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This study combines high-resolution planktonic foraminiferal eco-biostratigraphy and palaeoclimatic data from the high-sedi-
mentation-rate core JPC-26 from the northwestern margin of the Gulf of Mexico (GoM). The eco-biozones recognized
(GOMPFE1-12) being correlated with published Mg/Ca-based sea surface temperatures. This updated palaeoclimatic and
stratigraphic reference record facilitates correlations with the Greenland ice core events and their climatic relationships, and
also provides a solid stratigraphic framework for correlations with other palaeoclimatic and palaeoceanographic records in
the circum-GOM/Caribbean region. This multidisciplinary approach underlines the utility of supporting conventional dating
methodologies with different constraints, and further reveals a powerful tool for reliably correlating marine records between
comparable deep-sea marginal settings and coeval sequences of this region.
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INTRODUCTION

In the last half-century, considerable interest has developed
regarding the role of the (sub)tropical oceans in climate change,
and in particular, oceanic sub-basins and marginal seas that
are often more responsive to palaeoceanographic and palaeo-
climatic changes than to broader global ocean basins, because
of their smaller size and partial isolation (Marino et al., 2009;
Kontakiotis et al., 2013; Kontakiotis, 2016). As an example, the
tropical Western Hemisphere Warm Pool (WHWP), which en-
compasses the Caribbean Sea and the Gulf of Mexico (GoM),
is an important heat and moisture source for climate in the
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North Atlantic region (Wang and Enfield, 2001), and therefore
acts as a key regulator of subpolar North Atlantic oceanography
and climate in Europe. In particular, the GoM is a key area for
global thermohaline circulation (THC), global heat exchange
and climate system (Broecker, 1991), because its hydrographic
characteristics (high sea surface temperature (SST) and salin-
ity (SSS) values) partly control Gulf Stream physical properties.
Its small volume, compared with major ocean basins, causes
changes in its climatic forcing to be recorded virtually instanta-
neously in palaeoceanographic proxy data such as stable iso-
topes, geochemical ratios, and microfossil abundances. More-
over, the direct influence of North Atlantic surface water on the
faunal assemblages gives a measure of the close hydrological
relationship between the North Atlantic and the GoM water
masses, and underlines the prominent role of the GoM in the
understanding of global climatic evolution (Thirumalai et al.,
2018).

Due to its latitudinal position, the semi-enclosed character,
the high sedimentation rates and close atmospheric and oce-
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anic connections with the North Atlantic region, the GoM is
among the most studied marginal basins. In particular, the inter-
play between Mississippi River discharge, the open ocean wa-
ter masses and atmospheric circulation creates a complex and
dynamic system responsible for hydrological fluctuations on
both annual and long-term timescales. To better understand the
impact of these parameters on the regional climate, a number of
studies based on various marine proxies has focused on the
hydrologic evolution of the basin during the late Quaternary
(Metcalfe et al., 2000; Aharon, 2003, 2006; Poore et al., 2003;
Flower et al., 2004; LoDico et al., 2006; Nirnberg et al., 2008;
Ziegler et al., 2008; Richey et al., 2011, 2012; Spear et al.,
2011a; Rasmussen and Thomsen, 2012; Limoges et al., 2014;
del Monte-Luna et al., 2015; Antonarakou et al., 2015; Shakun
etal., 2016; Reynolds et al., 2018). However, the reconstruction
of the variability of late Quaternary climate needs detailed
eco-litho-chronostratigraphic control (Triantaphyllou et al.,
2009; Siani et al., 2010; Drinia et al., 2016; Koutrouli et al.,
2018). In this respect, notable contributions are required from
micropaleontological, biogeochemical, and sedimentological
studies. In particular, morphological and compositional chan-
ges in the planktonic foraminiferal assemblages recorded in
marine sediments and/or the water column provide detailed in-
formation on the physical and chemical properties of the sur-
rounding water masses and their relationships with climatic
variability (Renaud and Schmidt, 2003; Schmidt et al., 2004a, b;
Spear et al.,, 2011b; Kontakiotis et al., 2011, 2013, 2016a;
Thirumalai et al., 2014; Antonarakou et al., 2015; Jonkers et al.,
2015; Kontakiotis, 2016; Arellano-Torres and Machain-Castillo,
2017; Reynolds etal., 2018; Wilson et al., 2018). For instance, it
has been suggested that planktonic foraminifera alter their
shape and size, which determine their weight and their overall
density in direct response to changes in water density and vis-
cosity to retain or modify their hydrodynamic behaviour accord-
ingly (Caromel et al., 2014; Zarkogiannis et al., 2019a, b). Un-
derstanding the drivers of these changes, along with the impli-
cations for changes in biogeochemistry and climate, is key to
understanding the past hydroclimate. They also allow the defini-
tion of a detailed sequence of regional eco-bioevents for the
late Quaternary (e.g., temporary appearance or disappearance,
or significant relative abundance variations of specific taxa; Wil-
son, 2012), reflecting climatic oscillations, that represent an im-
portant tool for accurate subdivision of the late Quaternary
stratigraphic record and facilitate correlations between sites in
the different sub-basins. The presence of distinct temporal
Quaternary organic-rich zones (ORZ; Tripsanas et al., 2013) in
GoM successions represents an additional, independent tool
for dating and correlating marine sedimentary archives. They
provide isochronous marker horizons that can be correlated via
geochemical fingerprinting with well-dated meltwater flooding
events (Tripsanas et al., 2007; Meckler et al., 2008; Sionneau et
al., 2008; Montero-Serrano et al., 2009; Sionneau et al., 2010;
Vetter et al., 2017).

In this work we refine and extend previous biostratigraphic
schemes for the area investigated (Kennett and Huddlestun,
1972; Kennett et al., 1985; Flower and Kennett, 1990; Martin et
al., 1990) and further highlight the stratigraphic relationship be-
tween foraminiferal and climatic events since the late glacial pe-
riod. We report a high-resolution planktonic foraminiferal quan-
titative distribution pattern, and further correlate the eco-
bioevents recognized with Mg/Ca-based SST results
(Antonarakou et al., 2015). As a result, this updated and com-
prehensive reconstruction can be considered as a useful

palaeoclimatic and stratigraphic reference record, facilitating
correlations with the Greenland ice core events and their clima-
tic relationships, and also providing a solid stratigraphic frame-
work for correlations with other palaeoclimatic and palaeo-
ceanographic records in the circum-GoM/Caribbean region.

OCEANOGRAPHIC SETTING

The GoM is a semi-enclosed oceanic basin on the south-
eastern margin of North America that covers an area of
1,555,000 km? (Fig. 1). It is connected to the Atlantic Ocean by
the Florida Strait (FS) and to the Caribbean Sea by the Yucatan
Channel (YC; INEGI, 2014). Its hydrographic properties result
mainly from the interplay between the open ocean water
masses, Mississippi River discharge, and atmospheric circula-
tion. The surface circulation in the GoM is known to be a key ele-
ment in the North Atlantic and the Atlantic Meridional Overturning
Circulation (AMOC), as it conveys heat and salt from low to high
latitudes via the Gulf Stream; it is largely influenced by: (1) the
energetic Loop Current (LC) and its associated eddy field
(Ohlmann et al., 2001; Morey et al., 2003b; Liu et al., 2012;
Gopalakrishnan et al., 2013; Schmitz et al., 2013; Weisberg and
Liu, 2017) in the eastern part, and (2) a less prominent west-flow-
ing anticyclonic gyre that moves on to the western part of the ba-
sin, varying appreciably in intensity with season and location
(Behringer et al., 1977; Muller-Karger et al., 1991; Zavala-Hi-
dalgo et al., 2006; Putrasahan et al., 2017). The most prominent
surface circulation feature in the GoM, the LC, brings warm and
salty tropical waters originating from the Caribbean Sea through
the YC into the GoM, loops northwest, and exits into the North
Atlantic Ocean through the Florida Straits (Florida Current— FC),
and eventually feeds the Gulf Stream (GS; Fig. 1; Elliott, 1982;
Blumberg and Mellor, 1985; Hofmann and Worley, 1986;
Jochens and DiMarco, 2008; Auladell et al., 2010; Oey et al.,
2013). The latitudinal extension of the Caribbean water inflow
(Caribbean Current, CC) into the basin is seasonally modulated
by changes in the position of the Intertropical Convergence Zone
(ITCZ; Poore et al., 2004, 2005; Nurnberg et al., 2008; Ziegler et
al., 2008). Northward migration of the ITCZ during the boreal
summer causes the LC to propagate farther north, influencing
the hydrological properties of the entire basin (temperature, sa-
linity, wind direction), and finally creates drier conditions during
the boreal winter and rainy conditions during the boreal summer
(Saha, 2010). Apart from the distinct role of the LC, fluvial fresh-
water discharge (mainly the Mississippi River system) directly af-
fected by the prevailing precipitation patterns and climatic condi-
tions (Montero-Serrano et al., 2010, 2011) also influences the
GoM surface hydrography, by modifying the SSS, and by im-
pacting to some extent the thermocline circulation via the GS
(Aharon, 2003; Morey et al., 2003a; Flower et al., 2004). More-
over, the large seasonal loadings of freshwater, inorganic and or-
ganic matter, and nutrients maintain the northern GoM as an ac-
tive ecosystem with dynamic physical and biogeochemical pro-
cesses, such as interactions of eddy cyclone-anticyclone pairs
with the water column, bottom topography, increased offshore
productivity, and advection of shelf material into the central Gulf
(Biggs and Muiller-Karger, 1994; Toner et al., 2003; Wawrik et al.,
2003; Corbett et al., 2004; Luo et al., 2016; Chen and Hu, 2017).
In the modern climate system, GoM mean annual SST is
~25.85°C with large seasonal amplitude (~8.5°C), whereas sa-
linity varies from about 34.4 to 36.3 psu (Antonov et al., 2010;
Locarnini et al., 2010).
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Fig. 1. Bathymetric map of the Gulf of Mexico (GoM) showing the core location and the main patterns
of the surface circulation (white arrows, solid circles)

The top-right inset shows the names of the main currents, as described in the text

MATERIAL AND METHODS

CORE SELECTION

Core JPC-26 (1995 m b.s.l.) was recovered from the north-
western continental slope of the GoM (26°22.44'N,
92°01.62'W) at a depth of 1995 m (Fig. 1), during the R/V Knorr
1998 cruise, using the Woods Hole Oceanographic Institution
jumbo piston corer. The core is located offshore of the former
mouth of the Mississippi River within the Bryant Canyon area,
which is represented by a network of intraslope basins sepa-
rated from each other by sills/plateaus (Tripsanas et al., 2007).
The upper 3 m of the core analysed represents an uninter-
rupted last glacial to Holocene interval, including the Last Gla-
cial Maximum (LGM) event, and the last glacial termination pe-
riod (T1). This core is also characterized by a Holocene thick-
ness of 1.5 m that can offer a time resolution on the order of a
few hundred years per sample step. The Late Quaternary pro-
vides the best time interval for this research because sea level
history is well constrained temporally; moreover, centennial to
millennial scale chronostratigraphic resolution is highly achiev-
able through planktonic bio-ecozonation, while palaeoclimate
history is best constrained through previously integrated
sedimentological, micropalaeontological, stratigraphic and
palaeoclimatic studies (Poore et al., 2003; LoDico et al., 2006;
Montero-Serrano et al., 2009, 2010; Williams et al., 2010; Ras-
mussen and Thomsen, 2012; Tripsanas et al., 2013; Limoges
et al., 2014; Antonarakou et al., 2015; Arellano-Torres and
Machain-Castillo, 2017).

LITHO-CHRONOSTRATIGRAPHY OF MARINE SEDIMENT CORE JPC-26

The sedimentary record of the uppermost 3 m of JPC-26
was sampled at 2-5 cm intervals, and consists of three distinct
lithostratigraphic units (I-IIl). The upper unit | (0-1.52 m) con-
sists of reddish-brown to pale yellow hemipelagic mud, and the
sporadic presence of manganese-rich, dark brown mud hori-
zons (3 cm thick; in intervals 0.10-0.32 m and 0.45-0.60 m). In
unit Il (1.52—-1.90 m), hemipelagic muds were intercalated with
three organic-rich zones (0.60-0.95% C,) slightly (ORZ I) or
intensely (ORZ I1, 11I) bioturbated (Tripsanas et al., 2007). Their
downcore transition to pale greenish-grey hemipelagic muds of
unit 11l (1.90-3 m) is characterized by the presence of two or-
ganic-rich (0.75-1.30% Cqyg) reddish-brown (RT) and dark
green (GT) mud turbidites. The chronostratigraphy of JPC-26 is
based on eight accelerator mass spectrometry radiocarbon
(AMS '*C) dates, supplemented by additional tie-points derived
from the determination of both the isotopic and faunal profile
(Antonarakou et al., 2015).

MICROPALAEONTOLOGICAL ANALYSES

For detailed quantitative micropalaeontological analysis, we
picked specimens of planktonic foraminifera from about 15 g of
dry marine sediment, taken every 2—-5 cm along the core. All the
sediment samples were washed with running water through a
63 pym sieve. After washing and drying at 50°C, the samples
were sieved and the >125 um size fraction was split with an Otto
micro-splitter into aliquots, from which at least 300 specimens
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Fig. 2. High-resolution SEM photomicrographs of the planktonic foraminiferal species most indicative for the present
study in core JPC-26

A — Orbulina universa; B — Sphaeroidinella dehiscens; C — Globogerinella aequilateralis; D — Globigerina bulloides; E — Globigerinoides
ruber sensu stricto; F — Globigerinoides ruber sensu lato; G — Globigerinoides sacculifer; H — Neogloboquadrina dutertrei; | — Pulleniatina
obliquiloculata; J — Globorotalia inflata; K — Globorotalia crassaformis; L — Globorotalia scitula; M — Globorotalia menardii; N — Globorotalia

tumida; O — Globorotalia truncatulinoides

of planktonic foraminifera were picked, identified and counted
using morphospecies-specific and/or specialized taxonomic
references (Kennett and Srinivasan, 1983; Hemleben et al.,
1989; Kontakiotis et al., 2017). The number of planktonic
foraminifera counted is statistically reliable for both eco-
biostratigraphic and palaeoclimatic reconstructions (Patterson
and Fishbein, 1989; Capotondi et al., 1999; Drinia and
Antonarakou, 2003; Sprovieri et al., 2003; Sbaffi et al., 2004;
Budillon et al., 2009; Triantaphyllou et al., 2009; Siani et al.,
2010; Drinia et al., 2016; Bonfardeci et al., 2018). All the speci-
mens identified showed very good levels of preservation, with
no traces of dissolution or damage found in the tests. Raw data
were transformed into percentages of the total abundance and
relative percentage abundance curves were plotted, after ex-
clusion of rare species (<3%; Globigerinoides conglobatus,
Globigerinella calida, Globigerinoides tenellus, Hastigerina
pelagica, Globorotalia ungulata) and grouping of species with
phylogenetic affinities and similar ecological characteristics
(e.g., Globigerina bulloides and Globigerina falconensis were
grouped in G. bulloides gr., Globigerinoides trilobus and
Globigerinoides sacculifer in G. sacculifer gr., Globigerinella
aequilateralis and Globigerinella calida in the G. aequilateralis
gr., Globorotalia menardii and Globorotalia tumida in
G. menardii gr., and Neogloboquadrina pachyderma and
Neogloboquadrina dutertrei in neogloboquadrinids respec-
tively). The planktonic foraminiferal relative distributions are
also used as a first-order estimate of SST variations. An index

of the SST variations was constructed based on the down-core
variation of planktonic foraminiferal abundances, and it was re-
ferred to as the Planktonic Palaeoclimatic Curve (PPC). The
PPC was obtained by the formula (w — ¢) x 100/(w + ¢), where:
w represents the warm-water indicators and c the cold water in-
dicators (Rohling et al.,, 1993; Kontakiotis, 2016). For
palaeoclimatic interpretation, the PPC record was further com-
pared with previously published SST proxy data (8180, Mg/Ca)
from the same or nearby cores (Flower et al., 2004; Ziegler et
al., 2008; Williams et al., 2010; Rasmussen and Thomsen,
2012; Schmidt et al., 2012; Tripsanas et al., 2013; Antonarakou
et al., 2015; Arellano-Torres and Machain-Castillo, 2017).

RESULTS

SEDIMENTATION RATES

Within the GoM, Bryant Canyon is exceptional in that rapid
sedimentation sustained by high rates of terrigenous sediment
delivery and surface marine productivity makes this basin an
excellent recorder of palaeoenvironmental and palaeoclimatic
conditions. Sedimentation in the basin is mainly hemipelagic
and is strongly linked to the Mississippi River detrital supply
(Bouma et al., 1985). This type of deposition is due to the rise of
sea level that led to the confinement of river-sourced sediments
to the continental shelf, and the prevalence of hemipelagic sedi-
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mentation over the continental slope of the northwestern GoM.
The sediment record here investigated spans the interval from
the LGM and the subsequent transition (T1) into the late Holo-
cene (i.e. 0-21 ka; Antonarakou et al., 2015) with an average
sedimentation rate (SR) of 13.5 cm/ky, which is in agreement
with prior studies (Leventer et al., 1983; Aharon, 2003; Poore et
al., 2003; LoDico et al., 2006; Tripsanas et al., 2007). Sedimen-
tation rates of each unit reveal a strong down-core increasing
trend, with the higher SR occurring during the glacial section
(unit 111; 18.18 cm/ky) and the deglacial meltwater pulses (unit I;
13.29 cm/ky). Lower SR occurred during the Holocene interval
(unit I; 11.44 cm/ky) and is consistent with other observations of
reduced sedimentation rates after 13 cal ka BP (Williams and
Kohl, 1986; Montero-Serrano et al., 2009).

PLANKTONIC FORAMINIFERAL FAUNAL DISTRIBUTION

Qualitative analysis of the planktonic foraminifera allows us
to identify 24 species lumped into 15 groups: Globigerinoides
ruber alba, Globigerinoides ruber rosea, Globigerinoides
sacculifer gr., Globigerina bulloides gr., Globogerinella aequi-
lateralis gr., Globorotalia scitula, Globorotalia menardii gr.,
Orbulina universa, neogloboquadrinids, Globorotalia crassa-
formis, Globorotalia inflata, Globorotalia truncatulinoides,
Pulleniatina obliquiloculata, and Sphaeroidinella dehiscens
(Fig. 2). The stratigraphic distribution of the most abundant spe-
cies and species groups over the last 21 kyr BP is shown in Fig-
ure 3. The overall changes in the planktonic foraminiferal abun-
dances from JPC-26 are consistent with previously docu-
mented changes in the GoM foraminiferal assemblages related
to the transition from glacial to interglacial conditions (e.g.,
Flower and Kennett, 1995; Poore et al., 2003).

Globigerinoides ruber, G. sacculifer gr., neogloboqua-
drinids, O. universa, G. crassaformis, G. menardii gr., and
G. truncatulinoides are the most abundant species. With the ex-
ception of the representatives of G. menardii gr., that are virtu-
ally absent from the base of the succession up to 1.36 m, they
have an almost continuous distribution throughout the interval
studied. Globigerinoides ruber was the dominant species over
the entire duration (33.2% on average). The white (G. ruber
alba) and pink (G. ruber rosea) varieties of this species were
counted as separate categories, showing that the white variety
is about 15 to 30% more abundant than the pink variety (Fig. 3).
The species G. menardii gr., P. obliquiloculata, G. sacculifer gr.,
and G. truncatulinoides display an upward increase in abun-
dance. A sporadic distribution is recorded for G. bulloides and
G. inflata, since they are significant contributors only in the
basal part of the core with an average contribution of ~10-25%.
The latter exists in the faunal composition up to 1.40 m and then
completely disappears, while the former, although it does not
disappear from the sequence, reduces its populations to <5% in
the upper half of the core. Globorotalia scitula presents a dis-
continuous distribution and shows minor abundance peaks
and/or intervals of occurrence limited mainly to the middle part
of the core. The distribution pattern of neogloboquadrinids is
characterized by high percentages in the upper half of the core,
with their maximum percentages occurring during the deposi-
tion of organic-rich sediments and throughout the Holocene.

PLANKTONIC PALAEOCLIMATIC CURVE

From the base of the core up to 2.31 m (19.0 ka), the lowest
values of the PPC (~20—40%) are indicative of the glacial pe-
riod (Fig. 4). This interval is characterized by the dominance of
cold water indicators, such as G. inflata, G. crassaformis,

G. bulloides and neogloboquadrinids, whereas warm water
species are restricted in these faunal assemblages. The
palaeoclimatic curve shows relative high variability upcore from
2.31-1.52 m (19.0-13.0 ka), displaying a characteristic pattern
corresponding to deglaciation. The warm (~50-60%) interval
2.31-1.90 m (19.0-15.8 ka) is followed by a significant cooling,
as reflected by the abrupt drop to glacial values (~20%). The
rises towards more positive values in the PPC correspond to
pronounced deglacial warming peaks (MWFs of Aharon, 2003).
The brief rebound to slightly lower values around 60% at
12.5 ka is related to the Greenland Stadial 2 (GS-2)/Younger
Dryas (YD) cooling event, and therefore, despite the lower reso-
lution of this part of the core, we can suggest that the transition
to the Holocene was not characterized by a gradual warming,
but instead was punctuated by the cold YD interval. The Holo-
cene section of the record (1.36—-0 m) is marked by a relatively
very warm interval with values close to or greater than 80%.
Particularly in the middle Holocene, the PPC values approxi-
mate 95%, indicative of the Holocene Climatic Optimum (HCO).

PLANKTONIC FORAMINIFERAL ECO-BIOZONATION AND COMPARISON
WITH PREVIOUS ECO-BIOSTRATIGRAPHIC SCHEMES
IN THE PERI-CARIBBEAN REGION

The detailed quantitative distribution of planktonic fora-
minifera resulted in the identification of 12 eco-biozones
(GOMPFE 1-GOMPFE 12) spanning approximately the last
21 kyr BP (Fig. 3). Each eco-biozone is defined by using a pro-
gressive number from the top to the base of the core and identi-
fied by local (re-) occurrences and/or temporary disappear-
ances of the main specific taxa in association with more or less
important fluctuations of their abundance, indicative of modifi-
cation in marine conditions, such as vertical mixing, as well as
changes in marine productivity and surface water temperature,
salinity and/or current flow.

— GOMPFE 12 (2.96-2.61 m; 21.13-20.41 ka): this is rec-

ognized between the base of the succession studied and
2.60 m. In this interval the assemblages are dominated
by the cold-water species G. inflata and G. crassaformis
gr. This interval is also marked by a significant contribu-
tion of O. universa to the planktonic fauna. The base of
this eco-biozone falls within the middle part of the
biozone Y2 of Kennett et al. (1985).

— GOMPFE 11 (2.61-2.36 m; 20.41-19.01 ka): this zone
is bounded by two increases in G. crassaformis gr.
A near-absence of G. inflata, an increase of G. ruber
(both varieties), the highest abundance of G. bulloides, a
strong decrease of O. universa, and the presence of
G. scitula in the lower part are the main features of this
interval. This eco-biozone corresponds to the upper part
of the biozone Y2 of Kennett et al. (1985).

— GOMPFE 10 (2.36—1.91 m; 19.01-15.89 ka): the lower
boundary of this eco-biozone is identified by the sudden
decrease in G. ruber rosea, an increase in G. sacculifer,
and the last consistent occurrence of G. inflata (Kennett
etal., 1985, bioevent f8 of Antonarakou et al., 2015). Itis
mainly characterized by a strong increase in abundance
(acme) of G. crassaformis gr., O. universa and G. ruber,
and the occurrence of G. fruncatulinoides, neoglo-
boquadrinids and G. aequilateralis which reach abun-
dance values around 10%. This eco-biozone coincides
with the uppermost part of the biozone Y2 of Kennett et
al. (1985).

— GOMPFE 9 (1.91-1.79 m; 15.89-15.28 ka): this is
bounded by two sharp decreases in G. ruber rosea, and
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is further characterized by strong turnover in abundance
between the white and pink varieties of G. ruber. The as-
semblages are characterized by an increase of
G. bulloides, and the significant presence of warm water
species (e.g., G. sacculifer gr., O. universa, G. aequi-
lateralis gr.), indicative of the beginning of deglaciation.
This eco-biozone matches the lowermost part of
biozone Y1 of Kennett et al. (1985).

GOMPFE 8 (1.79-1.65 m; 15.28—13.77 ka): this interval
is marked by a progressive upwards decrease in
G. crassaformis gr., the re-occurrence of G. scitula, the
near-disappearance of G. inflata, and a concomitant in-
crease in neogloboquadrinids. In the upper part a signifi-
cant peak of G. bulloides marks the top of this
eco-biozone. This eco-biozone coincides with the mid-
dle part of the biozone Y1 of Kennett et al. (1985).
GOMPFE 7 (1.65-1.53 m; 13.77—13.09 ka): the compo-
sition of this planktonic microfauna is similar to that of
eco-biozone 8, but differs by the absence of G. bulloides
and G. scitula, and the last occurrence of G. inflata. At
the base of this eco-biozone, P. oblioquiloculata appears
in the assemblages. This eco-biozone can be related
with the middle part of biozone Y1 of Kennett et al.
(1985).

GOMPFE 6 (1.53-1.36 m; 13.09-11.70 ka): this
eco-biozone shows a microfaunal composition drasti-
cally different to that of the previous zone, suggesting
that it corresponds to the YD. Re-occurrences of G. sci-
tula and G. bulloides define its base. In the intermediate
interval, the assemblages are characterized by an in-
crease in G. crassaformis, a decrease in O. universa
and the presence of G. ftruncatulinoides and
neogloboquadrinids. This eco-biozone is equivalent to
the top of the biozone Y1 of Kennett et al. (1985).
GOMPFE 5 (1.36—-1.26 m; 11.70-10.20 ka): high abun-
dances of G. sacculifer gr. and neogloboquadrinids, a
gradual decrease in G. ruber alba and the absence of
G. scitula and G. inflata characterize eco-biozone 5, the
base of which is marked by the first consistent appear-
ance of G. menardii group ( bioevent f7 of Antonarakou
et al., 2015). This eco-biozone corresponds to biozone
Y1A of Kennett et al. (1985).

GOMPFE 4 (1.26-1.01 m; 10.20-6.83 ka): this
eco-biozone is defined by a re-increase in G. ruber alba,
G. sacculifer gr. and neogloboquadrinids, as well as the
presence of G. scitula. The base is defined by the peak
of G. sacculifer gr. (Poore et al., 2003) and minimum
abundance of G. ruber alba (bioevent f6 of Antonarakou
et al., 2015), while the top is marked by the disappear-
ance of G. crassaformis, which is indicative of the
mid-Holocene Z1/Z2 boundary (Kennett et al., 1985;
bioevent f5 of Antonarakou et al., 2015) in the GoM. This
eco-biozone coincides with biozone Z2 of Kennett et al.
(1985).

GOMPFE 3 (1.01-0.71 m; 6.83-5.16 ka): a great expan-
sion of warm water species characterizes eco-biozone
3. The base of this interval is marked by the first consis-
tent occurrence of S. dehiscens. Increasing percentages
of warm water species (G. ruber alba, G. sacculifer gr.;
bioevent f4 of Antonarakou et al., 2015) and a strong re-
duction or absence of neogloboquadrinids and G. scitula
characterize this eco-biozone that represents the lower
part of biozone Z1 of Kennett et al. (1985).

GOMPFE 2 (0.71-0.36 m; 5.16—2.38 ka): this is mainly
characterized by an abrupt increase in G. menardii gr.,
while other warm water species such as G. ruber,

G. sacculifer and O. universa are well-represented. The
re-appearance of G. crassaformis (bioevent f3 of Anto-
narakou et al., 2015) and decreases in G. bulloides,
G. sacculifer gr., and G. aequilateralis gr. are also indic-
ative of this interval. This eco-biozone is congruent with
the middle part of biozone Z1 of Kennett et al. (1985).

— GOMPFE 1 (0.36—0 m; 2.38-0.51 ka): this is present in
the uppermost part of the record. It is characterized by a
strong increase in P. oblioquiloculata, O. universa and
G. menardii gr. Near to the top of this eco-biozone, the
minimum and maximum abundances of G. ruber and
P. oblioquiloculata (bioevents f1—f2 of Antonarakou et
al., 2015; Poore et al., 2003) are recognized. All these
concomitant bioevents together with the completely ab-
sence of G. bulloides and S. dehiscens represent a dis-
tinctive late Holocene feature in the GoM. This
eco-biozone corresponds to the uppermost part of
biozone Z1 of Kennett et al. (1985).

DISCUSSION

ECO-BIOSTRATIGRAPHIC APPROACH
IN SUBTROPICAL MARGINAL SETTINGS

The quantitative distribution of planktonic foraminifera from
the LGM to the present displays a succession of microfaunal
assemblages (biozones) characterizing the progressively
changing surface water environment. In such marginal basins,
the successive faunal zones can be indicated as ecozones, be-
cause the majority of the species are sensitive indicators of past
environmental changes with amplified signals (Drinia and
Antonarakou, 2003; Antonarakou et al., 2007, 2018, 2019;
Drinia et al., 2007, 2008, 2016; Kontakiotis, 2012, 2016;
Kontakiotis et al., 2013, 2016a, b, 2017; Fenton et al., 2016;
Karakitsios et al., 2017a, b). The ecological divergence be-
tween the species (Hemleben et al., 1989; Rohling et al., 1993),
even between different morphotypes of the same species
(Antonarakou et al., 2015; Kontakiotis et al., 2017), determined
by different controlling factors (e.g., depth habitats, growth opti-
mum/stressed conditions, productivity, stratification, near-/off-
shore-conditions), in combination with their different test mor-
phologies (e.g., related to shell shape and size, thickness, inner
porosity and pore surface distribution; Morard et al., 2009;
Kontakiotis et al., 2017), control directly their distribution pattern
and reflect the regional climate variability (Marcott et al., 2013).
Therefore, this study uses the concept of “assemblage
eco-biozones” to refer to the ecological response of planktonic
foraminifera to environmental changes, rather than evolution-
ary changes. In this sense planktonic foraminifera are important
palaeocological and palaeoclimatological indicators and such
subdivision of their record provides significant insights into the
hydrological dynamics of the basin studied. Moreover, the ap-
plied eco-biostratigraphic scheme effectively reflects the global
climatic oscillations during the latest Quaternary. The applica-
bility of this approach has been tested in many sediment cores
collected in various marginal basins (e.g., Aegean Sea, lonian
Sea, Adriatic Sea, Tyrrhenian Sea, Caribbean Sea). The con-
struction of such a detailed eco-biochronostratigraphic frame-
work through the identification of these bio-ecoevents in other
more or less distant cores permits the refinement of previous
Late Quaternary regional schemes (Ericson and Wollin, 1968;
Ruddiman, 1971; Kennett and Huddlestun, 1972; Kennett et al.,
1985; Flower and Kennett, 1990; Martin et al., 1990; Wilson,
2012), makes a precise correlation between them and facili-
tates palaeoclimatic and/or palaeoceanographic interpretations
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of the time interval studied. Any minor discrepancies between
the present and previous studies concern the degree of
synchroneity between the bio-ecozone boundaries, being due
to (1) the different size fractions in planktonic foraminifera anal-
yses adopted by the authors (>100, 125, 150 or 175 pym), (2)
dating uncertainties of *C ages probably due to the application
of a constant sea-surface "*C reservoir age correction in previ-
ous studies, especially during the late glacial-interglacial transi-
tion (e.g., Broecker et al., 1988), and to (3) an absence or a
weak accuracy of 'C dating performed in some cases, on
mixed benthic foraminifera and on pteropods (e.g., Kennett et
al., 1985; Flower and Kennett, 1990).

LATE PLEISTOCENE-HOLOCENE INTEGRATED
CHRONOSTRATIGRAPHIC FRAMEWORK, PALAEOCEANOGRAPHIC
EVENT STRATIGRAPHY AND PALAEOENVIRONMENTAL IMPLICATIONS

A planktonic foraminiferal eco-biostratigraphy was com-
bined with the palaeoclimatic JPC-26 records to obtain a de-
tailed late Pleistocene—Holocene integrated stratigraphic
framework for the GoM (Fig. 4). Short-term climatic and faunal
fluctuations recognized during this time span can be compared
to those proposed by the INTIMATE group (Bjorck et al., 1998;
Lowe etal., 2008; Blockley et al., 2012) in Greenland ice cores.

In the lowermost part of the succession studied, eco-bio-
zones GOMPFE 12 and GOMPFE 11 cover the time interval be-
tween 21.1 and 19.0 ka, which chronologically corresponds to
the GS-2b event of the late glacial period and includes the LGM.
During this interval, the planktonic assemblages show generally
low diversity and are dominated by species indicating cold and
productive water conditions. The coldest interval is identified in
all climatic records (8'®0, Mg/Ca-SSTs, PPC) at the top of
eco-biozone GOMPFE 12, characterized by a significant de-
crease in the warm water species G. ruber rosea and by the
highest abundances of G. inflata and G. crassaformis, indicative
of rather cool and deep mixed layers. In this part, heavier §'°0
values and minimum SSTs of about 19°C are also recorded and
associated with the LGM (Antonarakou et al., 2015). Neverthe-
less during the LGM, GoM SSTs do not display continuously low
temperature values, which is consistent with relevant climate re-
cords from the tropical and subtropical Atlantic (Bard et al., 2000;
Flower et al., 2004; Schmidt et al., 2004; Weldeab et al., 2006). A
noticeable event, that could partly explain this slight SST rise, is
the sudden increase of G. ruber alba, as suggested by clear pos-
itive fluctuations (e.g., in the upper part of eco-biozone
GOMPFE 11). Generally, G. ruber fluctuations have been con-
sidered good recorders of climate variability (Sprovieri et al.,
2006a, 2012; Budillon et al., 2009; Antonarakou et al., 2015),
with its relative abundance positively co-varying with SST
(Hagen and Keigwin, 2002; Sprovieri et al., 2006b) and its abun-
dance oscillations strongly controlled by global climate forcing
(Sprovieri et al., 2006b). Despite the predominance of cold spe-
cies during the glacial period, an increase (27.8-51.2%) of
G. ruber alba during the LGM is a common feature of marginal
records (circum-GoM/Caribbean region, Mediterranean Sea),
probably due to the fact that during the LGM SSTs do not display
their lowest values (Cacho et al., 2001; Sbaffi et al., 2004; Siani
et al., 2010; Kontakiotis, 2016).

Eco-biozone GOMPFE 10 corresponds to the GS-2a clima-
tic event and includes the first step of the last deglaciation,
dated in the subtropical Atlantic to between 19.0 and 12.6 ka
(Aharon, 2003, 2006; Carlson et al., 2008; Sionneau et al.,
2010; Schmidt and Lynch-Stieglitz, 2011; Antonarakou et al.,
2015). A slight decrease in the planktonic foraminiferal diversity
characterizes the assemblage, dominated by both warm and
cold water species (G. crassaformis, neogloboquadrinids,

G. bulloides, G. ruber and O. universa). Mg/Ca-based esti-
mates show a relatively stable climate period with SSTs around
22°C. However, in the middle part of this eco-biozone
(~17.0 ka), which has been ascribed to the Heinrich 1 event
(Antonarakou et al., 2015), an intensification of cold conditions
is suggested by the occurrence of the heaviest §'°0 values in
the whole record. Eco-biozone GOMPFE 9 corresponds to the
upper part of GS2a. The strong negative excursion in PPC and
Mg/Ca-SST records at the base of this interval may be tenta-
tively related to the Oldest Dryas (OD) event, the age of which in
the GoM is documented between 16.0 and 14.7 ka (Lea et al,,
2003; Williams et al., 2010).

The GOMPFE9/8 boundary is close to the boundary be-
tween the GS-2a and GI-1 events. In this interval, a tendency
toward warmer conditions is indicated by an upwards decreas-
ing trend of cold water species (e.g., G. crassaformis) abun-
dances and by a relative warming trend inferred from significant
5'%0 depletion in the isotopic record and concomitant increased
temperatures in the Mg/Ca-based record. Eco-biozones 8 and
7 correspond to the interstadial Bglling/Allerad (B/A) sensu
Mangerud et al. (1974) and the Greenland GI-1 episode (Lowe
etal., 2008) dated to between 14.8 and 13.0 ka. This event falls
within the organic-rich deposits ORZ II-lll, where a strong
change in sedimentation rate and in planktonic biodiversity is
recorded. These features prevent the identification of high-res-
olution climate oscillations. The observed climatic oscillations
during the GI-1 event show three warm/humid — GI-1e (Bglling )
and Gl-1a,c (Allered) — events that were interrupted by two
cold/dry — GI-1d (Older Dryas ) and GI-1b (Intra Allergd Cold
Period; IACP) events on a centennial scale. All these short-term
oscillations are considered to be contemporaneous with Gl-1e
to Gl-1a of the ice-core record (Fig. 4), suggesting a climatic link
between the study area and the high-latitude areas.

Overall, an important climatic warming (5-7°C based on
Mg/Ca-SSTs in Gl-1e; Antonarakou et al., 2015) and the pres-
ence of warm and seasonally stratified water masses are in-
ferred from the structure of the assemblages of these
eco-biozones, characterized by the presence of G. truncatu-
linoides and neogloboquadrinids. The 5'%0 record, on the
whole, shows a tendency to lighter values, suggesting a climatic
amelioration. However, the upwards deglaciation trend is often
interrupted by brief cooling events, expressed by positive iso-
tope excursions and/or SST negative peaks. Such an abrupt
Mg/Ca-SST cold spell (~3°C), concomitant with a slight de-
crease in PPC and §'®0 records, characterizes the uppermost
part of eco-biozone 8, attributed to the stadial GI-1d event dated
in our record to ~13.8 ka. A decrease in G. ruber and
O. universa accompanied by an increase of neogloboqua-
drinids defines the planktonic foraminiferal assemblage. A no-
ticeable event is the temporary absence of G. scitula in this time
interval, which records the zonal boundary between GI-1d and
Gl-1¢ (Minisini et al., 2007; Rouis-Zargouni et al., 2010; Siani et
al., 2010).

The following eco-biozone GOMPFE 7 covers the time in-
terval between 13.7 and 13.0 ka and is attributed to the
interstadial Gl-1c event as indicated by SST reconstruction.
This interpretation fits well with the planktonic foraminiferal con-
tent, characterized by a progressive increase in warm water
taxa (G. ruber, G. sacculifer gr., O. universa). The beginning of
this event is punctuated by the re-occurrence of O. universa in-
dicating in combination with G. ruber the establishment of a
seasonal thermocline (Tedesco and Thunell, 2003; Tedesco et
al., 2007; Wejnert et al., 2010). The 80 signal indicates a
strong depletion at the base (Gl-1c), and a weak upwards en-
richment trend to cooler sea surface water conditions, which is
attributed to the IACP/GI-1b event (Alley et al., 1993). Finally, at
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the top of this interval, a significant warming of about 3.5°C
(Gl-1a) is marked in the Mg/Ca-SST record. However, this
event is not recorded in the PPC and §'0 records, most likely
due to the lower resolution of the sedimentary record and/or
bioturbation effects in this part of the succession.

Following this warm interval, both Mg/Ca and §'®0 records
show a cooling trend of 3.5°C centered on 12.9—-12.7 ka, proba-
bly representing the strong climatic cooling linked to the GS-1
event in the Greenland ice core records and the GS-1 period,
dated in core JPC-26 between 13.0 and 12.5 ka. The features
of the assemblages (significant increase in cold water eutrophic
species associated with a decrease in warm water taxa) indi-
cate a glacial period of generally high surface water fertility that
characterizes this eco-biozone (GOMPFE 6).

The Holocene section of the record corresponds to
eco-biozones GOMPFE 1-5, and is marked by higher diversity in
planktonic assemblages compared to the previous eco-
biozones, and a relatively warm interval [negative 5'°O values,
elevated Mg/Ca and PPC values; (—0.71)—~(—3.42%o), ~24-30°C
and >70% respectively], but with pronounced warm-cold oscilla-
tions with well-defined minima (e.g., at 6.1, 5.6, and 1.1 ka). The
latest Holocene delimits eco-biozone 5, which spans a short time
interval (11.7-10.2 ka) in the JPC-26 record. SSTs reached Ho-
locene values with a mean amplitude change observed during
the YD/Holocene transition of about 2°C. However, the climatic
amelioration is more evident in the following eco-biozone
(GOMPFE 4), corresponding to the HCO interval, where lighter
§'%0 and higher PPC values are recorded. The latter also in-
cludes eco-biozone GOMPFE 3, and is the result of a substantial
increase in warm water taxa (G. ruber, O. universa, G. sacculifer
gr., and G. aequilateralis gr.) and the progressive reduction (into
GOMPFE 4) or absence (into GOMPFE 3) of G. crassaformis
and G. scitula. The occurrence of a short cooling event in the
lower part of eco-biozone 3 (~6.1 ka) is suggested by significant
§'%0 depletion and reduction in the Globigerinoides ruber per-
centages, coupled with an increase in abundances of Globo-
rotalia truncatulinoides as well as the re-occurrence of
Globigerina bulloides. All these features in the planktonic assem-
blages represent an episode of improved ventilation in this basin
attesting to deep winter convection and vertical mixing in the wa-
ter column (Schmuker and Schiebel, 2002; Arellano-Torres and
Machain-Castillo, 2017). This may correlate with the global-scale
rapid climate change (RCC) at 6.0-5.0 ka BP reported in the
Middle Holocene by Mayewski et al. (2004). A subsequent SST
rise between 5.1-2.4 ka delineates ecobiozone GOMPFE 2. The
PPC signal is close enough to its maximum values, and the spe-
cies G. ruber, G. sacculifer, G. menardii gr. and neogloboqua-
drinids are the main constituents of the planktonic fauna. The
near-absence of G. crassaformis, G. inflata and G. scitula may
indicate that reduced oxygenation in the deeper water column
was detrimental to that species, suggesting stable stratification
and poor deep-water ventilation in the GoM. Within this interval

and progressively through the following eco-biozone, the §'®0
record shows the onset upwards of strong enrichment and de-
pletion phases corresponding to a long period of marked sea-
sonality throughout the late Holocene, possibly associated with
relative changes in Mississippi River runoff. Finally, eco-biozone
GOMPFE 1 presents the typical modern foraminiferal associa-
tion, dominated by temperate and subtropical taxa (Dowsett et
al., 2003; Richey et al., 2007; Poore et al., 2013; Arellano-Torres
and Machain-Castillo, 2017).

CONCLUSIONS

The multidisciplinary approach used here results in a de-
tailed chronostratigraphic framework for the last 21 ka for the
GoM (also valid for the peri-Caribbean region), based on the
study of associations of planktonic foraminifera from the
deep-sea and the high sedimentation rate core JPC-26. Twelve
eco-biozones (GOMPFE 1-12) were identified by sharp
changes in planktonic foraminiferal taxa and compared to the
stratigraphic event scheme proposed by the INTIMATE group
in order to better identify the relationships between past climatic
changes and the response of microfaunal assemblages in the
subtropical Atlantic. Most of these downcore faunal variations in
relation to SST oscillations represent millennial to centennial
climatic variability, which are recorded in Greenland ice cores
over the last deglaciation. Among them, we recognized the gla-
cial GS-2a to GS-2b events, the interstadial B-A/Gl-1a-d
events, the YD/GS-1 and the Holocene warm interval. More-
over, the recognition of a stratigraphic relationship between
planktonic foraminiferal bioevents and organic-rich sediments
enhances the possibility for reliably correlating marine records
in such marginal settings, offering a better comprehension of
the palaeoceanographic history of these basins. These findings
represent a refinement and extension of previous eco-bio-
stratigraphic records in the subtropical Atlantic, facilitating re-
gional and widespread climatic and microfaunal correlations
over the last 21 ky. A conclusive correlation of this work with
others well known from close or more distal areas indicated the
robustness of these results, with particular emphasis on
multi-disciplinary strategies and multiproxy studies performed
on late Quaternary cores with high sedimentation rates, which
can provide a powerful tool for monitoring the palaeoclimatic
evolution of the subtropical Atlantic in relation to the global cli-
matic system over the last glacial cycle.
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