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Abstract. Pulleniatina is an extant genus of planktonic foraminifera that evolved in the late Miocene. The
bottom and top occurrences of its six constituent morphospecies (P. primalis, P. praespectablis, P. spectabilis,
P. praecursor, P. obliquiloculata, P. finalis) provide a series of more or less useful constraints for correlating
tropical and subtropical deep-sea deposits, as do some prominent changes in its dominant coiling direction
and a substantial gap in its record in the Atlantic Ocean. Biostratigraphic information about these events has
accumulated over many decades since the development of systematic deep-sea drilling in the 1960s, during which
time the geochronological framework has evolved substantially, as have taxonomic concepts. Here we present
new data on the biochronology of Pulleniatina from International Ocean Discovery Program Site U1488, which
has a record of its entire evolutionary history from the centre of its geographic range in the Western Pacific Warm
Pool. We then present and compare revised calibrations of 183 published Pulleniatina bioevents worldwide, with
stated sampling errors as far as they are known, using a consistent methodology and in the context of an updated
evolutionary model for the genus. We comment on the reliability of the various bioevents; their likely level of
diachrony; and the processes of evolution, dispersal, and extinction that produced them.

1 Introduction

The history of life contains a series of events that have left
traces in sedimentary successions which can be used for their
correlation (biostratigraphy) and age dating (biochronology)
(Bown et al., 2022). Planktonic foraminifera are one of the
most widely used of all fossil groups for this purpose be-
cause of their exceptional fossil record, which also makes
them model organisms for the study of evolution. Taxonomic
and biostratigraphic studies developed in the early and mid-
twentieth century (e.g. Subbotina, 1953; Bolli et al., 1957),
after which the acceleration of scientific deep-sea drilling in
the 1960s initiated a rapid and ongoing accumulation of in-
formation during which time biostratigraphic schemes were
constantly tested, validated, modified and extended (see, for
example, Blow, 1969, 1979; Kennett and Srinivasan, 1983;
Bolli et al., 1985; Berggren et al., 1985a, b, 1995a, b; Wade
et al., 2011). Such schemes undoubtedly work very well in
practice, but when anomalies are encountered it can be chal-
lenging to trace data back to their source and to evaluate un-
certainties, for example those arising from changing taxo-

nomic concepts and the reliability of calibrations to the geo-
logical timescale as understood at the time a biostratigraphic
study was undertaken. Evaluating such uncertainties is nec-
essary for improved biochronology and assessing the useful-
ness of individual events and the extent of their diachrony
and for the study of evolution, dispersal and extinction. In
this contribution we focus on Pulleniatina, one of several ex-
tremely abundant genera that are routinely used in planktonic
foraminiferal biostratigraphic schemes for the Miocene to the
Recent period. We have re-evaluated its biochronology as a
prelude to a fundamental taxonomic review and revision of
the genus. The current work consists of two parts, (1) an up-
date of the biostratigraphic record of Pulleniatina from Inter-
national Ocean Discovery Program (IODP) Site U1488 and
(2) recalibration of Pulleniatina bioevents worldwide using
a consistent methodology and timescale.

Living Pulleniatina is widely thought to consist of a sin-
gle biospecies, P. obliquiloculata (Schiebel and Hemleben,
2017; Brummer and Kučera, 2022), albeit with several mor-
phologically cryptic genotypes (Ujiié et al., 2012; André
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et al., 2014; Ujiié and Ishitani, 2016). Plankton tow, sedi-
ment trap and geochemical data indicate that P. obliquiloc-
ulata tends to live in subsurface thermocline environments
throughout the tropical oceans and in warm boundary cur-
rents where it can also be hugely abundant (e.g. Bé and Hut-
son, 1977; Jonkers and Kučera, 2015; Schiebel and Hem-
leben, 2017; Dang et al., 2018). It appears to be herbiv-
orous, feeding on phytodetritus (Toue et al., 2022). It is
comparatively rare outside the tropics and does not occur
in the Red Sea or Mediterranean Sea (Thunell, 1979; Az-
ibeiro et al., 2023), although there is a single record from the
Aegean Sea, where it is regarded as invasive (Zenetos et al.,
2008), and there are occasional documented occurrences in
Mediterranean sediments (Serrano et al., 2007; Casalbore et
al., 2010). Its failure to thrive in the Mediterranean and Red
seas cannot be temperature-related because these are within
its tolerance range; more likely it is related to the anomalous
vertical salinity profile, stratification and deep plankton ecol-
ogy that similarly affect several other deep-dwelling species
(Azibeiro et al., 2023). The environmental sensitivity of the
species is further underlined by the fact that it declined in
abundance and then effectively disappeared from across the
equatorial Atlantic and Caribbean during the last glacial cy-
cle, reappearing in the Holocene (Prell and Damuth, 1978).
Similar cold-climate-related Pulleniatina minima have been
recorded in peripheral areas of its geographic range in the
Pacific (Kuroshio Current region; Lin et al., 2006, and South
China Sea; An and Jian, 2009) and Indian Ocean (Andaman
Sea; Sijinkumar et al., 2011).

Like other planktonic foraminifera, Pulleniatina individ-
uals secrete chambered shells made of calcium carbonate
that sink through the water column and can accumu-
late in large numbers on the seafloor, along with other
terrigenous and biogenic matter, forming thick deposits
of gradually accumulating sediment. Its geographic dis-
tribution in seafloor sediments is similar to that in the
water column except that it is not found in large areas
of deep ocean because of carbonate dissolution (Siccha
and Kucera, 2017; Fig. 1). Note that the map in Fig. 1
was plotted using software developed for the mikrotax
website, and an interactive version is available online
(https://www.mikrotax.org/system/ranges-ForCenSbiogeog.
php?search=Pulleniatina_obliquiloculata&plotorder=
ASC&scale=1&basemap=Gplatesbathymetry, last access:
14 November 2023).

After its origin, Pulleniatina populations evolved through
areas of morphospace that taxonomists have broken down
into a series of six named morphospecies (according to the
taxonomy preferred here). These appear to belong to two
separate lineages, one of which, the P. primalis – P. prae-
spectabilis – P. spectabilis lineage, became extinct in the
mid-Pliocene. The main lineage (comprising the morphos-
pecies P. primalis – P. praecursor – P. obliquiloculata – P.
finalis) is characterized by a tendency for relatively abrupt
switches in the dominant coiling direction (e.g. Brönnimann

and Resig, 1971; Saito, 1976; Resig et al., 2001; Pearson and
Penny, 2021), a phenomenon that can be traced back to its
ancestor Neogloboquadrina acostaensis and beyond that to
N. continuosa in the middle Miocene (e.g. King et al., 2023).
The morphological succession and coiling direction history
together constitute a series of bioevents with potential for
stratigraphy and geochronology.

Pulleniatina species have frequently been used as for-
mal index species in biozonation schemes. Banner and
Blow (1965) described a Globorotalia (G.) multicamer-
ata – Pulleniatina obliquiloculata (s.s.) Partial-Range Zone
(“Zone N20”) for the stratigraphic interval characterized by
the nominate species between the Top of Dentoglobigerina
altispira and Bottom of Globorotalia tosaensis. This zone,
modified by Blow (1969), was used quite frequently in the
1970s and 1980s. Lamb and Beard (1972) defined their Pul-
leniatina obliquiloculata Zone as the biostratigraphic inter-
val in the Pliocene between the Top of Globorotalia mar-
garitae and the Top of Dentoglobigerina altispira, and the
Pulleniatina finalis Subzone as the interval from the Bot-
tom of Pulleniatina finalis to the Bottom of “large forms
of Globorotalia tumida sensu stricto”. Neither of these bio-
zones has gained widespread use and the latter in particular
is only locally applicable to the Caribbean Sea. Jenkins and
Orr (1972) proposed an alternative P. obliquiloculata Zone
defined as the biostratigraphic interval typified by the nomi-
nate taxon from the Top of “Globigerinoides fistulosus” (now
Globigerinoidesella fistulosa) to the Recent period (see also
Orr and Jenkins, 1980). This biozone is essentially the same
as the “Globigerinoides fistulosus – Globorotalia truncatuli-
noides Interval Zone” of Berggren et al. (1995a, b), who gave
it the alphanumeric designation “PT1” (for Pleistocene Zone
1), which was renamed the “Globigerinoides ruber Partial-
Range Zone” (PT1) by Wade et al. (2011). Srinivasan and
Kennett (1981) proposed a Pulleniatina primalis subzone
(labelled “N17b” by them) between the Bottom of P. primalis
and the Bottom of Globorotalia tumida (see also Perembo,
1994; Nathan and Leckie, 2003; Sinha and Singh, 2008).
This is a viable biostratigraphic unit, at least for the tropi-
cal Indo-Pacific and could be revived in future to subdivide
the long Globorotalia plesiotumida/Globorotalia lenguaen-
sis Concurrent Range Subzone (Subzone M13b) of Wade et
al. (2011).

1.1 Biostratigraphic and biochronological principles

We follow the International Stratigraphic Guide (Salvador,
1994) in recognizing a fundamental distinction between the
domains of rock and time, wherein biostratigraphy is essen-
tially the science of what can be observed at the present
day and biochronology is about what happened in the past.
Accordingly, we distinguish between the observable Bottom
and Top occurrence of a species in biostratigraphy and can
only infer past bioevents such as the First Appearance Datum
and Last Appearance Datum (FAD and LAD, respectively)
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Figure 1. Global distribution of Pulleniatina obliquiloculata in modern seafloor sediments from the ForCenS database (Siccha and Kucera,
2017). Red circles indicate samples containing the species; diameter indicates abundance relative to other species. The smallest red circles
indicate < 1 % of the assemblage, while larger circles are scaled according to frequency. White circles indicate samples with planktonic
foraminifer assemblages that lack Pulleniatina. Large blank areas in the subtropical oceans are areas where the seafloor is too deep and
seawater too corrosive to preserve foraminifer shells.

of a species. To develop a deeper understanding of any in-
dividual bioevent and its potential diachrony, it is necessary
to consider the evolutionary processes that gave rise to it,
how long they may have operated and over what geographi-
cal area. Romer (1959) put this well when he remarked that
fossils would be just as useful for biostratigraphers if they
were distinctive assortments of nuts and bolts rather than or-
ganic remains but that an evolutionary context allows us to
question the mechanisms that underlie their utility (see also
Pearson, 1998, for discussion). For instance, the first global
appearance of a named taxon may be caused by a gradual
evolutionary transition from a pre-existing form (sometimes
called a “pseudospeciation”) or a relatively sudden punctu-
ated event; locally the appearance of the same taxon may
be caused by dispersal and hence immigration. A species
may start off rare and localized and only later become abun-
dant and widespread. Similarly, the final disappearance of a
named taxon may be the result of the evolution of one named
form into another (“pseudoextinction”), which may be a slow
or rapid process, or its lineage may have been completely ex-
tinguished (true extinction). In any single location, the dis-
appearance may be a geographic range contraction (local
extinction) that precedes the Last Appearance Datum else-
where.

Fossils are unlike Romer’s nuts and bolts because they are
not exact machine-tooled copies of one another. Foraminifer
species may be extremely variable in form, through on-
togeny, and because of genetic or ecophenotypic variabil-
ity. They may vary along a spatial gradient (a “geographi-
cal cline”) and through time because of accumulated evolu-
tionary changes (a “chronocline”). This makes cases of pseu-
dospeciation and pseudoextinction especially problematic to

delimit and define in a consistent way. On a practical level,
the taxonomy of planktonic foraminifera is guided by the
principles of the International Code of Zoological Nomencla-
ture (Ride et al., 2000) in which every “species”, with its for-
mal Linnaean binomial, is typified by a unique name-bearing
specimen that is set aside and curated as a prime exemplar.
Taxonomic discovery is itself a historical and contingent pro-
cess that involves principles of seniority and rules of objec-
tive or subjective synonymy. Biostratigraphers at work rarely
have the luxury of fully describing the range of variation they
see, so the subjective act of grouping specimens into named
“species” based on similarity to type specimens can impose
artificial divisions on what may be a morphological contin-
uum. Fossil “species” are really morphospecies, often with
rather arbitrary bounds, and cannot be assumed to represent
objective biological or evolutionary entities (Pearson, 1998;
Poole and Wade, 2019).

2 The Pulleniatina record at Site U1488

International Ocean Discovery Program (IODP) Site U1488
(02◦02.59′ N, 141◦45.29′ E) is on the Eauripik Rise in the
western equatorial Pacific at 2603 m water depth (Rosen-
thal et al., 2018e). A succession consisting mainly of clay-
bearing foraminifer-rich nannofossil ooze was recovered dur-
ing IODP Expedition 363 using the Advanced Piston Corer
in multiple holes, penetrating over 300 m to upper Miocene
sediments deposited around 10 million years ago. A high
quality palaeomagnetic record exists back to the Matuyama/-
Gauss boundary at 2.610 Ma, below which the age model is
based on planktonic foraminifer and nannofossil biostratig-
raphy (Rosenthal et al., 2018e). The siliciclastic component
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of the lithology is strongly cyclic, and the site is expected to
have an astronomically tuned timescale, although at the time
of writing this work has yet to be completed. The site encom-
passes the entire evolutionary history of Pulleniatina with no
known hiatuses. Its position in the core of the Western Pa-
cific Warm Pool is in the centre of the geographic range of
the genus, which occurs continuously in the sediment at high
abundance. The site is just ∼ 28 km northwest of Deep Sea
Drilling Project (DSDP) Site 62 (Shipboard Scientific Party,
1971) where pioneering work on the taxonomy and bios-
tratigraphy of Pulleniatina was previously conducted (Brön-
nimann and Resig, 1971; Brönnimann et al., 1971). For these
reasons we have re-studied the site to improve on the ship-
board biostratigraphy.

Shipboard planktonic foraminifer studies were conducted
in Hole U1488A with a sampling density of four samples
per core (approximately 3 m intervals or less) (Rosenthal et
al., 2018e). We have re-studied the samples taken shipboard
to record qualitative abundance variations of the six Pulleni-
atina morphospecies for the first time at the site and to com-
plete the coiling ratio record for parts of the succession that
were not originally studied. Biochronological ages are based
on calibrations between a series of palaeomagnetic and bios-
tratigraphic levels; these are considered preliminary because
an astronomically tuned age model is to be expected in the
future when detailed isotope records become available. All
data are presented as a supplementary dataset available at the
NERC Geoscience data centre (Pearson, 2023). Qualitative
abundance fluctuations and stratigraphic ranges of the var-
ious morphospecies and the ancestral form Neogloboquad-
rina acostaensis alongside a record of the coiling direction
ratios of Neogloboquadrina and Pulleniatina spanning the
last ∼ 9.5 Myr are shown in Fig. 2. Four prominent coiling
ratio changes are highlighted by asterisks. This record pro-
vides a general picture of evolution in the genus over the
whole time of its existence, albeit at relatively low sampling
resolution that could be greatly improved with more detailed
sampling of the succession. It reveals the picture at one site,
but to establish how representative it is it is necessary to syn-
thesize data from many other sites that has been produced
over many years.

3 Recalibration of Pulleniatina bioevents from the
published literature

3.1 Recalibration method

In this section, we focus on each biohorizon or bioevent in
turn, recalibrating previously published biostratigraphic data
to a common timescale (Raffi et al., 2020) taking into ac-
count the original sampling errors where known, and discuss
the evolutionary mechanism that may have produced them.
Calibrations from “rock” to “time” are of three types: as-
trochronological, magnetochronological or biochronological
(or occasionally a combination of the latter two).

Magnetochronological calibrations are based on histori-
cal changes in the polarity (or, in principle, intensity) of
the Earth’s magnetic field that can be recorded in sed-
imentary records via the alignment of magnetic mineral
grains. Changes in polarity are generally quite rapid (last-
ing a few thousand years) and their expression in the sed-
iment is potentially instantaneous, albeit subject to biotur-
bation and other sedimentary and diagenetic effects. Mag-
netic reversal timescales for the Neogene were previously
based on seafloor magnetic anomalies arising from ocean
ridge spreading, with the ages provided by radiometric dat-
ing of rocks of known stratigraphic position (e.g. Cande and
Kent, 1995). Biohorizons are calibrated to magnetochronol-
ogy with reference to their known relative position in a given
sedimentary succession, usually linear interpolation by depth
between magnetic anomalies. This method has been used to
date foraminiferal bioevents since the 1960s (e.g. Hays et al.,
1969).

Astrochronological calibrations are based on estimating
the age of an event from its depth in a sedimentary succes-
sion that has been “tuned” directly to a long-term orbital so-
lution for Earth’s insolation. The current standard tuning tar-
get for the Neogene is the numerical solution of Laskar et
al. (2004), which encompasses precession, obliquity and ec-
centricity variations (or, for longer intervals including the Pa-
leogene, its improvement for eccentricity only by Laskar et
al., 2011). The former was used to calibrate the Neogene pe-
riod by Lourens et al. (2004). The tuning process is based on
a statistical fit of cyclic signals in a sedimentary record that
generally starts with the selection of a series of tie points that
link distinctive cyclic features to the insolation target. The
accuracy of an astronomically tuned age model obviously
depends on judicious selection of tie points and the nature
and fidelity of the cyclic signal as expressed in the sediment.
The most stable orbital component is generally the long-term
(∼ 405 kyr) eccentricity cycle, but in many successions it is
possible to tune to the shorter-term precession and obliquity
signals (∼ 21 and ∼ 41 kyr). Any such age estimate may in-
volve lags in the Earth system from the insolation forcing to
its expression in a given sediment record, which may in turn
be affected by bioturbation and other sedimentary variations
such as short-term changes in sedimentation rate and hia-
tuses. It may also depend on the accuracy of high-precision
inter-hole splicing as is commonly used to create compos-
ite depth scales at those sites recovered by overlapping hy-
draulic piston coring. For these reasons, historical astronom-
ical age estimates are subject to revision that may result from
changes in the inter-hole splice, the local astronomical tun-
ing, or the orbital solution used. More recently, efforts have
been made to align the magnetic reversal record to orbital
chronology based on the identification of magnetic anoma-
lies within orbitally tuned sedimentary records (e.g. Drury et
al., 2017). The current Neogene magnetochronology (Raffi et
al., 2020) is the latest iteration of this approach, wherein its
ages are in principle aligned to the orbital solution of Laskar
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Figure 2. Biochronological and coiling record of the Neogloboquadrina continuosa – acostaensis lineage and the two Pulleniatina lineages
at IODP Hole U1488A, western tropical Pacific Ocean. (a) Morphospecies range chart. Bars on spindle plots represent qualitative abundance
by visual estimation relative to the whole planktonic foraminifer assemblage indicating, in order of decreasing width, “abundant” (> 20 %
of the assemblage), “common” (> 10 %–20 %), “few” (> 5 %–10 %) and “rare” (< 5 %). (b) Coiling proportions of the ancestral Neoglobo-
quadrina continuosa – N. acostaensis lineage. (c) Coiling proportions of the Pulleniatina praespectabilis – P. spectabilis lineage. (d) Coiling
proportions of the Pulleniatina primalis – P. praecursor – P. obliquiloculata– P. finalis lineage. Asterisks represent coiling bioevents that
are discussed further in the text. Error bars on coiling proportions are 95 % confidence intervals according to the modified Wald method.
Timescale of Raffi et al. (2020).

et al. (2004). Because many updates and refinements to the
magnetic polarity timescale have been made over the years,
historical numerical age estimates obviously need to be inter-
preted with reference to the timescale then in use and updated
accordingly.

The majority of deep-sea successions lack both an or-
bital age model and magnetostratigraphy and so need to
be dated by biostratigraphy alone. Biochronological cal-
ibrations are those in which a given bioevent is dated
with reference to other bioevents of known or assumed
age in the same sedimentary succession, generally by lin-
ear interpolation. Major compilations of (sub)tropical plank-
tonic foraminifer biochronologies have been published by
Berggren et al. (1985a, 1995a, b), Wade et al. (2011) and
Raffi et al. (2020), aligned against successively updated
timescales. King et al. (2020) also included a table of age cal-
ibrations, some of which are updated from Raffi et al. (2020)
following revisions of the inter-hole splices in several astro-
nomically calibrated successions. Many of the age estimates
within the compilations listed above are themselves indirect
calibrations of this type, often with complex histories of their
own, as will be discussed on a case-by-case basis for Pulleni-
atina below.

In principle, astrochronology is to be preferred over mag-
netochronology, which is to be preferred over biochronology.
This is because astrochronologies directly calibrate a sed-
iment sample to time, whereas the other methods rely on

interpolations between events assuming sediment rate con-
stancy (if the interpolations are linear) or smoothly changing
sedimentation rates (if the age model is a spline fit, for ex-
ample). Biochronologies are always secondary and indirect,
in that in addition to making similar assumptions about sed-
imentation rate, they also assume known ages for adjacent
bioevents separately calibrated elsewhere and that there is no
diachrony between the sites of interest. In practice, however,
an astrochronological calibration can easily be misaligned if
the cyclic signal is weak or ambiguous. Similarly, it is quite
possible that the sequence of magnetochrons is wrongly iden-
tified in a given section. Although in principle a cyclic signal
in a given sedimentary sections may provide a unique as-
trochronological fingerprint, and the pattern of magnetic re-
versal durations over a long sedimentary succession might
also be uniquely aligned to the global history, in practice
most astrochronological or magnetochronological age mod-
els begin with knowledge of biostratigraphy and are cross-
checked against it.

In this contribution we review each bioevent in the most
important successions where it has been recognized and
recalibrate those data to the current timescale of Raffi et
al. (2020) using a consistent and transparent methodology.
Apart from the relatively few astrochronologic calibrations,
our method is to calibrate the age of the “target” bioevent
by linear interpolation between (or occasionally extrapola-
tion from) two selected “bracketing” magnetochronological
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or biochronological events of assumed age. In doing so we
have reviewed the published stratigraphy of each site, avoid-
ing intervals with severe reworking, dissolution, coring gaps,
or other obvious issues that might obviously compromise
the interpretation. We have incorporated the known sam-
pling errors of the biostratigraphic data from the original
study, even if it was not used in the original source (for in-
stance, a Top occurrence is taken to be the midpoint between
two samples, where known, not the topmost sample contain-
ing a particular morphospecies, as is sometimes reported).
This applies to both the target event and the two bracket-
ing events, producing a combined estimate of error. If the
depth error on a magnetostratigraphic reversal is known, that
is also incorporated in our calculation (see Wade et al., 2012,
fig. 3, for a graphical representation of the linear calibration
method which propagates the full errors from both bracketing
events). Our method also allows in principle, and occasion-
ally in practice, for age uncertainties in the bracketing events
themselves to be propagated into secondary calibrations, al-
though current timescales generally do not quote such er-
rors. Wherever possible we have revisited the original data
as tabulated in the source publications, and for those DSDP
or Ocean Drilling Program (ODP) samples known only from
their sample identification codes, the depths were deter-
mined from the online Laboratory Information Management
System (LIMS) database (https://web.iodp.tamu.edu/LORE/,
last access: 14 November 2023). For the older literature it
has sometimes been necessary to measure data manually
from published illustrations of stratigraphic ranges on which
sampling errors are not indicated. Such calibrations have no
quoted errors but may still be useful.

The various local calibrations of each bioevent are tabu-
lated and then compared in summary correlation plots, gen-
erally ordered geographically by longitude or latitude as is
deemed most informative. Such plots are then used to discuss
the biochronology of each event. When calibrations align
well within error between sites it is evidence of relative syn-
chrony. Apparent misalignment on correlation plots is not
sufficient evidence of diachrony, as is sometimes implicitly
assumed in the literature, because it may have a variety of
other causes, the most difficult being due to taxonomic is-
sues in which different workers have applied different criteria
for separating closely related morphospecies. This is a perti-
nent issue in the Pulleniatina group, in which morphospecies
frequently intergrade, and which workers have subdivided in
different ways, as is discussed on a case-by-case basis below.
We applied a consistent approach to discriminating the vari-
ous morphospecies when re-interpreting taxonomic subdivi-
sions that differ from our own. Misalignment of bioevents
may also be a sampling issue related to the identification
of taxa that may only be present in low abundance in vol-
umetrically limited samples, or that first or last occur as rare
outliers on a broad morphological spectrum, or have spotty
stratigraphic distributions where the “true” Top or Bottom
occurrences could easily be missed. Simple misidentifica-

tion is also possible – for instance, members of the Globo-
conella group can be mistaken for Pulleniatina (Fenton et al.,
2018). There are also a raft of issues relating to local preser-
vation fidelity that may be sources of error such as disso-
lution, recrystallization, reworking, bioturbation, infiltration,
and down-hole or laboratory contamination. And of course
there are multiple potential problems with age models relat-
ing to changes in sedimentation rate, cryptic hiatuses, con-
densation, the bulking out of sedimentary sequences by ash
bands or turbidites, and so on. Finally, for biochronologic
calibrations, apparent misalignment or diachrony may just
as well be a problem for one or other bracketing bioevent
rather than the target. For these reasons, sites with anoma-
lous calibrations were investigated with additional care and
sometimes rejected or revised.

Mindful of the many sources of error, the possibility of
diachrony in a bioevent can be considered. This is a subjec-
tive process because it requires weighing evidence of differ-
ent quality and reproducibility from multiple sites in which
there is an obvious preference for sedimentary successions
with well-explained and well-illustrated taxonomies, good
core recovery, and high-resolution sampling. Diachrony is
most plausibly demonstrated when there is a clear geographic
pattern, for instance, a progression in ages across latitudes
or a clear difference between ocean basins or marginal seas.
Sites which are local to one another or that sample the same
overlying water mass are much less likely to be genuinely
diachronous than those in different ocean basins or latitudi-
nal provinces. Although this approach is time-consuming, we
prefer it to a blind reliance on large databases or multivariate
“optimization” methods because it is important to be able to
track and critically evaluate all the constituent data. The cor-
relation plots will be useful for guiding future investigators
faced with curious or anomalous occurrences toward those
published records where new primary observations or sam-
pling are most desirable for improving the biochronology.

The final step in our investigation is to discuss the likely
mechanisms behind each bioevent, attempting to distinguish
genuine speciations and extinctions from taxonomic pseu-
dospeciations and pseudoextinctions, dispersal events, range
contractions, and global or regional genetic sweeps. Al-
though biohorizons are generally encountered from top to
bottom working down the hole, we here present the bioevents
in the order they occurred from oldest to youngest because
it makes most sense in an evolutionary context and for dis-
cussing the processes involved. We conclude with a revised
interpretation of the evolutionary history of the genus and a
top-down summary table.

3.2 FAD of Pulleniatina primalis

3.2.1 Biochronology

We report 27 recalibrations of this bioevent (Table 1, Fig. 3).
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Figure 3. Biochronological constraints on the FAD of Pulleni-
atina primalis: gold circles are astrochronological, brown squares
are magnetochronological and blue diamonds are biochronological.
Some anomalously young and old calibrations are omitted (see Ta-
ble 1). DSDP Site 360 is grouped with the Indian Ocean because
it samples the Agulhas outflow. The pink bands show the suggested
Atlantic (5.33±0.25 Ma) and tropical Indo-Pacific (6.50±0.10 Ma)
summary calibrations. The cartoon is a key to graphically illustrate
the bioevent; in this instance the up arrow represents a FAD and the
line diagram represents P. primalis.

Based mainly on its record in the Caribbean Sea and adja-
cent areas, Pulleniatina was initially thought to have a fossil
record that extended down to the lower Pliocene as a sin-
gle species, P. obliquiloculata (e.g. Bolli et al., 1957). Bandy
(1963) extended the range into the upper Miocene in the Pa-
cific sector. Banner and Blow (1967, p. 151) differentiated
the genus into a series of morphospecies or subspecies in-
cluding the first to evolve, P. primalis. They proposed that P.
primalis was descended from “Globorotalia (Turborotalia)
acostaensis” (now Neogloboquadrina acostaensis) because
of similarities in morphology between the two species and
their co-occurrence in sediments, as well as the existence of
supposedly intermediate specimens from outcrops in Papua
New Guinea. These samples were assigned biostratigraphi-
cally to the lower part of the Messinian stage of the upper
Miocene, although the holotype specimen is from Pliocene
sediments from Buff Bay, Jamaica (see King et al., 2020,
for discussion of that section), and other figured specimens
are from outcrop and exploration wells from the Pliocene of
Venezuela. Although Banner and Blow (1967, p. 153) pub-
lished a range chart showing the biostratigraphic distribu-
tions of the various morphospecies they recognized, those oc-
currences are not supported by sufficiently detailed sampling
information to attempt a modern biochronological calibra-
tion. Nevertheless, their suggestion of a late Miocene orig-
ination of Pulleniatina from Neogloboquadrina acostaensis
in the Indo-Pacific sector has received support from many
subsequent studies.

In their study of DSDP Site 62 on Eauripik Rise in the
western equatorial Pacific, Brönnimann and Resig (1971)

proposed a formal name for morphotypes intermediate be-
tween acostaensis and primalis of “Pulleniatina praepulleni-
atina”. Given that the holotype of P. primalis is a relatively
“advanced” form, there is indeed scope to apply this taxo-
nomic split, but we have not elected to do that because almost
all subsequent workers have included such forms within a
broad concept of P. primalis. Brönnimann and Resig’s (1971)
study is very well documented, but unfortunately the timing
of the evolutionary transition is difficult to constrain because
of uncertainty in dating the lower part of the record at Site 62.

Belyea and Thunell (1984) performed the only morphome-
tric study so far published of the N. acostaensis – P. primalis
transition, an outline shape analysis of populations from be-
low and above the Bottom of P. primalis at DSDP Site 214
on the Ninety East Ridge in the Indian Ocean. That study
supports the close relationship between N. acostaensis and
P. primalis but the stratigraphic control is insufficient to date
the transition with precision. An additional problem is that
the level of the reported biohorizon differs substantially be-
tween Belyea and Thunell (1984) and the subsequent record
of Srinivasan and Chaturvedi (1992). The relevant interval at
Site 214 requires more study before firm conclusions can be
reached.

The earliest geochronological calibration for the Bottom
of P. primalis to have propagated through the literature is
from Keigwin (1982), who located the event in the extended
stratigraphic interval between the Bottoms of G. plesiotu-
mida and G. tumida (i.e. the combined interval of Subzone
M13b and M14 as currently understood; Wade et al., 2011)
at DSDP Hole 503A in the eastern equatorial Pacific. Un-
fortunately, the succession in Hole 503A is problematic be-
cause the palaeomagnetic record is uninterpretable in the
lower part of the succession (Kent and Spariosu, 1982b) and
there is little independent biostratigraphic control. Berggren
et al. (1985a) cited Keigwin’s data as yielding a calibrated
age of 5.8 Ma. Our own recalibration suggests it provides
only a very broad constraint at a considerably older age
(∼ 6.4 Ma; see Table 1 and Fig. 3) because of subsequent
changes to the timescale discussed below.

A series of sites was drilled on DSDP Leg 21 in the west-
ern Pacific, several of which contained P. primalis (Kennett,
1973). The Bottom of P. primalis at DSDP Sites 206 and 209
are in hiatuses. The best of these records is at DSDP Site
208 where it falls within the upper Miocene Globorotalia
conomiozea Zone as then understood. However, it is difficult
to provide a reliable biochronological calibration for that oc-
currence because of taxonomic uncertainties relating to G.
conomiozea and G. miotumida as understood then and now,
and their various calibration ages for those morphospecies
in Northern Hemisphere and Southern Hemisphere temper-
ate regions (discussed in Raffi et al., 2020). For that reason
we have not attempted to recalibrate it here. Another tran-
sect was recovered in the same region during DSDP legs 89
and 90, which recorded the Bottom of P. primalis at sev-
eral more sites (Jenkins and Srinivasan, 1986), two of which
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(DSDP Sites 586 and 587) were in tropical latitudes. Srini-
vasan and Sinha (1991) used graphic correlation techniques
to suggest an age of 5.80 Ma for the FAD of P. primalis at
Sites 586 and 587, but the age control is difficult to interpret.
Lam et al. (2022) recently provided updated age models and
biostratigraphic data for these sites. Hole 586B on the On-
tong Java Plateau provides a calibration (revised here from
Lam and Leckie, 2020, to the timescale of Raffi et al., 2020)
of 7.01 Ma based on nannofossil biostratigraphy, but this is
affected by sedimentary complications in the lower part of
the record and anomalous stratigraphic ranges. Hence, it is
regarded as unreliable, especially as the age is much older
than that reported at neighbouring Site 806 by Chaisson and
Leckie (1993) (see Fig. 3), as discussed further below. At
Site 587 on the Lansdowne Bank, Lam et al. (2022) offered
a palaeomagnetic calibration of 7.14 Ma based on combin-
ing the biostratigraphy of Jenkins and Srinivasan (1986) with
the palaeomagnetic record of Barton and Bloemendal (1986)
on the timescale of Ogg et al. (2016). However, Barton and
Bloemendal (1986) described the palaeomagnetic record at
that site as poorly defined and their interpretation as being of
low confidence. In particular, Barton and Bloemendal (1986,
fig. 10) were not able to resolve the full magnetic reversal
sequence in the Gilbert interval. An alternative interpretation
of the anomaly sequence can be made by the simple expedi-
ent of shifting it one step younger such that the Base of Sub-
chron C3An.2n becomes the base of C3An.1n and so on. This
brings the record into much better agreement with biostratig-
raphy at the site and yields a revised calibration (preferred
here) of 6.39 Ma (see Table 1, Fig. 3).

Chaisson and Leckie (1993) provided high-resolution
biostratigraphic data across the Bottom of P. primalis at
ODP Hole 806B (Ontong Java Plateau, western Pacific
Ocean). Assuming an age of 5.80 Ma based on Berggren
et al. (1985a), they found the event to be at approximately
the expected level relative to other bioevents. However,
the same data were recalibrated to 6.40 Ma by Berggren
et al. (1995b). This large change in apparent age was the
result of substantial revisions to the timescale, especially
changes to the accepted ages of magnetochrons around the
Miocene–Pliocene transition that arose from improved or-
bital chronology (Shackleton et al., 1990, 1995; see dis-
cussion in Berggren et al., 1995b). Berggren et al. (1995b)
claimed simultaneous appearances for P. primalis in the trop-
ical Indian and western Pacific oceans at 6.40 Ma based on
the combined data of Srinivasan and Sinha (1992) and Chais-
son and Leckie (1993). They also located the biohorizon to
within Chron C3An.2n, but that was a secondary inference
because no reliable magnetostratigraphy exists for the cited
calibrations. This age estimate of Berggren et al. (1995b) was
subsequently amended to 6.60 Ma by Wade et al. (2011) and
6.57 Ma by King et al. (2020) because of successive changes
to the astronomical timescale by Lourens et al. (2004) and
Drury et al. (2017).

Two relevant sites (ODP Sites 1143 and 1146) were drilled
during ODP Leg 184 in the South China Sea, an area that
is peripheral to what appears to be the main centre of evo-
lution in the tropical Pacific. Pulleniatina is comparatively
rare and discontinuous in the Miocene of that area in com-
parison to the central western Pacific (Li et al., 2005). These
two sites produce younger and quite divergent ages, as recal-
ibrated here from Nathan and Leckie (2003), suggesting that
Pulleniatina may have been slow to disperse and thrive in the
South China Sea.

Two more significant tropical Pacific sites were drilled
during IODP Expedition 321. Shipboard data (Expedition
320/321 Scientists, 2010a, b) for these sites has been
amended according to the revised composite depth scale by
Wilkens et al. (2013) and astronomically tuned age models
have been published by Tian et al. (2018) for IODP Site
U1337 and Drury et al. (2018) for the relevant part of Site
U1338. We recalibrated the shipboard biostratigraphic data
to these age models using adjacent tie points. Site U1337,
which is in the central Pacific, yields a tuned age consistent
with the data in the western Pacific Warm Pool including Site
U1488 discussed in Sect. 2 of this paper, but the sampling in-
terval is relatively wide. Site U1338, on the other hand, yields
a much younger age, as do other sites in the eastern Pacific
(Fig. 3), where in general the stratigraphic record of Pulleni-
atina is patchy and at low relative abundance. It is noteworthy
that the eastern tropical Pacific environment in the modern
day is much more affected by equatorial upwelling and high
productivity, with a less well-stratified water column, at least
outside of El Niño events.

To summarize the situation in the tropical Pacific, the
biochronological calibration at Site 586B is anomalous and
can probably be discounted because of stratigraphic compli-
cations. The calibrations at Sites U1488 (see Sect. 2 above),
806, U1337 and 503 (the latter providing only a very broad
constraint) are within error of each other. The palaeomag-
netic calibration at Site 587 can be brought into line with
these records by the reinterpretation of the anomaly sequence
proposed herein. From these combined data we suggest a
tropical Pacific calibration of 6.50± 0.10 Ma, which places
the bioevent in Subchron C3An.2n. The best prospect for
improved calibration is at Site U1488 where Pulleniatina
is relatively abundant near the beginning of its range, an
astrochronology is to be expected in due course and high-
resolution sampling could be conducted.

Although the FAD of P. primalis may be more or less
synchronous in the western tropical Pacific, it is evidently
highly diachronous in the subtropics and mid-latitudes. Srini-
vasan and Sinha (1991) originally suggested this based on
their interpretation of DSDP Leg 90 sites (DSDP Sites 588,
590 and 592), some of which were recalibrated by Lam et
al. (2022) and are recalibrated again here using the same data
to the timescale of Raffi et al. (2020). Wang et al. (2020)
recorded a late FAD at DSDP Site 296 in the Kuroshio Cur-
rent south of Japan, where P. primalis appears around 3.9 Ma
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and then rapidly disappears (not plotted in Fig. 3). Addition-
ally, Lam and Leckie (2020) produced three palaeomagnetic
calibrations for FO P. primalis at sites on Shatsky Rise in
the mid-latitude northern Pacific (ODP Holes 1207A, 1208A
and 1209A). Two of those are anomalously young (see Ta-
ble 1 and Fig. 3), and given that major diachrony across the
area of Shatsky Rise is unlikely, they may indicate reworking
or taxonomic issues relating to the distinction between P. pri-
malis and sub-adult P. obliquiloculata, but that at ODP Hole
1207A in the Thvera subchron (C3n.4n) at 5.07 Ma may rep-
resent a local influx of the species into the area in the early
Pliocene. This is supported by our recalibration of the bio-
horizon from ODP Hole 810C, also on Shatsky Rise, using
the data of Premoli Silva et al. (1993) in combination with the
palaeomagnetic record of Sager et al. (1993) which is also in
the Thvera subchron (C3n.4n) at 5.14 Ma.

It is also possible that the FAD of P. primalis was di-
achronous into the Indian Ocean, despite earlier sugges-
tions of synchrony with the Pacific (e.g. Berggren et al.,
1995b; Singh, 1995). Sinha and Singh (2008) produced a
new palaeomagnetic calibration based on their study at ODP
Hole 763A (Exmouth Plateau off northwestern Australia at
∼ 20◦ S) that placed the bioevent in the lower part of Sub-
chron C3r (lower Gilbert), a significantly higher level than
the tropical Pacific Ocean records discussed above. Site 763
is in a frontal region affected by the northward Western Aus-
tralian Current, and it is possible that dispersal of P. pri-
malis into the southern Indian Ocean was delayed, similar
to peripheral and mid-latitude areas of the Pacific. We also
note that the palaeomagnetic age interpretation for the lower
part of the succession in Hole 763A (Tang, 1992) is ques-
tionable because of complications arising from at least one
hiatus. Data from IODP Expedition 363 provided another
calibration with reasonably tight constraints at tropical In-
dian Ocean IODP Hole U1482B (Rosenthal et al., 2018a).
Routledge et al. (2020) have provided two calibrations for
IODP Holes U1457D and U1456D in the eastern Arabian
Sea and Podder et al. (2021) recorded the FAD at ODP Hole
758A in the eastern tropical Indian Ocean which is cali-
brated here against the magnetic reversal record of Farrell
and Janacek (1991). Based on this combined information
(Fig. 3), we suggest the tropical Indian Ocean may have been
virtually synchronous with the Pacific but with the likelihood
that there was diachrony to cooler water locations.

Various studies have recorded Pulleniatina primalis in the
Atlantic sector, but its Bottom occurrence is always within
the Pliocene at a much higher correlative level than the Indo-
Pacific (e.g. Beckmann, 1972; Jenkins, 1978; Keigwin, 1982;
Romine, 1986). Unfortunately, almost none of the Atlantic
Ocean sites offer good opportunities for geochronological
calibration because of site-specific issues such as hiatuses
and incomplete recovery; hence, the bioevent has rarely been
used for correlation there. The astronomical calibration of
Chaisson and Pearson (1997, p. 28) of 5.33± 0.25 Ma (see
Table 1 and Fig. 3) provides a very broad constraint but the

original low-resolution sampling could easily be improved in
future. The calibration of Norris (1998) at ODP Site 959 is
considerably younger, but Pulleniatina is rare there, probably
because the site is affected by coastal upwelling.

3.2.2 Evolution

The distributions of Neogloboquadrina acostaensis and Pul-
leniatina primalis for 6–7 and 3–6 Ma in the Triton database
(Fenton et al., 2021; Dunhill et al., 2021) are shown in
Fig. 4, as plotted using software developed for this study
and implemented at the mikrotax website, https://www.
mikrotax.org/system/ranges-tritonbiogeog.php (last access:
11 November 2023). The ancestral species Neogloboquad-
rina acostaensis has a cosmopolitan distribution that spans
all the ocean basins and extends into moderately high lat-
itudes in both hemispheres but not the Southern Ocean
(Fig. 4a and c). The evidence published to date indicates
that Pulleniatina primalis speciated either as a peripheral iso-
late that re-established itself across the tropical Indo-Pacific
(allopatric speciation) or in sub-populations spanning that
area but certainly not across the entire geographic range of
N. acostaensis (a form of parapatric speciation) (Fig. 4d).
Our interpretation, based on our observations at IODP Site
U1488, is that once established, P. primalis underwent rapid
evolutionary change and that so-called “transitional” speci-
mens between N. acostaensis and P. primalis that have occa-
sionally been reported are more likely to be the earliest repre-
sentatives of the P. primalis lineage, which Brönnimann and
Resig (1971) referred to as P. praepulleniatina. Evidence for
this is that such forms in the lowermost sample at Site U1488
containing P. primalis are predominantly sinistral but oc-
cur beside predominantly dextral N. acostaensis in the same
samples, which appear morphologically unchanged in com-
parison to lower samples. This pattern suggests that a sub-
population of N. acostaensis invaded a new ecological niche
and quickly evolved to take advantage of it, transmuting into
the form we call P. primalis. This change involved a marked
increase in test size and the development of a more subspher-
ical shape with chambers overhanging the umbilicus, as well
as a shiny cortex that was distributed over most of the adult
surface. The cortex, which is a relatively thin but compact
layer of platy crystals that covers the pores (Lastam et al.,
2023), is the defining feature of the genus Pulleniatina. The
cortex was often only partially covering the external surface
to begin with (Kennett and Srinivasan, 1983). The evident
success of this new group seems not to have impacted the re-
maining N. acostaensis, which continued to thrive indepen-
dently and apparently unchanged for over a million years.
There is no evidence that the time of FAD P. primalis was
in any way unusual climatically; for instance it postdates the
late Miocene carbon isotope shift that occurs between 7 and
8 Ma.

Although new studies of historic Pacific DSDP Sites 200
and 586 would be required to confirm that the occurrences
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Figure 4. Geographic distribution of Neogloboquadrina acostaensis and Pulleniatina primalis according to the Triton database: (a) N.
acostaensis 3–6 Ma, (b) P. primalis 3–6 Ma, (c) N. acostaensis 6–7 Ma and (d) P. primalis 6–7 Ma. Red circles indicate documented occur-
rences shaded according to the relative abundance of the species at the site. Dashed lines enclosing shaded areas are manually drawn around
the known occurrences.

there are anomalous (see Table 1), Pulleniatina primalis
probably evolved in the Western Pacific Warm Pool, the
hottest area of the open ocean, around 6.55 Ma. This re-
mains the area where Pulleniatina occurs at highest abun-
dance (see Fig. 1). Its migration into peripheral basins and
the middle southern and middle northern latitudes of the
Pacific was diachronous and in low abundance (Srinivasan
and Sinha, 1991; Li et al., 2005; Lam et al., 2022). The de-
layed appearance at Shatsky Rise (Premoli Silva et al., 1993;
Lam and Leckie, 2020) may be related to an expansion of
its geographic range along the Kuroshio Current extension.
Its appearance in the Indian Ocean may have been rapid in
favourable areas such as at IODP Site U1482, which samples
the Indonesian Throughflow, but diachronous elsewhere.

Entry of the species into the Atlantic Ocean was cer-
tainly much delayed (Fig. 4b). An interesting exception is the
record at DSDP Site 360 in the Cape Basin off South Africa,
which is technically in the southern Atlantic, being west of
Cape Agulhas, where Jenkins (1978) recorded discontinuous
upper Miocene occurrences of P. primalis. It is likely that
these populations were carried from the Indian Ocean by ed-
dies originating in the warm Agulhas Current, but failed to
thrive in the Atlantic. The only other Atlantic occurrence
in the Triton database > 6 Ma is from DSDP Site 141 off
western Africa (Beckmann, 1971), but this appears to be
a database error because Beckmann’s occurrences are all
Pliocene. After 6 Ma, P. primalis became widely distributed
across both the North and South Atlantic, including as far
north as the southern United Kingdom (Jenkins et al., 1986)
although it did not extend quite as far north and south as N.

acostaensis. Like modern Pulleniatina it was absent from the
Mediterranean Sea where N. acostaensis is fairly common
(Lirer et al., 2019). The factors that impeded the expansion
of Pulleniatina into the Indian and Atlantic oceans, and the
mid-latitudes, are as yet unknown, but may have related to
stratification and food supply at depth. Detailed sampling and
geochemical investigation may yield further insights into the
pattern and process of speciation and dispersal.

3.3 FAD of Pulleniatina praespectabilis

3.3.1 Biochronology

We report five recalibrations of this bioevent (Table 2, Fig. 5).
Pulleniatina was regarded as monospecific (P. obliquiloc-

ulata) for several decades after being described by Cush-
man (1927). The first significant taxonomic change was
made by Parker (1965), who described a form with an
acute periphery as P. spectabilis from three Pacific cores
taken by Scripps Institution of Oceanography. Parker sug-
gested that P. spectabilis first appeared around the Miocene–
Pliocene boundary, as then understood, and was a useful
marker for the lower part of the Pliocene, at least in the Pa-
cific Ocean. Banner and Blow (1967, p. 143) further noted
that P. spectabilis had apparently become extinct within the
Pliocene (see Sect. 3.8 below) and also described and illus-
trated morphological variants from New Guinea as transi-
tional between P. spectabilis and its supposed ancestor, P.
primalis. Brönnimann and Resig (1971) described the evolu-
tionary transition from P. primalis to P. spectabilis at DSDP
Site 62 on Eauripik Rise, western equatorial Pacific Ocean,
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Figure 5. Biochronological constraints on the FAD of Pulleniatina
praespectabilis in the Pacific Ocean, sites ordered west to east: the
gold circle is astrochronological, and blue diamonds are biochrono-
logical. The pink band shows the suggested summary calibration of
5.98± 0.05 Ma.

and in the process named a new morphospecies, P. prae-
spectabilis, to encompass intermediate forms that extended
down well into the upper Miocene. Hence, in their taxonomy,
which has become widely adopted, the evolutionary lineage
spans the origin of two morphospecies at different times, first
the transitional P. praespectabilis and then “fully developed”
P. spectabilis.

In the relatively few studies that have recorded a Bot-
tom occurrence for P. praespectabilis there is little agree-
ment as to the stratigraphic level (see Table 2). In the type
location, DSDP Site 62, Brönnimann and Resig (1971) and
Brönnimann et al. (1971) recorded a level below the Bottom
occurrence of Globorotalia tumida, which has been dated
to 5.57 Ma in the Pacific (Raffi et al., 2020; King et al.,
2020). Both Chaisson and Leckie (1993) at ODP Site 806
and Kaushik et al. (2020) at ODP Site 807 found the bio-
horizon at a higher level on the Ontong Java Plateau, within
the range of G. tumida. Another site where the biohorizon
was found is IODP Site U1338 in the eastern equatorial Pa-
cific. Here we use the shipboard biostratigraphy (Expedi-
tion 320/321 Scientists, 2010b) and the modified splice of
Wilkens et al. (2013) to produce an astronomical calibration
based on the tuning of Drury et al. (2018). This provides a
relatively broad constraint similar to the levels recorded on
the Ontong Java Plateau.

Our study of the bioevent at IODP Site U1488 (Sect. 2
above) is on the Eauripik Rise close to (∼ 28 km) the lo-
cation of DSDP Site 62 where the morphospecies was first
described (Brönnimann and Resig, 1971). The site benefits
from excellent recovery with the Advanced Piston Corer, as
opposed to DSDP Site 62, which was rotary cored and suf-
fered drilling disturbance and incomplete recovery. Quali-
tatively, we find the transition from P. primalis to P. prae-
spectabilis to involve two kinds of shape change that occur
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at different stratigraphic levels: first, (going up core) an in-
creasing acuteness of the periphery in some specimens, cre-
ating a subtriangular morphology in edge view and, second,
a tendency for biconvexity associated with further peripheral
acuteness. The distinction between the morphospecies could
be made at either level but would be equally subjective in
that populations always show a wide range of morphology
and the characters of interest vary from chamber to cham-
ber through ontogeny. Only by adopting a broad concept of
P. praespectabilis can we find a Bottom occurrence close to
(in fact slightly lower than) the equivalent stratigraphic level
recorded by the authors of the species (Brönnimann and Re-
sig, 1971). Both the Eauripik Rise and Ontong Java Plateau
are in the Western Pacific Warm Pool and sampled similar
water masses, and hence the reason for the discrepancy is
likely taxonomic (i.e. where to draw a distinction between P.
primalis and P. praespectabilis) and possibly preservational
as the tests are susceptible to dissolution and fragmentation.
In such instances the older calibration is preferred for a Bot-
tom occurrence. Taking into account this consideration we
propose a “global” calibration of 5.98± 0.05 Ma for the FO
of P. praespectabilis (pink band in Fig. 5) based on the record
at Site U1488, but we express low confidence in the biohori-
zon for accurate correlation.

3.3.2 Evolution

The FAD of Pulleniatina praespectabilis appears to be a
gradual evolutionary transition, that is, a pseudospeciation.
The morphological trend involved the gradual development
of a more acutely curved periphery and biconvex shape
among populations of P. primalis. Only at higher strati-
graphic levels is it possible to observe a clear morphologi-
cal separation between P. primalis and the P. praespectabilis
– spectabilis lineage, implying that cladogenesis must have
occurred sometime earlier. It is very difficult to pin down
the timing of this separation – which is different in princi-
ple from the first occurrence of the morphospecies – with-
out detailed morphometric studies that have yet to be con-
ducted. Qualitatively, according to our own observations, the
divergence of the lineages seems to follow a slowly bifur-
cating pattern, in contrast to the more discrete budding pat-
tern of P. primalis from N. acostaensis. It is as if popula-
tions of P. primalis initially diversified in their new ecologi-
cal niche and became quite variable in form and function be-
fore separating into two clearly distinct groups, one of which
(the P. praespectabilis – P. spectabilis lineage) initiated a
trend towards more angular morphologies. The fossil record
of planktonic foraminifera contains many instances of evo-
lutionary lineages which evolved more angular peripheries
that led to anguloconical or flattened biconvex shapes with
peripheral rims or keels (Cifelli, 1969; Norris, 1991). It may
be that such trends are related to changes in the structure of
the external pseudopodial network for feeding. In some in-
stances the transitions seem to be associated with an increase

Figure 6. Chronological constraints on the FAD of Pulleniatina
spectabilis in the Pacific Ocean arranged west to east: the gold cir-
cle is astrochronological, and the blue diamonds are biochronolog-
ical. The pink band shows the suggested summary calibration of
5.14± 0.1 Ma.

in depth habitat, so changes in buoyancy related to shape, as-
pect ratio or shell volume may have been involved in driving
such trends. Single-shell stable isotope analyses may eventu-
ally help test such hypotheses in the case of P. praespectabilis
– spectabilis.

3.4 FAD of Pulleniatina spectabilis

3.4.1 Biochronology

We report five recalibrations of this bioevent (Table 3, Fig. 6).
As discussed in the previous section, the morphospecies

Pulleniatina praespectabilis and P. spectabilis fully inter-
grade as part of a chronocline, the two being distinguished by
apparently arbitrary criteria relating to the flattening of the
spiral side and pinching of the periphery (Brönnimann and
Resig, 1971). Nevertheless, Pulleniatina spectabilis is a very
distinctive marker for a restricted stratigraphic interval in the
lower Pliocene in the Pacific. Any attempt to date the FO of
P. spectabilis must be from a study that also recognizes P.
praespectabilis (which rules out, for instance, the records of
Jenkins and Orr, 1972, and Orr and Jenkins, 1980, at DSDP
Sites 77 and 83 in the eastern equatorial Pacific) and ideally
it should be accompanied by an indication of how the taxa
were separated. We follow Brönnimann and Resig (1971)
by restricting our concept of P. spectabilis to forms with a
distinctly pinched periphery. Useful biochronological mark-
ers in the interval are the LAD of the zone fossil Globotur-
borotalita nepenthes, which has been astronomically dated to
4.37 Ma (Chaisson and Pearson, 1997; King et al., 2020), and
the LAD of Sphaeroidinellopsis kochi, astronomically dated
to 4.53 Ma (Chaisson and Pearson, 1997; King et al., 2020).

In our new investigation in IODP Hole U1488A on the
Eauripik Rise (Sect. 2 above) we locate the bioevent in a cor-
ing gap at a level that is consistent with neighbouring Site 62

J. Micropalaeontology, 42, 211–255, 2023 https://doi.org/10.5194/jm-42-211-2023
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Figure 7. Biogeographic distribution of Pulleniatina spectabilis be-
tween 4 and 6 Ma from the Triton database. The dashed lines en-
closing the shaded area were manually drawn around the known
occurrences.

where the transition from P. praespectabilis was first de-
scribed (Brönnimann and Resig, 1971). However, other stud-
ies have found the biohorizon at a lower level, most notably
at Hole U1338A by Expedition 320/321 Scientists (2010b),
where we have converted the shipboard data to an astronom-
ical calibration using the tuning of Drury et al. (2018). While
it is possible that the transition to the P. spectabilis morphos-
pecies occurred in a time-transgressive manner, we think it
more likely that discrepancies have arisen between authors in
placing the arbitrary transition. We suggest a calibration age
of 5.14± 0.1 Ma (pink band in Fig. 6) based on the record at
Hole U1338A but record the bioevent as having low correla-
tion potential, at least until morphometric data are available.

3.4.2 Evolution

The evolution of P. spectabilis appears to have been through
continuation of the trend towards more acute peripheries
among populations of P. praespectabilis, which eventually
resulted in a more “advanced” pseudocarinate form that is
conventionally described as P. spectabilis; nevertheless, pop-
ulations containing P. spectabilis always contain specimens
that are referable to P. praespectabilis, as would be the ear-
lier ontogenetic stages of undoubted P. spectabilis. Only one
record exists outside of the Pacific, namely at ODP Hole
758A in the tropical Indian Ocean where two occurrences
are recorded in the supplementary data table of Podder et
al. (2021), but there are no illustrations to support the re-
ported occurrence. The species has not been reported from
the South China Sea or Kuroshio Current region (Fig. 7). The
ancestral form, P. praespectabilis, is rare in the Indian Ocean
but has been described from DSDP Site 219 in the Arabian
Sea (Fleisher, 1974, p. 1031) and on the northwestern Aus-
tralian shelf at IODP Site U1482 (Rosenthal et al., 2018a).
The evolution of P. spectabilis therefore seems to have been
accompanied by a progressive geographic range restriction.
Srinivasan and Sinha (1998, 2000) have argued that this
may be related to the gradual restriction of the Indonesian

https://doi.org/10.5194/jm-42-211-2023 J. Micropalaeontology, 42, 211–255, 2023
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Figure 8. Biochronological constraints on the FAD of Pulleni-
atina praecursor in the Pacific Ocean. Blue diamonds represent
biochronological calibrations. The much older calibration of Sinha
and Singh (2008) is not shown. The pink band shows the suggested
summary calibration of 4.52± 0.10 Ma.

Throughflow through the late Miocene and Pliocene associ-
ated with northward movement of the Australian plate and
shallowing of the sills. This is an attractive idea because
of the alleged deep-dwelling habitat of P. spectabilis. How-
ever, we note that P. spectabilis is isotopically similar to co-
occurring P. primalis (data in Boscolo-Galazzo et al., 2022),
which, like other deep-dwelling species, is not itself similarly
restricted to the Pacific. Hence, there may also be an element
of ecological specialization involved in the geographic re-
striction, reminiscent of the way in which the modern Type
IIa genotype of P. obliquiloculata is restricted to the warmest
areas of the Pacific (Ujiié et al., 2012; Ujiié and Ishitani,
2016).

3.5 FAD of Pulleniatina praecursor

3.5.1 Biochronology

We report eight recalibrations of this bioevent (Table 4,
Fig. 8).

Between the FAD of P. spectabilis (∼ 4.93 Ma) and the
first major coiling change in the Pulleniatina lineage (see
Sect. 3.8 below) there is an interval of ∼ 850 kyr in which
three Pulleniatina bioevents occurred (according to most
records), namely the FAD of P. praecursor (this section),
the FAD of P. obliquiloculata (Sect. 3.6) and the LAD of P.
spectabilis (Sect. 3.7). Precise dating of these events is cur-
rently problematic because of a lack of good sections with
palaeomagnetic age control. When Banner and Blow (1967)
revised the taxonomy of Pulleniatina, they recognized a
long-term chronocline from relatively small, trochospiral
morphotypes (Pulleniatina primalis) to larger more irregu-
larly coiled forms (P. obliquiloculata and P. finalis; see be-
low for discussion) and designated an intermediate form as
the subspecies P. obliquiloculata praecursor. Most modern

workers recognize this as a distinct morphospecies, P. prae-
cursor, distinguished by an aperture that extends to the pe-
riphery, although some authors include it within an expanded
concept of P. primalis (Parker, 1965; Kaneps, 1973; Orr and
Jenkins, 1980), some within P. obliquiloculata (Chaisson and
Leckie, 1993; Chaisson and Pearson, 1997) and others sim-
ply omit it from their taxonomy (e.g. Lam and Leckie, 2020;
Groeneveld et al., 2021; Podder et al., 2021).

Although P. praecursor is characteristic of upper Pliocene
to lower Pleistocene assemblages, its Bottom occurrence is
of limited use for correlation because it appears by grad-
ual transition. Banner and Blow (1967) placed the event in
the lower Pliocene, about half way through the range of P.
spectabilis and not far below the Bottom of P. obliquilocu-
lata based on their unpublished data from Ecuador, Java and
Borneo. Brönnimann and Resig (1971) and Brönnimann et
al. (1971) placed it just above the Top of Sphaeroidinellop-
sis kochi, at a similar level to that implied by Banner and
Blow (1967). Saito (1985) recorded a single rare occurrence
at a correlative level in DSDP Hole 572C. Our own obser-
vations at IODP Hole U1488A, where the morphospecies is
continuously present, are in good agreement with this level
(Sect. 2 above). In contrast, however, Hays et al. (1969)
placed the event below the Bottom of P. spectabilis in Piston
Core V24-59 (extending its range to the bottom of the record
in that core, so no calibration is possible). Singh (1995) and
Sinha and Singh (2008) also placed the event at a much lower
level, within the lower Gilbert reversed interval (Chron C3r)
at ODP Hole 763A. The only Atlantic calibration is that of
Norris (1998), who recorded it at a significantly younger
level than the rest, but the occurrences are patchy at that site.
Although the event may be diachronous (Singh et al., 2021),
that is difficult to evaluate without assuming taxonomic con-
sistency and repeatability between studies. From the com-
bined information we tentatively suggest a “global” calibra-
tion of 4.52± 0.10 Ma. The biohorizon is, however, of lim-
ited utility because it is a subjective morphological transition.

3.5.2 Evolution

The FAD of P. praecursor appears to be another example
of a pseudospeciation, with the morphospecies differenti-
ated from P. primalis by arbitrary shape criteria (most im-
portantly, an aperture that extends to the periphery). As yet
there is no good evidence that it involved cladogenesis (lin-
eage splitting) although no detailed morphometric work has
yet been conducted to test this.

3.6 FAD of Pulleniatina obliquiloculata

3.6.1 Biochronology

We report seven recalibrations of this bioevent (Table 5,
Fig. 9).

When Banner and Blow (1967) recognized a long-term
Pulleniatina chronocline, which they divided into several
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Figure 9. Biochronological constraints on the FAD of Pulleniatina
obliquiloculata. Brown squares are magnetochronological, and blue
diamonds are biochronological. The pink band shows the suggested
summary calibration of 4.22± 0.12 Ma.

morphospecies, they necessarily restricted the concept of P.
obliquiloculata; hence, to calibrate FAD P. obliquiloculata
sensu stricto it is necessary to consider only those studies
that recognize both P. obliquiloculata and its predecessor in
the bioseries, P. praecursor, as distinct forms. Even in those
circumstances, much subjectivity is required in separating
the morphospecies. Banner and Blow (1967, fig. 14) placed
the Bottom of P. obliquiloculata at around the same level as
the Top of “Globigerina” (=Globoturborotalita) nepenthes
in the middle of their Zone N19 (the biostratigraphic inter-
val between the Bottom of Sphaeroidinella dehiscens and the
Top of Dentoglobigerina altispira). They noted that this level
was found in both the Caribbean–Atlantic province (Bowden
Formation at Jamaica) and in the Indo-Pacific (Sarmi Forma-
tion of West Papua; Banner and Blow, 1967, p. 139), but they
did not publish their biostratigraphic data, so no recalibra-
tion is possible. Our own calibration at IODP Hole U1488A
(Sect. 2 above) accords with the level originally suggested by
Blow and Banner (1967), although various other authors have
recorded the biohorizon at higher levels. We attribute the sub-
stantial differences in calibration age in the various studies
(Fig. 9) to subjectivity arising from the distinction of the two
morphospecies and the patchy record at sites such as ODP
Site 832. We suggest a global calibration of 4.22± 0.12 Ma
for the original species concept based on harmonizing the
records from in Holes 667A, U1488A and 807A (pink band
in Fig. 9).

3.6.2 Evolution

The main distinguishing feature of the P. obliquiloculata
morphospecies is the distinctly “streptospiral” (irregular)
coiling mode (Banner and Blow, 1967). Although no mor-
phometric studies have yet been conducted, our impression is
that the degree of streptospirality increases up core, and thus

Figure 10. Biochronological constraints on the LAD of Pul-
leniatina spectabilis ordered from west to east across the Pa-
cific: the gold circle is astrochronological, the brown square is
magnetochronological and the blue diamonds are biochronolog-
ical. Chevrons are for calibrations with no known sampling er-
ror. The pink band shows the suggested summary calibration of
4.27± 0.05 Ma based on harmonizing multiple sites.

the proportion of noticeably streptospiral tests assignable
to the P. obliquiloculata morphospecies also increases. The
change in spire height is accompanied by the development of
larger more globular chambers and a reduction in the number
of chambers per whorl, resulting in an overall more subspher-
ical shape for the adult test. The possible ecological signifi-
cance of these shape changes is unknown.

3.7 LAD of Pulleniatina spectabilis

3.7.1 Biochronology

We report 14 recalibrations of this bioevent (Table 6, Fig. 10).
The earliest calibration of this event is by Hays et

al. (1969) from “Vema” Piston Core V24-59 as cited in
the compilations of Berggren et al. (1985a, b) and Wade et
al. (2011). This remains the only palaeomagnetic calibration
because all other sites in the equatorial Pacific lack inter-
pretable magnetochronology through this interval. Berggren
et al. (1995b) stated that the event is in the top of the Co-
chiti subchron (i.e. C3n.1n), but this appears to be an error
because it is indicated by Hays et al. (1969) close to the top
of the reversed interval below that (i.e. C3n.1r) at a level dis-
tinctly above the Top of Globoturborotalita nepenthes. How-
ever, like other early studies, there are no associated data,
so the sampling interval is unknown and the recalibration is
made here from the published figure (Hays et al., 1969, fig. 6)
(see Table 6 and Fig. 9). It may be that the true level is indeed
in lower C3n.1n.

Pulleniatina spectabilis was recorded and illustrated by
Jenkins and Orr (1972) from DSDP Site 77 in the eastern
equatorial Pacific, although it does not appear on the range
chart for that site (Shipboard Scientific Party, 1972). Our
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recalibration uses the range as depicted in Orr and Jenk-
ins (1980, fig. 3) where Top P. spectabilis is placed mid-
way between Top Sphaeroidinellopsis seminulina and Top
Globoturborotalita nepenthes but without stated sampling er-
rors. At DSDP Site 83 a single occurrence of P. spectabilis
was noted by Orr and Jenkins (1980, fig. 3). The low level
of this occurrence suggests that the species may have had a
restricted range in the eastern equatorial Pacific, as was ar-
gued by Jenkins and Orr (1972) and Orr and Jenkins (1980).
A similar situation occurs in the Panama Basin at DSDP
Site 158, where just two occurrences were recorded by
Kaneps (1973; note that the specimens recorded by Kaneps at
DSDP Site 157 with “only a very weakly angled periphery”
probably accord with the subsequently accepted concept of
P. praespectabilis, meaning that level is not calibrated here).
Another significant eastern Pacific record is from IODP Hole
U1338A, for which we have recalibrated the shipboard data
(Expedition 320/321 Scientists, 2010b) to the astronomical
timescale of Drury et al. (2018). The species is rare and
patchy at Site U1338 so this calibration may not record the
global last occurrence; nevertheless, it is consistent with the
western Pacific sites within the relatively broad sampling er-
ror.

Of the three calibrations on the Ontong Java Plateau, the
best constraint is at ODP Hole 807A, where Kaushik et
al. (2020) used very high-resolution post-expedition sam-
pling to establish the ∼ 120 kyr gap from Top Globoturboro-
talita nepenthes to Top Pulleniatina spectabilis. Our re-study
of the event in Hole U1488A on Eauripik Rise (Sect. 2 above)
is consistent with this, and we found that P. spectabilis in the
higher part of its range have a larger proportion of dextral
specimens than earlier. We suggest that the stratigraphically
lower record of Brönnimann et al. (1971) at neighbouring
Site 62 may be a highest common occurrence at that site
that was incompletely recovered by rotary drilling. The data
from Hole U1488A are also consistent with the much lower-
resolution records from Holes U1489A and U1490A (Rosen-
thal et al., 2018f, g). Taking all these constraints into account,
we suggest a global calibration of 4.27± 0.05 Ma (pink band
in Fig. 10). The species may well have disappeared from the
eastern Pacific before its final appearance in the west. The
best prospect of improved calibration is from resampling the
records at Sites U1488 and U1338 to compare the precise
LADs against astrochronology and isotope stratigraphy.

3.7.2 Evolution

The LAD of Pulleniatina spectabilis is coincident with the
LAD of P. praespectabilis in most records, including our
own. We interpret both morphospecies to be part of the same
evolving lineage which became extinct, possibly after being
restricted to the core of its range in the Warm Pool. The
extinction level is not remarkable in any way, and no other
species seem to have been affected.

Figure 11. Biochronological constraints on the mid-Pliocene “L9”
sinistral to dextral coiling reversal. Biohorizons LO G. nepenthes
and LO S. kochi are shown for reference (dashed lines). Gold cir-
cles are astrochronological, brown squares are magnetochronologi-
cal and blue diamonds are biochronological calibrations. The pink
bands show the suggested summary calibration of 4.06± 0.02 Ma.

3.8 “L9” coiling event

3.8.1 Biochronology

We report 27 recalibrations of this prominent bioevent (Ta-
ble 7, Fig. 11). The terminology “L9” is derived from the
classic paper of Saito (1976) and is retained here as a useful
name for the bioevent even though the wider alphanumeric
scheme of Saito (1976) is no longer used as a whole (see
Pearson and Penny, 2021, for discussion).

The earliest Pulleniatina are dominantly sinistrally coiled,
although occasional dextral specimens occur (see Fig. 2).
The lineage presumably inherited this characteristic from the
ancestral population of Neogloboquadrina acostaensis from
which it likely evolved. The Pulleniatina praespectabilis –
spectabilis lineage is also sinistrally dominant, although our
data suggest a significant increase in dextral specimens in
the latter part of the range. Shortly after the extinction of P.
spectabilis (in most records at least) the main lineage flipped
to a dominantly dextral condition. This bioevent was recog-
nized by Bandy (1963) and has been used for correlation
since the early days of the DSDP. It was labelled “L9”, short
for “left-coiling episode 9” by Saito (1976). In most records,
the coiling change is from a strong sinistral to a strong dex-
tral dominance and is rapid. In a small number of records
(e.g. Kaneps, 1973, at DSDP Site 157 in the eastern equa-
torial Pacific) intermediate values occur. To avoid ambigu-
ity, we define the bioevent as being from > 80 % sinistral to
> 80 % dextral, and any intermediate values are recorded as
being part of the transition interval.

Four astronomical calibrations exist from widely separated
locations, and all are in remarkably tight agreement (see
Fig. 11). These are the tuned records at ODP Hole 925B
on Ceara Rise in the Atlantic (Chaisson and Pearson, 1997,
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updated according to Wilkens et al., 2017, and King et al.,
2020); IODP Hole U1563C in the Indian Ocean on the north-
western Australian margin (Groeneveld et al., 2021); and
IODP Holes U1337A and U1338A in the eastern equato-
rial Pacific. The latter two sites are here calibrated from the
data of Expedition 320/321 Scientists (2010a, b) and, in the
case of additional data from Hole U1338B, from Hayashi et
al. (2013) using the tuning of Tian et al. (2018) and Drury
et al. (2017). These four tuned records strongly suggest that
the bioevent is globally synchronous to within ∼ 40 kyr or
less (4.06± 0.02 Ma). Most of the other calibrations are con-
sistent with this age, including the original palaeomagnetic
calibration of Hays et al. (1969) from Vema core V24-59 in
the central Pacific. Occasional records that disagree may be
due to sedimentary complications, long calibration intervals
or other issues. A possible exception is the far eastern Pa-
cific where three sites record significantly older estimates.
To these can be added the observation of Chaisson (1995),
who suggested that the coiling reversal was more gradual in
two other eastern Pacific sites, ODP Sites 847 and 852, than
it is in the western Pacific, but the data from both those sites
are too low resolution to provide useful calibrations here.

3.8.2 Evolution

No difference in size or shape between left- and right-coiling
shells near the time of the L9 coiling bioevent has so far been
observed, although no morphometric study has so far been at-
tempted. We suggest that dextrally dominant populations first
arose as an otherwise cryptic genotype, possibly in the east-
ern equatorial Pacific, and then rapidly replaced the predom-
inantly sinistral genotypes worldwide. There is no evidence
for a climatic linkage.

3.9 LAD of Pulleniatina primalis

3.9.1 Biochronology

We report 10 recalibrations of this bioevent (Table 8, Fig. 12).
This biohorizon is highly subjective because of the in-

tergradation of the morphospecies P. primalis with P. prae-
cursor and P. obliquiloculata and from the persistence of
primalis-like morphotypes as part of the pre-adult life cy-
cle of P. obliquiloculata. Because of the intergradation and
to ensure consistent criteria, only studies that recognize all
three morphospecies can be considered, which excludes for
instance the studies of Krasheninnikov and Hoskins (1973),
Keigwin (1982), Chaisson and Pearson (1997), Expedi-
tion 320/321 Scientists (2010a, b), Lam and Leckie (2020),
Groeneveld et al. (2021), and Lam et al. (2022). A widely ac-
cepted early magnetostratigraphic calibration that has prop-
agated through the literature was based on DSDP Site 502
(Colombian Basin) by combining the biostratigraphic data
of Keigwin (1982) with the palaeomagnetic data of Kent
and Spariosu (1982a). Berggren et al. (1985a) suggested
an approximate age of 3.50 Ma based on this (recorded as

Figure 12. Biochronological constraints on the LAD of P. primalis
arranged west to east. Brown squares are magnetochronological,
and blue diamonds are biochronological. The pink band shows the
suggested summary calibration of 4.00± 0.60 Ma based on our new
observations at IODP Hole U1488A and constraints from three sites
from ODP Leg 144.

3.53 Ma by Keigwin, 1982). Berggren et al. (1995b) revised
this to 3.65 Ma based on revised magnetostratigraphy (see
also Wade et al., 2011). As an exercise, we recalibrated the
event against the magnetostratigraphic timescale of Raffi et
al. (2020) taking into account the original sampling errors
reported by Keigwin (1982) and Kent and Spariosu (1982a),
which yields an age estimate of 3.56± 0.04 Ma. However,
we discount this as a valid recalibration because Keig-
win (1982) did not recognize the morphospecies P. praecur-
sor.

In their original subdivision of the genus, Banner and
Blow (1967, fig. 14) indicated Top P. primalis as occurring
slightly before Top P. spectabilis within their Zone N20 but
did not publish the data on which this interpretation was
based. Our new study at Hole U1488A places Top P. primalis
at a somewhat higher level, approximately consistent with
those recorded by Pearson (1995) at three Pacific guyot sites
in the Marshall Islands region (ODP Holes 872B, 873C and
871A) and Chaproniere and Nishi (1994) and Chaproniere
et al. (1994) at ODP Hole 834A in the eastern Pacific Lau
Basin, but these are still far lower than the levels reported
at several other sites, as shown in Fig. 12. We attribute the
lack of consistency between biostratigraphic studies to be-
ing a result of problems in taxonomic discrimination, in par-
ticular that pre-adult P. obliquiloculata often resemble the
P. primalis morphospecies when the streptospiral coiling ar-
rangement has not fully asserted itself (Bolli and Saunders,
1985). This may be why some authors record P. primalis as
occurring into the Quaternary (e.g. Hays et al., 1969; Bolli
and Saunders, 1985; Premoli Silva et al., 1993; Hayashi et
al., 2013; Lam and Leckie, 2020). Such forms have occasion-
ally been recognized as a taxonomically distinct species, Pul-
leniatina okinawaensis of Natori (1976), but this is regarded
here as pre-adult P. obliquiloculata. Based on these consid-
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P. N. Pearson et al.: Biochronology and evolution of Pulleniatina 235

Ta
bl

e
8.

R
ec

al
ib

ra
tio

ns
of

th
e

L
A

D
of

P.
pr

im
al

is
.

L
oc

at
io

n
U

pp
er

ca
lib

ra
tio

n
ev

en
t

L
ow

er
ca

lib
ra

tio
n

ev
en

t
Ta

rg
et

ev
en

t

R
ef

er
en

ce
Si

te
Ph

ys
io

gr
ap

hi
c

fe
at

ur
e

G
ri

d
re

fe
re

nc
e

E
ve

nt
A

ge
(M

a)
To

p
co

n-
st

ra
in

t
(m

)

B
ot

to
m

co
n-

st
ra

in
t

(m
)

E
ve

nt
A

ge
(M

a)
To

p
co

n-
st

ra
in

t
(m

)

B
ot

to
m

co
n-

st
ra

in
t

(m
)

To
p

co
n-

st
ra

in
t

(m
)

B
ot

to
m

co
n-

st
ra

in
t

(m
)

A
ge

(M
a)

C
al

cu
la

te
d

er
ro

r+
(M

a)

C
al

cu
la

te
d

er
ro

r−
(M

a)

Pl
ot

te
d?

G
up

ta
an

d
T

ho
m

as
(1

99
9)

D
SD

P
21

9
A

ra
bi

an
Se

a,
In

d.
09
◦
01

.7
5′

N
,

75
◦
52

.6
7′

E
To

p
D

.
al

tis
pi

ra
(P

ac
.)

3.
47

30
.4

5
31

.9
5

To
p

G
.

ne
pe

nt
he

s
4.

38
48

.4
5

49
.9

5
46

.9
1

48
.4

1
4.

30
2

0.
07

6
0.

07
6

Y

Si
nh

a
an

d
Si

ng
h

(2
00

8)
O

D
P

76
3A

E
xm

ou
th

Pl
at

ea
u,

In
d.

20
◦
35

.2
0′

S,
11

2◦
12

.5
0′

E
C

2A
n.

1n
3.

03
2

52
.3

0
52

.3
0

C
2A

n.
1r

3.
11

6
64

.2
64

.2
57

.6
5

59
.1

6
3.

07
5

0.
00

5
0.

00
5

Y

T
hi

s
st

ud
y

IO
D

P
U

14
88

A
E

au
ri

pi
k

R
is

e,
Pa

c.
02
◦
02

.5
9′

N
,

14
1◦

45
.2

9′
E

To
p

G
.

m
ar

ga
ri

ta
e

3.
85

80
.5

0
82

.2
2

To
p

G
.

ne
pe

nt
he

s
4.

38
11

0.
47

11
2.

70
82

.2
2

83
.9

0
3.

88
0

0.
03

0
0.

03
0

Y

B
rö

nn
im

an
n

et
al

.(
19

71
)

D
SD

P
62

E
au

ri
pi

k
R

is
e,

Pa
c.

01
◦
52

.2
′
N

,
14

1◦
56

.3
′
E

To
p

D
.

br
ou

w
er

i
1.

93
0

42
.0

0
42

.0
0

To
p

D
.

pe
nt

ar
ad

ia
-

tu
s

2.
39

0
59

.0
00

61
.0

00
58

.0
00

59
.0

00
2.

35
2

0.
03

8
0.

03
4

Y

K
au

sh
ik

et
al

.
(2

02
0)

O
D

P
80

7A
O

nt
on

g
Ja

va
Pl

at
ea

u,
Pa

c.
03
◦
36

.4
2′

N
,

15
6◦

37
.4

9′
E

To
p

G
.

to
sa

en
si

s
0.

61
0

10
.2

0
10

.5
0

To
p

G
.

fis
tu

lo
sa

1.
88

0
26

.7
4

27
.0

4
25

.8
3

26
.2

2
1.

81
4

0.
02

6
0.

02
6

Y

Pr
em

ol
iS

ilv
a

et
al

.(
19

93
);

Sa
ge

re
ta

l.
(1

99
3)

O
D

P
81

0C
Sh

at
sk

y
R

is
e,

Pa
c.

32
◦
25

.4
0′

N
,

15
7◦

50
.7

4′
E

C
or

e
to

p
0

0
0

C
1n

0.
77

3
18

.1
00

18
.1

00
1.

90
3.

40
0.

11
3

0.
03

2
0.

03
2

–

Pe
ar

so
n

(1
99

5)
O

D
P

87
2B

L
o-

E
n

G
uy

ot
,

Pa
c.

10
◦
05

.8
5′

N
,

16
2◦

51
.9

6′
E

To
p

D
.

al
tis

pi
ra

(P
ac

.)

3.
47

17
.0

0
19

.0
9

To
p

G
.

ne
pe

nt
he

s
4.

38
24

.5
6

25
.2

9
22

.6
6

23
.9

7
4.

16
7

0.
18

8
0.

20
2

Y

Pe
ar

so
n

(1
99

5)
O

D
P

87
3C

W
od

ej
eb

at
o

G
uy

ot
,P

ac
.

11
◦
53

.8
0′

N
,

16
4◦

55
.1

9′
E

To
p

D
.

al
tis

pi
ra

(P
ac

.)

3.
47

11
.8

2
13

.3
2

To
p

G
.

ne
pe

nt
he

s
4.

38
18

.9
2

20
.4

2
12

.7
2

14
.2

8
3.

58
9

0.
21

3
0.

19
2

Y

Pe
ar

so
n

(1
99

5)
O

D
P

87
1A

L
im

al
ok

G
uy

ot
05
◦
33

.4
3′

N
,

17
2◦

20
.6

9′
E

To
p

G
.

fis
tu

lo
sa

1.
88

16
.6

0
17

.6
0

To
p

D
.

al
tis

pi
ra

(P
ac

.)

3.
47

19
.7

3
20

.6
0

21
.2

3
22

.1
0

4.
24

8
0.

42
6

0.
44

4
Y

C
ha

pr
on

ie
re

an
d

N
is

hi
(1

99
4)

O
D

P
83

4A
L

au
B

as
in

,P
ac

.
18
◦
34

.0
58
′
S,

17
7◦

51
.7

35
′
W

C
2A

n.
3n

3.
59

6
71

.8
0

71
.8

0
To

p
R

.
ps

eu
do

um
-

bi
lic

a

3.
82

76
.2

77
.3

00
75

.4
9

77
.2

8
3.

80
3

0.
07

1
0.

05
7

Y

H
ay

s
et

al
.

(1
96

9)
V

24
-5

9
C

en
tr

al
eq

ua
to

-
ri

al
Pa

c.
02
◦
34
′
N

,
14

5◦
32
′
W

C
1r

.2
n

1.
22

1
57

0.
00

57
0.

00
C

1r
.3

r
1.

77
5

73
5

73
5

65
5

65
5

1.
50

6
0.

00
0

0.
00

0
Y

https://doi.org/10.5194/jm-42-211-2023 J. Micropalaeontology, 42, 211–255, 2023



236 P. N. Pearson et al.: Biochronology and evolution of Pulleniatina

Figure 13. Biochronological constraints on the Pliocene disap-
pearance of Pulleniatina from the Atlantic sector, arranged west
to east. The gold circle is astrochronological, and blue diamonds
are biochronological. The pink band shows the suggested summary
calibration of 3.370± 0.005 Ma based on the tuned records at IODP
Site U1396 and ODP Site 925. Earlier calibrations may be due to
the patchy occurrence of Pulleniatina prior to its disappearance.

erations, we propose a LAD of 4.0± 0.6 Ma, as shown by
the pink band in Fig. 12, and recommend that the taxonomic
concept of P. primalis is restricted to demonstrably adult tests
in tropical regions. The LAD of P. primalis has not been used
as a biostratigraphic marker, but if it is to be used, it will need
to be based on much improved taxonomic discrimination.

3.9.2 Evolution

We regard this bioevent as an example of a pseudoextinction
caused by gradual evolution of the lineage away from the ini-
tial P. primalis morphology. Lam et al. (2022) have used it as
an example of extra-tropical diachrony, but it is a highly sub-
jective, and the lack of agreement between calibration ages
is likely as much a function of taxonomic inconsistency as a
true biogeographic pattern.

3.10 Atlantic Ocean disappearance

3.10.1 Biochronology

We report 16 recalibrations of this bioevent (Table 9, Fig. 13).
Lamb and Beard (1972), Saito (1976) and Bolli and

Krasheninnikov (1977) observed that Pulleniatina was ab-
sent from several sites in the Caribbean and Gulf of Mexico
for an extended interval in the late Pliocene, but their records
are insufficient to provide a precise calibration for either
the disappearance or reappearance. During DSDP Leg 15,
Bolli and Premoli Silva (1973) recorded a stratigraphic gap
in Holes 148 (Aves Ridge, eastern Caribbean) and 154A
(Columbian Basin), finding P. primalis to be intermittent
prior to its disappearance. The latter site was re-studied by
Keigwin (1978), who found the disappearance at a slightly

higher level than previously reported, dating it to approxi-
mately 3.1 Ma based on interpolation between a few bios-
tratigraphic datums. Our recalibration to the timescale of
Raffi et al. (2020) using the level reported by Keigwin (1978)
combined with the wider biostratigraphic constraints of Bolli
and Premoli Silva (1973) indicates an age of ∼ 3.52 Ma,
but although the sampling is well constrained, the biostrati-
graphic framework is questionable because of anomalous re-
ported ranges of some marker species, suggesting that the
succession may be disturbed around the level of interest.
Keigwin (1982) suggested an age of 3.3 Ma at DSDP Site
502, also in the Columbian Basin, again by indirect cali-
bration to widely spaced biostratigraphic events (recalibrated
here to 3.64 Ma).

Several relevant sites were drilled during ODP Leg 154
on Ceara Rise in the equatorial Atlantic Ocean. Chais-
son and Pearson (1997) estimated the Atlantic disappear-
ance at 3.41± 0.03 Ma at ODP Site 925 where there is an
excellent orbital cyclostratigraphy. This is revised here to
3.40± 0.03 Ma following changes to the inter-hole splice and
orbital solution as discussed in King et al. (2020). A sim-
ilar level was found in Hole 926A and Hole 927A (Ship-
board Scientific Party, 1995a, b). Slightly older calibrations
in Holes 928A and 929A (Shipboard Scientific Party, 1995c,
d) are probably due to sampling of the patchy distribution of
Pulleniatina prior to its disappearance. Further data was pro-
vided by Chaisson and D’Hondt (2000) from ODP Site 999
in the Caribbean Sea, who found the event at a similar level to
Site 925. A very high-resolution orbitally tuned record from
near the island of Montserrat (IODP Site U1396) was pro-
vided by Fraass et al. (2017) that is consistent with the Ceara
Rise age.

Several sites were drilled in the eastern Atlantic during
ODP Legs 108 (Weaver and Raymo, 1989) and 159 (Norris,
1998). Most of these are consistent with the tight constraint
of Fraass et al. (2017) except the equatorial record at ODP
Hole 664D which is slightly younger, but that site is affected
by a prominent hiatus at a slightly younger level and may be
disturbed lower down the core. Given these considerations,
we propose a summary calibration of 3.370± 0.005 Ma for
the final Atlantic disappearance (pink band in Fig. 13) with
the proviso that the disappearance in some places was pre-
ceded by an interval of stuttering occurrences and there may
have been an element of diachrony between local refugia.

3.10.2 Evolution

The disappearance of Pulleniatina from the Atlantic is a
good example of a temporary range contraction (local ex-
tinction). There was no prominent climatic cooling associ-
ated with the disappearance level, which seems to rule out
a direct climate link such as has been hypothesized for the
short-term disappearance during the Last Glacial Maximum
(Prell and Damuth, 1978). There was increasing endemism
of planktonic foraminifera in general between the Atlantic
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Figure 14. Biochronological constraints on the Pleistocene reap-
pearance of Pulleniatina in the Atlantic sector, arranged west to
east. Gold circles are astrochronological, brown squares are magne-
tochronological and blue diamonds are biochronological. The pink
band shows the suggested summary calibration of 2.24± 0.02 Ma.

and Pacific during the late Pliocene, which has been linked to
the gradual closure of the Panama gateway (Schmidt, 2007).
Nevertheless, populations have always been able to commu-
nicate via the Indian Ocean and the Agulhas Current around
South Africa. The genus remained present in high abundance
in the tropical Pacific and Indian oceans during the Atlantic
disappearance, although there may have been a geographic
range contraction in the South China Sea, as evidenced by
very low abundances at this time (Li et al., 2005).

3.11 Atlantic Ocean reappearance

3.11.1 Biochronology

We report 19 recalibrations of this bioevent (Table 10,
Fig. 14).

The highest-resolution record of this bioevent is the tuned
age of Fraass et al. (2017) at IODP Site U1396 in the
Caribbean Sea, which is in good agreement with the earlier
astronomical calibration of Chaisson and Pearson (1997) at
ODP Site 925 on Ceara Rise (revised here to 2.25± 0.03 Ma
as discussed by King et al., 2020). A high-resolution magne-
tostratigraphic calibration was provided by Maniscalco and
Brunner (1998) at ODP Site 953 (Canary Islands region) that
places the event in the upper part of Subchron C2r.2r, albeit
based on unpublished magnetostratigraphy. At that site the
Pulleniatina reappearance occurs immediately above a short
interval of poor recovery but the calibration is nevertheless in
excellent agreement with the astronomical calibrations from
the other side of the Atlantic. These calibrations are also con-
sistent with the biostratigraphic records of Moullade (1983)
at DSDP Site 533 on the Blake Outer Ridge, western North
Atlantic, and Norris (1998) at ODP Site 959 in the eastern
Ivorian Basin. Together these records suggest that Pulleni-
atina appeared across the tropical Atlantic at 2.24± 0.02 Ma.

The older calibration age at DSDP Site 148 in the Caribbean
Sea (Bolli and Premoli Silva, 1973) can probably be dis-
counted because of sedimentary complexities and anomalous
reported stratigraphic ranges at that site, combined with a
long calibration interval.

The eastern equatorial records from three Leg 108 sites
(ODP Holes 661A, 665A and 657A) were herein calibrated
by combining the fossil occurrence data of Weaver and
Raymo (1989) with the magnetostratigraphy of Tauxe et
al. (1989). All of these records are within error of the above
stated age. However three other Leg 108 sites (Holes 659A,
660A and 662A) have anomalous calibrations (see Fig. 14).
These have no reliable magnetostratigraphy through the cal-
ibration interval and thus rely on biostratigraphic calibra-
tions. They may be unreliable because they are from rela-
tively high-productivity environments and may have anoma-
lous ranges of marker taxa. Because of this they are not con-
sidered good evidence for diachrony.

3.11.2 Evolution

The re-establishment of Pulleniatina in the Atlantic was pre-
sumably via Indian Ocean populations because the Panama
Gateway was likely closed by that time. There is no obvi-
ous climatic link to the event, and the reason why the genus
was able to thrive once again in the Atlantic is not known.
An interesting question is to what extent Pulleniatina has
experienced inter-ocean gene flow since the recolonization.
Saito (1976) claimed that the coiling direction history di-
verged in the Atlantic compared to the Indo-Pacific (as dis-
cussed in Sect. 3.12, 3.15, and 3.16 below), at least from the
period up to the “L1” shift at ∼ 0.855 Ma. Since then, pop-
ulations everywhere have been dominated by dextral speci-
mens. Modern Atlantic and Indian Ocean populations of P.
obliquiloculata are dominated by the Type I genotype, with
rare examples of Type IIb, whereas the Pacific is dominated
by Type IIb and Type IIa (Ujiié and Ishitani, 2016). It is cur-
rently unclear to what extent these genotypes represent dis-
crete populations with deep divergence times in the past (see
Ujiié and Ishitani, 2016, and Pearson and Penny, 2021, for
discussion).

3.12 Bottom of the “L5” coiling interval

3.12.1 Biochronology

We report four recalibrations of this bioevent (Table 11;
Fig. 15).

One of the most promising of the Pulleniatina coiling
shifts located by Pearson and Penny (2021) at Site U1486
occurs at the bottom of Saito’s (1976) “L5” interval (depend-
ing on how it is defined) within the upper part of Matuyama
Subchron C2r.1r (see also Rosenthal et al., 2018c). Data
from earlier studies (Hays et al., 1969; Bolli and Premoli
Silva, 1973; Saito, 1976; Thompson and Sciarillo, 1978)
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Figure 15. Biochronological constraints on the bottom of the
“L5” coiling interval, arranged west to east. The gold circle is as-
trochronological calibration, while blue diamonds are biochrono-
logical. The pink band shows the suggested summary calibration of
2.02± 0.01 Ma.

were not sufficiently detailed to resolve this shift or are am-
biguous. Nevertheless, it is a very sharp transition that can
be calibrated precisely (Pearson and Penny, 2021). For max-
imum correlation potential it is defined here as a shift from
< 60 % dextral to < 10 % dextral in the upper part of the
Matuyama Chron and is calibrated palaeomagnetically to
2.022± 0.002 Ma at Pacific Ocean Site U1486 in the west-
ern Pacific Manus Basin, which is consistent with broader
calibration intervals at IODP Hole U1483A in the eastern
tropical Indian Ocean (Rosenthal et al., 2018b; Pearson and
Penny, 2021) and ODP Hole 834A in the western Pacific Lau
Basin (Chaproniere and Nishi, 1994).

An astronomical calibration at ODP Site 1115 in the
Solomon Sea (Chuang et al., 2018) gives the significantly
older age of 2.147± 0.004 Ma. The discrepancy is unlikely
to be due to diachrony because it is in the same region as
the other western Pacific sites; instead the sedimentary dis-
turbance at Site 1115 (Resig et al., 2001) may be responsible
for an age model error. Until more information is available,
the calibration at Site U1486 is preferred here, and a “global”
calibration of 2.02± 0.01 Ma is suggested.

3.12.2 Evolution

Pearson and Penny (2021) found that the coiling shift at
IODP Site U1486 was characterized by a rapid decline
of dextral specimens which only later re-established them-
selves. Single-specimen isotopic analysis of 100 left-coiling
and 100 right-coiling shells just prior to the shift found no
significant differences, and no size difference was detected.
The cause of the bioevent may have been the extinction of
a cryptic genotype characterized by predominantly dextral
shells, leaving populations dominated by sinistral individu-
als.

Figure 16. Biochronological constraints on the FAD of Pulleni-
atina finalis, arranged west to east. Gold circles are astrochronolog-
ical, brown squares are magnetochronological and blue diamonds
are biochronological. The broad pink band shows the suggested
summary calibration of 1.97± 0.17 Ma.

3.13 FAD of Pulleniatina finalis

3.13.1 Biochronology

We report 14 recalibrations of this bioevent (Table 12,
Fig. 16).

The FAD of P. finalis is a pseudospeciation that depends
on a taxonomist being confident that at least one specimen
in an assemblage can be assigned to the P. finalis morphos-
pecies. As such it depends on a somewhat arbitrary distinc-
tion between P. obliquiloculata and P. finalis relating to the
perceived pseudo-planispirality of the adult shell. Banner and
Blow (1967) originally placed the biohorizon in the lower
part of their Zone N22 (Pleistocene) but did not publish the
data on which this was based. Lamb and Beard (1972) placed
the bioevent at a much higher level and used it to define
an upper Pleistocene Pulleniatina primalis subzone for the
Caribbean and Gulf of Mexico (see also the summary of
DSDP Leg 10 by Smith and Beard, 1973), although strati-
graphic constraints are too poor to attempt a modern recal-
ibration. At ODP Hole 810C on Shatsky Rise in the north-
western Pacific, Premoli Silva et al. (1993) found the Bottom
of a form they called “cf. finalis” within the lower part of the
Olduvai Subchron Chron C2n followed by a gap in its range
and the incoming of “P. finalis sensu stricto” at a higher level.
Chaisson and Pearson (1997) estimated its age at ODP Site
925 on Ceara Rise in the tropical Atlantic at 2.04± 0.03 Ma
based on cyclostratigraphy, revised by King et al. (2020) to
2.03 Ma. This is broadly consistent with other Ceara Rise
sites except Site 929, which is in deeper water and may be
affected by dissolution. At tropical Indian Ocean Hole 758A,
Podder et al. (2021) recorded the FAD at a level that is cali-
brated here against the palaeomagnetic record of Farrell and
Janecek (1991) to 2.13 Ma. That places it near to the short
Feni Subchron C2r.1n, which unfortunately was not resolved
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in Hole 758A. Our new record from IODP Hole U1488A (see
Sect. 2 and Rosenthal et al., 2018e) yields a palaeomagnetic
calibration within the Olduvai Subchron C2n of 1.86 Ma. We
note that the P. finalis morphospecies becomes rare up sec-
tion and has a second reappearance at a considerably higher
level. The record at Hole U1337A (Expedition 320/321 Sci-
entists, 2010a) has been tuned here to the astronomical age
model of Tian et al. (2018) to yield a much younger age
estimate of 1.32 Ma, which may be a function of the rarity
of Pulleniatina in the higher-productivity environments of
the eastern Pacific. There is little close agreement between
the various calibrations but no clear geographic pattern that
might suggest diachrony. The scatter is instead interpreted
as more likely being a function of the high ecophenotypic
variability of the genus and the rather subjective criteria for
distinguishing P. finalis from P. obliquiloculata. We therefore
propose a broad “global” calibration of 1.97± 0.17 Ma (pink
band in Fig. 16).

3.13.2 Evolution

We regard the bioevent as a pseudospeciation caused by on-
going trends in the evolution of the P. obliquiloculata lin-
eage relating to increasing size, involution, and streptospi-
rality. Specimens attributed to the P. finalis morphotype are
usually at the large end of the size range of populations, and
it may well be that the shape change is largely accounted for
by the addition of one or two extra chambers in the adult
streptospiral (possibly a case of hypermorphosis or extended
development), causing the test to be virtually planispiral in
outward appearance.

3.14 LAD of Pulleniatina praecursor

3.14.1 Biochronology

We report five recalibrations of this bioevent (Table 13;
Fig. 17) on the timescale of Raffi et al. (2020).

This bioevent is extremely subjective because of difficul-
ties distinguishing the somewhat arbitrary and intergrading
morphospecies Pulleniatina praecursor and P. obliquilocu-
lata, especially given that sub-adult specimens of the latter
can resemble the former, even in the modern ocean. More-
over, some authors do not include P. praecursor in their tax-
onomy, as discussed above in Sect. 3.6. When they first de-
scribed P. praecursor, Banner and Blow (1967) suggested
a disappearance level within the middle part of their “Zone
N21” (i.e. around 2 Ma on modern timescales) based on their
knowledge of spot samples and exploration boreholes around
the world. At DSDP Site 62 on Eauripik Rise, western equa-
torial Pacific Ocean, Brönnimann et al. (1971) located the
biohorizon in the interval between the Top of nannofossil
Discoaster brouweri and the Top of D. pentaradiatus, which
yields an indirect calibration of 1.99 Ma. Our own palaeo-
magnetic recalibration from IODP Hole U1488A points to
a slightly higher level within the Olduvai Subchron C2n. In
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Figure 17. Biochronological constraints on the LAD of Pulleni-
atina praecursor arranged west to east. Brown squares are mag-
netochronological, and blue diamonds are biochronological. The
broad pink band shows the suggested summary calibration of
1.90± 0.15 Ma.

contrast, Hays et al. (1969) indicated the event at a much
higher level in central Pacific Piston Core V24-59, within
Subchron C1r.2r, which gives an approximate age (recali-
brated here) of 1.11 Ma but with no known sampling error.
Two much older calibrations are also available, one from
DSDP Site 219 in the Indian Ocean and one from ODP
Hole 834A in the Lau Basin (see Fig. 17). Without detailed
morphometric data or descriptions, we cannot use this as evi-
dence for diachrony, and thus we attribute it to divergent tax-
onomic concepts. We suggest a “global” calibration age of
1.90± 0.15 Ma to encompass the records at Site U1488 and
62, but stress the high level of subjectivity involved.

3.14.2 Evolution

We regard this bioevent as an example of pseudoextinction
caused by ongoing evolutionary changes in the P. obliquiloc-
ulata lineage. For a short interval there are populations which
can be divided arbitrarily between the P. praecursor, P.
obliquiloculata and P. finalis morphospecies. As yet there is
no evidence that these taxa are anything other than arbitrary
and convenient subdivisions within an extended chronocline.

3.15 Top of “L5” coiling interval

3.15.1 Biochronology

We report 11 recalibrations of this bioevent (Table 14,
Fig. 18).

A prominent coiling shift from sinistral to dextral dom-
inance near the top of the Olduvai subchron has signifi-
cant potential for recognition and correlation. It was first
found by Hays et al. (1969) in central equatorial Pacific Pis-
ton Core V24-58. Kaneps (1973) found the event in sev-
eral DSDP sites in the eastern equatorial Pacific although

Figure 18. Biochronological constraints on the sinistral to dextral
coiling shift (top “L5”) near the top of the Olduvai subchron, ar-
ranged from west to east. The gold circle is astrochronological,
brown squares are magnetochronological and the blue diamond is
biochronological. The pink band shows the suggested summary cal-
ibration of 1.78± 0.01 Ma.

the data counts in that study are too low for precise corre-
lation. Saito (1976) labelled the event “L5” in some records,
although in others it is apparently labelled as “L4” or is am-
biguous. Oda (1977, fig. 12) located the event to near the
top of the Olduvai subchron in outcropping succession in
Japan, but the magnetic polarity data are difficult to inter-
pret in that study. The bioevent is defined here as an up-
core shift from populations with > 50 % sinistral specimens
(usually > 80 %) to populations with consistently < 20 %
sinistral specimens that occur close to the top of Subchron
C2n in the Indian and Pacific oceans. The high-resolution
record of Pearson and Penny (2021) at IODP Site U1486
north of Papua New Guinea shows a run of intermediate
values through the coiling transition from dominantly sinis-
tral to dextral specimens and also reveals the existence of a
short sinistrally dominant interval within the upper part of
Subchron C2n that could be mistaken for the event in low-
resolution records with spotty sampling. An astronomical
calibration of 1.777± 0.003 Ma was provided by Chuang et
al. (2018) based on the data of Chiang et al. (2018) and Resig
et al. (2001) from ODP Site 1115 in the Woodlark Basin east
of Papua New Guinea. This is within error of the palaeomag-
netic calibration at IODP Site U1486, and also within error of
the top of the Olduvai subchron itself (1.775 Ma; Raffi et al.,
2020) (Fig. 4). Lower-resolution records are mostly in agree-
ment. The only suspected diachrony is at ODP Site 1109,
but that is probably a problem with the age model, which
may have been affected by sedimentary disturbance, incom-
pleteness or problems with magnetostratigraphy at that site
(as discussed by Resig et al., 2001). The “global” calibration
preferred here is 1.78± 0.01 Ma based on the high-resolution
records at Sites 1115 and U1486.
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Figure 19. Biochronological constraints on the top of the “L1” coil-
ing shift to sinistral dominance within Subchron C1r.1r, arranged
west to east. Brown squares are magnetochronological calibrations,
and the blue diamond is biochronological. The pink band shows the
suggested summary calibration of 0.86± 0.01 Ma based on harmo-
nizing all these records.

It is possible the same reversal occurs in the Atlantic sec-
tor, although records there are difficult to correlate. Bolli and
Premoli Silva (1973) described a sinistral to dextral shift at a
similar stratigraphic level at ODP Site 148 in the Caribbean
Sea, followed by a switch to dextral and back to sinistral,
and Saito (1976) also recorded two such events in three pis-
ton cores from the central and south Atlantic, labelling them
“AL1” and “AL2” (for Atlantic left coiling intervals 1 and 2).
More work is needed to determine if these events align with
the Indo-Pacific (as we suspect) or are specific to the Atlantic
Ocean as proposed by Saito (1976).

3.15.2 Evolution

The rapidity of the event suggests it is probably an example
of a genetic sweep in which a cryptic population typified by
dextral shells largely replaced the incumbent sinistral popu-
lation, although without any other noticeable change in size
or shape (Pearson and Penny, 2021).

3.16 “L1” coiling event

3.16.1 Biochronology

We report 11 recalibrations of this bioevent (Table 15,
Fig. 19) on the timescale of Raffi et al. (2020).

This event is defined here as an up-core shift from popu-
lations with consistently > 10 % sinistral specimens (usually
around 50 %) to populations with consistently < 10 % sinis-
tral specimens that occurs within the Matuyama Subchron
C1r.1r in the Indian and Pacific oceans. Saito (1976) de-
scribed it as the top of his “L1” coiling interval and recorded
it in several piston cores across the Indian and Pacific oceans.
The event was not included in the compilations of Berggren

et al. (1985a) and Berggren et al. (1995b), but Wade et
al. (2011) proposed an indirect biostratigraphic calibration
of 0.80 Ma on the timescale of Cande and Kent (1995) based
on the record at ODP Hole 871A (Pearson, 1995). A total
of 10 of the local events recalibrated here are palaeomag-
netic calibrations, although many are old records estimated
from published figures rather than replotted from data. Cur-
rently, the most precise calibrations are palaeomagnetic in-
terpolations in the composite splice at IODP Site U1486
and in IODP Hole U1483A (North Australian Shelf, In-
dian Ocean) (Pearson and Penny, 2021). Tuned astronom-
ical calibrations of these records can be expected in due
course. Overall there is no evidence for diachrony; the shift
could have occurred within ∼ 20 kyr across the entire Indo-
Pacific. The “global” Indo-Pacific calibration preferred here
is 0.86± 0.01 Ma (pink band on Fig. 19).

3.16.2 Evolution

Pearson and Penny (2021) found that in both a Pacific
Ocean site (IODP Site U1486) and Indian Ocean site (IODP
Site U1483) the bioevent seems to have been caused by the
reduction or near disappearance of sinistrally coiled shells.
Single-shell stable isotope data suggest that sinistral and dex-
tral populations occupied different but overlapping ecolog-
ical niches prior to the bioevent. In both sites the sinistral
forms have significantly more negative δ18O values, which
may indicate a preference for shallower or warmer-water
conditions, while the carbon isotopes are significantly more
negative in the Pacific site and more positive in the Indian
Ocean site. There is also a significant size difference at the
Pacific site, with sinistral shells being smaller on average.
Pearson and Penny (2021) suggested that the evolution in-
volved the extinction or near extinction of a largely cryptic
sinistral genotype that was already restricted to the Indo-
Pacific. Occasional sinistral shells are found from younger
sediments at many sites across that region, but never in large
numbers, and modern populations of Pulleniatina appear to
be entirely dextral everywhere.

4 Summary and conclusions

We have conducted a thorough survey of bioevents in the
history of the Pulleniatina clade using new data from IODP
Hole U1488A in the equatorial Pacific and recalibrations of
many published biohorizons worldwide using a consistent
methodology and the timescale of Raffi et al. (2020) (Ta-
ble 16). Events with the greatest potential for correlation
are referred to as primary events. These are generally ob-
jective, such as the first appearance of the genus, the termi-
nal extinction of the spectabilis lineage, biogeographic ex-
pansions and contractions in and out of the Atlantic, and
widespread shifts in the dominant coiling direction. The lat-
ter events in particular are proving to be remarkably rapid
and potentially near synchronous either globally or spanning
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Table 16. Summary of bioevents.

Primary bioevent Secondary bioevent Interpretation Age (Ma),
Raffi et al.
(2020)

Age (Ma),
this study

Error±
(Ma)

Main reference(s)

“L1” coiling shift Population sweep 0.79 0.86 0.01 Saito (1976); Pearson and Penny
(2021)

Top “L5” coiling shift Population sweep 1.78 0.01 Chuang et al. (2018); Pearson and
Penny (2021)

LAD P. praecursor Pseudoextinction 1.90 0.15 Brönnimann and Resig (1971); this
study

FAD P. finalis Pseudospeciation 2.04 1.97 0.17 Chaisson and Pearson (1997); this
study

Bottom “L5” coiling
shift

Population sweep 2.02 0.01 Chaproniere and Nishi (1994);
Pearson and Penny (2021)

Atlantic reappearance Dispersal 2.26 2.24 0.02 Chaisson and Pearson (1997); Man-
iscalco and Brunner (1998); Fraass
et al. (2017)

Atlantic disappear-
ance

Contraction 3.41 3.37 0.005 Chaisson and Pearson (1997);
Fraass et al. (2017)

LAD P. primalis Pseudoextinction 3.66 4.00 0.60 Chaproniere and Nishi (1994);
Pearson (1995); this study

“L9” coiling
shift (Pacific Ocean)

Population sweep 4.08 4.06 0.02 Chaisson and Pearson (1997);
Groeneveld et al. (2021);
Expedition 320/321 Scientists
(2010a, b); this study

LAD P. spectabilis Extinction 4.21 4.27 0.05 Hays et al. (1969); Chaisson and
Leckie (1993);
Expedition 320/321 Scientists
(2010b); Kaushik et al. (2020); this
study

FAD P. obliquiloculata Pseudospeciation 4.22 0.12 Weaver and Raymo (1986);
Kaushik et al. (2020); this study

FAD P. praecursor Pseudospeciation 4.52 0.10 Brönnimann and Resig (1971);
Saito (1985); this study

FAD P. spectabilis Pseudospeciation 5.14 0.10 Expedition 320/321 Scientists
(2010b); this study

FAD P. primalis (At-
lantic Ocean)

Dispersal 5.33 0.25 Chaisson and Pearson (1997)

FAD P. praespectabilis Pseudospeciation 5.98 0.05 Brönnimann and Resig (1971); this
study

FAD P. primalis (trop-
ical Indo-Pacific)

Speciation 6.57 6.50 0.10 Jenkins (1978); Keigwin (1982);
Chaisson and Leckie (1993); Expe-
dition 320/321 Scientists (2010a);
Lam et al. (2022); this study.

the Indo-Pacific. The secondary events are all apparently gra-
dational, caused by gradual evolutionary change producing
pseudospeciations or pseudoextinctions that rely on subjec-
tive boundaries between morphospecies. Because most of
the literature is site or expedition specific, very few stud-
ies have involved direct comparison of assemblages between
sites. The bioevents are nevertheless useful for providing
general constraints, and their future use will benefit from

improved taxonomic discrimination between morphospecies
and/or morphometric studies to ensure greater consistency
between workers.

The evolutionary history of the Pulleniatina clade is sum-
marized in Fig. 20. This includes an interpretation of the
genus as consisting of two main lineages, one of which (the
spectabilis lineage) became extinct around 4.27 Ma. Gradual
evolution caused the lineages to track through areas of mor-
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Figure 20. Summary of Pulleniatina evolution and biochronology
as currently understood. The shaded field is an interpretation of the
way the genus has evolved through morphospace, as divided into
six named morphospecies. Lighter shading represents age uncer-
tainty. Cartoons are based on the holotype specimens and are ap-
proximately to scale. Cladogenetic events are shown in stars: (1)
split between the N. acostaensis and Pulleniatina lineages and (2)
split between the spectabilis and main lineages. “Ext.” represents
the one genuine extinction in the group. Modified from Pearson and
Penny (2021).

phospace delineated as six named morphospecies. Within the
lineages there has been a great deal of evolution, sometimes
involving rapid global changes in the coiling ratio.
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science Data Centre at https://doi.org/10.5285/14fb1745-00ed-
4a0d-922b-d2c94157d17f (Pearson, 2023).

Author contributions. BSW and PNP conceptualized the re-
search and developed the methods. PNP conducted the investigation
and prepared the manuscript with contributions from all authors. JY
enabled the map plotting via the mikrotax web portal.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We used data provided by the International
Ocean Discovery Program and samples from IODP Expedition 363,

Site U1488. We thank Anna Joy Drury and Alessio Fabbrini for
commenting on the manuscript. We thank the reviewers for their
insightful comments.

Financial support. This research has been supported by the Nat-
ural Environment Research Council (grant nos. NE/P019013/1 and
NE/P016375/1).

Review statement. This paper was edited by Sev Kender and re-
viewed by Hiroki Hayashi and Raphael Morard.

References

An, Y. and Jian, Z.: Pulleniatina Minimum Event during the last
deglaciation in the southern South China Sea, Chinese Sci.
Bull., 54, 4514–4519, https://doi.org/10.1007/s11434-009-0290-
4, 2009.

André, A., Quillevere, F., Morard, R., Ujiié, Y., Escarguel, G.,
De Vargas, C., de Garidel-Thoron, T., and Douady, C. J.: SSU
rDNA divergence in planktonic foraminifera: molecular taxon-
omy and biogeographic implications, PLoS One, 9, e104641,
https://doi.org/10.1371/journal.pone.0104641, 2014.
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