percentages.

It could be argued that the palynological and planktic foraminiferal observations in intervals M2 and M3
reflect a sea level fall instead of an increased freshwater and nutrient influx. However, increased
Buliminacea and BFN during this interval rather support the freshwater-driven nutrient influx hypothesis.
Furthermore, the low abundance of coastal taxa supports a higher sea level as well. In conclusion, the
combined foraminiferal and palynological observations suggest that increased nutrient levels in the water
column resulted in an enhanced primary production and flux of organic matter to the seafloor.

The relatively low total organic carbon (TOC) values [Keller et al., 2007], the bioturbated sediments, and mod-
erate endobenthic percentages suggest that the inferred salinity stratification and increase in organic matter
flux did not lead to anoxia at the seafloor. Furthermore, the response to the environmental changes at BJ is
rather limited, especially when compared to the major benthic foraminiferal assemblage changes observed
at the K-Pg boundary at many sites worldwide [e.g.,Olsson et al., 2002; Culver, 2003; Alegret and Thomas, 2005;
Woelders and Speijer, 2015]. It remains uncertain to which extent latest Maastrichtian environmental changes
contributed directly to the K-Pg boundary mass extinction.

A cooling trend during the last ~150 kyr of the Cretaceous (interval M4) resulted in more arid conditions in
land areas adjacent to the Neuquén Basin, as is suggested by the drop in Senegalinium complex and trilete
spore percentages. In addition, the reappearance of planktic foraminifera and the increase in normal marine
dinocyst percentages indicate increased salinity of the surface waters, which points toward a reduced fresh-
water influx as well. The drop in Buliminacea percentages and low dominance in the benthic foraminiferal
record indicate a decrease in nutrient supply to the seafloor and better oxygenation during this cooling inter-
val. The decreasing benthic foraminiferal diversity, increasing abundance of A. midwayensis and increasing
concentration of soil-derived GDGTs, coinciding with a relatively high proportion of coastal dinocyst taxa sug-
gest that sea level was falling simultaneously.

5.3. Implications for Latest Maastrichtian Continental Climate Change

The concurrent warm and wet climate phase in between two cooler and dry phases suggests a positive link
between Deccan Traps-induced atmospheric warming and an enhanced hydrological cycle in northern
Patagonia. In the present day, this region is characterized by a semiarid climate, with a summer precipitation
maximum [Vera et al., 2006] and a long, dry, and cold winter. The summer precipitation peak results from
strong summer surface heating, convection, and latent heat release over tropical South America [Vera
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et al., 2006]. This continental warming gives rise to a large temperature contrast between continent and
ocean, which leads to the formation of a thermal low-pressure system over the continent [Villalba et al.,
1998]. During summer, when the thermal low peaks in strength and size, it allows for transport of warm
and moist air masses all the way to Northern Argentina, where these invoke enhanced summer rainfall.

Tree ring data [Villalba et al., 1998] as well as climate model sensitivity studies indicate that in warmer (green-
house) climates, also in the Cretaceous [Bush and Philander, 1997; Labraga, 1997; Vera et al., 2006], the thermal
low over the continent expands, strengthens, and moves poleward, enhancing precipitation over the area
where the Neuquén Basin is located. A similar mechanism could explain the increased hydrological cycle
in BJ during the latest Maastrichtian Deccan Traps outpouring phase. Although the Andes mountain range
was possibly less pronounced during the latest Maastrichtian [Tunik et al., 2010], the geography of the
South American continent, as well as large-scale atmospheric patterns [Bush and Philander, 1997;
Compagnucci, 2011], were similar to those of present day, suggesting that similar precipitation seasonality
existed. This indicates that the enhanced freshwater availability in the Neuquén Basin during the warm
period of the latest Maastrichtian could be explained by a more active thermal low in summer. It should
be noted, however, that the impact of such large-scale mechanisms is modulated by local meteorological
phenomena, which are under influence of local topography and distance to the sea.

We speculate that this mechanism was not restricted to the South American continent. Other large conti-
nents, such as Africa, Australia, Asia, and North America, are also characterized by seasonal, monsoon-like
precipitation pulses at midlatitudes that are driven by land-sea temperature contrasts and by similar ther-
mally driven circulation cells [e.g., Johnson et al., 2016]. Hence, while terrestrial data on precipitation changes
in the latest Maastrichtian are nearly absent, making it difficult to corroborate this hypotheses, we suggest
that the enhanced hydrological cycle in the latest Maastrichtian is not unique to our site, but might be shared
by many midlatitudinal, continental sites.

6. Conclusion

Our results show that the latest Maastrichtian warming occurred between ~700 and 150 kyr before the
Chicxulub impact. Peak warming occurred between ~450 and 150 kyr, before the K-Pg boundary, coinciding
with the Latest Cretaceous Deccan Traps outpouring phase. Themagnitude of the warming was ~2.5 to 3°C at
BJ and ~3.5 to 4°C at ODP Site 1262 compared to prewarming temperatures. Although the early, gradual
onset at around 700 kyr before the K-Pg boundary was not observed in other deep-sea temperature proxy
records, it is similar to published records from the Seymour Island and New Jersey shelves [Tobin et al.,
2012; Vellekoop et al., 2016]. The latest Maastrichtian warming interval was followed by a gradual cooling
towards the end of the Cretaceous.

During the latest Maastrichtian warming interval, the thermal low over the South American continent likely
expanded, strengthened, and moved poleward, which enhanced precipitation over the area where the
Neuquén Basin is located. The enhanced precipitation resulted in increased riverine input in the basin and
salinity stratification. We speculate that this mechanism may not have been restricted to the South
American continent. During the following cooling trend toward the K-Pg boundary the salinity stratification
dissipated again under more arid conditions at this site. Late Maastrichtian benthic foraminiferal and dinofla-
gellate changes in response to these environmental changes at BJ are nevertheless rather limited, especially
when compared to the major assemblage turnovers observed at many K-Pg boundary sites worldwide. This
suggests that environmental perturbations during the latest Maastrichtian warming event were less severe
than those resulting from the K-Pg boundary bolide impact. Nevertheless, such preimpact changes might
have resulted in ecosystem stress, making the ecosystem more vulnerable to the detrimental effects of the
Chicxulub impact.
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