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Abstract. Reticulofenestra psendonmbilicus is a Neogene calcareous nannofossil species whose highest stratigraphic

occurrence (Top) is a reliable biohorizon in the Pliocene, calibrated at 3.82 Ma. The species is present in the stra-
tigraphic record from at least the Middle Miocene, within an interval around the biohorizon Top Sphenolithus hetero-
morphus, calibrated at 13.53 Ma, but its lower distribution range is not precisely delineated. The study of nannofossil
assemblages in sediment cores from Integrated Ocean Drilling Program IODP Site U1338 (eastern equatorial Pacific)
indicates a lower stratigraphic position for the evolutionary emergence (Base) of R. psendonmbilicus, detected in the
Early Miocene with an estimated age of 16.46 Ma. This age results from a new astronomically tuned chronology,
which dates the deepest sediments at Site U1338 to 16.67 Ma. Base R. pseudonmbilicus is followed above by a temporary
disappearance of the taxon until a re-entrance after ~3 Myr. This lengthened stratigraphic range has been confirmed
by data from other locations at low and mid-latitudes in the Atlantic. The distribution range of R. pseudoumbilicus,
lasting ~13 Myr during the Neogene, is thus characterized by a variable pattern of repeated occurrences and disappe-
arances. Comparison to benthic foraminifera 8"*O and 8"°C records suggests a control by global climatic/environmen-
tal conditions on these events, particularly by temperature variations. The recurrent presence of R. psendonmbilicus at
stratigraphically different intervals could represent an example of iterative evolution, expressed as repeated speciation
events that are in part influenced by complex external factors related to the dynamic climate and environmental evolu-
tion duting the Miocene.

INTRODUCTION the nannofossil/nannoplankton assemblages since
the early Eocene. The last occurrence (Top) of K.
The species Reticulofenestra  psendonmbilicns — psendonmbilicus is a reliable biostratigraphic biohori-

(Gartner, 1969) is a well-known Neogene taxon and
a characteristic component of calcareous nannofos-
sil assemblages in the Miocene to Pliocene strati-
graphic interval. The genus Reficulofenestrais the basic
taxon of the Noélaerhabdaceae family, dominant in
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zon, astronomically calibrated at 3.82 Ma (Backman
etal. 2012) and used in the mid-Pliocene to recogni-
ze the equivalent zonal boundaries NN15/NN16
(in Martini’s 1971 zonation), CN11b/CN12a (in
Okada and Bukry’s 1980 zonation), and CNPL3/
CNPLA4 (in Backman et al’s 2012 zonation). Speci-
mens with a wide range of size were included in the
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Fig. 1 - Location map with the sites considered in the present study. U1338, 845 (Pacific Ocean), 608, 925, 959, 521, 1264, 1265 (Atlantic

Ocean).

taxonomic definition of R. pseundounbilicus (major
axis ranging from 5 to 8 um), resulting in different
stratigraphic positions for its last occurrence bioho-
rizon. Several authors suggested to distinguish lar-
ger (major axis > 7 pum) specimens from smaller
(< 7 um) specimens for biostratigraphic purpose
(Raffi & Rio 1979; Backman & Shackleton 1983;
Rio et al. 1990a, b; Young 1990). In fact, in the Plio-
cene only the larger specimens provide an unam-
biguously recognized biohorizon (defined as “Top
of R. pseudoumbilicus” in Backman et al. 2012), use-
ful for biostratigraphy. The complete stratigraphic
range of this taxon has been vaguely delineated in
its lower part due to an unclear position of the low-
ermost occurrence in the Lower to Middle Miocene
interval. In a preliminary biostratigraphic analysis
of nannofossil assemblages in Lower-Middle Mio-
cene sediment cores of IODP Site U1338, located
in the Eastern Equatorial Pacific (EEP) (Pilike et al.
2010), occurrences of reticulofenestrids including
the typical “larger” R. pseudoumbilicus were recorded
(Fig. 1). The presence of these “large” forms and
the availability of high-resolution samples in the
sedimentary succession of IODP Site U1338, led
us to investigate in detail on the lower distribution
range of R. pseudoumbilicus to determine the appea-

rance pattern of the taxon. We aimed to minimize
uncertainty of the position of its lowermost occur-
rence biohorizon, comparing the results with data
from different locations, and tried to draw an ana-
logy with the abundance fluctuations of the taxon
occurring in the Late Miocene. We compared the K.
pseudonmbilicus abundance pattern to stacked benthic
foraminifera 6"*O and 8"C records (Westerhold et
al. 2020), to highlight potential correlations between
these fluctuations and variations of paleoclimatic/
paleoenvironmental conditions.

TAXONOMIC REMARKS

In this study we focused on elliptical speci-
mens of R. pseudonmbilicns having a major axis length
of 7 to 11 um, according to the taxonomic concept
used for the Pliocene biohorizon Top (T) R. pseu-
doumbilicus that represents the exit of the taxon from
the stratigraphic record. Although previous authors
indicated a major axis size larger than 7 um for this
taxon to be biostratigraphically useful (e.g. Rio et
al. 1990a; Raffi et al. 1995), specimens of 7 um in
size are included within our “large R. pseudonnibili-
¢cus” concept because they have the same pattern of
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Fig. 2 - Comparison of R. pseudoumbilicus specimens from and lower Miocene interval (1-3: sample U1338C-46H-3,120 cm; 4-5: sample
U1338B-42H-4,80 cm), upper Miocene interval (6-7: sample U1338C-37H-2,47 cm; 8-10: sample U1338B-36H-5,122 cm) and Plioce-
ne interval (11-13: sample U1338B-6H-5,120 cm; 14-15: sample U1338B-5H-2,120 c¢m). Photomicrographs at X1200 magnification,

cross-polarized light.

occurrence as the larger specimens (8 to 11 um in
size). This Neogene Rezzculofenestra morphospecies is
clearly distinct from medium size (major axis 5-6 um
in length) and smaller size (major axis = 4 um) re-
ticulofenestrids that are taxonomically distinguished
into the species Reticulofenestra hagii, Reticulofenestra
minutula, and Reticulofenestra minuta.

A perfect resemblance of the large R. psen-
doumbilicus specimens observed in the Lower-Middle
Miocene sediments with specimens from the Upper
Miocene and Pliocene sections results from direct
comparison (Fig, 2).

THE STRATIGRAPHIC DISTRIBUTION OF
Reticulofenestra psendoumbilicus

As in the Pliocene nannofossil assemblages,
R. pseudonmbilicus is a common component in the
Upper Miocene. Notably, within this interval a tem-
porary disappearance of the taxon (called “Parac-
me” or “Absence interval”) has been recorded as
concomitantly occurring in different oceanic areas

(Rio et al. 1990a; Young 1990; Gartner 1992; Taka-
yama 1993; Raffi et al. 1995; Backman & Raffi 1997;
Raffi et al. 2003). This “Absence interval” extended
from 8.8 Ma to ~7.1 Ma (astronomically calibrated
ages; Backman et al. 2012). Data are more unre-
solved for the lower part of the distribution range
of R. pseudonmbilicus and the first occurrence (Base)
biohorizon has not been precisely defined and cali-
brated. Previous studies in few sections from low
to mid-latitudes reported a sporadic and discon-
tinuous presence of large R. pseudonmbilicus speci-
mens in the Lower Miocene (between ~18 and ~15
Ma) (Rio et al. 1990a; Raffi et al. 1995; Maiorano &
Monechi 1998; Foresi et al. 2014), followed above
by an increase in abundance of the taxon with a
more continuous range. Specifically, this increase,
defined as Base common R. psexdoumbilicus biohori-
zon, has been recorded close (just below or above)
to the biohorizon T Sphenolithus heteromorphus (Rio et
al. 1990a; Raffi et al. 1995) astronomically calibrated
at 13.53 Ma (Backman et al. 2012). Different strati-
graphic positions for this increase in abundance
and, in general, differences in the lower distribution
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pattern of R. pseudoumbilicus were observed at dif-
ferent locations (e.g. Olafsson 1991; Fornaciari et al.
1993; Ratfi & Flores 1995; Raffi et al. 1995). The be-
ginning of the continuous distribution range of R.
psendoumbilicns >7 um in the Upper Miocene seemed
to begin in an upper stratigraphic level (slightly later)
at mid-latitudes than in tropical/equatorial regions
(Fornaciari et al. 1993; Raffi et al. 1995). Note that
this uncertainty in depicting the lower stratigraphic
distribution of the taxon could be in part the result
of the different taxonomic definition used, even if a
paleoecological control cannot be entirely ruled out.

MATERIAL AND METHODS

Data on the distribution range of R. pseudoum-
biliens have been collected from IODP Site U1338
in detail and, for comparison, from other locations
(Fig. 1) in which only partial distribution patterns
have been obtained, mostly in low resolution sam-
pling sets. IODP Site U1338, located at 2° 30.469'
N, 117° 58.174' W at a water depth of 4210 m,
was drilled during IODP Expedition 320/321, the
so-called Pacific Equatorial Age Transect (PEAT;
Pilike et. al 2010) comprising a series of sites on
the paleoequator at key intervals in the evolu-
tion of the Cenozoic climate. Together with Site
U1337, Site U1338 was targeted to study paleo-
climatic and paleoceanographic evolution during
the Neogene in this important oceanic area that
is intricately linked to major changes in the global
climate system that took place during the Ceno-
zoic (Lyle et al. 2010). Several studies were carried
out in the last decade on Exp. 320/321 sediments
that represent reference records for studies on glo-
bal climatic changes and carbon cycle variations
during the Neogene (e.g,, Holbourn et al. 2014,
2015; Kochhann et al. 2017; Drury et al. 2017; We-
sterhold et al. 2020). Here we studied the lower
interval of the composite section of Site U1338
derived by the splicing together sections of Ho-
les U1338B and U1338C revised by Wilkens et
al. (2013). Depth data for the section have been
obtained following Backman et al. (2016) and re-
sulted in corrected composite depths (CCSF-B) in
meters - m -, used throughout the text.

The 186 analysed samples span ~32 m of
sediments, and have variable sampling resolution,
ranging from high (1 sample/10 cm) to low reso-
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lution (1 sample/75 cm). Analyses of nannofos-
sil assemblages were also carried out in selected
stratigraphic intervals at Ocean Drilling Program
(ODP) Sites 925 (25 samples analysed) and 959 (85
samples) from the western and eastern equatorial
Atlantic respectively, Deep Sea Drilling Project
(DSDP) Site 608 from the mid-latitude North At-
lantic (79 samples), DSDP Site 521 (46 samples)
and ODP Sites 1264 and 1265 from the mid-latitu-
de South Atlantic (18 samples), and ODP Site 845
from the eastern equatorial Pacific (21 samples). In
these sections sampling sets with different (lower)
sample resolution mainly focused on the lower di-
stribution range of R. pseudonmbilicus and its rela-
tion to other concomitant biostratigraphic events.

The samples were processed following
the smear-slides standard procedure described
by Bown & Young (1998). Semiquantitative and
morphometric analyses were carried out using a
light microscope at 1200X magnification under
cross-polarized and plane-transmitted light.

We evaluated the abundance distribution of
R. psendonmbilicus by counting the number of speci-
mens in 30 fields of views (N/mm?). In 39 selected
samples morphometric analysis was carried out by
measuring the major axis of the elliptical shape of
100 placolith specimens of Reticulofenestra, obtai-
ning the relative percentages of three size-groups:
small Reficulofenestra (major axis = 4 um in length),
medium-sized Reticulofenestra (major axis 5-6 um in
length) and typical R. pseudoumbilicus (major axis = 7
um in length). Other counting was performed with
biostratigraphic purpose for evaluating the partial
distribution of Discoaster signus (= D. petalosus) and
Sphenolithus heteromorphus, also expressed as N/mm?,
and Discoaster deflandrei, evaluated as percent (%) of
all the Discoaster specimens observed. Morphome-
tric analysis of images of nannofossil specimens
were performed by using image analysis software
“Image-pro plus 7.0”.

To date the lowermost part of the sedimenta-
ry succession at Site U1338, we developed a new age
model by astronomically tuning the magnetic suscep-
tibility (MS) record in the revised composite section
published by Wilkens et al. 2013. Prior to analysis, a
stratigraphic gap between 393.36 and 394.69 m was
partially covered by adding off-splice MS data from
core U1338A-42X. The spectral analysis of the MS
record was performed using the periodogram me-
thod and identified a dominant spectral frequency
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of ~0.383 cycles/m, which was interpreted as re-
flecting 100 kyr eccentricity cycles (Fig. 3). The MS
record was filtered using a band-pass Gaussian fil-
ter with a frequency of 0.383 cycles/m and a ban-
dwidth of 0.105 cycles/m. The age model was built
by correlating high peaks in the MS filter to 100 kyr
eccentricity maxima (Laskar et al. 2004). Orbital tu-
ning and age calculation were performed using the
AnalySeries 2.0 software (Paillard et al. 1996).

BIOSTRATIGRAPHY AND CHRONOLOGY

The interval studied in detail corresponds to
Zones CNM6 and CNM7 (Backman et al. 2012),
equivalent to Zones NN4 (Martini 1971) and Zones
CN3 and CN4 (Okada & Bukry 1980). The zonal
boundary is placed at 381.54 m and corresponds to
the biohorizon B D. signus. This biohorizon is asso-
ciated with the biohorizon Top common (Tc) D. de-
flandrei that occurs slightly above, at 380.41 m. The
rest of the section, down to the contact with seaflo-

or basalt at the bottom hole in core U1338C-47H,
is within the range of S. heteromorphus (Fig. 4). This
biostratigraphic result indicates that the lowermost
part of the Site U1338 succession is younger than
previous results (Pilike et al. 2010; Ciummelli et al.
2017), as Bc S. heteromorphus has been astronomi-
cally calibrated to 17.65 Ma (Backman et al. 2012).
The previously inferred age (18.40 Ma) for IODP
Site U1338 terminal depth (cf. Backman et al. 2016)
was based on the reconstruction of sedimentation
rate history that used two biostratigraphic age-depth
control points in the deepest portion of the sec-
tion, namely the biohorizons B D. signus (15.73 Ma)
and Base common (Bc) S. heteromorphus (17.65 Ma)
(Backman et al. 2012).

The new chronology overlaps the existing
astronomically tuned age model (Holbourn et al.
2014) from 377.48 to 393.53 m (Fig. 5) and dates
sediment down to the lowermost core retrieved at
Site U1338 (U1338C-47H), corresponding to a ma-
ximum depth of 410.52 m. This age model is consi-
stent with the existing at Site U1338 (Holbourn et al.
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2014, Fig. 6) and neighbouring sites (e.g., Kochhann
etal. 2016, 2017). The studied interval (378.24-410.52
m) spans between 15.42 and 16.67 Ma, with average
sedimentation rate of 28.6 m/Myr and ranging from
22.3 to 38.7 m/Myr. (Fig. 3). Therefore, the bioma-
gnetostratigraphic age model proposed by Backman
et al. (2016) and constructed using shipboard ma-
gnetostratigraphic data, diatom and calcareous nan-
nofossil biostratigraphy, is unprecise and should be
revised for the lowermost interval. However, some
discrepancies with magnetostratigraphic data have
also been highlighted during the age model building
process and reveal inaccuracies in i) age models (this
study and Holbourn et al. 2014), ii) age calibration
of magnetostratigraphic data, or iii) a combination
of both.

REsuULTS

Morphometric Analysis

Results of the morphometric analysis of Re-
ticulofenestra specimens are reported in Figure 6. The
selected samples are located throughout the studied
interval (Fig. 4) to document the size variability
within the Rezzculofenestra population. According to
the subdivision described in the “Taxonomic re-
marks” chapter, the three morphotypes considered
show variable relative abundances at different strati-
graphic levels: the clear indication of the first occur-
rence of R. pseudonmbilicus B R. psendoumbilicus) and
its subsequent disappearance are evident at 405.6 m
and 384.05 m respectively. The medium (5-6 um)
and small (= 4 um) sized Reticulofenestra morphot-



Distribution range of calcareous nannofossil species Reticulofenestra pseudoumbilicus 7z #he Miocene 97

16.8 -

—— This study
Holbourn et al. (2014)

16.6 -

16.4 |

16.2 |

16.0 |

Age (Ma)

15.8

15.6

15.4 1

15.2 4

15.0 1, J . . \

370 380 390 400 410

Depth (m)

Fig. 5 - Site U1338 age models for the 370-411 m interval. Note
that the two age models are very similar across the inter-
val of ovetlap. Differences are <18.6 kyr between 393.53
and 381.94 m. Slightly greater discrepancies (up to 30.4 kyr)
between 381.94 and 377.48 m are mainly due to different
composite section used. The age model of Holbourn et al.
(2014) is based on the shipboard composite section (Pilike
et al. 2010), whereas the age model generated in this study is
based on the revised composite section (Wilkens et al. 2013).

ypes are present in the lower part of the studied
U1338 succession, the medium sized morphotypes
prevail over the small morphotypes, mainly in the
interval just preceding the appearance of the larger
R. pseudonmbilicus (7-11 um). Note that the small re-
ticulofenestrids are recorded from the base of the
Miocene (R. haguii) and from the middle Eocene (R.
minuta), according to the ranges reported in Nanno-
tax3 (https://www.mikrotax.org/Nannotax3/).
Within the lower part of its distribution ran-
ge, R. psendoumbilicus prevails over the other reti-
culofenestrids up to its temporary disappearance,
labelled as “the first disappearance of R. pseudounibi-
licus (1st disappearance R.p.)” (Figs. 6, 7). The small
morphotypes increase in abundance in the interval
just above this temporary disappearance. “First” is
intended as “located in stratigraphically lower po-
sition” because this temporary disappearance of
the taxon seems to precede the other similar event
(here labelled as the “2nd disappearance” in Fig. 7)
that occurs in the Late Miocene and delineates the
beginning of the well-known “R. pseudoumbilicns Ab-
sence interval” (or “small Reficulofenestra interval”).
This interval is defined by biohorizons Base absen-
ce (Ba) and Top absence (Ta) and has been globally
recorded at low and mid latitude locations (e.g. Rio

etal. 1990a; Gartner 1992; Young 1990; Backman &
Raffi 1997; Raftfi et al. 2003), as well as at IODP Site
U1338 (Pilike et al. 2010).

Additional morphometric analysis perfor-
med in samples from upper stratigraphic intervals
of IODP Site U1338 evidenced similar distribution
patterns of the Retzculofenestra morphotypes in cot-
respondence with the other appearance and tempo-
rary disappearance episodes observed (Fig. 7). In
fact, comparable patterns result in these intervals:
i) close to T S. heteromorphus in the Middle Miocene
(Zone CNM7/CNMS boundary at 327.78 m); ii) at
the beginning and at the end of the Absence inter-
val of R. pseudoumbilicus biohorizons in the Upper
Miocene; iii) close to the final exit of R. pseudounmbi-
licus at the Lower-Upper Pliocene transition (Fig. 7).

The distribution pattern of R. pseudoumbilicus
in the Lower Miocene

The abundance of R. pseudoumbilicus in the
IODP Site U1338 Lower Miocene succession,
between a lowermost occurrence (Base at 405.5 m)
and the 1st disappearance of the taxon (at 384.05
m) is shown in Figure 4. Biostratigraphically, the de-
picted range of R. pseudoumbilicus is bracketed by the
biohorizons B¢ S. heteromorphus at the base, and B D.
signus and Top common (Tc) D. deflandre: at the top
(Fig. 4). The distribution appears continuous with
variable abundances throughout the range, reaching
a peak (~600 N/mm?) at ~402 m. This interval with
high abundance of R. pseudounbilicus cannot be con-
strained with more detail because it occurs within
a lower resolution sampling interval, between 393
and 403 m.

We compared the biohorizon B R. pseudoun:-
bilicus to the tropical Atlantic ODP Site 959 succes-
sion (Mascle et al. 1996), where the stratigraphic
position of the biohorizon roughly conforms with
that observed in Eastern equatorial Pacific (Fig. 4)
and has been recorded slightly (~1.5 m) above B
S. heteromorphus. However, the distribution pattern
of the taxon in this succession significantly differs
from what we observed at IODP Site U1338 and
shows variable (lower) abundances of the taxon
throughout its range (Fig. 4). We also analysed the
position of B R. pseundoumbilicus biohorizon relative
to B S. beteromorphus biohorizon at ODP Sites 1264
and 1265 (Fig. 8). Although analysis was performed
on only few samples in a not well resolved inter-
val, it confirmed observations from Site U1338. At
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these sites the stratigraphic position of the lower
range of R. pseudoumbilicus is bracketed between B
S. heteromorphus and B D. signus plus Tc D. deflandrei
biohorizons. This newly defined B R. pseudounibilicus
can be considered a useful additional biohorizon for
biostratigraphic classification in the upper Lower
Miocene interval.

The lowest temporary disappearance of R.
psendoumbilicus (1st disappearance R.p.) at Site U1338

precedes B D. signus and Tc D. deflandrei (by only ~3
and 3.5 m, respectively) (Fig. 4). A notably diffe-
rent position for the event was observed for ODP
Site 959 where it is located well below (~15 m) the
biohorizons B D. signus and Tc D. deflandrei. Conver-
sely, at the other studied locations, despite the lack
of high-resolution sample sets, a similar relative po-
sition to that at Site U1338 has been observed (Figs.
8, 9), with the 1% disappearance R.p. event occurring
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Depths in med (meter composite depth). Notation as speci-
fied in Fig. 4.

below or close to B D. signus and Tc D. deflandrei. 1t
is worth mentioning that the precise stratigraphic
placement of Tc D. deflandrei has been quite a chal-
lenge because of the definition of the event, defi-
ned as a decrease in abundance (Bukry 1973). This
biohorizon is biostratigraphically significant, becau-
se it is the prelude of a distinctive turnover in the
whole Discoaster assemblage known to occur within
the Miocene (Ciummelli et al. 2017). As previously
observed for the tropical Indian, Pacific and Atlantic
Oceans and the mid-latitude Notrth and South At-
lantic (e.g. Rio et al. 1990; Raffi & Flores 1995; Raffi
et al. 2000), the decline of D. deflandrei at Site U1338
follows a gradual pattern leading to the abundance
decrease that defines the biohorizon. Differences
in the pattern of D. deflandrei decrease are observed
in the studied sections that are located in different
ocean basins and/or at different latitudes (Figs. 8,
9) and are likely related to local paleoceanographic
conditions. Even if the influence of local conditions

also explains the differences of the R. pseadoumbilicus
distribution below the 1% disappearance event, the
relative position of this event precedes B D. signus
and Tc D. deflandrei in all the sections.

DiscussioN

The pattern of size shifts within
Reticulofenestra in the Neogene

Our results contribute to defining the evolu-
tionary emergence of R. pseudoumbilicus in the late
Early Miocene and delineate the variability of its
distribution pattern at different locations. Although
the difference in sampling resolution for the studied
sections could explain part of the observed varia-
bility, the obtained data on the appearance (Base)
of R. psendoumbilicus suggests a similar stratigraphic
position at IODP Site U1338 and ODP Sites 959,
1264 and 1265 for this biohorizon (Fig. 10). The
new age model for the lower part of the section at
Site U1338 dates the B R. pseudounnbilicus to 16.46
Ma, the 1* disappearance R.p. t015.62 Ma and the
1% re-entrance R.p. to 13.82 Ma. Moreover, the es-
timated age of the marker biohorizon B D. signus
and the associated biohotizon Tc D. deflandrei are
15.54 Ma and 15.50 Ma, respectively, indicating a
~0.2 Myr diachrony with the ages obtained from
the reference ODP Site 925 (Ceara Rise, equatorial
Atlantic; Backman et al. 2012).

The 1* disappearance R.p. event shows a de-
gree of diachrony among the different sites, either
at mid-latitude locations (DSDP Sites 608 and 521,
northern and southern Atlantic, respectively) and at
equatorial locations (ODP Sites 925 and 845, we-
stern Atlantic and eastern Pacific, respectively) (Figs.
9,10). A relevant diachrony compared to Site U1338
data is also apparent at Site 959 (Fig. 4) and suggests
that regional environmental conditions have con-
trolled R. pseudoumbilicus distribution in these two
sites, both located close to the Equator during the
Early Miocene but in different oceanic areas, thus
under different paleoceanographic regimes: IODP
Site U1338 was located in the EEP northward of
the narrow equatorial upwelling system (Pilike et al.
2010), and ODP Site 959 in an eastern Atlantic area
characterized by variable upwelling related to mon-
soon variability (Mascle et al. 1996; Wagner 2002).

Although the distribution patterns observed
in the lower part of the documented ranges differ,
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Fig. 9 - The stratigraphic position of the “1°* disappearance of R. pseudonmbilicns” relative to the uppermost distribution range of D. deflandrei
and lowermost distribution range of D. signus at mid-latitude ODP Sites 608 and 521 (North Atlantic and South Atlantic, respectively)
(upper panel), and at low latitude ODP Sites 925 and 845 (equatorial Atlantic and Eastern equatorial Pacific, respectively) (lower panel).

Biostratigraphic data are from this study.

the evolutionary emergence of R. pseudoumbilicus is
clearly delineated. This event results from a pattern
of size increase within Reticulofenestra, a taxon that
has been present in the stratigraphic record since
the lower Eocene (Ypresian) with species included
within the R. pseudoumbilicus group and R. umbilicus
group (cf. Nannotax3-ntax_cenozoic-Microtax).
Specifically, R. pseudoumbilicus evolved from small size
Reticulofenestra specimens (ascribed to the species R.
hagii) and its evolutionary emergence represents one
of the various size increase episodes within reticu-
lofenestrid placoliths observed throughout a lineage

that spans more than 50 Myr. In the literature, there
is no documented evolutionary relationship between
R. psendoumbilicus and the species Reticulofenestra dictyo-
da or Reticulofenestra daviesii, taxa with similar size and
outline that evolved in the eatly Eocene (Ypresian)
and in the middle Eocene (Lutetian) respectively,
were common in the late Eocene and Oligocene and
gradually disappeared from the stratigraphic record
in the earliest Miocene. The appearance of R. psen-
doumbiliens can be explained as the result of i) size
increase in an existing species (R. hagii), or ii) a new
species radiation expressed by a distinct size increa-
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se, without other relevant changes in morphology,
from an ancestral species R. hagii.

The documented episode of temporary exit
of this new species (1% disappearance R.p.) from
the stratigraphic record after its evolutionary emet-
gence replicates the pattern observed in the distri-
bution range of R. pseudoumbilicus in upper strati-
graphic intervals at Site U1338 (Fig. 7). Although
the episodes of re-entrance and temporary disappe-
arance of R. pseudoumbilicus recorded in the Upper
Miocene through Pliocene interval do not have the
same detailed (high resolution) documentation as in
the Lower Miocene, it is possible to broadly com-
pare the events with the climatic - environmental
evolution over that time interval, with the aim of
understanding the delineated pattern of size shifts
within Reticulofenestra from an evolutionary and/or
environmental point of view.

R. pseudoumbilicus size shifts vs. Neogene
climatic - environmental evolution

Comparison of R. pseudoumbilicus evolutio-
nary steps at Site U1338 succession (Miocene to
Pliocene time interval) with benthic foraminifera
stable isotopes (Westerhold et al. 2020) provides in-
formation on their linkages to global climate and
carbon cycling changes. This comparison to benthic
foraminifera 80O and 8"C records (Westerhold et
al. 2020) is based on the ages of nannofossil bioho-
rizons from this study and Ciummelli et al. (2017)
and Pilike et al. (2010) (Table 1; Figs. 11, 12).

B R. pseudonmbilicus is documented within
a warm climate period marked by low 8O peak
within the Miocene Climatic Optimum (MCO). Re-
corded “re-appearances” (1* and 2™ re-entrances
R.p.) correspond to intervals of global climate co-
oling (Fig. 11). They respectively occur during the
Middle Miocene Climatic Transition (MMCT) to-
ward a phase of Antarctic ice-sheet expansion, and
close to the onset of Late Miocene Cooling (LMC).
An interesting observation results from compatison
of these Neogene events with the distribution pat-
tern of the reticulofenestrids in the early and middle
Eocene, namely the small sized Reticulofenestra minuta
and the medium/large sized R. dictyoda and R. davie-
sit (belonging to R. pseudonmbilicus group, R. umbilicus
and R. Jockeri group, respectively; cf. Nannotax3).
In fact, these Paleogene reticulofenestrids evolved
during a warm interval (the Early Eocene Climatic
Optimum — EECO) but the medium/large R. dic-

tyoda and R. daviesii successively rose in abundance
and spread during a cooling phase in the late eatly
Eocene (after 49 Ma). Subsequently, Reficulofenestra
became dominant in the nannofossil assemblages
(Agnini et al. 2006; Cappelli et al. 2019). This indi-
cates that both the Neogene and FEocene Reticulofe-
nestra taxa evolved during warm time intervals and
show a similar trend of increased size in species/
specimens and expansion within nannofossil as-
semblages during climate cooling, in line with the
environmental preferences (temperate and meso-
eutrophic) established for Reticulofenestra (e.g., Villa
et al. 2008; Cappelli et al. 2019).

The recorded “disappearances”, namely 1%
and 2™ disappearance R.p. and T R. pseudonmbilicus,
occur during warmer climate conditions (Fig. 11).
The 1st disappearance R.p., occurs at the climax
of the MCO at ~15.6 Ma (Holbourn et al. 2015;
Kochhann et al. 2016; 2017). The 2™ disappearance
R.p. occurs at the beginning of a negative 8O shift
at ~8.8 Ma. T R. psendoumbilicus biohorizon is lo-
cated at the beginning of the ~0.3 Ma negative 8'*O
shift of the PCO (Pliocene Climatic Optimum).

Comparing the distribution of R. pseudounibi-
liens with the benthic foraminifera 6"°C record (We-
sterhold et al. 2020), some observation can be made.
Both the recorded “appearances” and “disappearan-
ces” events correlate with some of the features of
the 8°C record representing changes in the ocean
carbon cycle (see Steinthorsdottir et al. 2021 for an
overview). At Site U1338 all appearances occur du-
ring intervals of decreasing 8"°C (Fig. 12). B R. pseu-
doumbiliens and 1% reentrance R.p. correspond to two
intervals of decreasing 6"”°C within the Monterey
carbon isotope excursion (MCIE) (Vincent & Ber-
ger 1985), namely below the Carbon Maxima CM-2
and CM-6 (Sosdian et al. 2020), respectively (Fig.
12). Perhaps more evident is the 2™ re-entrance R.p.,
which occurs during the late Miocene carbon isoto-
pe shift (LMCIS), a ~1%o decrease of the benthic
85C between ~7.7 and 6.6 Ma (Tian et al. 2018). The
1** disappearance R.p. is linked to the CM-3 (Carbon
Maximum 3; Sosdian et al. 2020) 8"°C peak of the
MCIE (Fig. 12). Across the MCIE, R. pseudonmibilicus
shows a pattern of repeated events after its entrance
in the stratigraphic record: it first appears, tempora-
rily disappears and then re-enters. The correlation
between this evolutionary pattern and benthic 6"°C
suggests a relationship with global carbon cycling.
Carbon maxima within the MCIE have been inter-
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Fig. 11 - The appearance and disappearance events of R. pseudoumbilicus at Site U1338 succession (Miocene to Pliocene time interval) compa-
red to benthic foraminifera 'O record (Westerhold et al. 2020). Neogene different phases of low, increasing in and high 8'%O are
reported: MCO = Miocene Climatic Optimum; MMCT = Middle Miocene Climatic Transition; LMC = Late Miocene Cooling; PCO
= Pliocene Climatic Optimum. Positions of age horizons to the left correspond to nannofossil biochronology from this study (green
lines), and from Ciummelli et al. (2017) and Pilike et al. (2010) (red lines), referred to biohorizons reported in Table 1. Other events
within nannofossil assemblages in the late Tortonian are also reported to the left (Discoaster BLOOM, from Ciummelli et al. 2017;

Noélaethabdaceae ACME, from Beltran et al. 2014).

preted as reflecting intervals of increased marine
productivity compared to intervals of lower 8"°C
(Tian et al. 2018; Sosdian et al. 2020; Steinthorsdot-
tir et al. 2021). Following this rationale, in the early-
middle Miocene Reficulofenestra size increase events
occurred during intervals of decreased productivity,

whereas size decrease events occurred during inter-
vals of increased productivity. The 2™ disappearance
R.p. occurs in correspondence to a high 8"°C peak at
the end of the Carbonate Crash (~11 - 8 Ma; Lyle et
al. 1995) and the subsequent interval of absence in
the Late Miocene has been found in different ocean
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Fig. 12 - The appearance and disappearance events of R. pseudounbilicus at Site U1338 succession (Miocene to Pliocene time interval) compared
to benthic foraminifera 8°C record (Westerhold et al. 2020). Neogene different carbon cycle perturbations are reported: Monterey Ex-
cursion (MCIE); carbon isotope maxima CM-2, CM-3 and CM-6; Carbonate Crash; Biogenic Bloom; LMCIS = Late Miocene Carbon

Isotope Shift. Other notation as specified in Fig, 12.

basins and represents a widespread biostratigraphic
signal with a well constrained age between 8.8 and
~7.1 Ma. This absence interval terminates within the
“Biogenic bloom”, a widespread increase in primary
production (Diester-Haas et al. 2006; Reghellin et al.
2020; 2022), and toward the end of the LMCIS. It
is worth noting that at Site U1338, within this Late
Miocene absence interval of R. pseudoumbilicus, a di-
scoasterids bloom (Ciummelli et al. 2017) and an

acme of opportunistic small (< 3 um) reticulofene-
strid-type placoliths (Beltran et al. 2014) occurred.
Multiproxy data indicate that the 100 kyr-long acme
occurred in warm surface waters, with a deep ther-
mocline and low nutrient supply and was related to
external forcing (low-eccentricity and low-insolation
at the Equator; Beltran et al. 2014).

Although the correlation to benthic 8§"C is
less obvious compared to the other two disappea-
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Tab. 1 - Calcareous nannofossil
et ECTE] M
: : : U1338  succession, with
CNPL4  |T R. pseudoumbilicus 3.82 46.81 depth position and ages.
CNPL2 |TC. acutus 5.04 68.14 Data and ages from this
CNPLA1 B C. acutus 536 76.35 study are in lfalic, other data
CNM20 |T D. quinqueramus 5.53 83.71 ?;(C)l%ogd %ﬁfﬁ?gilioig
CNM19 |T N. amplificus 5.98 96.85 with  biochronology from
CNM18 B N. amplificus 6.82 117.83 Backman et al. 2012.
CNM17 2nd reentrance R. pseudoumbilicus 7.09 143.22
B A. primus 7.39 147.98
CNM16 |B D. berggrenii 8.20 160.29
CNM15 2nd disappearance R. pseudoumbilicus 8.80 180.09
CNM14  |T D. hamatus 9.65 195.79
CNM13 |B D. hamatus 10.49 222.26
CNM12 B C. coalitus 10.79 228.84
CNM11 Tc D. kugleri 11.60 253.46
CNM10 |Be D. kugleri 11.88 265.50
CNM8 T S. heteromorphus 13.53 325.93
1st reentrance R. pseudoumbilicus 13.82 335.15
Tc D. deflandrei 15.5 380.41
CNM7 B D. signus 15.54 381.54
1st disappearance R. pseudoumbilicus 15.62 384.13
B R. pseudoumbilicus 16.46 405.60

rance events, T R. pseudoumbilicus does occur during
an interval of relatively high 8"C during the Plio-
cene. Analogously to what we observed in the com-
parison to 8"*O record, the correlation between the
reticulofenestrids distribution pattern and benthic
8PC record in the Neogene seems to be similar to
what observed for the Paleogene reticulofenestrids
(Cappelli et al. 2019).

Possible mechanisms of size changes
within reticulofenestrids.

In general, the observed pattern reflects the
previous reconstructions of reticulofenestrids
size variation during the Middle Miocene-Pliocene
(Young 1990) and the abundance pattern in the
middle Miocene climatic transition (Henderiks et al.
2020), that recorded marked diversification in size
and abundance variability. The temporary absence
of larger reticulofenestrids starting from ~8.5 Ma,
documented by Young (1990), and their presence
starting from ~13.8 Ma (above the MMCT; Hen-
deriks et al. 2020) are in agreement with our data.
The new finding about the evolutionary emergence
of large R. pseudonmbilicus, in a stratigraphic interval
older than previously recorded, only adds another
detail in the peculiar pattern of distribution of the
taxon through the Neogene. This pattern reflects si-
milar stepwise variability in size observed in other

nannoplankton/nannofossils, such as the pattern of
size changes showed by the genus Gephyrocapsa (Rio
1982; Matsuoka & Okada 1990; Raffi et al. 1993),
another taxon belonging to the Noélaerhabdaceae
family. This macroevolutionary pattern of recurrent
size increase/decrease events observed in the Plio-
cene-Pleistocene, that have been convincingly inter-
preted as the result of repeated species radiations
and extinctions within the Gephyrocapsa lineage and
supported by genomic analyses of extant species
(Bendif et al. 2019). Moreover, these authors sugge-
sted that the Gephyrocapsa macroevolutionary events
were climatically sensitive and appeared as a respon-
se to the step changes in global cooling, typical of
the Pleistocene interval. Hence, the repeated episo-
des of size increase and size reduction, (appearance
and disappearance of R. pseudoumbilicus, respectively),
documented in this study within the Neogene Refzcu-
lofenestra, share with other coccolithophores, Gephyro-
capsa in the Quaternary and reticulofenestrids in the
Paleogene, the common feature of occurring conco-
mitantly with step changes toward cooler conditions.

As opposed to the results obtained on the Ge-
phyrocapsa lineage by Bendif et al. (2019), the data
from the present study leave doubts on the inter-
pretation of the observed recurrent size changes of
Reticulofenestra. Namely, they could represent i) events
of speciation followed by extinctions or could cor-
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respond to fluctuation in abundance of the new spe-
cies R. pseudonmbilicus or ii) changes in the relative
abundance of large- and small specimens of a spe-
cies that already existed, as R. hagii. The fact that
individual coccospheres can bear coccoliths with
highly different sizes and the coccolith size variabil-
ity can be in part related to environmental pertur-
bation (Suchéras-Marx et al. 2022, and references
therein) supports the latter interpretation.

The observed repeated events correspond
to size shifts of specimens that do not show other
morphologic change at any “reappearance” (cf. Fig.
2). Therefore, the similarity of the large R. pseudoum-
biliens specimens observed both in Miocene and
Pliocene intervals could suggest that the repeated
pattern of size increase, interspersed between inter-
vals with only small specimens, does not represent
repeated episodes of species radiation. Instead, the
described pattern could reflect an ecophenotypic re-
sponse to changing paleoenvironmental factors. On
the other hand, each recurrent occurrence of the
large R. pseudounmbilicus at stratigraphically distinct
intervals could be the result of a more significant
evolutionary event (major species radiation), even
if it was macroscopically expressed only by a simple
size increase, and could represent an example of ite-
rative evolution. The repeated evolutionary events,
occurring in a portion of the Reficulofenestra lineage
throughout the Neogene, could have been influ-
enced by complex external factors related to cli-
matic and environmental conditions, quite dynamic
during the Miocene, and by biotic processes, such as
the competition within other coccolithophore taxa.

CONCLUSIVE REMARKS

The appearance in the stratigraphic record of
the species R. pseudoumbilicus in the late Early Mio-
cene (upper Burdigalian stage), calibrated at ~16.5
Ma in the IODP Site U1338 succession, represents
a new finding for calcareous nannofossil biostrati-
graphy, considering that this biohorizon was pre-
viously attributed to an uncertain stratigraphic posi-
tion between 18.0-13.5 Ma. This appearance seems
isochronous at other low and mid-latitudes loca-
tions in the Atlantic Ocean. High resolution analysis
of sediment cores from IODP Site U1338 show
that the distribution pattern of R. pseudoumbilicus at-
ter its evolutionary emergence is characterized by a

temporary disappearance of the taxon (1* disappe-
arance R.p.), occurring ~0.8 Myr after its lowest ap-
pearance. The beginning of this interval of absence
appears to be a diachronous event based on prelimi-
nary results from comparison at different locations.
This pattern of “entrance followed by temporary
exit” is similar to that observed in the upper part
of the taxon stratigraphic range. In fact, R. psen-
doumbilicus re-enters two times in the stratigraphic
record after two intervals of temporary disappea-
rance lasting ~3.0 and ~4.8 Myt, respectively. These
results are in line with previous reconstructions, at
lower stratigraphic resolution, of reticulofenestrids
diversification in size and abundance during the
middle Miocene to Pliocene (Young 1990; Hende-
riks et al. 2020). It is not possible to unquestionably
demonstrate if the pattern of repeated changes in
size represents 1) fluctuation in abundance of larger
morphotypes of the same species R. bagii, ii) fluc-
tuation in abundance of a new species, R. pseudoun-
bilicus, evolved from the ancestral species R. bagii, or
iif) repeated episodes of species radiation within the
Reticulofenestra lineage. Influence of environmental
factors is reasonably inferred for each of the listed
options.

The astronomically tuned age model presen-
ted here dates the lowermost sediment retrieved
from Site U1338 to 16.67 Ma. This chronology was
intentionally built to be consistent with published
age models based on lower Miocene sediments
from the EEP (Holbourn et al. 2014; Kochhann et
al. 2016, 2017). However, inconsistencies with bio-
and magneto-stratigraphic data from Site U1338
(Wilkens et al. 2013; Backman et al. 2016) suggest
imprecisions in the astronomically tuned age mo-
dels (this study, Holbourn et al. 2014), which there-
fore need to be further refined. As such, we suggest
that caution should be taken when interpreting data
based on these chronologies.

Comparison of R. psendoumbilicns events to
the benthic 8"O record suggests that re-entrances
of the taxon occur in correspondence with step
changes in global cooling, whereas disappearances
occur during global climate warming,. Therefore, the
R. pseudonmbilicus pattern can be considered another
example of the recurring role played by climatic/
environmental factors on evolutionary pulses of
planktonic organisms (Bendif et al. 2019, and refe-
rence therein). Some of these events, e.g. B R. psen-
doumbilicns and 2™ disappearance R.p., do not seem



108

to follow the same pattern of the other re-entrance
and disappearance events of the species, respecti-
vely (see related discussion above). This might relate
to the fact that benthic foraminifera stable isotopes
are not direct indicators of water properties in the
ocean surface at Site U1338, where R. pseudoumbilicus
dwelled. Comparison to proxies of surface ocean
water properties is hence required in the effort to
understanding the relationship between R. psexdoum-
bilicus evolutionary steps and climate/environmen-
tal conditions. Comparison to preliminary, low reso-
lution, 8O and 8"C records at Site U1338, which
primarily reflect surface water temperature and bio-
logical production (Reghellin et al. 2020), generally
confirms the relationship between R. psendounbilicus
appearances and disappearances and benthic fora-
minifera stable isotopes. This statement could be
clarified and confirmed by further comparison to
more resolved bulk isotope records when they will
be available.
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