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Quantitative organic-walled dinoflagellate cyst
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and sea level change during the onset of Antarctic
glaciation
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Abstract. The Eocene — Oligocene Transition (EOT, ~34-33.5 Ma) marks a major transition in Cenozoic
climate evolution through the relatively rapid establishment of a continental-scale ice sheet on Antarctica. The
EOT is characterized by two ~200 kyr spaced shifts (termed EOT-1 and Oi-1) in the oxygen isotopic
composition (8'®*0) of benthic foraminifera, representing both changes in continental ice-volume and
temperature. Estimates of the timing and magnitude of these changes during this critical phase in Earth’s
climatic evolution are controversial. Here we present marine palynological assemblage data, in particular of
organic-walled dinoflagellate cysts (dinocysts), across a classic upper Eocene to lower Oligocene neritic
succession cored in Alabama, USA; the Saint Stephens Quarry (SSQ) borehole. These palynological data
combined with lithological information allow the identification of three sequence boundaries across the EOT.
Critically, we identify a sequence boundary at the level corresponding to the EOT-1. Integrated sea level and
paleotemperature records show that EOT-1 primarily represents cooling with some minor and transient
continental ice sheet expansion. Furthermore, we identify a significant hiatus, likely caused by major sea level
fall at the base of Magnetochron C13 n that corresponds to the Oi-1 shift. This clarifies the 8'*0 records from
SSQ that essentially lack the expected pronounced shift to positive 3'%0 values so characteristic for Oi-1.
Furthermore, we document originations and extinctions of potentially temperature-sensitive dinocysts
associated with the EOT-1. In contrast, the Oi-1 does not stand out as period of substantial dinoflagellate
turnover. The combined results illustrate that major cooling, limited and transient ice growth and major biotic
change were occurring before the full-size expansion of the Antarctic cryosphere.
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1. Introduction

The Eocene — Oligocene Transition (EOT, ~34-33.5
Ma) marks the first continental-scale glaciation of
Antarctica in the Cenozoic. Oxygen isotope ratios
(8180) from marine benthic foraminifera record the
EOT as a ~200 kyr spaced ~1.5%0 two-step positive
shift that may represent both global cooling and
increasing continental ice volume (Zachos et al.
1996, Coxall et al. 2005, Pearson et al. 2008, Scher
etal. 2011). Recent studies have attributed the older of
the two shifts (EOT-1) primarily to cooling and
(transient) ice-volume accumulation (Lear et al.
2008, Houben et al. 2011, Bohaty et al. 2012, Wade
et al. 2012), whereas the younger shift (the ‘Oligocene
isotope event 1°, Oi-1 after Miller et al. 1991) is
principally attributed to East Antarctic ice-sheet ex-
pansion (Lear et al. 2008, Pusz et al. 2011, Scher et al.
2011, Bohaty et al. 2012). One way of assessing
cryosphere growth across the EOT is through acquiring
information on glacio-eustatic sea level change in far-
field (with respect to the locus of ice-accumulation)
sedimentary sections (e.g., Houben et al. 2011).
Although it is now becoming increasingly clear that
glacio-eustatic sea level change may not be considered
globally uniform (Milne and Mitrovica 2008, Raymo
etal. 2011, Stocchi et al. 2013), sites far away from the
locus of ice growth are not affected by ice-proximal
gravitational processes and are therefore more likely to
qualitatively approximate a theoretical eustatic sea
level contribution.

A classic shelf section from the Gulf of Mexico
(GoM) in Alabama, the Saint Stephens Quarry (SSQ)
is a regional reference site for the Eocene-Oligocene
boundary interval (Miller et al. 2008 and references
therein, Fig. 1) and has been studied for decades in
order to deconvolve changes in relative sea level,
resulting in multiple, partly contradictive, sequence
stratigraphic interpretations. The recovery of a core
(Miller et al. 1993) allowed for more accurate integra-
tion of different proxy records in recent years, includ-
ing stratigraphically and paleoclimatologically signif-
icant oxygen-isotope data (Katz et al. 2008, Miller et
al. 2008, Wade et al. 2012). Previous sequence strati-
graphic interpretations from the SSQ outcrop and core
were primarily based on analysis of litho- and biofa-
cies. However, in a largely ice-free greenhouse world,
sea level fluctuations were theoretically of smaller
magnitude than those driven by glacioeustasy and in
turn, shelf morphologies were different in an ice-free
world (e. g., Semme et al. 2009). Essentially, smaller

amplitude sea level variability in greenhouse climates
would allow for across-shelf progradation of sedimen-
tary strata, resulting in more laterally expanded shelves
with a smaller water-depth-gradient across the shelf.
Therefore, the reconstruction of changes in local water
depth may not always be appropriate when it comes to
identifying sea level variability. Furthermore, lithos-
tratigraphic and biofacies analyses often encounter
problems in terms of sequence stratigraphic interpreta-
tion when it comes to intervals with sedimentary
condensation, that may be both associated with se-
quence boundaries and maximum flooding episodes.
Therefore, approaches that yield information on coast-
al proximity also need to be considered when it comes
to understanding past sea level variability.
Dinoflagellates are a group of predominantly marine
surface-dwelling algae. Some dinoflagellates produce
preservable organic-walled resting cysts as part of a
complex life cycle. Because of the life-strategy of the
organic cyst-forming dinoflagellates and the adapta-
tion of dinoflagellate species to specific surface water
conditions, fossil dinocyst assemblages can be inter-
preted to reconstruct proximal to distal trends in shelf
environments (e. g., Brinkhuis 1994, Pross and Brin-
khuis 2005, Sluijs et al. 2008). We here present high-
resolution palynological data that we consequently use
to elucidate changes in relative sea level across the
EOT in the GoM. We compare these trends with the
previously published sea surface temperature recon-
structions using the Tetraether indeX of 86 carbon
atoms (TEXge, Schouten et al. 2002) of Wade et al.
(2012), which is here extended for the intervals pre-
ceding and postdating the EOT. Our new dinocyst
dataset sheds new understanding of sea level change
through this critical climate transition and allows us to
tie SST change to the sequence stratigraphic record.
Coupled with existing stable isotope, bio- and mag-
neto-stratigraphy studies at this site (e. g., Miller et al.
2008, Katz et al. 2008, Wade et al. 2012), we present a
new integrated record of relative sea level changes.
Apart from changes in relative sea level, the effects
of climatic cooling (Zanazzi et al. 2007, Lear et al.
2008, Schouten et al. 2008, Wade et al. 2012), in-
creased seasonality (Ivany et al. 2000, Eldrett et al.
2009) and modifications of the hydrological cycle
(Kobashi et al. 2001) across the EOT are likely to
have affected the biota along the continental shelves of
the GoM. The presented dinocyst assemblage data may
also provide insight about biotic turnover in shallow
marine environments of the GoM during the late
Eocene to early Oligocene transition into the icehouse.
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2. Material and Methods

2.1. Geological setting and material

Cenozoic sedimentation along the northern margin of
the GoM is characterized by rapid sediment input and
thick, progradating depositional sequences, which
intertongue with deltaic shelf-edge sediments (Jara-
millo and Oboh-lkuenobe 1999 and references there-
in). Eocene-Oligocene units were deposited in the
shallow marine setting of a passive margin. In general,
the upper Eocene sediments are characterized by a
fine-grained nature, whereas the lower Oligocene
constitutes one of the great progradational wedges
in the northern Gulf of Mexico (Jaramillo and Oboh-
Ikuenobe 1999 and references therein). We here follow
Miller et al. (1993) in applying the lithostratigraphic
units from the upper Eocene Jackson and lower
Oligocene Vicksburg and Chickasawhay Groups for
the Gulf Coast (see also Dockery 1982, Mancini and
Tew 1991).

The upper Eocene Jackson Group includes (from
lower to upper) the Moodys Branch Formation (Fm.)
and the North Twistwood Creek Clay Fm. The Cocoa
Sand, Pachuta Marl and the Shubuta Clay constitute
the Yazoo Clay Fm. The lower Oligocene Vicksburg
Group includes the laterally gradational Forest Hill
Sand, Red Bluff Clay, Bumpnose Fm., the informal
Mint Spring fm. and the Marianna Limestone. The

Glendon Limestone and Bucatunna Clay constitute the
Byram Fm. (Miller et al. 1993 and references therein).

The SSQ borehole was continuously cored by
ARCO Oil and Gas Company in 1987 near the highest
point on the southwest rim of the Saint Stephen’s
Quarry (31°33” N, 88°02” W; Fig. 1). Coring began in
the outcropping Oligocene Chickasawhay Fm. and
extended for 76.2 m into the upper Eocene Moodys
Branch Fm. The paleowaterdepth for the SSQ corehole
was reported to be 50-100 m based on biofacies
analysis (Miller et al. 2008).

We employ and subsequently refine the sequences
and their abbreviations used by Miller et al. (2008,
Fig. 2). These sequences are composed of: (I) The
Moodys Branch Fm. and North Twistwood Creek Clay
(MNT-sequence), (II) the Cocoa Sand and Pachuta
Marl (CP-sequence), (I1I) the Bumpnose Fm. and Red
Bluff Clay (BRB-sequence), (IV) Marianna Limestone
and Glendon Limestone (MMG-sequence), (V) Byram
Fm. and/or Bucatunna Clay (BB-sequence) and (VI)
the Chickasawhay Fm. (C-sequence).

2.2. Previous sequence stratigraphic
studies from the EOT in the GoM

The upper Eocene to lower Oligocene sequences in
southern Alabama have been the subject of many
magnetostratigraphic, sedimentological, biostrati-
graphic and sequence stratigraphic studies (Hazel et
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Fig. 2. Comparison ofthe lithostratigraphic nomenclature of the upper Eocene and Oligocene succession in Alabama and the
sequence stratigraphic interpretation of Miller et al. (2008). Figure is adapted after the latter.

al. 1980, Siesser et al. 1985, Miller et al. 1993, Tew and
Mancini 1995, Mancini 2000, Jaramillo and Oboh-
Ikuenobe 1999, Miller et al. 2008). The SSQ succes-
sion has been the most studied but in terms of its
sequence stratigraphic interpretation remains contro-
versial. Importantly, there is disagreement on one
critical interpretation from both the SSQ core and
the outcrop sections, i. e. whether there is indication of
a major Lowest Oligocene sequence boundary and
corresponding sea level fall in the SSQ-record. This is
significant because of its likely relationship with the
global Oi-1 positive 5'%0 excursion. At this stage, one
interpretation maintains that the lowermost Oligocene
contact between the Shubuta Marl and the Bumpnose
Fm. (PS to BRB sequence sensu Miller et al. 2008) is
associated with a third order maximum flooding sur-
face (MFS) within a sequence (Loutit et al. 1988,

Baum and Vail 1988, Jaramillo and Oboh-Ikuenobe
1999). In contrast, other interpretations maintain that
there is a sequence boundary at this level, correspond-
ing to sea level fall (Dockery 1982, Miller et al. 1993).

Based on lithologic-, biofacies-, biostratigraphic-,
gamma log, and benthic foraminiferal isotope data,
Miller et al. (2008) suggest that the contact between the
Pachuta-Shubuta (PS) and BRB sequences corre-
sponds to a third order sequence boundary, suggesting
major sea level fall in association with the Oi-1.
However, no substantial hiatus was inferred. Further-
more, the sequence boundary was identified between
two points of reversed magnetic polarity (Miller et al.
1993), whereas the Oi-1 shift is tied to the lowermost
portion of the normal magnetic polarity Chron C13n
(Zachos et al. 1996, Coxall and Wilson 2011). This
means that if the Oi-1 shift reflects expanding ice
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sheets, its glacioeustatic fingerprint should be sought at
the base of Chron C13n, in the lower part of the
Bumpnose Limestone. Miller et al. (2008) furthermore
reported three previously undetected possible se-
quence boundaries and postulated that none of these
corresponds to the EOT-1 shift. In a later publication
by Miller et al. (2009), a tentative sequence boundary
was placed within the PS sequence, primarily on the
basis of an overlying glauconite bed, interpreted to
represent transgressive conditions. This level approx-
imates the EOT-1 shift and may hence indeed corre-
spond to a previously undetected hiatus or unconfor-
mity after all.

2.3. Methods

2.3.1. Palynological processing and analyses

In total 57 samples were processed using palynological
preparation techniques. Carbonates and silicates were
removed by treatment with 30 % HCI and 38 % HF
respectively. After each acid step, samples were
washed by decanting with water and settling for 24
hours. Samples were sieved over a 15 pm mesh-sieve.
To break up agglutinated particles in the residue, the
samples were placed in an ultrasonic bath for 5
minutes. The remaining residue was transferred to
glass tubes, subsequently centrifuged (2000 rpm)
and excess water was removed. For slide preparation,
samples were transferred to vials and glycerin water
was added. The residue was then homogenized and a
droplet of each residue was mounted on a slide.
Glycerin jelly was added and the mixture was stirred
and sealed with nail varnish. All slides are stored in the
collection of the Laboratory of Palacobotany and
Palynology, Utrecht University. Taxonomy, unless
otherwise indicated follows that cited in Fensome et
al. (2008). Several stratigraphically and paleo-envir-
onmentally significant taxa are illustrated in Plate 1
and Plate 2.

2.3.2. Dinoflagellate cyst paleoecology and
grouping of taxa

About 20 % of living dinoflagellate species produce
organic walled dinocysts that may preserve in sedi-
ments (Fensome et al. 1993). Some Recent dinocysts
have been traced back to the motile dinoflagellate stage
through incubation experiments (Rochon et al. 2009,
Mertens et al. 2009, Ribeiro et al. 2010). It is becoming
increasingly clear from such studies that modern

dinoflagellate species may produce highly variable
cyst morphologies, likely depending on the physio-
chemical characteristics of the water mass (Lewis et al.
2001).

Dinocyst taxonomy is typically based on relatively
subtle morphological details, which seen in the light of
these incubation experiments is problematic if one
wants to determine a ‘real” dinocyst species’ biologi-
cal, ecological or statistical relevance. Therefore, in
order to extract meaningful paleoecological informa-
tion from dinocysts, it is important to establish whether
the recorded dinocyst specimens represent relatively
consistent entities or not (cf. Sluijs and Brinkhuis
2009). To obtain a first-order assessment of potential
ecological relationships between environmental para-
meters and dinocyst taxa, we here consider groupings
of dinocyst taxa that are morphologically closely
related, rather than ‘average’ single species concepts.
These taxa may either be strictly or loosely defined
species, groups of species within genera, genera
themselves or even groups of genera.

Specifically, information regarding relative sea level
change may be obtained by assigning dinocysts to such
(eco)morphological groups. The premise of dinocysts
as indicators of changes in relative sea level is founded
on the observation that different morphological groups
are dominant in specific environments along a prox-
imal to distal shelf transect (e.g., Brinkhuis 1994,
Pross and Schmiedl 2002, Rohl et al. 2004, Pross and
Brinkhuis 2005, Torricelli et al. 2006, Sluijs et al.
2008). For instance, open oceanic assemblages are
typically dominated by Impagidinium spp. and Nema-
tosphaeropsis spp. The Spiniferites complex (cpx) of
forms on the other hand is a generalistic cosmopolitan
group and typically reaches high abundance in outer
neritic and upper bathyal environments. Hence, high
relative abundance of these groups is considered
indicative of relatively offshore settings on a passive
margin. Since their maximum abundances theoreti-
cally correspond to ultimately distal environments,
these can as such be interpreted to represent ‘maximum
flooding surfaces’ (MFSs) in third order sequence
stratigraphic nomenclature (Miller et al. 2005). Taxa
of'the Areoligera cpx are often found in neritic settings,
when environments are highly energetic and influ-
enced by wave and current action (Brinkhuis 1994,
Sluijs et al. 2009). We therefore interpret high abun-
dance of Areoligera cpx from ancient neritic settings to
reflect third order transgressive systems tracts (TSTs)
in sequence stratigraphic terms, and thus accompany-
ing shifts from proximal to more distal environments
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Plate 1. Transmissive light photomicrographs of selected dinocyst taxa. The scale bar represents 10 um. A: Batiacasphaera
compta, B: Charlesdowniea clathrata, C: Cleistosphaeridium ancyrea, D: Cribroperidinium giusseppei, E: Dapsilidinium
spp., F: Deflandrea heterophlycta, G: Distatodinium ellipticum, H: Enneadocysta pectiniformis, 1: Hemiplaciphora
semilunifera, J: Glaphyrocysta semitecta (ventral view), K: Glaphyrocysta semitecta (dorsal view), L: Homotryblium

floripes.
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Plate 2. Transmissive light photomicrographs of selected dinocyst taxa. The scale bar represents 10 pm. A: Hystricho-
kolpoma rigaudiae, B: Impagidinium velorum, C: Pentadinium alabamaensis, D: Rhombodinium draco, E: Rhombodinium
cf. draco, F: Schematophora speciosa, G: Spiniferites spp., H: Wetzeliella articulata, 1: Wetzeliella gochtii.

(Brinkhuis 1994, Crouch and Brinkhuis 2005, Sluijs et
al. 2008). Representatives of the Goniodomid family
(grouped here under the Homotryblium cpx) are typi-
cally found in association with relatively inshore,
restricted and lagoonal conditions, settings of variable
salinity. We therefore interpreted high loadings of
these taxa to be indicative of very inshore conditions,
developing typically during regressive high stand

systems tracts (HSTs). Since these can also be trans-
ported to more distal environments during regressive
phases, they are in both cases indicative of regressive
trends.

Summarizing, an idealized sequence stratigraphic
succession from maximum flooding, regression, de-
velopment of the HST, transgression, development of
the TSTs and again maximum flooding is typically
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characterized by an assemblage succession from Spi-
niferites cpx to Homotryblium cpx to Areoligera cpx
and Spiniferites cpx respectively. As such, sequence
boundaries are characterized by sharp transitions from
relatively inshore conditions (high abundance of
Homotryblium cpx) to transgressive (Areoligera
cpx) facies and/or more offshore conditions (Spinifer-
ites cpx).

Furthermore, morphologically fundamentally dis-
tinct dinocysts of the peridinioid Family are likely
related to heterotrophic dinoflagellates rather than the
autotrophic taxa mentioned above, and are as such
more abundant in nutrient rich environments (see
discussion in Sluijs et al. 2005, Sluijs and Brinkhuis
2009). Many of these peridinioid taxa are typically also
tolerant to lower salinity and may therefore be also
more abundant in relatively inshore environments,
although they may also inhabit nutrient rich oceanic
environments (Sluijs et al. 2005). Table 1 shows the
composition of (eco)morphological complexes em-
ployed for this study. This only includes groups that
yield a substantial relative abundance. For that reason
the Impagidinium and Nematosphaeropsis complexes
are not used.

In Recent dinocyst assemblages, taxonomic diver-
sity strongly depends on the degree of ecological stress
(e. g., Patten 1962, Bradford and Wall 1984). Since the
degree of ecological disturbance in neritic settings is
often related to relative shoreline proximity, the dino-
cyst diversity signal may thus also be broadly used as

an indicator of the latter. This approach has also been
taken in several Paleogene dinocyst studies. In parti-
cular, a study on early Oligocene assemblages from an
epicontinental basin in Central Europe revealed a
relation between dinocyst diversity values and increas-
ing distance from the shoreline (Pross and Schmiedl
2002). Maximum values of the Shannon-Wiener in-
formation index (H(S)), which was used to character-
ize the diversity of dinocyst assemblages, occurred in
the center of the basin at a distance of ~15 km from the
paleo-shoreline. Assemblages from more proximal
settings exhibited consistently lower H(S) values.
Hence, the diversity of dinocyst assemblages can
render information on stress, and hence onshore —
offshore trends (Sluijs et al. 2005). The Shannon-
Wiener information index H(S) is here used to char-
acterize the diversity of assemblages. We calculated
this diversity index using taxonomic differentiation to
the generic level.

Furthermore, we performed Principal Component
Analysis (PCA) on the grouped dinocyst assemblage
dataset using the C2-software package. PCA evaluates
how the variation in the assemblage data is explained
by the empirically established paleo-ecological entities
and thus how these intrinsically relate.

2.3.3. Paleotemperature data

Sea surface temperatures (SSTs) at SSQ were pre-
viously reported by Wade et al. (2012), and obtained by

Table 1. Overview and composition of dinocyst complexes and groups.

Complex Included genera

Environmental significance

Areoligera cpx

Cleistosphaeridium cpx

Areoligera, Glaphyrocysta, Hemiplaciphora,
Membranophoridium, Schematophora

Batiacasphaera, Cleistosphaeridium, Dapsili-

Inner neritic, adapted to dynamic sur-
face-water conditions, indicative of
transgressions

Inner to outer neritic

dinium, Diphyes, Enneadocysta, Histiocysta,

Hystrichokolpoma
Cordosphaeridium cpx

Achilleodinium, Cordosphaeridium, Opercu-

Inner to outer neritic

lodinium, Samlandia, Thalassiphora

Deflandrea — Wetzeliella cpx
Wetzeliella, Wilsonidium
Homotryblium cpx
blium, Polysphaeridium
Spiniferites cpx

Charlesdowniea, Deflandrea, Rhombodinium,
Eocladopyxis, Heteraulacacysta, Homotry-

Achomosphaera, Hystrichostrostrogylon,

Possibly heterotrophic life style.
Eutrophic conditions
Inner neritic to lagoonal

Outer neritic to oceanic

Rottnestia and Spiniferites with the exception

of S. pseudofurcatus
Protoperidinioideae

Lejeunecysta and Selenopemphix

Heterotrophic life style. Eutrophic
conditions
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using Mg/Ca ratios derived from the planktonic for-
aminifera and the distribution of archacal membrane
lipids (TEXge). Evans et al. (2016) conducted laser-
ablation trace element analysis on planktonic forami-
nifera at SSQ which showed excellent agreement with
the previous solution Mg/Ca data. Wade et al. (2012)
only reported data for the EOT interval (34.5-33 Ma)
and not for the remainder of the late Eocene (36.7-34
Ma) and early Oligocene (<~33 Ma) part of the
succession. We therefore extended the TEXgs data
here and present a TEXg4 record from 32 to 36.5 Ma.
The method for TEXg4 analysis follows those outlined
in Wade et al. (2012). The Branched Isoprenoid
Tetraether-index (BIT, Hopmans et al. 2004), a proxy
that reflects the relative contribution of soil-derived
bacterial lipids over marine derived archaeal lipids,

was also calculated. The BIT-index can be interpreted
to reflect trends in the relative contribution of soil over
marine-derived organic matter.

3. Results

3.1. Trends in palynomorph categories

There are major abundance variations in the different
major palynomorph categories (Fig. 3). Dinocysts and
terrestrial palynomorphs, the latter mostly in the form
of angiosperm pollen grains, dominate the palynolo-
gical associations. Acritarchs are however also abun-
dant and a conspicuous abundance peak of the fresh-
water/brackish algae Cyclopsiella spp. (Santarelli et al.

)
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Fig. 3. Relative abundance (%) of the main palynomorphs categories; dinocysts, acritarchs, other (green) algae, Cyclospiella
spp. and terrestrial palynomorphs. The biomagnetostratigraphic framework, sequences and initial sequence stratigraphic
interpretation at the left are modified after Miller et al. (2008). MNT = Moodys Branch Fm. — North Twistwood Clay
Sequence, CP = Cocoa Sand — Pachuta Marl Sequence, PS = Pachuta Marl — Shubuta Marl Sequence, BRB = Bumpnose
Formation— Red Bluff Sequence, MM G =Mint Spring Formation — Marianna Formation — Glendon Limestone Sequence, BB
= Byram Formation — Bucatunna Formation Sequence, C = Chickasawhay Formation Sequence. Note that the position of the
E/O-boundary is inferred on the basis of the Highest Occurrence of larger Pseudohastigerina micra planktonic foraminifera

(Wade et al. 2011).
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1998, Jaramillo and Oboh-Ikuenobe 1999) is recorded
between 62.5 and 58 m depth.

High loadings of dinocysts and acritarchs are typi-
cally interpreted to represent marine conditions
whereas increased abundance of terrestrial palyno-
morphs indicates riverine influence. Conspicuously,
these major changes between marine and terrestrial
palynomorph contributions are not recorded across the
EOT-interval (52 and 43 m core depth), where essen-
tially only marine palynomorphs are encountered. This
implies that the expanded HSTs and Low Stand
Systems Tracts (LSTs) of the Cocoa Sand-Pachuta
(CP) and Pachuta-Shubuta (PS) sequences are not
preserved. However, the upper Eocene Moodies
Branch — North Twistwood (MNT-sequence), the low-
er Oligocene Bumpnose — Red Bluff Clay (BRB-
sequence) and the Mint Spring fm. — Marianna Fm.
— Glendon Limestone (MMG-sequence) and the By-
ram Formation — Bucatunna Clay (BB-sequence) are
characterized with well-developed HSTs, inferred
from increased abundance of terrestrial palynomorphs
and elevated BIT-values. This means that these se-
quence boundaries were not associated with major
erosive features erosionally truncating the HSTs.

3.2. Organic walled dinoflagellate cysts

In the SSQ core succession we recorded 122 dinocyst
taxa. These were grouped according to the species or
generic level (see Supplementary Online Information
for a quantitative distribution data). Some taxa were
subsequently grouped under complexes for paleoen-
vironmental interpretation. Among the most abundant
taxa are relatively long-ranging gonyaulacoid taxa
such as Spiniferites ramosus, Cleistosphaeridium
spp. and Homotryblium floripes. Some other taxa
occur in dominant to rare presence in particular inter-
vals; these are discussed separately in section 3.2.2.

In order to evaluate whether the empirical estab-
lished environmental groupings as discussed in section
2.2.2 are indeed distinct environmental entities, we
performed PCA on the relative abundance of the
dinocysts (Fig. 4). The PCA clearly separates the
environmentally relevant Spiniferites cpx, Homotry-
blium cpx, Deflandrea—Wetzeliella cpx along axis 1
(explaining 44 % of the variance in the dataset) and
axis 2 (33 % of variance). This lends support to our
empirically established paleo-environmental grouping
strategy.

Fig. 4. Principal Component
scatter plot of the relative abun-
dance data from SSQ. The first
two axes collectively explain
77% of the total variance in
the dataset. Environmentally

3.0
N Deflandrea - Wetzeliella cpx
2.0
1.0
— Areoligerajcpx
R ]
X
< 0.0
Spiniferites cpx
-1.0
Homotryblium cpx
20 —T—71 T 7T T T T T T T 1
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Axis 2

significant complexes plot
oppositely within the PCA-plot,
confirming their value as paleo-
ecological entities.
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3.2.1. Integrated indications for trends in coastal
proximity

Changes in dinocyst assemblages (Fig. 5) generally
occur at critical intervals of the SSQ corehole sequence
stratigraphy as presented by Miller et al. (2008). Based
on these assemblages we suggest modifications of the
sequence stratigraphy for the EOT interval between 52
and 40 m core depth (Fig. 6).

According to Miller et al. (2008) the lowermost part
of the SSQ succession between 75-55 m core depth
represents one sequence (MNT-sequence). The paly-
nological associations are in agreement with this
interpretation as they denote an expanded HST on
the basis of the up-section increase abundance of
terrestrial palynomorphs and fresh water/brackish al-
gae Cyclopsiella. In the dinocyst assemblages we
record increasing abundance of the proximal marine
peridinioid dinocyst group Deflandrea-Wetzeliella
cpx. The BIT index for the input of terrestrial organic
matter is relatively high (0.2-0.4). A MFS is tenta-
tively identified within this sequence at 68 m core
depth on the basis of maximum abundance of marine
palynomorphs. Apart from relatively high dinocyst
diversity (Fig. 5), we do not record a distinct shift in the
dinocyst assemblages. Near the sequence boundary at
the top of the MNT-sequence (just below 54 m core
depth) we record an abrupt shift to dominance of
marine palynomorphs. Dinocyst assemblages become
dominated by Spiniferites cpx, marking an abrupt shift
to distal open marine conditions. BIT values drop
(<0.1) across the MNT-sequence boundary.

Above the MNT sequence boundary, dinocysts
become more abundant (mainly outer neritic taxa
like Cleistosphaeridium cpx, Spiniferites cpx). These
taxa reach maximum abundances close to the reported
maximum flooding surface (MFS) within the Cocoa
Sand — Pachuta Marl sequence (~53 m core depth, CP
sequence, Miller et al. 2008, see Fig. 5). Above this
MEFS, dinocyst assemblages comprise marginal marine
taxa like Wetzeliella—Deflandrea cpx and Homotry-
blium cpx. These decline in abundance across the
sequence boundary overlying the CP-sequence
(50.3 m core depth).

Above the CP-PS sequence boundary (Fig. 6),
Cleistosphaeridium cpx and Spiniferites cpx increase
in abundance. Although typical transgressive taxa like
Areoligera cpx are not encountered in abundance,
glauconite is present above the sequence boundary
suggesting this represents the TST of the PS-sequence.
Spiniferites cpx reaches highest abundance at 49.6 m

core depth, tentatively denoting a MFS in the PS-
sequence.

At 49.1 m core depth, the marginal marine/lagoonal
group Homotryblium cpx becomes dominant, marking
the ultimate HST of the PS-sequence (Fig. 6). Homo-
tryblium cpx is replaced by Areoligera cpx and Spi-
niferites cpx, which collectively argues for transgres-
sive conditions. This implies positioning of a sequence
boundary at 49.1 m. At this level, however, Miller et al.
(2008) positioned a MFS in the PS-sequence, based on
presumed evidence for sedimentary starvation. In a
later publication, Miller et al. (2009) refined this
statement by noting the up-section increase in glau-
conite, typically associated with highly energetic
transgressive sequences and therefore interpreted the
horizon as a sequence boundary, in support of the
dinocyst-based inferences herein. The relative sea
level fall leading to this sequence boundary is corre-
lative to the EOT-1 shift recognized in the foraminif-
eral 8'%0 records (Wade et al. 2012). Within the PS-
sequence we record a MFS based on the maximal
abundance of Spiniferites cpx (47.8 m core depth,
Fig. 6). Remarkably, this level closely corresponds
to the most negative 5'%0 values of the ‘EOT plateau’.

Miller et al. (2008) noted a sharp shift in biofacies
across the Shubuta-Bumpnose contact, essentially
from the shallow water Hanzawaia biofacies to the
deeper water Siphonina—Uvigerina biofacies. This led
Miller et al. (2008) to follow Miller et al. (1993) in
placing a sequence boundary at the Shubuta-Bump-
nose contact (46.9 m core depth). In contrast, others
(Baum and Vail 1988, Loutit et al. 1988, Pasley and
Hazel 1990, Mancini and Tew 1991, Jaramillo and
Oboh-lIkuenobe 1999) have interpreted the Cocoa
Sand through the Red Bluff Formation as a single
sequence with the Shubuta Marl and Bumpnose For-
mation being separated by an MFS. These authors then
interpreted the surface separating the two formations
as a starvation surface caused by sediments being
trapped onshore. Miller et al. (2008) showed that:
(1) a benthic foraminiferal biofacies shift occurs
abruptly across the 46.9 m contact; (2) the contact
is in fact an erosional surface; and (3) the amount of
glauconite increases 60 cm above the contact. The
combination of an abrupt biofacies shift, and increase
in glauconite is typical of sequence boundaries and is
now supported by dinocyst assemblage data that de-
scribe a trend towards more proximal conditions
through the top of the Shubuta and then progressively
more offshore conditions (increasing Spiniferites cpx)
in the lowermost part of the Bumpnose Formation.



A.J.P. Houben et al.

12

(SSAN) S99rJINS SUIPOO[J WNWIXBW
9JBOIPUI SAUI| PAYSEP [BIUOZLIOY YOB[q ‘SOLIEPUNOQ 20UaNbas 2JedIpul saul| [BJUOZLIOY Py ‘PAIeIIPUL ST SUoIje1dosse [esrgojouked ayy uo paseq uonelaidiyur orydeisnens
oouonbas oy WS oYy 1V (Z107) ‘T8 30 9peA) Ioije o1e ejep ©)/SIA oruopyueld oy pue elep IOY)o Y} ‘Apnis SI} J)Je I8 W /¢ 9A0QE Pue W /G MO[oq BIeP-LIg Pue —28XH L
QU L, "PoIEOIPUI QIR JOYIRW OTURTIO POALIOP-[10S Jo ndur 103 Ax0Id © ST yoIym ‘(Xopul-1 [g) XOpU] 19)oe1d], payduelq oy} pue sASB[qQUISSSE SISAO0UIP JO AJSIOAIP o) ‘“QOWLIUIN]
"K213 ur syutodeyep 9say) papeys 210JIAY} 2ABY A "Soouanbas DA pue gy g Yol 9euoqled oy} ur uonearasaid ferojrurwrelo oruopyued ur osea1odp e o3 onp Ajqeqoid st sy |,
‘W Gf 9A0qe J[qeLieA ATy3iy are sarnjerodwalosfed e SN sormerodw) 90vyIns 8IS POALIOP—I8XH I pue €)/3IA oy} a1e paiordop os[y o[ oy je panold Ajojeredas a1e exe)
pro1uprd “(sdnois yo uonisodwos 10§ | 9[qe], 99 WS 03 3] WIOIF) 109sury) [BISIP — [ewxo1d pazi[eapr ue Juoje pa1oplo sdnoid 3sKoourp Jo (9,) 2duepunge d9AneRyY G "Bl

(s4n

80BUNS BUIPOO} WNWIXEIN --=---

Asepunoq aouanbag

(syshooulp |ej0} JO 9,) @oUEPUNGE BAlRIDY (uonensasaud sood) BY/BI o
0L 80 90 ¥0 2O 000v S€¢ 0€ S¢ 0C SLO¥r 02 000L 08 09 O 0CZ 009 OF 02 OOF OZ OOy OZ 009 OF OZ 008 09 OF 02 0 0CZ 00C O | VA%e)
1S1 T T Yy T I | RN R R B [N I N N A Ry I [y B
...... i ' z
| | &
” ” > | [
ISH | oo : INW| m !
‘ ' g 8
i i g i 2
...... 1 ! ! ! d — g I~
! ! dd ] @ |%48HSLO)
9 ainbi4 8951103 , , A - €10
N cleeee oo T T T R Zy R Null R SRS N — =T
0 Q
| ! o R
i d Q
' S k2
. 3 z
IS RNl AN LN L
” ONI Z10|
............ D
LSH P ” ”
. m [ — z |
1SH . , i ! . 3
i i | . N
| I e e | 71 1 1 gineiedwa] 80elUNG B8S
—~o > 0 — 35¢]
= Q@ >
@ S Sl
e » oF X
3 S s o ]
0o +®0 &
c a5 ) —_
8o & =P D8 39
So =2 9 33 «Qa
5 58 53 a°
Q' oV . a3 s 7
3 «— aloysyo aloysul =, o o2 o 3
2 / + / M
siskooulp pioluipuad 3

=
o)
|

— G/

— 0S

(w) wdag

o (1) wdeg

|
o



13

Quantitative organic-walled dinoflagellate cyst stratigraphy

(8002) "I2 39 I[N I9}e 18 IPIS

YOI oY} J8 BIED O Q [BIDFIUIIEIOJ DTYIUR] puUe SIoMdwe drydersnensojoudew ‘suonejordiojur orydessnens oouanbes renrur ‘AS0[0yH| AY L, “PAI UT PJEIIPUT STIYS [-10) SY) 0
Surpuodsa1100 snery 9y [, ‘A[9A1}09dsal1 SQUI| [BIUOZLIOY PAYSEP PUB SNONUIIU0D AQ PAIBIIPUL dIB SS,{]A PUE SoLIepunoq oouanbag ‘uonejaidiour oryder3nens oouonbas jueynsox
PUE [BAIIUI [ O U} SS0I9® AJISIOAIP saFueyd pue ‘Ajwrxold [e1seod ur spuan 3undd[yar sdnoid 3sAoourp Jo douepunge dAnR[I Ay Jo uonisodwod oy Jo dn aso1) 9 "Bi4

(sysAooulp (10} JO %) @ouepunge aAle|ey

pues ouooNe|S [
pues onsepIlIS [

aadn % ﬁov uoneurpul pues ajeuoqie) ELI
0V G€ 0€ §2 02 G} O 0z 0 08 09 ov 0z 0 09 ov oz 0 0z 0 0z 0 09 ov oz 0k G0 00 SO0 O} 00L 05 0 o0g ook WS®AED
T T T VI | L | 1 I L 1 | 1 | L 1 1 I L 1 | L | L * L 1 | L 1 ] 1 L 1 1 Il 1 T T Y T I | L 1 _ Il
! ! ! ” ! ” m iy
e | | | | ” ” " 0 s
! ! I | i ' ' i
as ;-
1sL | ” = | | g i =5 0s
1SH[ 7T 7 < s e .,,:E ||||||||| R S S ———- 8 | ILE
T T ] T ] w I = I 6t
! ! 1 1 I i
1 1 | 1 |
H ! ' | ] Sd [:14
[
| | u , w g
T T 53
1 | T °
o Loy
o - 8
g = sy £
T <
E = £
o) o v O
” ” | ” ” i &
| | ! , |
LSH | | | | ” 22
| | | | i
! |
| | " as) i | i 34
T T T :
, , / | O\ ” PNz} or
s m rerr—r rrr—r 1 r—+— 71 "1 r— +—T1 T T ‘v T ‘T"T 1 r—T—T7 T T T 1 T§"—T/1 "7 1 71T T T 7T L LA LR L | T T T T \Am
Z 2 S © o @ 04,0 OlYpueg uoijeuloul onjaubely »ﬁ olouwn
= N ¢} “
EE & N & @/% (8002 “fe 13 JoIIIN)
g3 S5 0@ /yom @x@ : saouanbag
ga o o g e
2 ¥ Nl
& S
M UO
S +
3 «— aloysyo aloysul —



14  A.J.P. Houben et al.

Sequence (Miller et al., 2008)
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Fig. 7. Age-depth plot modified after Wade et al. (2012) with magnetic inclination data and interpretation. Black squares
indicate paleomagnetic tie-points, stars indicate planktonic foraminifer events, white circles indicate calcareous nannofossil
events and gray circles indicate carbon isotopic correlations. Vertical lines indicate the position of hiatuses.

Thus, we follow Miller et al. (2008) to interpret the
Shubuta-Bumpnose contact as a sequence bounding
unconformity and not an MFS. Miller et al. (2008) then
postulated that this PS-BRB sequence boundary was
directly associated with the Oi-1 3'*0 shift. However,
the sequence boundary is at a level corresponding to
reversed polarity within Chron C13r (Fig. 6) whereas
the Oi-1 globally corresponds to the base of C13 n and
thus to normal polarity (Zachos et al. 1996). We here
propose that this sequence boundary is not directly
associated with the Oi-1 shift and in contrary may
correspond to the transient so-called EOT-2 shift that
slightly (<50 kyr) predates the Oi-1 (Katz et al. 2008,
Miller et al. 2009).

Remarkably, we record high abundances of the
distal dinocyst endmember, Spiniferites cpx in the
uppermost sample assigned to reversed polarity
(46.37 m core depth). Across the Chron C13r-C13n
boundary (46.1 m core depth), the abundance of Spi-
niferites cpx drops substantially to be abruptly re-
placed by Homotryblium cpx and peridinioid dino-
cysts, indicating a shift to marginal marine conditions.
This assemblage transition thus suggests that a pre-
viously undetected erosive hiatus is positioned at the

level corresponding to the Chron C13 r-C13 n bound-
ary. This in turn implies that the interval reflecting the
Oi-1 shift itself is not preserved at SSQ. This is
supported by the absence of dinocyst taxa that are
typically encountered in strata correlated to the Oi-1
shift in the Mediterranean and in the North Atlantic
such as Areosphaeridium diktyoplokum (Brinkhuis and
Biffi 1993, Brinkhuis 1994, Eldrett et al. 2004, Houben
et al. 2011). Noteworthy, a biofacies change at this
level is also suggested by the degree of planktonic
foraminiferal preservation (Wade et al. 2012). Samples
below 46.24 m contain extremely well preserved
planktonic foraminifera, whereas samples from above
are characterized by high lithification and deterioration
of the planktonic foraminiferal preservation with cal-
cite overgrowth. We tentatively assigned a duration of
~190 kyr for this hiatus (Fig. 7, Wade et al. 2012).
Within Miller et al.’s (2008) BRB sequence we
record another sequence boundary (indicated by the
transition from dominant Spiniferites cpx to dominant
Homotryblium cpx) at a level where the latter authors
assigned a tentative MFS, based on the continuous
presence of glauconite up to that level (45.2 m core
depth, Fig. 6). The overlying TST is then accompanied
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by abundant Phthanoperidinium spp., a peridinioid
taxon indicative of nutrient-rich conditions that may
also occur in outer neritic conditions (Firth 1996). The
upper part of the BRB-sequence is represented by a
relatively complete HST, as indicated by elevated BIT
values, high abundance of terrestrial palynomorphs
and dinocyst assemblages dominated by Homotry-
blium cpx and Delfandrea — Wetzeliella cpx (Figs. 3,
5).

The sequence boundary between the BRB-sequence
and the MMG-sequence is clearly reflected by a
change from assemblages dominated by Homotry-
blium cpx to Spiniferites cpx in the lowermost sample
corresponding to the MMG sequence (Fig. 5). This
sequence boundary possibly corresponds to the second
major isotope step in the early Oligocene, Oi-1 a (Katz
etal. 2008, Miller et al. 2008). Interestingly, we did not
record any cooling using TEXgs across this level
(Fig. 5).

The Mint Spring Fm. and Marianna fm. and Glen-
don fm. comprise a thick (40.5-15.5 m) succession at
SSQ. The base of the Marianna fm. is placed at a
change to a glauconitic micrite at 39.99 m (Miller et al.
2008). They interpret this contact as the MFS of the
Mint Spring—Marianna sequence, based on deep bio-
facies (indicative of ~125 m water depth). Above this,
the Marianna Formation shallows upsection from the
Siphonina (~100 m water depth) to the Hanzawaia
biofacies (~75 m water depth). Across the MMG-
sequence, the dinocyst assemblages are relatively
uniform, dominated by typically outer neritic gonyau-
lacoid taxa. At the MFS-level, we record a highly
diverse assemblage composing Cleistosphaeridium
cpx, Homotryblium cpx, Spiniferites cpx and even
Wetzeliella—Delfandrea cpx. Up-section, relatively
offshore components become increasingly abundant.
We therefore tentatively place the MFS further upsec-
tion (29 m core depth). The environmental interpreta-
tion of the Glendon Limestone fm. (15.54—18.14m) is
problematic on the basis of lithostratigraphy and
biofacies-analysis (Miller et al. 2008). The unit is
represented by an indurated limestone. In fact, Tew
(1992) regarded the Glendon Limestone as the high-
stand deposit of the underlying sequence and placed a
sequence boundary at its top. In contrast, Baum and
Vail (1988) interpreted it as the low-stand deposits of
the overlying sequence. Our study shows that this part
of the succession is overwhelmingly dominated by
terrestrial palynomorphs and does not constitute mar-
ine palynomorphs. Also the BIT-values are elevated
(0.6-0.8). There is no evidence that the HSTs become

aerially exposed at SSQ, which tentatively implies that
the Glendon Limestone probably corresponds the LST
ofan overlying sequence. A major facies shift occurs at
the top of the Glendon Fm. in the core hole (Tew 1992,
Miller et al. 2008) and corresponds to the sequence
boundary at the top of the Glendon Formation. Inte-
gration of magneto- and biostratigraphic data indicates
a significant hiatus (0.8—1.3 myr) between the Glendon
fm. and Byram Fm. (Miller et al. 2008) that correlates
to the Oi-1b shift (Miller et al. 2008).

There is a relationship between the dinocyst-in-
ferred coastal proximity interpretation and the dinocyst
diversity, H(s) (Fig. 6). Across transitions from HSTs
to TSTs, i.e., in associations indicative of decreasing
coastal proximity (or rising relative sea-level) diversity
decreases. As a consequence, MFSs correspond to
diversity minima. This is largely ascribed to the fact
that these distal associations, dominated by Spiniferites
cpx are relatively low in diversity. However, this group
comprises numerous species entities, which is not
accounted for. Hence, applying diversity-based indices
in dinoflagellate cyst paleoecology is not always
straightforward (see e. g., Pross and Schmiedl 2002).

3.2.2. Stratigraphic and paleoenvironmental
distribution of selected dinocyst taxa

A few dinocyst taxa have restricted ranges at SSQ
(Fig. 8), some of which have been shown elsewhere to
have paleoenvironmental and/or biostratigraphic sig-
nificance.

Dinocysts belonging to the Subfamily of the Wet-
zelielloideae occur in high abundance in the North
Twistwood Clay Fm., correlative to Chron C16 (i.e.,
below 58 m core depth). These mainly comprise
Charlesdowniea clathrata and Rhombodinium draco.
This may in part be explained by the fact that this
interval represents a relatively complete HST. How-
ever, such high abundances do not occur further up-
section, neither in association with the preserved HSTs
of the lower Oligocene (e.g., as part of the MMG-
sequence). In fact, whereas C. clathrata sporadically
occurs up-section, R. draco has a stratigraphically
highest occurrence (HO) just above the interval
with high abundance (53.2 m core depth). This HO
is recorded consistently throughout the Gulf Coast
Region (Jaramillo and Oboh-Ikuenobe 1999). R. draco
is known to range well into the Oligocene in the North
Sea and Western Tethys (Williams et al. 1993, Van
Simaeys et al. 2004, Pross et al. 2009). Hence, this HO
appears stratigraphically older on the Alabama Shelf
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compared to other regions. We recorded a short inter-
val with presence of Rhombodinium perforatum
(61.1-58.2 m core depth). This taxon is not reported
by Jaramillo and Oboh-Ikuenobe (1999), likely due to
their limited resolution and the short stratigraphic
range of the taxon. Its published stratigraphical lowest
occurrence (LO) is in the late Bartonian to early
Priabonian (38-36 Ma) (Mudge and Bujak 1996,
Heilman-Clausen and Van Simaeys 2005, lakovleva
and Heilmann-Clausen 2010) and its HO lies very
close to the E/O-boundary (Williams et al. 1993).
Hence, its range is substantially shorter at SSQ.

Melitasphaeridium pseudorecurvatum has areported
HO within Chron C15r (~35.4-35 Ma) in the Tethys
(Brinkhuis and Biffi 1993) and the North Atlantic
(Eldrett et al. 2004). At SSQ, M. pseudorecurvatum
has a HO at the sequence boundary between the MNT
and CP sequences, which indeed corresponds to Chron
C15r. This illustrates that the HO of M. pseudorecur-
vatum is relatively synchronous across a large area. The
same holds for the FO of Reticulatosphaera actinocor-
onata, which first appears at the MNT — CP sequence
boundary and ranges throughout the top of section. Its
reported LOs for the Tethys, Australia and North
Atlantic are also infra Chron C15r (Williams et al.
1993, Brinkhuis et al. 2003, Eldrett et al. 2004).

Lentinia serrata is a species that is abundant in the
North Atlantic and high northern latitudes from the
middle Eocene (~46—40 Ma) onwards (Bujak 1984,
Sangiorgi et al. 2008). It is reported to occur in the low
latitudes of the western Tethys in the late Eocene, close
to the EOT-1 shift, likely as a result of progressive
climatic cooling (Brinkhuis and Biffi 1993, Houben et
al. 2011), allowing this boreal taxon to persist at low
latitudes. At SSQ the introduction of L. serrata is
substantially earlier, just below the MNT — CP se-
quence boundary. Also, its HO appears to be earlier
than in the Western Tethys (Chron C12r, ~32.5 Ma,
Pross et al. 2009). In the study by Jaramillo and Oboh-
Ikuenobe (1999), occurrences of this taxon are likely
erroneously considered reworked.

Schematophora speciosa has a narrow range at SSQ,
from the MNT — CP sequence boundary (Chron C16,
35.4 Ma) to a level within Chron C15r dated ~35 Ma.
Its LO and HO are well-constrained in the Tethys
(Brinkhuis and Biffi 1993) and in Australia (Sluijs et
al. 2003). It ranges between Chrons C16n.1n and
Cl6n.2n in Australia and just up into Chron C15r
in the Western Tethys. Hence it appears to go extinct
consistently earlier in the high southern latitudes.
Hemiplaciphora semilunifera, a taxon that is morpho-

logically closely related to S. speciosa, has a HO in
Chron C16n.2 n in Australia (Sluijs et al. 2003) and has
a longer range in Italy, there approximating the level
corresponding to the EOT-1 shift (Brinkhuis and Biffi
1993, Houben et al. 2011). At SSQ, specimens of H.
semilunifera are present from the MNT-CP sequence
boundary and range up to a level within Chron C13r
(33.7 Ma), close to the EOT-1 shift. It thus appears that
HOs of both related taxa are persistently younger in the
low-latitude settings of the GoM and the Western
Tethys. The HO of the H. semilunifera accompanies
the EOT-1 shift and may as such be directly related to
climatic deterioration.

Atthe EOT-1 level, Impagidinium velorum has three
spot occurrences. . velorum has been described from
the upper Eocene of the Bering Sea (Bujak 1984) and
has been found to occur in lower latitudes during
phases of cooling (Brinkhuis and Biffi 1993). These
occurrences may as such also relate to the EOT-1
cooling at SSQ.

Pentadinium alabamaensis (Quaijtaal and Brin-
khuis 2012) has a spot occurrence in a stratum just
below the Oi-1 hiatus (33.57 Ma). It has a range of
consistent occurrences throughout Chron C13n. More
specifically, it is abundant through the HST of the
BRB-sequence. It has been suggested that its remark-
able morphology is the consequence of reduced sali-
nity, since it is associated with increased terrestrial
palynomorphs and fresh-water tolerant and/or euryha-
line dinocyst taxa including the Homotryblium cpx. Its
biogeographic distribution is to date restricted to the
GoM (Pentadinium sp. A in Jaramillo and Oboh-
Ikuenobe 1999) and appears stratigraphically confined
to Chron C13n.

Fig. 8. Chronostratigraphic interpretation of the sequences
at SSQ. The interpretation of Miller et al. (2008) and this
study are compared with the main features of deep-sea high
resolution 3'*O-records from ODP Site 1218 (equatorial
Pacific, Coxall et al. 2005) and ODP Site 744 (Southern
Ocean, Zachos et al. 1996). The benthic foraminiferal 5'%0-
record from the SSQ is also scaled to the current age-model
for comparison. All ages are relative to the time scale of
(Berggren et al. 1995 and Wade et al. 2011, for the fora-
minifer-zonation) to warrant direct comparison with previo-
us studies on this section. SSTs reconstructed using TEXgg' "
(partly after Wade et al. 2012) are plotted alongside the
distribution of some dinocyst taxa discussed in this study.
Thick lines indicate that taxa occur by >30 %. Dashed lines
indicate that the distribution of taxa is probably stratigra-
phically extended. The EOT-1 stands out as the main period
of cooling and biotic turnover.
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Two specimens of Wetzeliella gochtii have been
recorded in strata corresponding to the upper part of
Chron C13n. The LO of W. gochtii has in the Western
Tethys been firmly dated to the lower part of Chron
Cl12r (Pross et al. 2009). However, in the North
Atlantic, W. gochtii has a LO in the upper part of
Chron C13 n (Eldrett et al. 2004), which is more akin to
the pattern observed at SSQ.

4. Discussion

The following section discusses the environmental
evolution across and significance of the various ‘steps’
or ‘shifts’ associated with the EOT, in context of the
data presented in this study. This follows a chronolo-
gical order from older to younger.

In deep-sea late Eocene records, a transient 8'*0
increase is recorded prior to the EOT interval (Katz et
al. 2008, Coxall and Wilson 2011, Pusz et al. 2011).
This increase has been referred to as the ‘late Eocene
event’ (Katz et al. 2008, Fig. 8). It has been interpreted
to represent a transient initial glaciation of Antarctica
(Katz et al. 2008, Peters et al. 2010). The sequence
boundary between the Cocoa Sand and Pachuta Marl
(CP-PS) sequences is associated with a substantial
hiatus (see also Miller et al. 2008) and may be time-
equivalent with this ‘late Eocene event’. The SSQ-
record may thus support that this ‘late Eocene event’
represents a transient sea level fall, arguably forced by
Antarctic ice-growth. We emphasize that precise cor-
relation between any late Eocene sea level fall and
transient phenomena in high resolution foraminiferal
8'%0-records remains very difficult, if not impossible,
without independent stratigraphic tools (such as coeval
magnetic reversals). For instance, a conspicuous sea
level fall before the EOT-1 and Oi-1 was not recorded
in the Priabonian type-section in northern Italy (Hou-
ben et al. 2011). Furthermore, the rate and magnitude
of change in high-resolution 3'*0 records suggests that
any glacial advances that might have occurred on
Antarctica on the immediate run-up to the EOT
must have been comparatively small and transient
in nature. Hence, large ice sheets were not sustained
until the early Oligocene (see also Coxall and Wilson
2011).

We did identify a sequence boundary as a conse-
quence of sea level fall in association with the first shift
(EOT-1; 1. e., the (para)sequence boundary in the upper
part of the Pachuta Member of the Yazoo Formation,
49.1 m core depth). Wade et al. (2012) and Evans et al.

(2016) demonstrated that at SSQ, the EOT-1 shift
represented a 4-6°C sea surface cooling. Similar
cooling patterns in Tanzania (Lear et al. 2008), Italy
(Houben et al. 2011) and deep-sea records (Bohaty et
al. 2012) corroborate these inferences. Hence, the
EOT-1 stands out as a phase of substantial cooling
and at least some transient glaciation. Perhaps con-
nected, the EOT-1 shift is also accompanied by migra-
tions and turnover in plankton communities in different
groups. Extinction is reported among the larger benthic
foraminifers of the Discocyclinidae (Adams et al.
1986, Pearson et al. 2008), the planktonic foraminifers
(i.e., Turborotalita cerroazuelensis group, Wade and
Pearson 2008) calcareous nannofossils (Dunkley Jones
et al. 2008) and ostracods (Yamaguchi et al. 2014). At
SSQ we now document turnover among dinoflagel-
lates in the GoM. First, several relatively long ranging
dinocyst taxa such as Rhombodinium draco and Me-
litasphaeridium pseudorecurvatum disappear in the
late Eocene, potentially as a consequence of progres-
sive late Eocene cooling. Coincident with these ex-
tinctions, a boreal taxon, Lentinia serrata (Bujak 1984)
is introduced in the GoM, possibly as a consequence of
progressive cooling. Cooling at the EOT-1 shift also
coincides with the extinction of Hemiplaciphora semi-
lunifera and the EOT-1 marks the introduction of
Impagidinium velorum, a boreal cold-water indicator
(Brinkhuis and Biffi 1993). A similar phenomenon is
observed in central Italy where H. semilunifera dis-
appears close to the EOT-1 level and introductions of /.
velorum start to recur (Houben et al. 2011).

The interval between the EOT-1 and Oi-1 isotope
shifts, often termed the ‘EOT-plateau’, straddles the
current E/O-boundary sensu stricto, as based on the
HO of the hantkeninid foraminifers (see Premoli Silva
and Jenkins 1993) and is characterized by a highly
variable overall decrease in 5'%0 values (Zachos et al.
1996, Coxall and Wilson 2011, see Fig. 8). Straddling
this plateau, Katz et al. (2008) noted another 3'%0
increase in the records from SSQ and the central
Pacific. The increased resolution of the 3'*0-record
at the central Pacific site (Coxall and Wilson 2011)
however, does not strengthen the case for a distinct
third 8'®0-shift, indicating that the “EOT-2" inter-
preted from the GoM shelf record corresponds to an
interval of amplitude variation change not seen in the
deep sea records. Our dinocyst-based sequence strati-
graphy elucidates the plateau-phase at SSQ as: (I) a
transgression following the EOT-1. This implies that
sea level gradually rose during this ‘EOT — plateau’,
and therefore that some of the Antarctic ice sheet that
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accumulated during the EOT-1 retreated. A correlative
TST and MFS are recorded in the Priabonian Type
Section in Italy (Houben et al. 2011). (IT) A subsequent
regression culminated in a sequence boundary at
469 m core depth. This sequence boundary may
correspond to one of the high-order cryosphere varia-
tions that may be inferred from high-resolution for-
aminiferal 5'%0 records (e. g., the EOT-2 shift; Miller
et al. 2009). Such a pattern of high order cryosphere
dynamics after initial glacial expansion is in line with
the hypothesized role of strong nonlinear feedbacks in
ice sheet mass balance and stability (Oerlemans 2002,
DeConto and Pollard 2003, Gomez et al. 2010). Above
this sequence boundary we record a distinct MFS also
illustrating the transient nature of cryosphere dy-
namics.

Rather than at the PS-BRB (46.9 m core depth)
sequence boundary of Miller et al. (2008), the Oi-1
shift is manifested at SSQ as a hiatus further up-section
(46.1 m core depth). We tentatively estimate this hiatus
to capture the first ~190 kyr of Chron C13 n (see also
Wade et al. 2012). As a consequence, only the initial
increase in 3'*0-values of the Oi-1 is recorded. Back-
stripping studies from the New Jersey shelf suggest a
~55 msea level fall corresponding to Oi-1 (Miller et al.
2009 and references therein), an estimate that is in
accordance with inferences of microfacies analysis
from the Priabonian Type-section (Setiawan 1983,
Houben et al. 2011). This interpretation suggests
that the Oi-1 isotope shift is not completely recovered
at SSQ. Hence, neither the benthic foraminifera 5'%0
increase nor the corresponding temperature change
deduced from the Mg/Ca-ratios of benthic foramini-
fera at SSQ by Katz et al. (2008) are representative of
the complete temperature and ice-volume evolution
across the EOT. This discrepancy may aid to explain
part of the paradigm proposed by Katz et al. (2008),
that an ice-volume that is substantially larger than
modern was stored on Antarctica across the EOT and
Oi-1 specifically.

Across the Oi-1 hiatus, planktonic Mg/Ca and TEXge
records do not show evidence of substantial cooling
(Wade et al. 2012). Instead, oxygen isotope ratios
measured on different planktonic foraminifer taxa
argue for increased seasonality across the Oi-1 shift.
This phenomenon has also been recorded in fish
otoliths from the GoM, which suggested a cooling of
winter temperatures by 4 °C, but no major mean annual
temperature drop (Ivany et al. 2000). Hence, it appears
that the Oi-1 shift primarily represented a major in-
crease in Antarctic ice-volume that in the GoM resulted

in sea level fall and seasonal cooling. Remarkably, no
major reorganizations are observed in the dinocyst
assemblages or their turnover across the Oi-1. A similar
pattern is recognized in many calcareous microfossil
groups, for which extinctions and turnover preceded
maximum glacial conditions at Oi-1, occurring ~200
kyr earlier around the EOT-1 (Pearson et al. 2008). We
therefore speculate that the relatively rapid cooling
exerted a stronger control on the biotic turnover in low-
latitude shelf ecosystems than related sea level fall.

Based on the early 8'*O-records from the Southern
Ocean (Miller et al. 1991, Zachos et al. 1996), it was
proposed that the interval directly following the Oi-1 is
a “zone” of maximum 8'%0 values that represents the
so-called Early Oligocene Glacial Maximum (EOGM,
Liu et al. 2004). Originally, before high-resolution
records were generated, the Oi-1 was known to re-
present this zone (Miller et al. 1991), but now the Oi-1
is used to refer to the shift info the the EOGM. Ultra-
high resolution §'®0 records (cf. Coxall and Wilson
2011) support the concept of two distinct glacial
maxima within magnetochron C13n (referred to as
Oi-l1a and Oi-1b, after Zachos et al. 1996). The
sequence stratigraphic record from SSQ does in fact
discern a clear sea level sequence throughout Chron
C13n, which is however characterized by relatively
complete preservation of the HST. This suggests that
sea level variability through the EOGM was limited,
indicating a period of ice-sheet stability immediately
after its establishment.

Perhaps confusingly, the term ‘Oi-1a’ has been
introduced by Pekar and Miller (1996, see also Miller
et al. 2008) to refer to a subsequent increase in §'°0 at
the top of Chron C13n (~33 Ma, see e. g., Coxall and
Wilson 2011). This level (40.1 m core depth) marks a
clear sequence boundary and may as such be related to
another intensification of cryosphere dynamics or
alternatively, a local phenomenon. Above that level
a relatively expanded and remarkably complete suc-
cession, characterized by a relatively deep (outer
neritic) biofacies is recovered (Miller et al. 2008).
Across this interval, which corresponds to Chron
C12r, the high-resolution records indicate 5'%0-values
that are typically less positive than for the EOGM
(Fig. 8). This may imply that a portion of the ice-
volume on Antarctica that accumulated during the
EOGM has melted. Towards the top of the MMG-
sequence, the section at SSQ becomes more proximal
and shallower, culminating in a sequence boundary
that correlates to the Oi-1b shift of Pekar and Miller
(1996, ~31 Ma). Both these Oi-1 a and Oi-1 b shifts are
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much less abrupt and can better considered isotope
zones. Collectively, in the GoM, far away from the
waxing and waning of the Antarctic ice sheets, se-
quence stratigraphic patterns can be reconciled with
high-resolution 8'*0-change, confirming that ice-vo-
lume changes are important contributors to these
records.

5. Conclusions

Dinocyst assemblages show pronounced variations in
the upper Eocene — lower Oligocene succession of the
SSQ corehole. These variations are indicative of
changes in coastal proximity as a consequence of local
sea level change. This allowed us to refine the se-
quence stratigraphic interpretation for the SSQ core-
hole. The identification of three sequence boundaries;
between the (I) upper Eocene MNT and CP sequences,
(IT) the lower Oligocene BRB and MMG sequences
and (III) MMG and BB sequences are in agreement
with previous studies. High-resolution investigation of
the EOT interval now allowed us to in detail to
elucidate sea level variability during the initiation of
Antarctic glaciation. We identify a ‘new’ sequence
boundary at a level corresponding to the EOT-1 or
precursor isotope shift. This suggests the EOT-1 shift is
the combined effect of cooling and relatively small sea
level fall (~20 m).

The sequence boundary between the PS and the
BRB sequences was previously interpreted to repre-
sent the sea level fall as a consequence of ice buildup
related to the Oi-1 shift. However, the sequence
boundary is located at a level corresponding to re-
versed magnetic polarity, whereas the Oi-1 is cali-
brated to the base of the normal polarity Chron C13n.
Rather, we identified a hiatus near the base of Chron
C13 n, within the Bumpnose Limestone, capturing the
Oi-1 isotope shift. This provides a plausible explana-
tion for the isotopic records from SSQ, in which a
sustained increase in 8'®0 is absent. The hiatus is in
line with a postulated sea level fall of ~50-75m
associated with the Oi-1.

Furthermore, we show that the EOT-1 shift repre-
sents a phase of migration and extinction of tempera-
ture sensitive dinoflagellates, whereas the Oi-1 shift is
not particularly accompanied by major biotic turnover.
Hence, it increasingly appears that major cooling and
at least some Antarctic ice buildup preceded the rapid
inception of full-scale Antarctic glaciation in the ear-
liest Oligocene (Oi-1).
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