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Abstract

Calcareous nannofossils were observed to reconstruct the surface water condi-
tions during late Pliocene climate transition (2.55 to 2.88 Ma) from the south-
ern Gardar Drift, in the subpolar North Atlantic IODP Site U1314
(56°21.9’1N, 27°53.3°'W). A total of 24 species from 14 genera were identified
by polarizing microscope observation. The coccolith assemblages are domi-
nated by species belonging to genus Reticulofenestra with different (size-de-
fined) morphotype. Hence, changes in paleoceanographic condition are
shown by the size variation of Reticulofenstra specimens. Before ~2.76 Ma,
the studied interval is characterized by the presence of an abundant larger Re-
ticulofenstra group. It indicates warm oligotrophic and stable surface waters.
At ~2.76 Ma the abundance of large Reticulofenstra decreased abruptly and
alternated with small Reticulofenstra, suggesting collapse of sea surface stabil-
ity with strong mixing condition. This event coeval with the final closure of
the Central American Seaway (CAS) and the onset of intensified North He-
misphere Glaciation (NHG). Subsequently, the size variation of Reticulofene-
stra specimens exhibits a sequential pattern that is somewhere consistent with
the interglacial-glacial cycle. The pattern begins with a gradual increase in size
upward during interglacial suggesting warm oligotrophic and stable condi-
tion, and ends with an abrupt decrease in coccolith size during glacial sug-
gesting eutrophic or strong mixing condition and destabilized sea surface wa-
ters.
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1. Introduction

Millennial-scale climate variability during Pliocene has received considerable at-
tention in the past years because during this period a warm and stable global
climate was gradually alternating to a cooler climate characterized by glacial-in-
terglacial cycles. Glacial amplitudes started to increase at ~2.75 Ma, reflected by
the first obliquity cycles with high 6O or the beginning of the 41-kyr world,
marking the substantial waxing and waning of the Northern Hemisphere ice
sheets subsequently become characteristic of the Quaternary climate. This event
appeared approximately coeval with the final closure of the Central American
Seaway (CAS) and the associated change in thermohaline circulation [1] [2] [3]
[4]. The stepwise closure of the CAS led to a drastic change in the global surface
water circulation systems and global climates. The subpolar North Atlantic is
considered one of the most climatically sensitive regions for its influence on
reaction to global climate variation. Integrated Ocean Drilling Program (IODP)
Site U1314 is located inside subpolar gyre in the southern Gardar Drift (Figure
1). The study area is strongly influenced by the North Atlantic Current (NAC),
which originates from the Gulf Stream and able to record changes in the surface
circulation of the subpolar gyre [5]. Moreover, the Gardar Drift had a relatively
rapid accumulation of sediments and proven to contain high-resolution archives
of variations in climatic and environmental conditions.

Calcareous nannoplanktons are influenced by surface water properties such as
sunlight, salinity, temperature, turbidity and nutrient content within the photic
zone [6]. Their biogeography and diversity are controlled by environmental
changes in surface water. Thus, changes in abundance of some species of calca-
reous nannoplankton can be used to reconstruct palaeoceanographic changes on
the sea-surface [6] [7] [8]. Various researchers have been investigated the dy-
namics of the past ocean condition in the subpolar North Atlantic and its rela-
tion to the timing of the closure CAS based on microfossils, deep-sea sediments,
chemical components, and their association [9] [10] [11]. However, calcareous
nannofossil studies during late Pliocene in this area have not been done yet. Be-
sides, in the study site well-preserved foraminiferas are rarely found in the Pli-
ocene sediments [12] [13], well-preserved calcareous nannofossils are found
abundantly. Therefore, we focus on calcareous nannofossil assemblages to re-
construct the sea surface dynamic changes during late Pliocene climate transi-
tion between 2.87 and 2.55 Ma and deliberation of the timing of tectonic events,
notably the closure of Central CAS.

2. Materials and Methods
2.1. Materials

IODP Site U1314 is located in the southern Gardar Drift, in the subpolar North
Atlantic at 56°21.9’IN, 27°53.3’W in a water depth 2820 m. Nannofossil and clay
rich sediments which consists of late Pliocene calcareous nannofossil were col-

lected from a completed splice section. The splice section was obtained down
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Figure 1. Location of IODP Site U1314 in the subpolar North Atlantic (black square).
Red arrows represent North Atlantic surface circulation after Schmitz and McCartney
[14]. Blue arrows represent deep ocean circulation after Dickson et al. [15]. EGC: East
Greenland Current; NC: Norwegian Current; NAC: North Atlantic Current; DSOW:
Denmark Strait Overflow water; ISOW: Iceland Scotland Overflow water; LSW: Labrador
Sea water; NADW: North Atlantic Deep water; LDW: Lower Deep Water. The base map
was provided by IODP.

to 281 mcd (meter composite depth) from the cores of three holes (Holes A, B,
and C) drilled with an advanced piston corer using non-magnetic core barrels
[16]. The two deepest cores of Hole B were appended to the splice down to 299
mcd [11]. Hayashi ef al. [13] constructed an orbital resolution age model for the
period of 2.1 - 2.75 Ma by tuning a hybrid environmental proxy record to the
global-standard oxygen isotope curve [17]. Afterward, Sato et al [11] modified
the age model partly and extended the age model up to 2.9 Ma. They used mag-
netic susceptibility (MS) and natural gamma radiation (NGR) as tuning mate-
rials where the short-term variations (associated with iced-rafted debris) are

eliminated.

2.2. Nannofossil Observation and Analysis

In this study, a total 131 samples were analyzed from 235.1 to 299.1 mcd of the
spliced section composed of Holes A and B, which correspond to ages between

2.55 and 2.88 Ma at an average resolution of 3 kyr. Smear slides were prepared
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following Bown and Young [18]. Calcareous nannofossils were examined under
an Olympus BX53-P polarized light microscope with an oil-immersion objective
lens at a magnification of 1000x. Two hundred nannofossil specimens were
identified and counted in straight transect across the micro slide to clarify the
stratigraphic distribution of each species and its relative abundance. Additional
observation were made along four to five other transects to investigate occur-
rences of other rare species. Nannofossils are moderate to well preserve and rare
to very abundant throughout the studied sections. At the same time, the cocco-
lith size of genera Reticulofenestra was measured to characterize the stratigraph-
ic size distribution throughout the interval. In order to discuss the paleoceano-
graphic condition in the subpolar North Atlantic we correlated the selected cal-
careous nannofossil assemblage with isotope oxygen stratigraphy [17], MS and
NGR records [16].

3. Result

At least 24 species belonging to 14 genera were identified in late Pliocene sedi-
ments of IODP Site U1314 in the subpolar North Atlantic. A chart showing the
distribution nannofossil abundances is given in Figure 2. One calcareous nan-
nofossil datum is found within the samples interval, which is the last occurrence
(LO) of Discoaster tamalis (272.81 mcd). In this study, the LO of D. tamalis
dates to an age 2.76 Ma. The estimated age is derived from age model developed
by Hayashi et al. [13] afterward modified by Sato ef al [11] by astronomically
tuning in physical and magnetic properties (magnetic susceptibility and natural
gamma radiation) to the LR04 &0 records [17]. Based on the nannofossil event
found at Site U1314, the studied interval is belonging to Zone NN16 [19]. How-
ever, referring to Okada and Bukry [20] the studied interval is included within
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Figure 2. Stratigraphic distribution of calcareous nannofossils in IODP Site U1314.
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two Subzones, which are Subzones CN12b and CN12a as defined by the LO of
D. tamalis. Below the LO of D. tamalis or Subzone CN12a, the sequence is cha-
racterized by the abundance occurrence of larger Reticulofenestra spp. (>3 pm).
In Subzone CN12b, the relative abundance of Reticulofenestra spp. (>4 pm) is
decreasing, whereas the relative abundance of small Reticulofenestra spp. (<2
um) and Coccolithus pelagicus are increasing.

The high presence of species belonging to the genus Reticulofenestra charac-
terize the calcareous nannofossil assemblage, which comprise about 85% of the
total coccolith assemblage for most of the sampling interval. The Reticulofene-
stra specimens ranging between 3 - 4 um is the most abundant group and has
relatively higher abundance (34% - 59%) in the older part of the studied interval.
In contrast, smaller Reticulofenestra specimens (<2 um) remain low and make
up 1% - 24% of the total coccolith assemblage. The larger species of Reticulofe-
nestra (>4 um) were found throughout the section and they were most abundant
before ~280 mcd. The relative abundance of Reticulofenestra group of 2 - 3 um
is ranging between 18% - 48% in all samples. The drastic change in Reticulofe-
nestra assemblage was first observed at ~280 mcd. At this point the dominant
abundance of relatively larger Reticulofenestra specimens alternate with smaller
Reticulofenestra specimens (between 2% - 53%). The species of Coccolithus pe-
lagicus is forming 1% - 25% of the total coccolith assemblages. Other species
recorded consistently in the samples are Calcidiscus leptoporus, Calcidiscus ma-
cintyeri, small Gephyrocapsa, Helicosphaera carteri, Helicosphaera selli, and
Pseudoemiliania lacunosa. Together they form less than 1% - 17% of the total
coccolith assemblages. Calciosolenia fossilis, Ceratolithus cristatus, Discoaster
spp., Pontosphaera spp., Rhabdosphaera spp., Umbellosphaera spp., and Umbi-
licosphaera spp. are present within the assemblages in minor percentages (<3%)
and scattered occurrence. Reworked specimens are present throughout the sam-
ple interval but are not a major component of the sediments, and only a few spe-
cimens of Miocene and Paleogene taxa are observed. We discuss below only the
species and groups that are most abundant or that are significant from a pa-
laeoecological point.

4. Discussions
4.1. Coccolith Size Variation of Reticulofenestra

Changes in the coccolith size of Reticulofenestra are commonly used as a paleo-
ceanographic indicator and have been examined through Cenozoic [21] [22]
[23] [24] [25]. Sato and Chiyonobu [26] studied calcareous nannofossil assem-
blages in the Ocean Drilling Program (ODP) holes 807A and 807C in the west-
ern equatorial Pacific Ocean, and Hole 731A in the Indian Ocean. They dis-
cussed a vertical distribution of calcareous nannofossil during well-developed
stratification and strong mixing conditions (Figure 3). According to them, dur-
ing oligotrophic and well-developed stratification condition is characterized by
decrease in coccolith production and small Reticulofenestra along with increase in

abundance of lower photic zone taxa. In contrast, increase in coccolith production
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Figure 3. Vertical distribution of Miocene to Pliocene calcareous nannofossil assemblages under (A) oligotrophic condition and

(B) eutrophic condition (modified after

Sato and Chiyonobu [26]) together with photomicrographs. Photomicrographs of calca-

reous nannofossils were obtained from (A) B30H-4W-C and (B) B27H-6A-13.

and small Reticulofenstra and decrease in abundance of lower photic zone taxa
characterize eutrophic or strong mixing condition. In addition, Farida et al [27]
suggested that changes in coccolith size of Reticulofenestra reflect the progres-
sive collapse of sea surface stability during the late Neogene.

Changes in coccolith size of Reticulofenestra during late Pliocene were visible
in IODP Site U1314 (Figure 4). An abrupt decrease in coccolith size of Reticu-
lofenestra was recorded first in the MIS G8 and MIS G7 or just below the LO of
D. tamalis which dates to an age ~2.76 Ma. The datum event is situated within
late Gauss Normal Chron or just below Marine Isotope Stage (MIS) G7 (Figure
5). This event corresponds to similar rapid change identified in coccolith size of
Reticulofenestra in the North Atlantic Ocean by Kameo and Takayama [23]. Sa-
to and Kameo [28] discussed a possible correlation between Datum A and the
LO of D. tamalis. Datum A is an event conceived with a nannofloral change
from abundant Reticulofenestra spp. (small) and Dictyococcites spp. (small) to a
barren interval or to Coccolithus pelagicus dominated assemblages. This nan-
nofloral change indicates paleoclimate changes from warmer to cooler environ-
ment, linked to the increase of ice sheets in the northern hemisphere [28]. The-
reby, the abrupt decrease that observed in our site is might be related to the late
Pliocene heavy glaciations in high-latitude regions. Subsequent to ~2.76 Ma, the
size variations of Reticulofenestra exhibits sequential pattern. The pattern begins

with gradual increases in size upward and ends with an abrupt decrease in
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Figure 4. Comparison between different morphotype (size-defined) Reticulofenestra spp. percentage (%), isotope oxygen strati-
graphy [17] and coccolith size distribution of Reticulofenestra. Blue bands represent the glacial periods.
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coccolith size. This transition is somewhere consistent with the intergla-
cial-glacial cycle that can be seen in the benthic foraminifera oxygen isotope data
[17], when the amplitude of the 41 ka component start to increase (Figure 4).
Hence, our results confirm that the changes in coccolith size of Reticulofenestra
were affected by the variability of sea surface condition.

Detail looks at relative Reticulofenestra specimens (<2 um and 3 - 4 pm) ab-
undance recorded at Site Ul314 reveals that the Reticulofenestra specimens
closely follow the 8*0 records (Figure 4). It is likely reflecting a strong climate
control (presumably ice volume signal). Reticulofenestra spp. 3 - 4 pm in size
shows a negative correlation with the LR04 8O stacks [17], on the other hand,
the <2 um in size of Reticulofenestra spp. shows a positive correlation. Coccolith
size can be influenced by various factors, such as resource availability and/or
climatic change on shorter time-scales to evolutionary process on longer time-
scales [29]. The correspondence between <2 pm and 3 - 4 um coccolith size of
Reticulofenestra specimens and their relative abundance demonstrates that the
possibility of the major driving force of the observed size variability is regional
coccolithophores ecology. Those two morphotypes might be having a different
preference of ecology or different species. Further detail in taxonomic studies is
needed to be able to explain better about the driving force of the size variability.
The smaller Reticulofenestra specimens (<2 pm) are usually found in higher ab-
undance during glacial periods. Our results seem coherent with previous cocco-
lith studies by Sato and Chiyonobu [26]. They observed increases in coccolith
production and the relative abundance of small Reticulofenestra during glacial
periods that might be led from enhanced nutrient transport to the sea surface
from the lower photic, triggering eutrophic condition. At Site U1314 the higher
nutrient input might be due to increasing of ice sheets that drove to higher ve-
locity of sea surface circulation, caused a collapse of sea surface waters and/or
IRD transport and deposition as showed with a higher value of NGR during the
glacial periods (Figure 5). Raven [30] describe smaller unicellular phytoplankton
cells have higher nutrient-uptake and growth rates follow general allometric
rule. Consequently, the abrupt decrease of the maximum size of Reticulofenestra
coccolith to smaller size coccolith during glacial periods can be interpreted as its
adaptation to unfavorable conditions, relative to larger specimens, in exploiting
limited resources, as well as a (re)occupation of probable ecological niches. Some
delays are observed in the peak of small Reticulofenestra (<2 um, Figure 3) ab-
undance compared with the 8®O record of Lisiecki and Raymo [17]. The offset
of the delays is mainly about 10 kyr, relatively. The delays might be representing
an adaptation of some taxa, which benefited from oligotrophic environments

before the ecological collapse occurred.

4.2. Sea Surface Dynamics Changes during Late Pliocene Climatic
Crash in the Subpolar North Atlantic

Observed coccolith size distribution of Reticulofenestra in the IODP Site U1314
grants us to assess the paleoceanography of the study site. Prior to 2.76 Ma, the
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sea surface condition in the study site remains stable in oligotrophic condition as
suggested by an abundance of medium to large Reticulofenstra. This period is
likely the extension of Mid-Pliocene warm influence, suggesting a significant
transfer of heat northwards from the low latitudes to the high latitudes [31] [32]
as a result of the closure of CAS [4] [33] [34]. The natural gamma radiation
(NGR) values are very low or almost constant (Figure 5), indicating no detrital
input to the site area. However, magnetic susceptibility (MS) shows fluctuating
values and exhibits global ice volume changes reflected in the &0 stack [17]
(Figure 5). The main source of sediment in the Gardar Drift is pelagic sediment
that has been eroded and redeposited by the southward flowing Iceland Scotland
Overflow Water (ISOW) and Northeast Atlantic Deep Water (NEADW) [35].
Sato et al. [11] observed sediments transported by ISOW represent the intensity
of NADW formed at the Nordic Seas and concluded little or no deep-water for-
mation had occurred at the Nordic Seas before MIS G5. Besides, McKay et al
[36] suggested an increased sea ice extent in Antarctic or the Southern Ocean
resulted in increased northward influx of Antarctic Bottom Water (AABW)
formation and intensified Lower Deep Water (LDW). Therefore, it indicates that
the sediments deposition as reflected in the MS records had mainly been con-
trolled by cyclic developments of the Antarctic ice sheets that drove sea level
changes before ~2.76 Ma.

Subsequent to stable condition during Mid-Pliocene warm, ice sheets around
the Nordic Seas and North Atlantic develop drastically at ~2.75 Ma [37] [38]
[39]. In our study, calcareous nannofossil assemblage which is characterized by
coccolith size variations of Reticulofenestra show an abrupt reduction in the
maximum size of coccolith at around 2.76 Ma. It corresponds with the increased
relative abundance of small Reticulofenstra, suggesting a collapse of sea surface
stability and strong mixing condition. The MS and NGR values are in agreement
with the calcareous nannofossil data. It shows a short-term decrease and in-
crease near the LO of D. tamalis (Figure 5), indicates an episodic input of non-
magnetic minerals (possibly IRD) [13]. The timing of this event appears to be
correlated with the closure of CAS and the onset of heavy glaciation in the North
Hemisphere. The final closure of CAS is considered to take place at around 2.7
Ma and the event led to establishing of the Quaternary style climate. Kameo and
Sato [40] elucidated the final closure of CAS occurred at 2.74 Ma based on the
end of similarities between calcareous nannofossil assemblages in the Caribbean
and the eastern equatorial Pacific regions. Moreover, paleobiogeography of
Coccolithus pelagicus studied by Sato ef al [9] reveals that the drastic changes in
paleobiogeography of C. pelagicus are related to the final closure of CAS and
onset of heavy glaciation in the Arctic Sea and North Pacific Ocean at 2.74 Ma.
In addition, Bartoli ef al [4] noted that between 2.95 and 2.83 Ma, just before the
onset of the North Hemisphere Glaciation, SST's rose by 2°C - 3°C and persisted
until at least 2.5 Ma. Thus, a combination of different paleoceanographic proxies

may provide clear data and the effect of the final closure of CAS on global circu-
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lation and/or climate changes can be described in more detail.

After ~2.76 Ma, the sequential pattern of size variations of Reticulofenestra is
somewhere consistent with the interglacial-glacial cycle (Figure 5), where in-
creasing in 0 values or known as glacial periods concurrently with the occur-
rence of higher abundance of smaller Reticulofenestra. The increased smaller
Reticulofenestra during MIS G6, MIS G4, MIS G2, MIS 104, and MIS 102 sug-
gest a collapse of sea surface stability with mixing condition and high productiv-
ity. During this periods ice sheets covered the higher latitude area and the Arctic
front (AF) is known to have migrated southward, bringing much cooler waters
and potentially also sea ice south of 60°N [41] [42] [10]. The AF is the boundary
between the Arctic water and the warm and high salinity Atlantic water. It is
characterized by high eddy activity that promotes surface water productivity
[10]. The cause of a collapse of sea surface water and mixing condition in the
study area was probably when the ice sheets increased in the northern hemis-
phere that led to higher velocity of sea surface circulation, the southward migra-

tion of the subpolar front or both.

5. Conclusion

Calcareous nannofossil assemblage study in the IODP Site U1314 with a well-
constrained age for the last 2.55 to 2.88 Ma reveals changes in surface ocean wa-
ters and its relation to the climatic changes during late Pliocene climate crash in
the subpolar North Atlantic. Also, our result confirms that the coccolith size
variations of Reticulofenestra specimens are affected by the variability of sea
surface condition. Before ~2.76 Ma, the surface ocean condition was very stable
with a warm and oligotrophic condition, as characterized by the dominance of
medium and large Reticulofenestra specimens with low detrital input to the site
area (low NGR values). This condition suggests incomplete final closure of Central
American Seaway (CAS) and the extension of Mid-Pliocene warm influence before
~2.76 Ma. At around 2.76 Ma the studied site marked by the collapse of sea surface
stability with strong mixing condition. It is delineated by an abrupt decrease of
maximum coccolith of Reticulofenestra, reflects the intensification of Northern
Hemisphere Glaciation (NHG) and correlates with the final closure of CAS. Af-
terward, in the late Pliocene epoch, when Quaternary style climate established,
larger Reticulofenestra specimens that indicate warm oligotrophic and stable
ocean condition characterize the interglacial periods. The periods ended with
shifting dominance larger Reticulofenestra specimens to smaller size during glacial
periods, that denotes unstable of sea surface and mixing condition. The mixing
condition or higher nutrient input in IODP Site U1314 might due to increase of
ices heets that lead to higher velocity of sea surface circulation causes a collapse of
sea surface waters, IRD transport and deposition that are triggering eutrophic
conditions, the southward migration of the subpolar front, or combination of all
factors. Some delays of small Reticulofenestra peak observed in about 10 kyr,

relatively, as characterized by unstable sea surface and mixing condition. It indi-
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cates smaller specimens of Reticulofenestra specimens are likely more adaptable
to unfavorable conditions, yet the delays suggest an adaptation of some taxa,
which benefited from oligotrophic environments before the ecological collapse
occurred. Further work the combination of different paleoceanographic proxies
are needed to elucidate the paleoceanography condition in the subpolar North
Atlantic during late Pliocene epoch and the influence of the final closure of CAS

on global circulation and/or climate changes in more detail.
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