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Abstract: Planktic foraminifera are commonly used for first-order age control in deep-sea sedi-
ments from low-latitude regions based on a robust tropical-subtropical zonation scheme. Although
multiple Neogene planktic foraminiferal biostratigraphic zonations for mid-latitude regions exist,
quantification of diachroneity for the species used as datums to test paleobiogeographic patterns of
origination and dispersal is lacking. Here, we update the age models for seven southwest-Pacific
deep-sea sites using calcareous nannofossil and bolboform biostratigraphy and magnetostratigraphy,
and use 11 sites between 37.9° N and 40.6° S in the western Pacific to correlate existing planktic
foraminiferal biozonations and quantify the diachroneity of species used as datums. For the first
time, northwest and southwest Pacific biozones are correlated and compared to the global tropical
planktic foraminiferal biozonation. We find a high degree of diachroneity in the western Pacific,
within and between the northwest and southwest regions, and between the western Pacific and the
tropical zonation. Importantly, some datums that are found to be diachronous between regions have
reduced diachroneity within regions. Much work remains to refine regional planktic foraminiferal
biozonations and more fully understand diachroneity between the tropics and mid-latitudes. This
study indicates that diachroneity is the rule for Late Neogene planktic foraminifera, rather than the
exception, in mid-latitude regions.

Keywords: Tasman Sea; Kuroshio Current; Kuroshio Current Extension; Tasman Front; paleobiogeog-
raphy; biostratigraphy; southwest Pacific; northwest Pacific; western equatorial Pacific; diachroneity

1. Introduction

Planktic foraminifera are marine protists that are widespread in the global ocean today,
and have been since at least the Middle Jurassic ([1-3]. Due to their abundance in deep-sea
sediments, foraminifera have several uses, including but not limited to public outreach
activities (e.g., [4]), taxonomic training (e.g., [5]), inferring open-ocean speciation processes
(e.g., [6-11]) and, importantly, providing first-order age control. There is a robust, widely
used, tropical-to-subtropical planktic foraminiferal biozonation for the Cenozoic [12,13],
but other biostratigraphic studies conducted in mid-latitude regions of the world’s oceans—
specifically for the Pacific [14-20]—indicate that the tropical zonation is not appropriate
for mid-latitude sites. Key reasons for this include the paucity of tropical water species in
temperate water masses of the mid-latitudes, and the diachroneity of Cenozoic planktic
foraminiferal species, which have been documented for regions across the world’s oceans
(e.g., [21-23]) and especially for the southwest Pacific (e.g., [24-30]). Recently published
planktic foraminiferal occurrence data for the mid-latitudes of the northwest Pacific [31]
further highlight the high degree of diachroneity across relatively short latitudinal distances
(~5°) through the Late Neogene and Quaternary.
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Studies from the southwest and northwest Pacific indicate that the key to establishing
robust and meaningful biostratigraphic zonations is understanding the paleobiogeographic
patterns that control species’ first and last occurrences through space and time. Paleobio-
geographic patterns of organisms have shed light on abiotic processes that contribute to
dispersal patterns, speciation modes, and the causes of diachronous first and last appear-
ances throughout the Phanerozoic (e.g., [32-41]). Thus, it is worth investigating patterns of
diachroneity in planktic foraminifera at the local and regional levels, as such patterns can
elucidate the drivers of evolutionary processes and, importantly, lay the groundwork for
creating robust regional biostratigraphic zonations. In other words, planktic foraminiferal
biostratigraphy is based on the paleobiogeographic patterns of species used as primary
and secondary markers, and deeper understanding and quantification of the timing of
evolution, dispersal, extirpation, and extinction events are powerful tools to interpret
regional-to-global drivers of such patterns.

Dowsett [26] quantified the degree of synchrony of Pliocene planktic foraminifera and
calcareous nannofossil datums at five Deep Sea Drilling Project Leg 90 sites in the southwest
Pacific using the graphic correlation method. His study revealed that Pliocene datums
were diachronous on the scale of 0.05-0.80 Myr. To follow up on the Dowsett [26] study,
and to further assess and understand the timing of planktic foraminiferal evolutionary and
dispersal patterns, we used biostratigraphic zonations and occurrence data developed for
the southwest Pacific [14,18] this study, northwest Pacific [31,42], and western equatorial
Pacific [15,43]. These data were used to (1) correlate Late Neogene (15-0 Ma) biozones from
the mid-latitudes of the northwest Pacific to the mid-latitudes of the southwest Pacific (37.9°
N to 40.6° S; Figure 1), to show how diachroneity affects biostratigraphic zonations and first-
order age interpretations of sedimentary sections; and (2) quantify diachroneity across the
western Pacific Ocean through the Late Neogene. We only investigated datums that are used
as primary and secondary marker species to delineate biozones in the tropical zonation [13],
biozones in the southwest Pacific [14,17,18], and the northwest Pacific [31]. For the first
time, we correlated temperate northwest Pacific sites with the western equatorial Pacific
and subtropical-temperate southwest Pacific sites, along with the global tropical zonations
for planktic foraminifera [12,13] and calcareous nannofossils [44,45]. Data from the 11
sites used in this study further reveal the high degree of diachroneity within the mid-
latitude regions—areas characterized by strong seasonality and steep latitudinal gradients
in temperature, nutrients, and salinity today and through the Late Neogene (e.g., [46—49]).

Previous researchers have questioned the reliability of planktic foraminiferal datums,
and have suggested that this group is better suited for evolutionary studies rather than
biostratigraphic tools [50]. We disagree with this sentiment, and consider that the pale-
obiogeographic patterns of planktic foraminifera are powerful, underutilized signals for
interpreting past ocean dynamics, inferring evolutionary responses to abiotic processes and,
importantly, building robust regional biostratigraphic zonations. Rather than isochronous
datums being the standard, we show that diachroneity of planktic foraminiferal datums
is more common (with isochronous datums being rare) across and between mid-latitude
regions, with diachroneity also apparent within and between low-latitude sites.
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Figure 1. Modern-day sea surface temperature map of the western Pacific, with the 11 sites used
in this study denoted by black circles. Major currents and eddy systems are denoted by solid and
dashed lines, respectively. KCE, Kuroshio Current Extension; KC, Kuroshio Current; NEC, North
Equatorial Current; ECC, Equatorial Counter Current; SEC branches, South Equatorial Current
branches; EAC, East Australian Current; EACpe, north extension of East Australian Current; EACge,
southern extension of East Australian Current. Map created using Ocean Data View [51] with sea
surface temperature data from the World Ocean Atlas [52].

2. Materials and Methods
2.1. ODP and DSDP Sites Utilized

The sites used in this study lie in tropical, subtropical, and temperate or transitional
water masses. The temperate and subtropical zones were defined by different criteria
for both land and sea. For example, a mean annual temperature of 18 °C was applied
for the boundary between warm subtropical waters and cold-water regions [53-55]. To-
day, seasonal monthly sea surface temperatures over the Shatsky Rise in the northwest
Pacific vary between ~16 °C in February and ~26 °C in August [56]. Because this study
spans much of the Neogene and Quaternary, oceanic zonal boundaries are likely to have
shifted over time. Therefore, we applied broadly defined zonal criteria. The National
Geographic Society defines the tropics as between the latitudes of the Tropic of Cancer in
the Northern Hemisphere (~23.5° N) and the Tropic of Capricorn in the Southern Hemi-
sphere (~23.5° S; [57]). The temperate zone is broadly defined as the regions between the
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Tropic of Cancer and the Arctic Circle (~66.5° N), and between the Tropic of Capricorn
and the Antarctic Circle (~66.5° S). According to the American Meteorological Society, the
subtropics refers the warm part of the temperate region, from the tropics to approximately
35° N and 35° S latitude [58], which lies close to the mean annual 18 °C isotherm across the
Shatsky Rise [56].

We investigated biogeographic patterns and diachroneity using sites drilled during
Ocean Dirilling Program (ODP) Leg 198 (Holes 1207A, 1208A, 1209A) in the northwest
Pacific [59], ODP Leg 130 Hole 806B drilled in the western equatorial Pacific [60], and Deep
Sea Dirilling Project (DSDP) Leg 90 (Sites 586, 587, 588, 590, 591, 592, and 593) drilled in
the southwest Pacific (Table 1; [61]). These sites have relatively continuous Late Neogene
sequences that overlie major unconformities. For example, DSDP Site 593 in the southwest
Pacific includes a hiatus between approximately 13.46 and 15.90 Ma [62]. The sites used in
this study contain good preserved calcareous planktic microfossils and nannoplankton that
are suitable for high-resolution biostratigraphic studies [18,31,42,43].

Table 1. Site latitude and longitude, water depths, core intervals utilized in this study, depths in the
cores, and associated age of sediments.

Water Depth in

Site Latitude Longitude Depth (m) Core Section, Interval (cm) Cores (mbsf) Age (Ma)
1207A 37.90° N 162.76° E 3100.8 1H-1, 29-31 to 18H-4, 78-80 0.29-162.08 0.018-12.304
1208A 36.29° N 158.22° E 3345.7 1H-1, 77-79 to 35X-2, 77-79 0.78-317.58 0.014-15.117
1209A 32.65° N 158.50° E 2387.2 1H-1, 27-29 to 11H-1, 77-79 0.27-94.48 0.019-7.161

806B 0.34° N 159.53° E 2519.9 1H-2, 12-14 to 66X-CC 1.62-627.51 0.230-22.800

586B 0.71° S 158.71° E 2207.0 1H-1, 51-53 to 21H-5, 50-52 1.92-197.31 0.097-7.391

587 21.20°S 161.59° E 1101.0 1H-1, 5-6 to 10H-6, 17-18 0.05-87.57 0.002-8.250

588 26.29° S 161.38° E 1533.0 1H-CC to 25H-CC 5.43-235.90 0.395-9.401

590 31.17°S 163.49° E 1299.0 1H-CC to 27H-CC 6.86-280.80 0.487-7.251

591 31.59° S 164.68° E 2131.0 1H-CC to 31H-CC 3.19-282.83 0.147-7.626

592 36.57° S 165.58° E 1088.0 1H-CC to 29X-CC 4.27-272.44 0.303-11.925

593 40.63° S 167.79° E 1068.0 1H-2, 87-89 to 45X-CC 2.38-427.39 0.112-18.049

Sites from Leg 198 were drilled on the Shatsky Rise—a large igneous province [63].
Through the Late Neogene, these sites moved relatively little, and largely remained above
the carbonate compensation depth (CCD; [59]). Site 1207 was drilled on the northern
high of the Shatsky Rise (the Shirshov Massif), Site 1208 was drilled on the central high
(Orif Massif), and Site 1209 was drilled on the southern high (Tamu Massif; [64]). The
sites transect the modern-day position of the Kuroshio Current Extension (KCE), with
Site 1207 positioned on the northern edge of the current, and Site 1208 located below the
axis of the current and its ecotone. Both sites currently lie within transitional (temperate)
water masses created by the mixing of subtropical water masses brought poleward by
the Kuroshio Current and subpolar water masses brought equatorward by the Oyashio
Current (Figure 1). Site 1209 is located south of the KCE, in seasonal subtropical water
masses. Carbonate preservation is generally good, but dissolution intervals are apparent in
the deeper sections (Early-Middle Pliocene and Miocene) of Holes 1207A and 1208A, likely
because these sites lie at deeper water depths compared to Hole 1209A (Table 1; [42]).

Ocean Drilling Program Leg 130 Site 806 was drilled on the northeastern margin of
the Ontong Java Plateau, within the Indo-Pacific Warm Pool. The Ontong Java Plateau
remained in equatorial waters for much of the Neogene, and sediments accumulated above
the CCD [60]. Site 806 recovered a relatively complete Neogene sequence and terminated in
the Oligocene, with good preservation of planktic foraminifera and calcareous nannofossils
throughout [43,60,65].

Southwest Pacific sites from DSDP Leg 90 were drilled along a latitudinal transect
of relatively shallow oceanic sites from the western equatorial Pacific to the temperate
Tasman Sea region west of New Zealand (Figure 1). Cores drilled from the Lord Howe
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Rise generally have high carbonate mass accumulation rates through the Neogene [49].
Water depths at the sites range from 10682207 m (Table 1), and calcareous microfossils
and nannoplankton are very well preserved at all sites [66]. Hole 586B was drilled on
the Ontong Java Plateau in the Indo-Pacific Warm Pool region, close to ODP Hole 806B
(Figure 1). Sites 587 to 593 form a latitudinal transect from the subtropics to temperate
mid-latitudes. The transect crosses the Tasman Front (TF)—the eastern extension of the
East Australian Current [67] that forms the northern margin of the Subtropical Frontal Zone
west of New Zealand. Sites 590 and 591 sit in subtropical water, while Sites 592 and 593 sit
in temperate (transitional) water within the Subtropical Frontal Zone.

2.2. Foraminiferal Occurrence Data, Taxonomy, and Age Models

In order to investigate Late Neogene western Pacific Ocean’s planktic foraminiferal
paleobiogeographic patterns and directly correlate biostratigraphic zonations from the
temperate mid-latitudes of the Northern to Southern hemispheres, we used the previously
published Late Neogene planktic foraminiferal occurrence data and biostratigraphic zona-
tions of Lam and Leckie [31] for ODP Leg 198 Holes 1207A, 1208A, and 1209A, Chaisson
and Leckie [43] for ODP Leg 130 Hole 806B, and Jenkins and Srinivasan [18] for DSDP Leg
90 sites.

No updates to taxonomy or age models were made to the foraminiferal occurrence
data and biostratigraphic schemes of Lam and Leckie [31] for ODP Holes 1207A, 1208A,
and 1209A, as the planktic foraminiferal taxonomy was recently updated for these sites [42],
and species’ first and last occurrence dates were recently calibrated to the Geologic Time
Scale 2020 (GTS 2020; [68]) by Lam and Leckie [31]. Relatedly, ODP Hole 806B planktic
foraminiferal occurrence data and the age model for the hole were recently updated by
Lam and Leckie [42]. The age model for Hole 806B was constructed using the calcareous
nannoplankton biostratigraphy of Takayama [65], with ages updated to the datum dates in
Sutherland et al. [69]. Thus, we used the updated taxonomy and recalibrated species’ first
and last occurrence dates for Hole 806B, as reported by Lam and Leckie [42].

We updated the planktic foraminiferal taxonomy for DSDP Leg 90 planktic foraminiferal
occurrence data from Jenkins and Srinivasan [18] to that of Lam and Leckie [42], with addi-
tional taxonomic updates from Kennett and Srinivasan [17] and Wade et al. [70] for species
not included in the taxonomic review of Lam and Leckie [42]. The Leg 90 foraminiferal
occurrence data contained some species that were not distinguished from their closely
related ancestors or descendants. We treated these on a case-by-case basis. For example,
‘Globorotalia tosaensis / Globorotalia truncatulinoides” was synonymized with Truncorotalia trun-
catulinoides; 'Globorotalia juanai/Globorotalia praemargaritae’ was changed to Truncorotalia
juanai, and similarly, any species labeled ‘Gr. praemargaritae’ was synonymized with Tr. jua-
nai. From the Leg 90 occurrence data, we also removed ‘Globorotalia plesiotumida/ Globorotalia
tumida’, as we viewed this column in the data as representing a species that was transitional
between the two species. We also removed ‘Neogloboquadrina humerosa / Neogloboquadrina
dutertrei plexus’, ‘Globorotalia crassaformis/Gr. tosaensis’, and the ‘Globoconella puncticu-
lata / Globoconella inflata plexus’. Where only genus names were indicated (e.g., ‘Globorotalia
sp. and sp. 2’), we removed those columns from the data. At Hole 586B, Dentoglobigerina
venezuelana occurs quite high in the section. We suspect that this is due to the authors
lumping Globoquadrina conglomerata with Dt. venezuelana; thus, the last occurrence of this
species at the hole is likely inaccurate.

Even with the updated taxonomy, we should note that occurrence data from Leg 90
sites [18] do not include planktic foraminiferal morphospecies commonly identified in
the southwest Pacific by micropaleontologists (e.g., Globoconella puncticuloides, Globoconella
mons, and Truncorotalia crassacarina, which were not recognized in this study), meaning that
species presented in the Leg 90 data likely lumped such morphospecies ranges with related
taxa. In addition, expanded taxonomic work remains to be conducted for Neogene species
with uncertain genus associations (e.g., Hirsutella cibaoensis may be a globoconellid rather
than a hirsutellid, and other figured specimens of Hr. cibaoensis may belong to a different
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species altogether; [71]). Such taxonomic uncertainties will be addressed by the Neogene
Planktic Foraminiferal Working Group.

In this study, we also included 28 additional samples from DSDP Leg 90 Site 593
from the Microfossil Reference Centre collections at GNS Science to refine datums at the
site (Supplementary Table S8). Our main focus with the incorporation of new Site 593
samples was to refine the first and last occurrences of species used to construct zones at
this particular site (e.g., the last occurrence of Paragloborotalia mayeri, the first occurrence of
Globoconella puncticulata). In addition, we also included species’ occurrence data for Site
593 from Scott et al. [72].

Age models were created for DSDP Leg 90 sites based on magnetic reversal bound-
aries [73], calcareous nannofossil datums [74], and bolboform datums at Sites 592 [75] and
593 [76]. Ages of magnetic reversal boundaries and bolboform datums were updated to
the GTS 2020 (Figure 2; [68]), and nannofossil datums were updated to the ages of those
presented by Sutherland et al. [69]. In most cases, age models were created from a mix of
magnetic reversal boundaries, nannofossil datums, and bolboform datums (Supplementary
Table S1), because magnetostratigraphy was not well-resolved throughout the entire hole.
Figures 3-8 rank the sites used in this study to indicate the robustness of the age models. A
ranking of 1 indicates that the age model for the site is based entirely on magnetostratigra-
phy, a ranking of 2 indicates that the age model is a mix of magnetostratigraphic reversal
boundaries and biostratigraphy, and a ranking of 3 indicates that the age model is solely
based on biostratigraphy.

The depth of magnetic reversal boundaries was defined to occur between the samples
that constrained the boundary (i.e., midpoint depth). For calcareous nannofossil and
bolboform datums, species’ first occurrences (bases) were calculated as the midpoint
between the sample in which the species was present and the sample stratigraphically
below in which the species was absent. Fossils’ last occurrences (tops) were calculated as the
midpoint between the sample that contained the species and the sample stratigraphically
above in which the species was absent.

Using the updated taxonomy and age models for Leg 90 sites, we refined the biozones
developed for the southwest Pacific by Kennett [43], as modified by Jenkins and Srinivasan
([18]; Supplementary Tables S2-S8). The updated biostratigraphy in the southwest Pacific
should still be viewed as preliminary, as much work remains to further refine the biozones
in this region and update the planktic foraminiferal taxonomy.

With the updated foraminiferal occurrence data and biostratigraphic zonations for the
Leg 90 sites, along with occurrence data and zonations for the Leg 198 holes and equatorial
Pacific Hole 806B, we investigated patterns of diachroneity among species, and how such
diachroneity affects age interpretations of zonal boundaries. We focused only on planktic
foraminiferal species used as primary (species that denote zone boundaries) and secondary
(species” datums that occur within zones) datums in the global tropical zonation [12,13] and
mid-latitude subtropical-to-temperate zonations developed for the northwest Pacific [31]
and southwest Pacific [14,18]. We excluded taxa from this study that occurred at less than
three sites, which were mainly species used in the tropical zonation as secondary datums.

3. Results
3.1. Late Neogene Western Pacific Planktic Foraminiferal Biostratigraphy

Using our updated planktic foraminiferal occurrence data and biostratigraphic zona-
tions from the Leg 90 sites in the southwest Pacific, we directly correlated the biozones
developed for the northwest Pacific, western equatorial Pacific, and tropical ocean (Figure 2).
We made minor adjustments to the southwest Pacific planktic foraminiferal biostratigraphic
zonations as necessary due to updates in taxonomy, discontinuous ranges of species previ-
ously employed as datums, and the addition of zones utilized in the northwest Pacific. Our
biostratigraphic framework highlights how the diachroneity of datums used to construct
biozones affects first-order age interpretations and the need for regionally calibrated da-
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tums and biozones. We adopted the zone nomenclature as presented by Wade et al. [12],
and refer the reader to this publication for a more detailed discussion of zone definitions.
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Figure 2. Global and New Zealand chronostratigraphy and magnetostratigraphy with major chrons
and subchrons, plotted against the northwest, western equatorial, and southwest Pacific planktic
foraminiferal biozones, and correlated with the global tropical planktic foraminiferal and calcareous
nannofossil zones (in grey). Sites that utilize the tropical zonation (western equatorial Holes 806B
and 586B) are in red, the warm subtropical (southwest Pacific Sites 587 and 588) and subtropical
(northwest Pacific Hole 1209A) zonations are in orange, the cool subtropical (southwest Pacific Sites
590A, 591, and 592) zonations are in yellow, and the temperate (northwest Pacific Holes 1207A and
1208A, southwest Pacific Site 593) zonations are in green. Green dashed zone boundaries indicate a
calcareous nannofossil or bolboform datum based on a species’ first occurrence, whereas red dashed
zone boundaries indicate a datum based on a species’ last occurrence. Black solid zone boundaries
indicate age constrained by magnetostratigraphy. Chronostratigraphy, tropical planktic foraminiferal,
and calcareous nannofossil zones are from the GTS 2020 [68].

3.1.1. Tropical Holes 806B and 586B

At tropical holes 806B and 586B, we applied the tropical planktic foraminiferal zona-
tion [13]; however, not all Late Neogene zones could be identified. Within the Pliocene
at Hole 806B, the Globigerinoidesella fistulosa highest occurrence zone (HOZ; Indo-Pacific
PL6) and Menardella pseudomiocenica HOZ (PL5) are undifferentiated, as the last occurrence
of Mn. pseudomiocenica (which defines the base of zone PL6 and the top of PL5) occurs at
4.80 Ma—well below the last occurrence of Dentoglobigerina altispira (which defines the
base of zone PL5). In other words, the last occurrences of Mn. pseudomiocenica and Dt.
altispira are switched relative to their order of occurrence in the study of King et al. [13].
The Sphaeroidinellopsis seminulina HOZ (PL3) is undifferentiated from the Dt. altispira HOZ
(PL4), due to the last occurrence of Hirsutella margaritae (which defines the base of zone
PL3) occurring stratigraphically and temporally above the last occurrence of Ss. seminulina
(this datum defines the base of the Dt. altispira HOZ; PL4).
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In the Miocene section of Hole 806B, the Fohsella fohsi lowest occurrence subzone
(LOSZ; M9a) and Fh. robusta/Fh. fohsi concurrent range subzone (CRSZ; M9b) are undiffer-
entiated, as not all morphospecies in the Fohsella lineage were differentiated in the planktic
foraminiferal occurrence conducted by Chaisson and Leckie [43]. The bottom of the Or-
bulina suturalis lowest occurrence zone (LOZ; M6) is based on the first occurrence of the
nominate taxon; however, the base of this species occurs above the anomalous base of Or.
universa [43]. Thus, we defined the base of Zone M6 by the first occurrence of Orbulina spp.

Hole 5868 is located close to Hole 806B in the western equatorial Pacific (Figure 1).
In the Pliocene section of Hole 586B, the Go. fistulosa HOZ (Indo-Pacific zone PL6) and
Mn. pseudomiocenica HOZ (PL5) were undifferentiated, as Mn. pseudomiocenica was not
recognized [18]. In the Miocene sections of Hole 586B, the Globigerinoides extremus partial
range zone (PRZ; M14) and Globorotalia plesiotumida/Fohsella lenguaensis CRSZ (M13b) were
undifferentiated, as Fh. lenguaensis was not recognized.

3.1.2. Warm Subtropical Sites 587 and 588

Southwest Pacific Sites 587 and 588 are located in subtropical water masses, between
the southern tropical divergence and the Tasman Front, at latitudes 21.2° S and 26.3° S,
respectively (Figure 1). The warm subtropical zonation [18] was applied at these sites
(Figure 2) with amendments made for the northwest Pacific [31], with all zones from both
zonations identified except for the Globoconella conomiozea LOZ, as this species was absent
(Site 587; Supplementary Table S3) or rare and sporadic (Site 588; Supplementary Table S4).
Specifically, we were able to identify the late Miocene Globoconella miotumida partial range
zone (PRZ) first defined for subtropical Hole 1209A in the northwest Pacific [31]. This new
zone adds additional biostratigraphic age control to the Upper Miocene, as it subdivides
the Gr. plesiotumida LOZ.

3.1.3. Cool Subtropical Sites 590, 591, and 592

Sites 590, 591, and 592 lie between 31° S and 37° S, just south of subtropical sites
587 and 588 in the Tasman Sea (Figure 1). The cool subtropical zonation scheme [14] was
applied at these sites.

Originally, the biostratigraphic zonation scheme implemented at Hole 590A was the
warm subtropical scheme [18]. However, we found that the cool subtropical zonation
scheme works best at this site, for several reasons. The Late Miocene to Early Pliocene Gc.
miotumida PRZ—first created for the subtropical northwest Pacific Hole 1209A [31]—could
not be identified because Globoquadrina dehiscens, the last occurrence of which defines
the base of the zone, was not recognized at Hole 590A. The absence of this species at
the hole also made it problematic to employ the temperate zonation scheme [18], as the
last occurrence of Gq. dehiscens is used for Late Miocene stratigraphic control. The first
occurrence of Gr. plesiotumida is used to define the base of the Late Miocene Gr. plesiotumida
LOZ in the warm subtropical scheme. However, at Hole 590A, this species is highly
discontinuous throughout its range, invalidating it as a useful and reliable datum at such
latitudes in the southwest Pacific. For all of the aforementioned reasons, we chose to
employ the cool subtropical scheme first developed for southwest Pacific Leg 21 Site
207 [14], without the modifications that were later made for the Late Miocene for Leg
90 sites [18]. We chose not to use the modified cool subtropical scheme of Jenkins and
Srinivasan [18], as their Late Miocene zone ‘Gc. sphericomiozea’ is named after a species that
has been synonymized with Globoconella puncticulata [42] for Hole 590A.

At Sites 591 and 592, the unmodified cool subtropical zones of Kennett [14] developed
for Leg 21 Site 207 were applied, with all zones identified (Figure 2).

3.1.4. Temperate Site 593

Site 593 is the highest southern latitude site in this study, and is located in the central
Tasman Sea in the temperate (transitional) province (subtropical frontal zone) at 40° S and
167° E (Table 1). The temperate southwest Pacific zonation of Jenkins and Srinivasan [18]
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was employed at this site, with modifications. The scheme differs from the temperate
northwest Pacific zonation, which has additional biostratigraphic markers [31].

We applied the zones of Jenkins and Srinivasan [18] for the youngest sections at Site
593, with modifications. We added the Hr. hirsuta total range zone (TRZ) at Site 593—a
zone that is also defined at northwest Pacific Sites 1207A, 1208A, and 1209A (Figure 2; [31]).
We also implemented Jenkins and Srinivasan’s [18] Tr. truncatulinoides LOZ, Gc. inflata
LOZ, Gc. puncticulata LOZ, Gc. conomiozea LOZ, and Gc. miotumida PRZ. The dextral Tr.
truncatulinoides coiling zone is entirely within the Tr. truncatulinoides TRZ, ranging from
the base of the Tr. truncatulinoides TRZ to 0.284 Ma (Supplementary Table S8). For the Gc.
puncticulata LOZ, we used the base of Gc. puncticulata s.s. rather than the first appearance
of Gc. puncticulata s.1., in accordance with the population concept adapted by the New
Zealand Geological Timescale [77], and because the earliest morphospecies are rare. Below
the Gc. miotumida PRZ, the Gq. dehiscens highest occurrence zone is defined by the last
occurrence of Pg. mayeri at its base, and the last occurrence of the nominate taxon at the top
of the zone.

We defined the Pg. mayeri TRZ as being below the Gq. dehiscens HOZ. However, it
should be noted that in New Zealand, the first and last occurrences of Pg. mayeri are not
used as regional biostratigraphic markers, as this species becomes rare and sporadic at the
beginning and end of its local range. Instead, New Zealand biostratigraphers implement
the highest common occurrence and lowest common occurrence for this taxon. We retained
the use of the last occurrence of Pg. mayeri in this scheme, as the focus of this study is on
diachroneity, and how the first and last occurrences of key species used to define datums
can lead to diachronous zones in the mid-latitudes.

Below the Pg. mayeri TRZ lies the newly defined Orbulina suturalis lowest occurrence
zone, Praeorbulina curva LOZ, Ge. miozea LOZ, and Gr. praescitula LOZ. The coiling shift in
Gc. miozea (20% dextral) at 395.21 mbsf is a proxy for the base of the Pr. curva LOZ. The
base of the Site 593 section used in this study (45X-7, 32 cm to 45-CC, 18.044-18.049 mbsf)
remains unzoned (Supplementary Table S8).

3.2. Western Pacific Plankton Biogeographic Patterns

When the first and last occurrences of planktic foraminiferal species used as primary
and secondary datums in tropical and mid-latitude zonations are plotted through time
and across space, striking biogeographic patterns emerge (Table 2). Diachroneity had been
noted previously for southwest Pacific planktic foraminiferal species (e.g., [26]), but such
patterns become even more apparent when compared to northwest Pacific evolutionary
events. For those interested in a more detailed discussion of species-specific biogeographic
patterns, we summarize such patterns in the following Sections 3.2.1-3.2.16.

3.2.1. Globigerinella Biogeographic Patterns

Planktic foraminifera species belonging to the genus Globigerinella include thermocline
and symbiont-bearing mixed-layer dwellers that lived within subtropical-to-tropical water
masses (e.g., [53,78]). Specifically, the first occurrence of Globigerinella calida is a secondary
marker used in the tropical zonation [12,13] to subdivide the Late Pleistocene. The first
appearance of Ge. calida, which was calibrated to the geomagnetic polarity timescale by
Chaproniere et al. [79] from sediments drilled within the Lau Basin of the southwest Pacific
Ocean, is highly diachronous across the western Pacific.
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Table 2. Species and their evolution (base) and/or extinction (top) events with age error, as calibrated from magnetostratigraphy or calcareous microfossil
biostratigraphy from the northwest Pacific (Holes 1207A, 1208A, and 1209A), the western equatorial Pacific (Holes 806B and 586B), and the southwest Pacific (Sites
587, 588, 590, 591, 592, and 593), and dates of datums from the global tropical planktic foraminiferal biozonation of King et al. [13] (tropical). All ages and age errors
are reported in millions of years.

. Evoluti Tropical
Species Y vent Y 1207A Age 1208A Age 1209A Age 806B Age 586B Age 587 Age 588 Age 590 Age 591 Age 592 Age 593 Age rg%‘e“
G"’%‘;;;”"”“ Base 3870 £0.088 1589 4+0.018  3.139+0.102  4.062+0.072 1369 + 0.035 0.795 0.041 1.801 +£0.056 2178 £0.253 2509 + 0.160 - - 0.22
i’gfgﬁ‘;’;{:ﬂﬁgs Top 8.470 + 0.213 8443+ 0.178 6480 +0.043  11.056 + 0.011 - - 9.010 + 0.041 - - 11.963 +0.017  8.130 £ 0.165 11.57
G’”fgfe’}jfb‘[’sid“ Top 2093+0097  1.625+0018  1.583+0032 217240092 192140010 2458 +0.018  2.671+0.035 2917+0.155 2.825+0018  3.945+0.140  2.662 + 0.269 1.97
Base 6.054 + 0.101 5777 +0036 6209+ 0.008  8.438 + 0.040 - 8147 +0.103 8342 +0.049 - - 11.746 £0.079  3.170 + 0.238 8.83
G’C%b;gfg;;‘t’;‘z“ Base 7.203 + 0.009 6.561 +0.091 6299 £0.048 5953 +0.014 - - 5849 £0.161  7.042+0.093  6.882+0.143 0397 £ 0.094 - 6.21
Gl”g;ﬁf;;’zl"sides Top 0.293 + 0.011 1.668+0.024 1328 +0.033  1.821+0.064 2978 +0.051  3964+0.118  3.891+0.008  6.238 4 0.030 - - - 13
G"’bﬁs"t’l’;’lqgg[“"”“ Top - - - 173640019 173640052 2093 +0134 163240113 1765+ 0.161 - - - 1.88
Base - - - 280140086 3740 +0354  3266+0.091  3.866+0016 2917 +0.155 - - - 3.33
P ’;’Zfrﬁ’:flls”" Top 0.900 = 0.001 1.906 + 0 1583 +£0.032  2042+0.036 186640007 326640091 3515+ 0056 3577 +0.056 3596 +0.072 5177 +0.024 - 3.66
Base 5095+ 0297  2335+0023  1.678+0.160 6587 +0.015 6998 +0040 713840023 615440145 554740015 5680 +0.124 5223+ 0.022 - 6.57
GZ‘QZ%S”C"E%”” Top 8.972 + 0.791 9.053+0.097 6747 +£0.149 5686 +0.040  5345+0015  7.941+0.103  7.964 +0.285 - 6.882+0.143  9.557 +0.184 8.861 + 0.015 5.91
Sphacroidinclla Base 373240126  3490+£0022 371840181 458540400 4904 £0013 39640118 374540025 39700081 3515 0.008 - - 5.54
Sphacroidinellopsis Top 447140031 432440024 3058 +£0058 4987 4 0.072 - - - - - - - 449
Sphacroidinellopsis T 3.487 + 0.033 3762+0.028 291340010  3.625+0.032 327040029  2.899+0.099 317740208 3243+0171  3151+0.187  3463+0341 12250 + 0.256 3.59
seminulina op . . . . . . . : - . ) : . - - . . . . : - : :
Globoconella T 3434 +0.008 3490 +0.022  3.281 +0.022 553240156 547540058 4898 +0.021 527740032 5145+ 0.105
conomiazeu Op . A . . . . - - - B . . A N . .. . . . -
Base 491540063 4753 +0.033 4341+ 0.034 - - - 6.807 £ 0012 637140104 5498 £0.058  7.198 + 0.141 6.650 + 0.343 -
%‘ﬁ’ftfggﬂf‘j Base 4.821 + 0.025 4632+ 0 3.862 + 0.036 - - 4885+0.094 424540021  5475+0.058  4.705+0.019  5.420 4 0.048 5.730 + 0.006 -
Gloﬁsq";’t’:f”” Base 3364 £0016 328940029  3018+0007 0978 + 0.085 - 3758 £0087 3832+£0018 377040015 382740007 441240092 4395+ 0247 -
Globoturborotalita T 449840022  4889+0012 402540072  4276+£0.021 4904+ 0013  4203+0.121  3.891+0.008 3.837+£0.052 421540006 5341 +0032  5.043 +0.003 438
nepenthes op ’ ’ ’ ’ ) ’ ) ’ ) ! i : : ’ : ’ ’ ’ ’ ’ ’ ’ ’
Base 11.967 + 0.096 12371 + 0.110 - 11.112 + 0.043 - - - - - 10.506 + 0.090  10.619 + 0.133 11.67
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Table 2. Cont.

Species Evelutionary 15074 Age 1208A Age 1209A Age 806B Age 586B Age 587 Age 588 Age 500 Age 591 Age 502 Age 503 Age Trgléfal
G"’Z%Z’:ﬂb;’gffglim Top 3163 £0.114 492640025  3.535+0.023 2399 +0.007  1.892+0.019 3758 +0.087 1476 +0.042 324340171  1.002+0.025  3.463 + 0.341 1.929 + 0.172 2.74
Base 8972 +0791  9.178 +0.028 - 11.408 + 0.047 - - - - - 11.564 +0.286  13.356 + 0.181 11.51
G"’bfggr’;f;fl’““m Top 287340035 25170018 237240281 182140064  3.206 & 0.035 - 267140035 2198 %0155 - - - 1.64
Base 1074 +0.061  9.354 + 0.148 - 11.056 £ 0.011 7094 + 0.056 - 4689 +0.231 5318 + 0.100 - - - 11.24
Gl"b"%;’;%“m“m Top 091440027  0427+0018  0708+0035  2172+0092 192140010 2568 +0.091  3422+0037 3.681+0.048 2948+0016 2461 +0126 2247 +0.146 23
N‘f"ggft‘;‘g‘l‘;‘;’s’i”” Top 0914 +0.027 328940029 0451 +£0.035 521340039 490440013 3964+ 0118  4193+0.030 4176 +0.124 4368 + 0.062 - - 1.58
Base 11.156 + 0.064  7.205+0.004 4970 +0.041  10.355 - 0.039 - - 9.010 +0.041  6525+0050  7.538 + 0.087 - - 9.81
; eﬁ;ﬁi‘:}i‘; . Top 5620 +£0614 11469 +0.107 - 6.018 + 0.050 - - - - 5.971 + 0.166 - - 6.14
g;g;;ﬁé’z Top 3969 +0.022 4009 +0029 347340041 307540111 334340029 3758 +0.087 3.745+0025 2918+0.155 372040053  3.945+0.140  4.671 + 0.029 3.83
Base 6707 +0.183 6561 +0.091 4970+ 0.041  5686+0.040 508240004 511940029 6779+0016 5547 +0015 5680 +0.124 534140032 4793 + 0.093 6.09
52%%? Top 373240126 2747 +0018  3.862+0036 5118 +0.032 - 043140005  4088+0013 397040081  3.875+0007  5341+0032 4671+ 0.029 461
Base 777340522 812040017 4970+ 0.041 8013 + 0.039 - - 8256 +0.007  7.193+0.058 6550+ 0.189  8100+0.186  8.972 + 0.207 9.44
Hirsutella hirsuta Base 112340046  0.755+0.027  0.673 +0.035 - - 0.582 + 0.026 - - - 2216 +0.119  0.115 + 0.007 045
%Zs%’%’s” Base 3969 +£0.022  4224+0021  3535+0023  3.675+0.17  3740+0354 4440 +0.115 5148+0228 498240071  4239+0018  5003+0028  4.671+0.029 43
T”;O"s‘;‘j;”sﬁl"“ Top 0.293 + 0.011 0586 +0.032  0417+0035 073540084  1539+£0.035 053040026 1476 +0.042 0736 +0249  1.002+0.025  0.397 + 0.094 - 0.61
Base 2150 +0.018  3328+0.009 294740019  3075+0.111 3270 +0.029 3266+0091 351540056 3578 +£0.056 3935+ 0052  2.663+0.076 - 3.35
trz’;‘c’;ﬁg%ges Base 2.150 + 0.018 199440019  2372+0281 233240067  2262+0.002 2899 +0.099 2869 +0.100 2597 +0.165 2.825+0.018  2.663 + 0.076 2.556 + 0.004 1.92
G";ﬁ%%g”” Base 5629+ 0614  5383+0036  4474+0101  5806+0050  5345+0015 5257 +0.061 5849 +0.161 485240058 5035+0.116 5177 +0.024 - 557
ﬁégf;t’gﬁf% Top 4036+0022  3025+002  3473+0041  4370+£0072  4339+£0030  4885+0094 553240156 3578 +0056 4215+ 0.006 - - 372
Base 8972+£0.791  6561+0.091  7.151+0.019  7.924 +0.050 - - 7583 +£0.096  5.902 + 0.100 - - - 8.77
m%‘;;%g’rft . Top - - - 6.653+0.050 192140010 233340107 227340107  2179+0253 2509 + 0.160 - - 297
Mﬁ”yﬂ“gi‘;”“ Top 259540020 437240024 208240300  1.126 + 0.114 - - - - - - - 237
D’f"fﬁ.l‘)b?g“”"“ Top 3348 £0.016  3.0744+0.022  2928+0.020 2603+ 0111 297840051 2568 +0.091  2.869 +0.100 3243 +0.171  3.151+0.187 4412 + 0.092 7.002 + 0.180 3.47

ispira
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The first occurrence of Ge. calida occurs at 4.06 Ma in the mid-Pliocene of western
equatorial Pacific Hole 806B (Table 2)—a much older datum than that recorded for the
Lau Basin sites. In fact, based on our analysis, this is the first occurrence of Ge. calida in
the western Pacific. From Hole 806B, the species then appears in the northwest Pacific at
Holes 1207A and 1209A at 3.87 and 3.13 Ma, respectively, before appearing in the southwest
Pacific at 2.50 Ma at Site 591 (Figure 3). The first appearance of this species can then be
traced from south to north, from Sites 591 to 587, in the southwest Pacific. From this study,
it is apparent that Ge. calida is likely not a reliable marker for the Late Pleistocene and,
in the mid-latitude regions, could mark the Pliocene in the northwest Pacific, and the
low-to-mid-Pleistocene in the southwest Pacific.

3.2.2. Globigerinoides Biogeographic Patterns

Planktic foraminifera species in the genus Globigerinoides are generally classified as
photosymbiont-bearing, tropical-to-subtropical, mixed-layer dwellers. Because of their
affinity for warmer waters, the first and last occurrences of Globigerinoides spp. are used
extensively as primary and secondary markers in the tropical zonation [12,13]. The bases
of Globigerinoides extremus and Globigerinoides conglobatus are used as secondary datums
to constrain the age of Late Miocene deposits. The last occurrence of Gs. extremus is also
used in the tropical zonation to constrain the age of Late Pliocene sections [12,13]. The last
occurrences of Globigerinoides obliquus and Globigerinoides subquadratus are both secondary
markers in the tropical zonations, with the former subdividing the Pleistocene, and the
latter subdividing the Miocene. Due to their paucity at higher latitudes, Globigerinoides
species are not employed in temperate zonations.

The last occurrence of Gs. subquadratus is used to subdivide the tropical Late Miocene
biozone M11 (Gb. nepenthes/Pg. mayeri CRZ; [12]). This extinction event in the tropical
zonation is reported at 11.57 Ma, but occurs at western tropical Pacific Hole 806B at
11.05 Ma—a difference of over 0.5 Myr (Table 2). In the mid-latitude regions of the northwest
and southwest Pacific, this datum is highly diachronous, first going extinct at southwest
Pacific Site 592 (11.96 Ma), and becoming extinct much later at northwest Pacific Hole
1209A (6.48 Ma; Figure 4).

Globigerinoides extremus first appears at southwest Pacific Site 592 at 11.74 Ma. It
subsequently disperses into the tropics at 8.43 Ma (Table 2), and appears in the mid-
latitudes of the northwest Pacific more than 2 Myr later, at 6.20 Ma (Figure 3). In contrast,
the first appearance of Gs. extremus at Site 593—the highest southern latitude site in
our dataset—occurs after its appearance in the northwest Pacific, at 3.17 Ma. The range
expansion of Gs. extremus in the western Pacific occurs in a clear Southern-to-Northern
Hemisphere pattern (with the exception of its very late first occurrence at Site 593), and its
range contraction exhibits the same pattern (Figures 3 and 4). Globigerinoides extremus first
disappears from the mid-latitudes of the southwest Pacific, then the tropics, and finally the
northwest Pacific mid-latitudes, with its latest last occurrence at Hole 1209A at 1.58 Ma
(Figure 4).

Globigerinoides conglobatus first appears in the northwest Pacific at Hole 1207A at
7.20 Ma, and then in the southwest Pacific at Site 590 at 7.04 Ma (Table 2). This pattern
indicates that Gs. conglobatus evolved first in the mid-latitudes of the northwest Pacific, and
then relatively quickly (within 160 kyr) dispersed into and established a notable population
in the southwest Pacific (Figure 3). The majority of the lowest occurrence dates for Gs.
conglobatus all occur within the Messinian Stage, making this secondary datum reliable
from the tropics to the mid-latitudes to constrain Late Miocene deposits. The exception to
this is at Site 592, where the species first appears much later at 0.39 Ma.

In the western Pacific, Gs. obliquus first disappears from the mid-latitudes in the
southwest Pacific at 6.23 Ma, with a pattern of extirpation from this region of the Pacific
to the northwest Pacific mid-latitudes (Figure 4). From the tropics to Hole 1208A, the last
appearance of this species is relatively stable, with a difference in events at each hole and
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as recorded in the tropical zonation [12,13] of 0.52 Myr. Globigerinoides obliquus has its latest
extirpation event in the northwest Pacific at Hole 1207A at 0.29 Ma.
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Figure 3. First occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Globigerinoides, Globigerinella, Globigeri-
noidesella, and Pulleniatina. Sites are ranked 1-3, as denoted by the superscript number beside each
site number. A ranking of 1 indicates that the sites” age model is based solely on magnetostratigraphy,
a ranking of 2 indicates that the sites” age model is a mix of magnetostratigraphy and biostratig-
raphy, and a ranking of 3 indicates that the sites” age model is based solely on biostratigraphy

(Supplementary Table S1).
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Figure 4. Last occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Globigerinoides, Globigerinoidesella, Pulleni-
atina, and Globoquadrina. Sites are ranked 1-3, as denoted by the superscript number beside each site
number. A ranking of 1 indicates that the sites’ age model is based solely on magnetostratigraphy,
a ranking of 2 indicates that the sites” age model is a mix of magnetostratigraphy and biostratig-
raphy, and a ranking of 3 indicates that the sites” age model is based solely on biostratigraphy
(Supplementary Table S1).

3.2.3. Globigerinoidesella Biogeographic Patterns

The only species in its genus, Globigerinoidesella fistulosa was a symbiont-bearing mixed-
layer dweller common in the subtropics to tropics. The extinction event of this species
marks the top of Zone PL6 (Go. fistulosa HOZ Indo-Pacific), and denotes the boundary
between the Pliocene and Pleistocene [12,13]. Its first appearance is used as a secondary
datum in the tropical zonations to subdivide the Upper Pliocene.
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The first and last occurrences of Go. fistulosa in the western Pacific are confined to the
tropics and subtropics of the southwest Pacific (Sites 806B to 590). This species first appears
at subtropical Site 588, and generally disperses north towards the Equator (Figure 3). Its
first appearances from the southwest Pacific to the tropics are relatively stable, with a total
difference in first appearance dates of 1.07 Myr. The last appearance of Go. fistulosa is more
stable, with a difference in last appearance dates of only 0.46 Myr (Figure 4). Refinement of
the last occurrence of this species in the southwest Pacific, in which age errors at Sites 587,
588, and 590 exceed 100 kyr (Table 2), could reveal reduced diachroneity for the extinction
event of Go. fistulosa.

3.2.4. Pulleniatina Biogeographic Patterns

The genus Pulleniatina is used extensively in the tropical zonation for the Neogene [12,13],
based on Pu. primalis’ evolutionary events, disappearances and reappearances, and coiling
changes. Coiling changes in the genus have been quantified for the western equatorial
Pacific and eastern equatorial Indian Ocean, further highlighting the utility of coiling
changes in these regions as tools for correlation [43,80]. Here, we focus on Pulleniatina
primalis, as this species was identified at most sites in our study. The first occurrence
of Pu. primalis is a secondary marker used to subdivide the tropical biozone M13b (Gr.
plesiotumida/Fh. lenguaensis CRSZ; [13]). The last occurrence of the species is used as a
secondary marker to subdivide biozone PL4 (Dt. altispira HOZ) in the Late Pliocene [13].
The species was a thermocline-dweller in tropical-to-warm-subtropical water masses.

The tropical first appearance dates for Pu. primalis are very stable (Hole 806B and age
recorded in [13]), but diachroneity is apparent in the subtropics and mid-latitude regions of
the northwest and southwest Pacific. This species first appears in the western Pacific at
Site 587, and then disperses to Site 586, before moving to the equatorial region (Figure 3).
The species exhibits a more gradual dispersal from low to high latitudes in the Southern
Hemisphere, but appears latest in the northwest Pacific (Figure 3). In the northwest Pacific,
Pu. primalis first appears at Hole 1207A at 5.09 Ma—the site located on the northern edge of
the Kuroshio Current Extension—before dispersing into nearby Holes 1208A and 12094, at
2.33 Ma and 1.67 Ma, respectively (Table 2).

The last appearance dates for Pu. primalis exhibit a range contraction in the western
Pacific from the southwest to the northwest (Figure 4), with the species going extinct first at
Site 592 at 5.17 Ma, and last at Hole 1207A at 0.90 Ma—a difference of 4.27 Myr (Table 2). In
the tropics of the western Pacific, at Holes 806B and 586B, Pu. primalis has extirpation dates
of 2.04 Ma and 1.86 Ma, respectively—a difference of 0.18 Ma. However, the extinction date
for this species reported by King et al. [13] is 3.66 Ma. Thus, our study indicates that the
last occurrences for Pu. primalis in the equatorial western Pacific are vastly different from
its last occurrence dates as recorded from sediments in the eastern equatorial Pacific and
Atlantic [13,81].

3.2.5. Globoguadrina Biogeographic Patterns

Globogquadrina dehiscens was a thermocline-dwelling species, and is widely distributed
from the tropics to higher latitudes. Its first appearance date is a primary marker datum
in the tropical zonation [12,13], and denotes the base of biozone M1b (Gq. dehiscens/Pg.
kugleri CRSZ) in the Early Miocene. Similarly, this datum was found to denote the Early
Miocene in land-based sections of New Zealand [82]. Its last appearance is a secondary
datum used to subdivide the earliest Pliocene zone PL1 (Gr. tumida/Gb. nepenthes CRZ),
and approximates the top of the Miocene in the tropical zonation. The first occurrence of
this species is also used in the temperate and subtropical planktic foraminiferal biozones
for the northwest Pacific [31]. The last occurrence of Ggq. dehiscens is utilized in the warm
subtropical and temperate zonations for southwest Pacific Sites 587 and 593, respectively.

The last occurrences for Gq. dehiscens across the western Pacific are highly diachronous
(Figure 4). This species first goes extinct at southwest Pacific Site 592 (9.55 Ma), and later
at Hole 1208A in the northwest Pacific (9.05 Ma). Globoquadrina dehiscens experiences its
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latest extirpation events at western equatorial Pacific Hole 806B (5.68 Ma), and then Hole
586B (5.34 Ma). In short, Gq. dehiscens experiences a range contraction from high to low
latitudes, and persists longest in the tropics prior to its extinction. Further, Hodell and
Kennett [25] found the last occurrence of Gq. dehiscens to occur in the Late Miocene in the
South Atlantic, indicating large diachroneity between the Pacific and Atlantic. Thus, in
the mid-latitude regions of the Pacific, the last occurrence of Ggq. dehiscens is not a reliable
species to approximate the Late Miocene.

3.2.6. Sphaeroidinella Biogeographic Patterns

The first occurrence of Sphaeroidinella dehiscens—a tropical-to-warm-subtropical
species [17]—is used as a secondary marker in the tropical zonation to subdivide zone
PL1 (Gr. tumida/Gb. nepenthes CRZ; [12]), which identifies the Early Pliocene. The first
appearance of Sphaeroidinella dehiscens is closest to the Miocene/Pliocene boundary in the
tropics only. However, the datum is diachronous away from the tropics in the western
Pacific. The first appearance of Sa. dehiscens, as recorded at Site 925 in the western equa-
torial Atlantic at the Ceara Rise [83] and reported by King et al. ([13]; 5.54 Ma), occurs
much earlier compared to its first appearances at western equatorial Pacific Holes 806B
(4.58 Ma) and 586B (4.90 Ma; Table 2). Across the mid-latitudes of the western Pacific (Holes
1207A-1209A in the northwest; Sites 587-591 in the southwest), the first appearances of Sa.
dehiscens in these regions are diachronous within 0.48 Myr in the Southern and Northern
Hemispheres (Figure 5).

In the warm-subtropical-to-temperate regions of the western Pacific, the first appear-
ance of Sa. dehiscens best approximates the Middle Pliocene, rather than the Miocene/Pliocene
boundary as it does in the tropical Atlantic Ocean.

3.2.7. Sphaeroidinellopsis Biogeographic Patterns

The Sphaeroidinellopsis lineage first evolved in the Early Miocene, with subsequent
evolution of new species through the Late Neogene [84,85]. The last occurrences of two
species in this lineage—Sphaeroidinellopsis kochi and Sphaeroidinellopsis seminulina—are used
in the global tropical zonation. The top of Ss. kochi is used as a secondary marker to
subdivide the Early Pliocene biozone PL1 (Gr. tumida/Gb. nepenthes CRZ), whereas the last
occurrence of Ss. seminulina is used as a primary marker to define the top of biozone PL4
(Dt. altispira HOZ) in the Pacific and Atlantic oceans [12,13].

Sphaeroidinellopsis kochi was not recorded in the southwest Pacific by Jenkins and
Srinivasan [18], and may have been lumped in with Ss. disjuncta; however, the species
was recorded in the western equatorial to mid-latitudes of the northwest Pacific (Figure 6).
Sphaeroidinellopsis kochi experiences its last occurrence in this region at western equatorial
Pacific Hole 806B at 4.98 Ma, and in the western equatorial Atlantic (Ceara Rise Site
925; [83]) at 4.49 Ma [13]—an age that differs by nearly half a million years (0.49 Myr;
Table 2). In the mid-latitudes of the northwest Pacific, Ss. kochi experiences extirpation
from the low-to-high latitudes, first going extinct at Hole 806B, and lastly at Hole 1209A
(Figure 6). Sphaeroidinellopsis kochi persists in the subtropics of the northwest Pacific for
approximately 1.9 Myr longer after it disappears from the western equatorial Pacific.

In the southwest Pacific, the last occurrence dates of Ss. seminulina from Sites 592-588
differ by 0.31 Myr (Figure 6; Table 2). At northwest Pacific Sites 1207A and 1208A, Ss.
seminulina goes extinct within 0.28 Myr between the two sites. In the tropical western
Pacific, this species goes extinct at 3.62 Ma—an age that differs by 0.57 Myr compared
to the age reported by King et al. [13] for the Atlantic Ocean (3.05 Ma), and by 0.03 Myr
compared to dates reported from Site 846 in the eastern equatorial Pacific (3.59 Ma). The
diachroneity of Ss. seminulina between ocean basins is well known; thus, the different ages
for this species between the Atlantic and eastern equatorial Pacific oceans are accounted for
in the tropical zonations of Wade et al. [12] and King et al. [13]. Perhaps of most interest is
the later last occurrence of Ss. seminulina that is apparent at subtropical Hole 1209A in the
northwest Pacific and Site 587 in the southwest Pacific (Figure 6). At Site 587, Ss. seminulina
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goes extinct at 2.89 Ma, whereas at Hole 1209A it goes extinct at 2.91 Ma; taking error at
both sites into account, this datum is isochronous in the subtropics of each hemisphere.

3.2.8. Globoconella Biogeographic Patterns

The genus Globoconella is a prominent lineage in temperate mid-latitude waters [17],
in most cases being among the dominant genera in the planktic foraminiferal assemblages
from these areas of the world ocean (e.g., [39,42,86,87]. Species belonging to this genus first
evolved in the Early Miocene [88], making this lineage valuable for subdividing Neogene
strata of the mid-latitudes (e.g., [14,18,20,31,76,88-92]). Specifically, the first occurrences of
Globoconella species are used to define mid-latitude planktic foraminiferal biozones. From
our analysis, it is apparent that there can be high diachroneity among globoconellid datums
between regions, but reduced diachroneity within regions. These species likely originated
in the Southern Hemisphere.

Globoconella conomiozea is a short-ranging species that is used in the temperate zonation
for the northwest Pacific [31], and in the cool subtropical, temperate, and subarctic zonations
for the southwest Pacific [14,18]. Importantly, Gc. conomiozea is used in the southwest Pacific
to subdivide and identify Upper Miocene strata, but in the northwest Pacific this species
is used to delineate Lower Pliocene strata. Globoconella conomiozea first appears in the
southwest Pacific at Site 592 at 7.19 Ma (Figure 5). It has later first occurrences at southwest
Pacific Sites 588, 590, 592, and 593. This species is not recorded at tropical western Pacific
Hole 806B. In the northwest Pacific, Gc. conomiozea has less diachronous first appearance
dates compared to the southwest Pacific, ranging from 4.91 at Hole 1207A to 4.34 Ma
at Hole 1209A—a difference of 0.57 Myr (Table 2). From these data, it is clear that after
first appearing in the Southern Hemisphere, Gc. conomiozea took at least 0.58 Myr to
disperse into the mid-latitudes of the Northern Hemisphere. The last occurrence dates of
Gc. conomiozea are much less diachronous within their respective hemispheres compared to
this species’ overall first occurrence dates (Figure 6). Globoconella conomiozea first disappears
from southwest Pacific Sites 588 and 590 around 5.5-5.4 Ma, experiencing a complete
extirpation from the southwest Pacific by 4.89 Ma. This species persists in the northwest
Pacific, disappearing from this region between 3.49 and 3.28 Ma.

Globoconella puncticulata exhibits a similar biogeographic pattern to that of Gc. conomiozea
with respect to its first appearance dates; this species first appears in the southwest Pacific,
before appearing in the northwest Pacific (Figure 5). Interestingly, the first appearance
dates for Gc. puncticulata and Gce. conomiozea in the northwest Pacific converge more closely,
indicating that there may be some abiotic or biotic factors at work that allowed for these
globoconellid species to disperse into the northwest from the southwest Pacific during the
Early Pliocene.

The first appearance of Globoconella inflata—the last species in the lineage to evolve—is
used in the mid-latitude biozonations to subdivide the Pliocene (e.g., [14,18,31]). This
species’ datum in the southwest is quite stable; at Sites 592 and 593, the species first appears
at 4.41 Ma and 4.39 Ma, respectively. Considering the age error at these sites, these dates
are isochronous (Table 2). In the northwest Pacific, Gc. inflata first appears at Holes 1207A
(3.36 Ma) and 1208A (3.28 Ma), before appearing at subtropical Hole 1209A (3.01 Ma). At
western equatorial Pacific Hole 806B, Gc. inflata does not appear until much later, at 0.97 Ma
(Figure 5), but with very rare occurrences [43].

3.2.9. Globoturborotalita Biogeographic Patterns

The Globoturborotalita lineage, which is mainly categorized as a tropical-to-warm-
subtropical genus [17], has its roots in the Early Eocene [93], with several new species
evolving in the Neogene. Specifically, the first and last occurrences of Globoturborotalita
nepenthes, Globoturborotalita decoraperta, Globoturborotalita apertura, and Globoturborotalita
woodi are used as primary and secondary datums in the tropical planktic foraminiferal
zonation [12,13].
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Figure 5. First occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Sphaeroidinella, Globoconella, Globoturboro-
talita, and Neogloboquadrina. Sites are ranked 1-3, as denoted by the superscript number beside each
site number. A ranking of 1 indicates that the sites” age model is based solely on magnetostratigraphy,
a ranking of 2 indicates that the sites” age model is a mix of magnetostratigraphy and biostratig-
raphy, and a ranking of 3 indicates that the sites” age model is based solely on biostratigraphy
(Supplementary Table S1).

The first occurrence of Gb. nepenthes defines the base of tropical biozone M11 (Gb.
nepenthes/Pg. mayeri CRZ) of the Late Miocene, whereas the last occurrence of this species
defines the top of the tropical zone PL1 (Gr. tumida/Gb. nepenthes CRZ) in the Early
Pliocene [12,13]. Kennett [14] used the first occurrence of Gb. nepenthes to define the base
of his Late Miocene Paragloborotalia continuosa zone. However, this zone was amended by
Jenkins and Srinivasan [18] so that Gb. nepenthes was no longer implemented as a primary



Geosciences 2022, 12,190

19 of 43

marker, and the species was not used in the temperate and subtropical biozones of Lam
and Leckie [31]. From our dataset, it is apparent that Gb. nepenthes first appeared in the
northwest Pacific Hole 1208A (12.37 Ma), 0.76 Myr prior to its first appearance date as
recorded in the tropical zonation (11.61 Ma; [13]). The first appearance of Gb. nepenthes in
the southwest Pacific is only recorded at Sites 592 and 593, as the records from these two
sites extend into the Middle Miocene. The first appearance dates of Gb. nepenthes in the
southwest Pacific occur after its appearance in the northwest Pacific, but this observation
may be the consequence of the lack of Late-to-Middle Miocene strata at Sites 586-591.

The last occurrences of Gb. nepenthes across the western Pacific indicate that this species
had the shortest range at the highest latitudes (e.g., Site 592 in the southwest Pacific), but
persisted longest in the mid-latitudes—specifically, at Site 590 in the southwest Pacific
(3.83 Ma) and Hole 1209A in the northwest Pacific (4.02 Ma; Figure 6). The last appearance
date for this species in the tropical zonation (4.38 Ma; [13]) is close to the last appearance
date at western equatorial Pacific Hole 806B (4.27 Ma), indicating that this datum may be
nearly isochronous between the tropical Atlantic and western Pacific oceans (Table 2).

The first appearance of Gb. decoraperta is used in the tropical biozonation as a secondary
marker to subdivide the Late Miocene zone M11 (Gb. nepenthes/Pg. mayeri CRZ), whereas
the last occurrence of this species is used as a secondary datum to subdivide biozone PL5
(Mn. miocenica HOZ) in the Atlantic Ocean [13]. Similar to its ancestor Gb. nepenthes, the
base of Gb. decoraperta is recorded at two sites in the southwest Pacific (Figure 5). The
earliest first appearance date for Gb. decoraperta is in this region, at Site 593 (13.35 Ma)—a
much earlier first occurrence date than that recorded for this species in the tropical zonation
(11.51; [13]; Table 2). The last appearance dates for Gb. decoraperta in our dataset are highly
diachronous, even for sites in close proximity (Figure 6). From our dataset, it appears as
though Gb. decoraperta goes extinct first in the northwest Pacific (Hole 1208A; 4.92 Ma), and
persists longest in the southwest Pacific (Site 591; 1.00 Ma).

The first occurrence of Gb. apertura is used as a secondary marker in the tropical
zonation to subdivide the Late Miocene zone M11 (Gb. nepenthes/Pg. mayeri CRZ), and
the last occurrence is also a secondary marker used to subdivide the Early Pleistocene
zone PT1la (Tr. tosaensis HOSZ; [12,13]). It is very apparent the earliest occurrence for this
species is in the tropics (Figure 5)—specifically, its evolution in the western equatorial
Atlantic at Site 925, at the Ceara Rise [83]. This species appears in the western equatorial
Pacific only 0.18 Myr after its first appearance in the equatorial Atlantic, meaning that
this datum exhibits lower diachroneity between these ocean basins at a time when the
Central American Seaway was still open [94]. In the western Pacific, Gb. apertura appears
in the northwest Pacific after its earliest appearances in the tropics, and then appears
much later in the southwest Pacific mid-latitudes (4.68 Ma at Site 588; 5.31 at Site 590).
The extirpation events across the western Pacific for Gb. apertura exhibit a clear pattern
of extinction from the mid-latitudes to the tropics (Figure 6), where this species persists
longest at western equatorial Pacific Hole 806B (1.82 Ma) and in the western equatorial
Atlantic (1.64 Ma; [13,83]).

The last occurrence of Globoturborotalita woodi is used as a secondary marker to sub-
divide tropical Pleistocene zone PT1a (Tt. tosaensis HOSZ; [12,13]). The last occurrence of
Gb. woodi at western tropical Pacific Hole 806B occurs at 2.17 Ma, just 0.13 Myr after its
recorded extinction in the western equatorial Atlantic [13,83]. Thus, this datum is likely
nearly isochronous between the Atlantic and the Pacific. The biogeographic pattern for the
last occurrences of Gb. woodi across the western Pacific is very clear: this species disappears
first from the southwest Pacific, then the tropics, and persists longest in the northwest
Pacific—specifically at Hole 1208A (0.42 Ma), for 1.75 Myr longer compared to its last
occurrence in the western equatorial Pacific (Figure 6).
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Figure 6. Last occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Globoturborotalita, Sphaeroidinellopsis,
Neogloboquadrina, Globoconella, and Fohsella. Sites are ranked 1-3, as denoted by the superscript
number beside each site number. A ranking of 1 indicates that the sites” age model is based solely on
magnetostratigraphy, a ranking of 2 indicates that the sites” age model is a mix of magnetostratig-
raphy and biostratigraphy, and a ranking of 3 indicates that the sites” age model is based solely on
biostratigraphy (Supplementary Table S1).

3.2.10. Neogloboquadrina Biogeographic Patterns

The tropical-to-warm-subtropical [17] species Neogloboquadrina acostaensis is used
extensively in the tropical zonation [12,13]. Its first appearance datum is a primary marker
for the base of the Late Miocene zone M13 (Ng. acostaensis LOSZ), with coiling changes
used as secondary datums to further subdivide the Miocene strata. The last occurrence of
Ng. acostaensis further subdivides tropical Pleistocene zone PT1a (Tr. tosaensis HOSZ; [13]).
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Across the western Pacific, the first and last occurrences of Nq. acostaensis are highly
diachronous (Figures 5 and 6). The earliest first appearance date in our dataset for this
species occurs at northwest Pacific Hole 1207A at 11.15 Ma, and then appears at tropical
Hole 806B at 10.35 Ma—approximately 0.54 Myr earlier than its recorded age in the tropical
zonation ([13]; Table 2) as recorded from the equatorial western Atlantic at Site 925, at the
Ceara Rise [83]. Interestingly, the first occurrences of Ng. acostaensis in the mid-latitude
regions, at northwest Pacific Hole 1209A and southwest Pacific Site 590, are much delayed
compared to sites to the north and south of them (Figure 5). Compared to western equatorial
Pacific Hole 806B, Ng. acostaensis appears 5.38 Myr later at Hole 1209A, and 3.83 Myr later
at Site 590.

In the southwest Pacific, the last occurrences of Ng. acostaensis are much less di-
achronous compared to the northwest Pacific, where they are highly diachronous (Figure 6).
Neogloboquadrina acostaensis first disappears from western equatorial Pacific Hole 806B
(5.21 Ma), and then from Hole 586B (4.90 Ma). Both of these last occurrence dates are much
earlier than the date of 1.58 Ma given in the tropical zonation [13] (Table 2). This species
persists the longest in the northwest Pacific subtropics at Hole 1209A, where it experiences
its extirpation event at 0.45 Ma.

3.2.11. Fohsella Biogeographic Patterns

Fohsella lenguaensis was a thermocline-dwelling protist most prominent in tropical-
to-warm-subtropical water masses [17]. The last occurrence of this species is a primary
marker that denotes the top of Late Miocene biozone M13b (Gr. plesiotumida/Fh. lenguaensis
CRSZ). This species is not used as a marker species in the mid-latitude regions, as it occurs
at few sites outside of the tropics.

In the western Pacific, Fh. lenguaensis goes extinct first in the northwest Pacific, at Hole
1208A at 11.46 Ma (Figure 6). This species then goes extinct at western equatorial Pacific
Hole 806B, and then in the southwest Pacific at Site 591, with a difference of only 0.04 Myr
(Table 2). However, taking error into account, the extinction of Fh. lenguaensis in the
western tropical Pacific and southwest Pacific mid-latitudes is isochronous. Interestingly,
this species persists the longest in the northwest Pacific at Hole 1207 A—a site that is located
close to Hole 1208A. The last recorded occurrence dates of this species in the tropical
zonation (6.14 Ma; [13]) and at tropical western Pacific Hole 806B (6.01 Ma) differ by
0.13 Myr.

3.2.12. Hirsutella Biogeographic Patterns

The hirsutellids include species that are generally regarded as occurring in tropical-
to-temperate water masses and inhabiting sub-thermocline depths [17,84]. Three of these
species—Hirsutella margaritae, Hirsutella cibaoensis, and Hirsutella hirsuta—are used in both
the global tropical zonation [12,13] and zonations for the western Pacific subtropics to
mid-latitudes [14-16,18,31].

In the global tropical zonation [13], the first occurrence of Hr. margaritae is used as
a secondary marker to subdivide the Late Miocene biozone M14 (Gs. extremus PRZ). In
the northwest Pacific, this datum is used to define the base of the Late Miocene to Early
Pliocene biozone Hr. margaritae HOZ in the temperate zonation, as well as the base of
the Early Pliocene Hr. margaritae LOZ in the warm subtropical [18] and subtropical [31]
zonations.

The first occurrence of Hr. margaritae in the western equatorial Pacific (Hole 806B;
5.68 Ma) is later than this species’ first appearance date in the western equatorial Atlantic
(Site 925; 6.09 Ma; [13,83]) by 0.41 Myr (Table 2). The earliest first appearance for this species
in our dataset occurs in the southwest Pacific (Site 588) at 6.77 Ma; the second earliest first
occurrence is at northwest Pacific Hole 1207A at 6.70 Ma. Taking age error into account, it
is difficult to determine whether this species first evolved or appeared in the southwest or
northwest Pacific, or entered the western Pacific mid-latitude regions at the same time in
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the Late Miocene. From these sites, Hr. margaritae then dispersed towards the tropics and
in the southwest Pacific, towards higher latitudes (Figure 7).

The last occurrence of Hr. margaritae is used as a primary marker to denote the base of
Late Pliocene biozone PL3 (Ss. seminulina HOZ) in the global tropical zonation [12,13]. This
datum is not used as a marker in the mid-latitude zonations, but in the northwest Pacific
temperate scheme, the last occurrence of Hr. margaritae approximates the base of the Gc.
puncticulata HOZ [31]. Across the western Pacific, the last occurrence of Hr. margaritae, like
its first occurrence, is diachronous. The species goes extinct first at the highest latitude
sites in our study (Figure 8), with a general range contraction towards the tropics. The
species’ latest last occurrences are in the western equatorial Pacific (Hole 806B; 3.07 Ma)
and southwest Pacific (Site 590; 2.91 Ma). The last occurrence date for Hr. margaritae in
the western equatorial Pacific (Hole 806B; 3.07 Ma) occurs 0.76 Myr later than its recorded
extinction event in the tropical zonation (3.83 Ma; [13]), as recorded from the Ceara Rise,
Site 925, in the western equatorial Atlantic.

The first occurrence of Hirsutella cibaoensis is used in the tropical zonation as a sec-
ondary marker within the Late Miocene biozone M13a (Ng. acostaensis LOZ; [12,13]). The
first appearance of this species was recorded at all of our northwest Pacific sites, but only a
few of the study sites in the southwest Pacific, due to hiatuses in the Miocene (Figure 7).
Regardless, it is very apparent that this species exhibits high diachroneity across the west-
ern Pacific and between the tropics of the western Pacific and Atlantic. At Ceara Rise
Site 925, Hr. cibaoensis is recorded as first appearing at 9.44 Ma [13,83]—a date that occurs
1.43 Myr earlier than its first appearance in the western equatorial Pacific (Hole 806B;
8.01 Ma). The earliest first occurrence of Hr. cibaoensis in our dataset is at Site 593 in the
high latitudes of the southwest Pacific at 8.97 Ma. From here, this species then migrated to
nearby southwest Pacific sites and appeared in the northwest Pacific at 8.12 Ma (Table 2).
These data indicate that Hr. cibaoensis likely appeared at higher latitudes first—probably in
the Southern Hemisphere—before dispersing to lower latitudes.

The last occurrence of Hr. cibaoensis is used as a secondary marker in the tropical
zonation to denote the Early Pliocene biozone PL1 [13]. Like its first occurrence, the last
occurrence of this species is highly diachronous in our dataset (Figure 8). It disappears at
western equatorial Pacific Hole 806B approximately 0.5 Myr before it goes extinct in the mid-
latitudes of the South Atlantic Ocean at 4.61 Ma [13,95]. The disappearance of Hr. cibaoensis
in the South Atlantic occurs prior to its disappearance from the highest latitude southwest
Pacific Site 593 (4.67 Ma). This finding suggests that even within the mid-latitude regions
of the Pacific and Atlantic, there is diachroneity. The latest last occurrence for Hr. cibaoensis
occurs at southwest Pacific Site 587 at 0.43 Ma; however, because other last occurrences for
this species are confined to the Pliocene, we believe that this late last occurrence may be an
identification error or reworking.

The first appearance of Hirsutella hirsuta is used in the tropical zonation scheme
as a secondary marker to denote the Late Pleistocene zone PT1b (Tr. truncatulinoides
PRSZ; [12,13]). In the temperate and subtropical zonation schemes for the northwest Pacific,
this datum is used to define the base of the Pleistocene biozone Hr. hirsuta TRZ [31]. With
our new data, we also identified and defined the Hr. hirsuta TRZ at southwest Pacific
temperate Site 593 (Figure 2). Although this species is used in the tropical-to-subtropical
zonation scheme, its occurrence is recorded from the southwest Atlantic Ocean [96]. The
species” absence from tropical Pacific regions (Figure 7) may be an indication that this
datum is not appropriate for tropical regions and, thus, its use in the tropical-to-subtropical
zonation may require re-evaluation.

Hirsutella hirsuta was not recorded at southwest Pacific Sites 588-591 (Figure 7). How-
ever, its first occurrence dates at southwest Pacific Site 587 and in the southwest Atlantic, as
recorded in King et al. [13], are moderately diachronous when taking age error into account.
The first occurrence for this species as recorded by Jenkins and Srinivasan [18] at Site 592 is
vastly different to the revised first occurrence date that we recorded for Hr. hirsuta, by a
difference of 2.10 Myr (Table 2). Such a drastic difference in first appearance dates for this
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species at Sites 592 and 593 may be due to differences in taxonomic concepts between the
authors of this paper and Jenkins and Srinivasan [18].

Our data indicate that Hr. hirsuta may have evolved in the southwest Pacific Ocean
prior to migrating to the southwest Atlantic (Table 2). This is supported by the early first
appearance date for the species at southwest Pacific Site 592 (2.21 Ma); however, this is
a tentative finding, as the first appearance of Hr. hirsuta at Site 593 occurs much later.
This species first appears in the northwest Pacific at 1.12 Ma. The biogeographic pattern
of dispersal for Hr. hirsuta from our study indicates that it first appeared in the higher
latitudes, before migrating towards lower latitudes (Figure 7).

3.2.13. Truncorotalia Biogeographic Patterns

The truncorotaliid planktic foraminifera lineage evolved throughout the Late Miocene,
and underwent a radiation in the Pliocene, with species still extant today. Generally, species
within this group inhabit warm-subtropical-to-temperate water masses, and dwell within
the sub-thermocline [17,84,97,98]. Three species are used in the tropical zonation and
the mid-latitude zonations of the northwest and southwest Pacific Ocean in this study:
Truncorotalia crassaformis, Truncorotalia tosaensis, and Truncorotalia truncatulinoides.

The first occurrence of Truncorotalia crassaformis is used as a secondary marker in
the tropical zonation to further subdivide the Early Pliocene biozone PL2 (Hr. margaritae
HOZ; [12,13]). In the northwest Pacific, the first occurrence of Tr. crassaformis is used to
denote the Mid-to-Late Pliocene Tr. crassaformis HOZ biozone in the temperate zonation, as
well as the Tr. crassaformis LOZ biozone in the subtropical zonation [31]. In the southwest
Pacific in this paper, based on the findings of Kennett [14] and Jenkins and Srinivasan [18],
the base of Tr. crassaformis is used in the warm and cool subtropical zonations to denote the
base of the Pliocene Tr. crassaformis LOZ biozone (Figure 2, Supplementary Tables S3-58).

The first occurrences of Tr. crassaformis across the western Pacific exhibit a clear pattern,
indicating that the species evolved or entered in the southwest Pacific and subsequently
migrated to the northwest Pacific (Figure 7). Specifically, the species occurs earliest at
the highest latitude southwest Pacific sites (excluding Site 591), before then appearing
in more subtropical-to-tropical regions of the Southern Hemisphere. There is, of course,
diachroneity of the first occurrence of Tr. crassaformis between the western equatorial
Pacific (Hole 806B; 3.67 Ma) and the western equatorial Atlantic (Site 925; 4.3 Ma; [13,83]),
where the species occurs first in the equatorial Atlantic, 0.63 Myr prior to the western
equatorial Pacific.

The lowest occurrence of Truncorotalia tosaensis is used in the tropical zonation as a sec-
ondary datum to denote the Late Pliocene biozone PL5 (Mn. (pseudo)miocenica HOZ; [12,13]).
In the northwest Pacific, this datum event is used to define the base of the Tr. tosaensis LOZ
in the subtropical zonation [31]. In the southwest Pacific, the base of Tr. tosaensis is used
to denote the bottom of the Tr. tosaensis LOZ in the warm subtropical zonation [14]. In
our dataset, the appearance of Tr. tosaensis in the western Pacific is diachronous, but like
Tr. crassaformis it has a clear pattern of appearing first in the southwest Pacific, and later
migrating to lower latitudes, before finally appearing in the northwest Pacific (Figure 7).
Compared to the base of Tr. tosaensis at 3.35 Ma from King et al. [13], this species appears in
the equatorial Pacific (Hole 806B, 3.07 Ma) 0.28 Myr later than its first appearance at other
sites in the equatorial Pacific [99].

The last occurrence of Tr. tosaensis is a primary marker that defines the base of Late
Pleistocene biozone PT1b (Tr. truncatulinoides PRSZ; [12,13]). In the southwest Pacific,
this datum denotes the base of the Tr. truncatulinoides TRZ biozone in the warm and cool
subtropical zonations ([14,18]; Figure 2). Our data indicate that the extirpation events of
Tr. tosaensis are diachronous across the western Pacific (Figure 8), and the species likely
first disappeared in this ocean basin in the Southern Hemisphere at Sites 588 (1.47 Ma) and
586 (1.53 Ma). It then exhibits a bipolar range contraction towards higher latitudes, and its
latest last occurrences are recorded at northwest Pacific Hole 1207A (0.29) and southwest
Pacific Site 592 (0.39 Ma). Truncorotalia tosaensis disappears first from the western equatorial
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Pacific (Hole 806B; 0.73 Ma), and 0.12 Myr later from the eastern equatorial Pacific ([13,100];
0.61 Ma). The differences in this datum event on the western and eastern side of the
equatorial Pacific provide further evidence for diachroneity in equatorial regions.
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Figure 7. First occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Truncorotalia, Hirsutella, Globorotalia, and
Menardella. Sites are ranked 1-3, as denoted by the superscript number beside each site number. A
ranking of 1 indicates that the sites” age model is based solely on magnetostratigraphy, a ranking
of 2 indicates that the sites” age model is a mix of magnetostratigraphy and biostratigraphy, and a
ranking of 3 indicates that the sites” age model is based solely on biostratigraphy (Supplementary
Table S1).

The first appearance of Tr. truncatulinoides is a secondary marker in the global tropical
zonation to further denote Late Pliocene biozone PL6 (Go. fistulosa HOZ; [12,13]). In the
northwest Pacific, this datum event defines the base of the Pleistocene Tr. truncatulinoides
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LOZ in the temperate and subtropical zonation schemes [31]. In the southwest Pacific, the
first occurrence of Tr. truncatulinoides defines the base of the Tr. truncatulinoides/Tr. tosaensis
CRZ in the warm and cool subtropical zonation scheme, along with the Tr. truncatulinoides
LOZ in the temperate zonation scheme at Site 593 [14,18] (Figure 2).

Like Tr. crassaformis and Tr. tosaensis, the first appearance of Tr. truncatulinoides is
diachronous in the western Pacific, with a clear pattern of earliest first occurrences in
the southwest Pacific, with subsequent dispersal into the northwest Pacific (Figure 7). In
the southwest Pacific mid-latitudes, the base of Tr. truncatulinoides exhibits diachroneity
across such latitudes, with a difference of 0.34 Myr between the sites where it appears the
earliest (Site 587; 2.89 Ma) and the latest (Site 593; 2.55 Ma). From the southwest Pacific, Tr.
truncatulinoides disperses into the northwest Pacific by 2.37 Ma—approximately 0.52 Myr
after its first appearance in the southwest Pacific (Table 2). Truncorotalia truncatulinoides first
appears in the western equatorial Pacific, before its recorded first appearance in the western
equatorial Atlantic (Site 925, Ceara Rise; [83]) at 1.92 Ma, as reported in King et al. [13] in
the global tropical planktic foraminiferal zonation—a difference of 0.41 Myr.

3.2.14. Globorotalia Biogeographic Patterns

Globorotalia tumida is an extant thermocline-dwelling species common to tropical
waters [17,101]. The first occurrence of this species is a primary marker in the tropical
zonation [12,13] that marks the base of the Early Pliocene biozone PL1 (Gr. tumida/Gb.
nepenthes CRZ). The diachronous first occurrence of Gr. tumida between the Pacific and
Atlantic oceans is well known; thus, the base of zone PL1 differs between these ocean
basins [12].

The first occurrence of Gr. tumida in the eastern equatorial Pacific (Site 846) is recorded
at 5.57 Ma [13,100], and in the western equatorial Pacific (Hole 806B) at 5.80 Ma. This
difference of 0.23 Myr further highlights the diachroneity of the first and last occurrences
of planktic foraminiferal species between the eastern and western equatorial regions of
the Pacific.

Across the western Pacific, the earliest first occurrence of Gr. tumida is recorded at
southwest Pacific Site 588 and western equatorial Pacific Hole 806B (Figure 7). This species’
latest first appearances are recorded in the subtropical mid-latitudes of each hemisphere—
4.85 Ma at southwest Pacific Site 590, and northwest Pacific Hole 1209A at 4.47 Ma (Table 2).

Globorotalia plesiotumida is the ancestor of Gr. tumida [17,84,102], and was a thermocline-
dwelling species that inhabited tropical-to-warm-subtropical waters. The first occurrence
of this species is a primary marker that denotes the base of the Late Miocene biozone M13b
(Gr. plesiotumida/Fh. lenguaensis CRZ; [12,13]). The last occurrence of this species is used as
a secondary marker in the global tropical zonation to subdivide the Late Pliocene biozone
PL3 (Ss. seminulina HOZ; [12,13]).

The earliest occurrence of Gr. plesiotumida is recorded at two sites in the southwest
Pacific, and is missing at some sites due to hiatuses (Figure 7). From the data we do have,
however, the datum is highly diachronous across the western Pacific, and between the
western equatorial Pacific and the tropical age presented by King et al. [13]. The first
occurrence of Gr. plesiotumida, as reported in the tropical zonation, is recorded from western
equatorial Atlantic Site 925, at the Ceara Rise [83], at 8.77 Ma. At western equatorial Pacific
Hole 806B, the first occurrence of this species is recorded to occur at 7.92 Ma—a much later
first occurrence compared to Site 925, by 0.84 Myr.

The first occurrence of Gr. plesiotumida in the northwest Pacific at Hole 1207A (8.97 Ma;
Table 2) is closest to the date recorded at western equatorial Atlantic Site 925, and account-
ing for age error, these datums may be isochronous. The latest first occurrences for Gr.
plesiotumida occur in the mid-latitude regions, at northwest Pacific Hole 1208A (6.56 Ma)
and southwest Pacific Site 590 (5.90 Ma), where this datum best approximates the Late
Miocene Messinian Stage.

The last occurrence of Gr. plesiotumida across the western Pacific is also diachronous
within our Pliocene sections (Figure 8). Its last occurrence in the western equatorial
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Pacific (Hole 806B; 4.37 Ma) and the date recorded in the tropical zonation (3.72 Ma; [13])
differ by 0.65 Myr. This indicates that Gr. plesiotumida disappeared from the equatorial
Pacific before the equatorial Atlantic. In the southwest Pacific, the last occurrence of Gr.
plesiotumida occurs first at Site 588, and then sequentially at Site 586 (Figure 8). From here,
Gr. plesiotumida then goes extinct at northwest Pacific Hole 1207A, then Hole 1209A, and
lastly Hole 1208A, which is located between the former two sites. It is here, at Hole 1208A,
that the species persists the longest.

3.2.15. Menardella Biogeographic Patterns

Menardella multicamerata was a thermocline-dwelling species that was common in
tropical-to-subtropical water masses [17,84]. The last occurrence of Mn. multicamerata is
used as a secondary marker to further identify and subdivide the Late Pliocene zone PL5
(Mn. (pseudo)miocenica HOZ) in the global tropical planktic foraminiferal zonation [12,13].

In our dataset, the last occurrence of Mn. multicamerata is highly diachronous between
the western equatorial Pacific and the western equatorial Atlantic; at Hole 806B (6.65 Ma)
the datum occurs 3.68 Myr earlier than it does at Ceara Rise Site 925 (2.97 Ma; [83]), as
reported by King et al. [13] (Figure 8). This is another indication that equatorial Atlantic
and Pacific datum dates differ between these ocean basins, perhaps in part because the
species is always rare. In the southwest Pacific mid-latitudes, the last occurrences of
Mn. multicamerata from Sites 591-587 are diachronous by 0.33 Myr (Table 2; Figure 8).
The less diachronous nature of this species in the southwest Pacific indicates that it may
be a good datum to approximate the Early Pliocene Gelasian Stage (Figure 8). The last
occurrences for Mn. multicamerata at western equatorial Holes 806B and 586B differ by
4.73 Myr, perhaps indicating that such large differences in this species’ first occurrences
in the western equatorial Pacific could be due to misidentification errors and/or unstable
taxonomic concepts. This species was not recorded from Late Neogene sediments in the
northwest Pacific Ocean [31].

The ancestor of Mn. multicamerata, Menardella limbata, was also a thermocline-dwelling
species typical of tropical-to-warm-subtropical waters [17,84,102]. The last occurrence of
Mn. limbata is used as a secondary marker in the tropical zonation [13] to denote Late
Pliocene zone PL5 (Mn. (pseudo)miocenica HOZ). The extinction of Mn. limbata between
the western equatorial Pacific (Hole 806B) and the western equatorial Atlantic (Site 925,
Ceara Rise; [83]) is diachronous by 1.25 Myr, with this species first going extinct in the
Atlantic [13].

Menardella limbata was not reported by Jenkins and Srinivasan [18] in the southwest
Pacific; thus, we cannot assess its biogeographic patterns in the Southern Hemisphere.
In the Northern Hemisphere, the last occurrence of this species is highly diachronous
(Figure 8), perhaps due to being synonymized with Mn. menardii by some authors. The
earliest last occurrence is at Hole 1208A (4.37 Ma), and occurs 1.78 Myr later at Hole 1207A
(2.59 Ma), and approximately 0.51 Myr later still at Hole 1209A (2.08 Ma). In the Northern
Hemisphere, this species seems to constrict its range towards the western equatorial Pacific
through the Late Pliocene to the Middle Pleistocene (Figure 8).

3.2.16. Dentoglobigerina Biogeographic Patterns

Dentoglobigerina altispira was likely a mixed-layer species most common in tropical-to-
warm-subtropical water masses [17,103]. The last occurrence of Dt. altispira is used as a
primary datum to indicate the base of the Late Pliocene biozone PL5 (Dt. altispira HOZ).
The timing of datums differs between the Atlantic and the Pacific [12,13].

The last occurrence of Dt. altispira between the western equatorial Pacific (Hole 806B)
and Site 846 in the eastern equatorial Pacific [13] is quite diachronous. In the western
equatorial Pacific, Dt. altispira goes extinct at 2.60 Ma, whereas its last occurrence in the
eastern equatorial Pacific is recorded as occurring at 3.47 Ma [100]—a difference of 0.87 Myr.
This datum event, like that of Gr. tumida, indicates that even in the equatorial regions of the
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Pacific Ocean, the timing of planktic foraminifera’s first and last occurrences may differ
significantly.
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Figure 8. Last occurrences of species used as primary and secondary datums in tropical-to-mid-
latitude biostratigraphic zonations belonging to the genera Globorotalia, Hirsutella, Truncorotalia,
Menardella, and Dentoglobigerina. Sites are ranked 1-3, as denoted by the superscript number beside
each site number. A ranking of 1 indicates that the sites” age model is based solely on magne-
tostratigraphy, a ranking of 2 indicates that the sites” age model is a mix of magnetostratigraphy and
biostratigraphy, and a ranking of 3 indicates that the sites” age model is based solely on biostratigraphy
(Supplementary Table S1).

In the western Pacific, the last occurrence of Dt. altispira is slightly diachronous across
the sites examined in this study, except in the higher latitudes of the southwest Pacific
(Figure 8). The species first goes extinct at southwest Pacific Site 593—our highest latitude
site—at 7.00 Ma. It is clear this species persists longest in the tropical-to-warm-subtropical
regions (Holes 806B and 587B), where its last occurrence event approximates the boundary
between the Pliocene and the Pleistocene. However, in the mid-latitude regions, the
extinction of Dt. altispira is more indicative of the Late-Middle-to-Late Pliocene.

4. Discussion
4.1. Sources of Error

Several sources can contribute to the accuracy of dating that is used to assess the
diachroneity of the first and last occurrences of planktic foraminifera. One major source
of error that underlies this study and hinders more precise calculation of diachroneity
among datums is the lack of robust age models that are either orbitally tuned or based on
well-constrained magnetic reversal boundaries. In this study, none of the age models for the
western Pacific sites are orbitally tuned, although some intervals have been tuned in prior
studies (e.g., Hole 1208A [104]). Four of our sites (Sites 1207A, 1208A, 12094, and 588) have
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age models that are based solely on magnetostratigraphy, one (Hole 806B) is based solely
on calcareous nannofossil biostratigraphy, four are based on a mix of magnetostratigraphy
and nannofossil biostratigraphy, and two have age models constructed from magnetic re-
versal boundaries, calcareous nannofossils, and bolboform biostratigraphy (Supplementary
Table S1). However, previous studies [26] have highlighted the diachroneity of calcareous
nannofossil datums in the southwest Pacific using Leg 90 sites in the Neogene to Quater-
nary. For example, the last occurrence of Reticulofenestra pseudoumbilicus was found to be
diachronous to a degree of 0.31 Myr across the southwest Pacific [26]. Such diachroneity
among datums used to construct age models can significantly affect the measurement of
synchrony among other fossil groups. It can also adversely affect the interpretation of
binary magnetostratigraphic signals and orbital tuning if cycles are not aligned precisely.

At Sites 592 and 593 in the southwest Pacific Ocean, we applied the Miocene bolbo-
form datums of Griitzmacher [75] and Crundwell and Nelson [76], respectively. For Site
593, the bolboform datums were calibrated to the magnetostratigraphic age model of Site
1123 on the Chatham Rise, which has an almost complete Late Neogene and Quaternary
magnetostratigraphic record [105]. Discrepancies exist between the bolboform and cal-
careous nannofossil datums recorded at Site 593 [74]. Specifically, the first (base) and last
(top) occurrences of Discoaster hamatus, along with the last occurrence (top) of Coccolithus
miopelagicus, were removed from the Site 593 age model, as they were in conflict with bolbo-
form datums (Supplementary Table S1). Bolboforms hold great promise as biostratigraphic
datums in the Miocene; however, the discrepancy between calcareous nannofossil and
bolboform datums further highlights the need for a robust refinement of such datums in
the southwest Pacific and across latitudes.

Another major source of error that may be contributing to diachroneity is the resolution
of sampling at which biostratigraphic studies are conducted. For many of the DSDP Leg 90
sites, specifically, sampling resolution was lower compared to the sites in the northwest and
western equatorial Pacific. The biostratigraphic analyses at Leg 90 Sites 586, 587, and 588
were conducted on core section and core-catcher samples. Assuming linear sedimentation
rates, the sample resolution for these sites is 0.05 Myr (Site 586), 0.12 Myr (Site 587), and
0.13 Myr (Site 588). Biostratigraphic analyses at Sites 590-593 were conducted mainly on
core-catcher samples, with minimal core section samples utilized originally by Jenkins
and Srinivasan [18]. Thus, average sample resolutions at these sites are generally lower
compared to Sites 586-588: 0.49 Myr at Site 590, 0.13 Myr at Site 591, 0.30 Myr at Site 592,
and 0.33 Myr at Site 593 (0.22 Myr with our additional samples added to this study). For
comparison, the resolution of sampling in the northwest Pacific (Leg 198 Sites; [31,42]) is
0.09 Myr (Hole 1207A), 0.07 Myr (Hole 1208A), and 0.07 Myr (Hole 1209A); at western
equatorial Pacific Hole 806B, the average sample resolution is 0.03 Myr [43]. Thus, increased
sampling resolution to constrain species’ first and last occurrences will decrease age errors
and potentially lower diachroneity.

Differences in taxonomic concepts and species identifications among micropaleontol-
ogists no doubt also contribute to diachroneity. In our dataset, one author (R. M. Leckie)
supervised the biostratigraphic investigations at Holes 1207A, 1208A, and 1209A in the
northwest Pacific [31,42], and at Hole 806B in the western equatorial Pacific [43]. For the
southwest Pacific sites, taxonomic assignments were made by the same team of micropa-
leontologists [18] and one of the authors of this study (M. P. Crundwell). Jenkins and
Srinivasan’s [18] work, however, was based on low-resolution shipboard sampling that is
unlikely to identify short-lived influxes and rare occurrences of key species. Misidentifica-
tion by different researchers and research groups and/or poorly constrained taxonomy may
be the cause of some of the diachroneity that is recorded in this study. For example, the last
occurrence of Hr. cibaoensis occurs at all sites within the Pliocene, except at Site 587, where
it last occurs in the Pleistocene (0.43 Ma; Figure 8). The very late extirpation of this species
at Site 587 suggests that it is likely to be an artifact of misidentification (or reworking),
rather than a real signal. Similarly, the very late first occurrence of the temperate species
Gc. inflata at Hole 806B is an exceptionally rare occurrence outside its expected range. Such
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anomalous occurrences may add another dimension of error and diachroneity. We have
been completely transparent about the species’ first and last occurrences reported here.

Several studies have examined the factors that contribute to the misidentification of
species by students and more experienced micropaleontologists. Key factors include the
size of the species being identified, with students and professionals more likely to identify
larger species more consistently and correctly compared to smaller species, with the du-
ration of training in taxonomic concepts also being important [106,107]. Boltovskoy [108]
suggested that an increased number of high-quality planktic foraminiferal images in taxo-
nomic literature could reduce taxonomic uncertainty. Thus, increased taxonomic training
and the inclusion of more SEM and high-quality light microscope images in publications
that showcase the acceptable range of morphological variability of species (e.g., [109])
will help to stabilize taxonomic concepts and reduce instances of misidentification. The
availability of open-access online taxonomic atlases (e.g., pforams@mikrotax [110]; Endless-
Forams.org [5]), as well as planktic foraminiferal taxonomic atlases and detailed taxonomic
publications [42,70,111-113], has led to increased access for learners of taxonomy, and
provides a more rigorous framework for the identification of planktic foraminiferal species.
These resources and others like them (e.g., atlases of 3D foraminifera species, such as The
Foraminarium 3D Project [114]) will undoubtedly benefit research areas where taxonomy
underpins the recovered signals (e.g., paleobiogeography, geochemistry).

4.2. Biostratigraphy across the Western Pacific

Keller [115] applied some of the biozones of Kennett [14] to correlate north—central
Pacific Site 310 with southwest Pacific sites based on the same lineages present in the
mid-latitude regions in both the Northern and Southern hemispheres. Keller [115] applied
a modified version of the tropical zonation of Blow [116] at Site 310, supplemented with
southwest Pacific biozones based on the temperate genus Globoconella. Keller’s [115] study
and ours indicate that temperate biozones, like those of the northwest Pacific [31], can be
used in both the Northern and Southern hemispheres. Furthermore, since similar lineages
are present in the Northern and Southern hemispheres, there could be great promise in the
use of event-based biostratigraphy to refine biozones, even if the biozones are diachronous
between regions but nearly isochronous within regions.

Unlike the tropical-subtropical zonations [12,13], the mid-latitude zonations do not
include secondary markers and event-based biostratigraphic markers, such as coiling
changes. The use of such event-based biostratigraphy in the southwest Pacific has proven
useful to correlate onshore sections with deep-sea sections, even though this technique has
been noted as being less reliable compared to the evolutionary first and last appearances of
species [117]. For example, Jenkins [89,90] erected several planktic foraminiferal subzones
for the Pliocene and Quaternary based on coiling direction changes in Neogloboquadrina
pachyderma. It was noted that the subzones based on coiling changes created by Jenk-
ins [89,90], which were erected from assemblages recovered from the east coast of New
Zealand, are not widely applicable to other sections [91]. Additional biostratigraphic studies
(e.g., [20,72,76,80,91,92,118,119]) have further investigated the use of planktic foraminiferal
coiling changes in the western Pacific, but few studies to date have tried to correlate such
coiling changes across latitudes. As several mid-latitude biozones are of considerable length
(e.g., the Gq. dehiscens HOZ at northwest Pacific Hole 1208A extends from 12.61 to 9.05 Ma,
Figure 2), the use of coiling direction changes may hold great promise to subdivide such
extensive biozones and increase the precision of sediment dating using biostratigraphy.
For example, the coiling shift to 20% dextral Gc. miozea within the Gc. miozea LOZ at Site
593 is an approximation for the base of the Pr. curva LOZ (Supplementary Table S8). More
recently, Crundwell and Woodhouse [120] implemented planktic foraminifera coiling zones
and identified sequences of short-lived influxes of species unique to Quaternary marine
isotope stages at ODP Site 1123.

Our data highlight how the diachroneity of datums affects the position of biozone
boundaries, which in some cases is so extreme that similar biozones in different hemi-
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spheres indicate different stages and epochs. The Gc. conomiozea LOZ at southwest Pacific
Site 592 corresponds to the Late Miocene Messinian Stage (7.19-5.42 Ma), whereas the
same biozone at northwest Pacific Hole 1208A spans the Early Pliocene Zanclean Stage
(4.75-4.63 Ma). A less severe example is the placement of the Gc. inflata LOZ at south-
west Pacific Site 587, which indicates the Middle-Late Pliocene Zanclean-Piacenzian Stage
(3.75-3.26 Ma), whereas at northwest Pacific Hole 1209A this same zone indicates the Late
Pliocene Piacenzian Stage (3.01-2.94 Ma). As biozones are used for first-order age control,
such large differences in biozones, if not based on regionally calibrated datums, can lead to
misinterpretations of magnetostratigraphy and orbital cycles.

Thus, our dataset indicates the importance of region-specific planktic foraminiferal
biozones for use as first-order age control in sedimentary sections—especially for mid-
latitude sedimentary sequences.

4.3. Diachroneity of Planktic Foraminiferal Datums

Regional diachroneity (northwest Pacific, southwest Pacific, western equatorial Pacific)
among our sites for datums investigated in this study varies in the range of 0 to 9.35 Myr
(Table 3). Our study highlights the high degree of diachroneity (1) between the equatorial
Atlantic and the western equatorial Pacific, (2) between sites located in the same regions of
the western Pacific, (3) between the northwest and southwest Pacific, and (4) between the
western and eastern equatorial Pacific (Table 3).

4.3.1. Diachroneity between the Western Equatorial Pacific and Equatorial Atlantic Oceans

There is a high degree of diachroneity between the first occurrences of planktic
foraminiferal species in the western Pacific and the Atlantic. Of the 31 species and 43 da-
tums investigated (Table 2), only 2 datums have been shown to be isochronous or nearly
isochronous between the global tropical zonation of King et al. [13] and the western equa-
torial Pacific: the last occurrences of Gb. nepenthes and Gb. woodi. Other studies have also
noted differences in the timing of the first and last occurrences of planktic foraminifera
between the Pacific and the Atlantic (e.g., [121]), and between the Pacific and the Mediter-
ranean (e.g., [122]). The species of focus in the aforementioned studies (Gc. inflata, Ge.
puncticulata) are used as primary markers in subtropical and temperate zonations (Figure 2).

Importantly, this study highlights diachroneity among planktic foraminiferal datums
recorded from Ceara Rise Site 925 in the western equatorial Atlantic, and the western
Pacific. Such datums calibrated at the Ceara Rise are included in the tropical zonation [13];
however, these events may not be appropriate for other ocean basins outside of the Atlantic.
The diachroneity of datums between Hole 806B in the tropical western equatorial Pacific
and Site 925 in the tropical western Atlantic ranges from 0.18 Myr to 3.86 Myr. Instances of
marked diachroneity between these sites include the last occurrence of Mn. multicamerata
(3.86 Myr), the first occurrence of Hr. cibaoensis (1.43 Myr), the last occurrence of Mn.
limbata (1.25 Myr), and the last occurrence of Sa. dehiscens (0.96 Myr). As noted above, Mn.
multicamerata is rare everywhere, and Mn. limbata may be synonymized with Mn. menardii,
contributing significantly to their perceived diachroneity between the tropical western
Pacific and eastern Pacific. Hirsutella cibaoensis can be confused with Hr. scitula and early
forms of Hr. margaritae.

The high diachroneity between the western equatorial Atlantic and Pacific can be
attributed to several factors: (1) local oceanographic factors, such as seasonality and surface
ocean currents; (2) regional to inter-basin oceanographic and/or tectonic events (e.g., gate-
way closures) that caused the datums at either site to not be representative of the western
equatorial Pacific and western equatorial Atlantic region; (3) taxonomic inconsistencies
attributed to different operators; (4) the spacing of samples constraining datums; and (5) the
criteria used to develop the age models (e.g., the Site 925 age model is orbitally-tuned [123],
whereas the age model at Hole 806B is based on calcareous nannofossil datums [42]). The
high degree of diachroneity between our two western equatorial Pacific sites (Holes 806B
and 586B; Table 3) supports points (3) and (4) above, as the biostratigraphic analyses were
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conducted by different teams of micropaleontologists, and Hole 806B was sampled at
a higher resolution compared to Hole 586B. Additional work remains to create robust,
orbitally tuned age models for the western equatorial Pacific sites, so as to better constrain
the source(s) of such diachroneity between the western equatorial Pacific and western
equatorial Atlantic sites.

Table 3. Degree of diachroneity of planktic foraminiferal evolutionary events (latest occurrence of
datum subtracted from earliest occurrence) across the northwest Pacific (Holes 1207A, 1208A, and
1209A), the southwest Pacific (Sites 587, 588, 589, 590, 591, 592, and 593), the western equatorial
Pacific (Holes 806B and 586B), and the entire western Pacific (all western Pacific sites, excluding the
datum dates from [13]). NW = northwest; SW = southwest; WE = western equatorial.

Species Evolutionary NW Pacific SW Pacific WE Pacific
Event Diachroneity (Myr) Diachroneity (Myr) Diachroneity (Myr)
Globigerinella calida Base 2.281 1.714 2.693
Globigerinoides subquadratus Top 1.990 3.883 -
Globigerinoides extremus Top 0.510 1.487 0.251
Base 0.432 8.576 -
Globigerinoides conglobatus Base 0.904 6.645 -
Globigerinoides obliquus Top 1.375 2.274 1.157
Globigerinoidesella fistulosa Top - 0.461 0.000
Base - 0.949 0.939
Pulleniatina primalis Top 1.006 0.311 0.176
Base 3.417 1.915 0.411
Globoquadrina dehiscens Top 2.306 2.675 0.341
Sphaeroidinella dehiscens Base 0.242 0.455 0.319
Sphaeroidinellopsis kochi Top 1.413 - -
Sphaeroidinellopsis seminulina Top 0.574 9.351 0.355
Globoconella conomiozea Top 0.209 0.634 -
Base 0.574 1.700 -
Globoconella puncticulata Base 0.959 1.485 -
Globoconella inflata Base 0.346 0.654 -
Globoturborotalita nepenthes Top 0.864 1.504 0.628
Base 0.404 0.113 -
Globoturborotalita decoraperta Top 1.763 2.756 0.507
Base 0.206 1.792 -
Globoturborotalita apertura Top 0.501 0.473 1.385
Base 1.386 0.629 3.962
Globoturborotalita woodi Top 0.487 1.434 0.251
Neogloboquadrina acostaensis Top 2.838 0.404 0.309
Base 6.186 2.485 -
Fohsella lenguaensis Top 5.840 - -
Hirsutella margaritae Top 0.536 1.753 0.268
Base 1.737 1.986 0.604
Hirsutella cibaoensis Top 1.115 4910 -
Base 3.150 2422 -
Hirsutella hirsuta Base 0.450 2.101 -
Truncorotalia crassaformis Base 0.689 0.764 0.065
Truncorotalia tosaensis Top 0.293 1.079 0.804
Base 1.178 1.272 0.195
Truncorotalia truncatulinoides Base 0.378 0.343 0.070
Globorotalia tumida Base 1.155 0.997 0.461
Globorotalia plesiotumida Top 1.011 1.307 0.031
Base 2411 1.681 -
Menardella multicamerata Top - 0.330 4.732
Menardella limbata Top 2.290 - -
Dentoglobigerina altispira Top 0.420 4.434 0.375

Average diachroneity 1.396 2.052 0.819
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4.3.2. Diachroneity within the Northwest and Southwest Pacific

Within the northwest and southwest Pacific, diachroneity is apparent among sites
that are located close to one another. In the southwest Pacific, the last occurrence of Dt.
altispira occurs in the Early Messinian Stage at Site 593 (7.00 Ma), in the Zanclean Stage at
Site 592 (4.41 Ma), and in the Piacenzian Stage at Site 591 (3.15 Ma; Figure 8)—sites that lie
within 10° latitude of one another (Figure 1). In the northwest Pacific, the first occurrence
of Ng. acostaensis occurs in the Early Tortonian Stage at Hole 1207A (11.15 Ma), in the
Early Messinian Stage at Hole 1208A (7.20 Ma), and in the Early Zanclean Stage at Hole
1209A (4.97 Ma)—sites that lie within about 5° of latitude of one another. In the northwest
Pacific (Holes 1207A-1209A), the average diachroneity of datums is 1.39 Myr, while in the
southwest Pacific (Sites 587-593) the average diachroneity is slightly higher, at 2.05 Myr
(Table 3).

However, this study also reveals that datums may be diachronous between regions
(e.g., the southwest Pacific and northwest Pacific), but less diachronous within regions
(Figure 9). From our data, some datums with reduced diachroneity disperse into the
northwest Pacific in a stepwise fashion across the tropics (e.g., top of Gc. conomiozea, base
of Gc. inflata, base of Gs. extremus), whereas other patterns of dispersal from the southwest
Pacific into the northwest Pacific occur more gradually (e.g., top of Tr. truncatulinoides, top
of Gs. extremus; Figure 9).

4.3.3. Diachroneity between the Northwest and Southwest Pacific

We found that very few species have isochronous or nearly isochronous first or last
appearances between the northwest and southwest Pacific (e.g., the last appearance of Ss.
seminulina at Sites 1209A and 597). There are several instances where a species first occurs
in one region, and later in another. Sometimes, the diachroneity exhibited by a species
between the northwest and southwest Pacific can also be quite extreme. For example, Pu.
primalis first occurs in the southwest Pacific in the Miocene, and migrates into the northwest
Pacific during the Early Pliocene (Figure 3); Gs. obliguus last occurs in the southwest Pacific
in the Miocene, and in the northwest Pacific it last occurs during the Pleistocene (Figure 4);
and the last occurrence of Gb. woodi, which occurs in the southwest Pacific in the Pliocene
and later in the northwest Pacific in the Pleistocene (Figure 6). The persistent and sometimes
high diachroneity between these regions further highlights the need for separate regional
planktic foraminiferal biostratigraphic zonations within mid-latitude regions. In addition,
continued work on taxonomic atlases is essential; we suspect that some of the diachroneity
in the Late Neogene planktic foraminifera record of the western Pacific is due to human
subjectivity in the application of taxonomic concepts.

4.3.4. Diachroneity between the Western Equatorial and Eastern Equatorial Pacific, and the
Eastern Equatorial Indian Ocean

Between the western and eastern equatorial Pacific, there are a few species that exhibit
differences in the timing of their evolutionary and dispersal events. For example, the
last occurrence of Tr. tosaensis in the western equatorial Pacific at Hole 806B (0.73 Ma)
occurs 0.12 Myr prior to that in the eastern equatorial Pacific at sites 846 and U1338
(0.61 Ma; [124]). The first occurrence of Gr. tumida in the western equatorial Pacific at Hole
806B (5.80 Ma) is 0.23 Myr prior to the eastern equatorial Pacific at Sites 846 and U1338
(5.57 Ma; [100,124-126]). The last occurrence of Dt. altispira in the eastern equatorial Pacific
at Site 846 (3.47 Ma; [100,125]) is 0.87 Myr prior to that in the western equatorial Pacific at
Hole 806B (2.60 Ma).

The last occurrences of Dt. altispira, Dt. baroemoenensis, and Dt. globosa were recently
calibrated at eastern equatorial Pacific Site U1338 [10], located just west of Site 846. The
last occurrence of Dt. altispira at Site U1338 (3.03 Ma) occurs 0.43 Myr later compared to
nearby Site 846 (3.47 Ma), and occurs 0.43 Myr earlier compared to western equatorial
Pacific Hole 806B (2.60 Ma). The diachroneity of the last occurrence of Dt. altispira is the
same between the two eastern equatorial Pacific sites as it is between Site U1338 and the
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western equatorial Pacific. The extirpation of Dt. baroemoenensis in the equatorial Pacific
occurs first in the east and last towards the west. Very few specimens of Dentoglobigerina
globosa were identified at Hole 806B, so they were included in Dt. altispira by Chaisson and
Leckie [43]. Consequently, this may have contributed to the diachroneity of this datum.
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Figure 9. Select datums that exhibit diachroneity between regions, but reduced diachroneity within
regions. Of note are the two styles of dispersal: more gradual dispersal from south to north (base of
Tr. truncatulinoides, top of Gs. extremus, base of Tr. crassaformis), and dispersal from the southwest
Pacific into the northwest Pacific that occurs in a stepwise fashion across the tropics (base of Gc.
inflata, top of Gc. conomiozea, base of Gs. extremus). We have left out the base of Gc. inflata at Hole
806B, as these specimens were very rare, and also removed the bases of Gs. extremus at Sites 592 and
593, as we suspect that these are anomalous datums.

Comparison of the first occurrences of planktic foraminifera in the Pacific and Indian
oceans is critical, as these ocean basins are linked by the Indonesian Throughflow, which
has affected the shallow-to-deep ocean connectivity between these oceans through the
Neogene (reviewed by [127]). There have been numerous Neogene planktic foraminiferal
biostratigraphic studies in the Indian Ocean (e.g., [128-130]). Recent orbitally tuned and
calibrated planktic foraminiferal bioevents from the northwest coast of Australia, at Site
U1463 [131], have been compared to datums from Hole 806B in the western equatorial
Pacific and the ages of datums reported by King et al. [13] (Table 4).

The average diachroneity of planktic foraminiferal datums between the western equa-
torial Pacific [43] and the northwest coast of Australia [131] is 0.49 Myr, and the diachroneity
ranges from 0.01 Myr to 1.85 Myr (Table 4). The average diachroneity between datums on
the northwest coast of Australia and those of King et al. [13] is 0.39 Myr, and ranges from
0.003 Myr to 1.35 Myr (Table 4). Thus, some datums are isochronous (or nearly so) between
the eastern equatorial Indian Ocean and the tropical zonation of King et al. [13], and possibly
between the Indian and western Pacific oceans. As noted by Groeneveld et al. [131], the di-
achroneity between datums in the Indian Ocean and those in the Atlantic and Pacific oceans
affects the reliability of biostratigraphic and magnetostratigraphic interpretations. Groen-
eveld et al. [131] also found diachroneity between Site U1463 and nearby Site 763 [130].



Geosciences 2022, 12,190

34 of 43

Thus, rigorous paleobiogeographic analyses of key planktic foraminiferal biohorizons
using tuned age models for comparison to other geochemically dated, orbitally tuned, and
magnetostratigraphically dated sites may be necessary to create a robust biostratigraphic
zonation (or zonations) for the Indian Ocean.

Table 4. Ages of evolutionary events and degree of diachroneity of planktic foraminiferal evolutionary
events (latest occurrence of datum subtracted from earliest occurrence of datum) between eastern
equatorial Indian Ocean Site U1463 [131] and western equatorial Pacific Hole 806B (IO-WEP), and
between Site U1463 and the datum dates from the global tropical planktic foraminiferal zonation [13]
(IO-Tropical). IO = Indian Ocean; WEP = western equatorial Pacific. All ages reported in millions

of years.
. Evolutionary U1463 806B Tropical .IO-WEP. I(')-Troplc.al
Species Event (I0) Age (WEP) Age Age Diachroneity Diachroneity
(Myr) (Myr)
Globigerinoides extremus Top 1.973 2172 1.97 0.199 0.003
Globigerinoidesella fistulosa Top 1.685 1.736 1.88 0.051 0.195
Base 3.155 2.801 3.33 0.354 0.175
Pulleniatina primalis Top 3.358 2.042 3.66 1.316 0.302
Sphaeroidinellopsis kochi Top 3.131 4.987 4.49 1.856 1.359
Sphaeroidinellopsis Top 3335 3.625 359 0.290 0.255
seminulina

Globoconella inflata Base 1.908 0.978 - 0.930 -
Globoturborotalita nepenthes Top 4.200 4.276 438 0.076 0.180
Globoturborotalita woodi Top 2.512 2172 2.3 0.340 0.212
Hirsutella margaritae Top 3.131 3.075 3.83 0.056 0.699
Truncorotalia tosaensis Base 3.059 3.075 3.35 0.016 0.291
Truncorotalia Base 2.159 2.332 1.92 0.173 0.239

truncatulinoides
Globorotalia plesiotumida Top 3.358 4.37 3.72 1.012 0.362
Menardella limbata Top 1.837 1.126 2.37 0.711 0.533
Dentoglobigerina altispira Top 2.697 2.603 3.47 0.094 0.773
Average

diachroneity 0498 0-398

5. Major Biogeographic Patterns and Their Oceanographic Drivers

Planktic foraminifera are passive floaters that are transported widely in surface and
subsurface ocean currents [132-137]). Foraminifera, however, only establish viable popula-
tions when oceanographic conditions are favorable for reproduction [138]. Several studies
have highlighted temperature as a dominant control on planktic foraminifera distribution
and diversity patterns through the Cenozoic (e.g., [53,135,138-143]). Other oceanographic
factors, such as nutrient availability and the depths of the mixed layer and thermocline,
also influence distribution and diversity patterns [144]. As the mid-latitude regions are
areas defined by strong seasonality and sharp latitudinal gradients in water temperature,
salinity, and nutrients—specifically due to the presence of western boundary currents and
their ecotones, such as the Kuroshio Current and Extension in the northwest Pacific and
the East Australian Current and Tasman Front in the southwest Pacific—these features may
be the leading reason for planktic foraminiferal provinciality and diachroneity.

The above observations related to evolution, dispersal, and factors that control plank-
ton distribution have major implications for two major biogeographic patterns highlighted
by the data in this study: (1) conditions in the southwest Pacific were viable for repro-
duction and establishment of populations prior to conditions becoming suitable in the
northwest Pacific, and (2) when conditions in the northwest Pacific were suitable for species
to establish regional populations, these conditions may have first been established at Holes
1207A or 1208A, and later at Hole 1209A.
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A number of species in this study seem to first occur in the southwest Pacific, which
may hint that they first evolved in this region. These include species such as Pu. primalis
(Figure 3), Gc. conomiozea (Figure 5), Tr. crassaformis (Figure 7), Tr. tosaensis (Figure 7), and Tr.
truncatulinoides (Figure 7). Several of the aforementioned species are diachronous between
regions, but exhibit reduced diachroneity within regions—some dispersing across the
tropical Pacific in a stepwise manner (e.g., top of Gc. conomiozea, base of Gc. inflata; Figure 9).
The hypothesis that some Late Neogene species first evolved in the Southern Hemisphere
prior to dispersing into the Northern Hemisphere was proposed by Jenkins [29], who found
that several species of planktic foraminifera evolved in the southwest Pacific between
12°-56° S from 10.4 Ma to the present. Previous research has confirmed this finding for the
evolution of Gc. inflata from its ancestor Gc. puncticulata [145]. As the Southern Hemisphere
experienced oceanic cooling and the development of oceanic fronts [46] due to Antarctic ice
sheet growth [146], it is likely that such increased Equator-to-pole temperature gradients led
to new habitats and niches that promoted planktic foraminiferal evolution in the Southern
Hemisphere [147,148].

The second major biogeographic pattern to emerge from our data is that several
species seem to migrate into the northwest Pacific via the highest-latitude sites prior to
migrating southward. Species that exhibit such a pattern enter to the northwest Pacific via
the highest-latitude sites (Holes 1207A or 1208A), and later migrate to the lowest-latitude
site (Hole 1209A) after entering the western Pacific or migrating into the northwest Pacific
from the southwest Pacific. Species that exhibit such a dispersal pattern include Gc. inflata,
Gc. puncticulata, Ge. conomiozea, Ng. acostaensis, Gb. apertura, Gb. decoraperta, and Gb.
nepenthes (Figure 5), as well as Mn. limbata, Gr. tumida, Hr. cibaoensis, Hr. margaritae, and
Hr. hirsuta (Figure 7). The aforementioned include species that are common in temperate
waters (e.g., Gc. inflata, Ge. puncticulata, Ge. conomiozea, Hr. cibacensis, Hr. margaritae, Hr.
hirsuta), subtropical waters (e.g., Ng. acostaensis, Gb. apertura, Gb. decoraperta, Gb. nepenthes),
and tropical waters (e.g., Mn. tumida; [17]).

The northwest Pacific Sites 1207A-1209A represent a transect across the modern-day
position of the Kuroshio Current Extension (KCE). Across the KCE today, annual average
upper mixed-layer ocean (0-50 m) temperatures differ by 4.06 °C across 5.25° of latitude
(Holes 1207A to 1209A; [52])—a distance of approximately 600 km (Table 1). Within the
permanent thermocline (254-582 m; [149]) of the KCE region, averaged temperatures
differ by 4.94 °C across Holes 1207A to 1209A. The KCE region today is dominated by
tropical/subtropical species south of the current and temperate-to-subpolar species within
the current and to the north [138]. The presence of tropical species at our higher-latitude
sites through the Late Neogene indicates that tropical waters associated with the KCE may
have reached higher latitudes during periods of warmer global temperatures in the Miocene
and Pliocene. Previous studies have indicated that during warm periods of the Neogene,
the North Pacific Subtropical Gyre (NPSG) was likely expanded, with warmer subtropical
waters reaching higher latitudes via the Kuroshio Current and Extension [34,42,48,150].
Northward migration of the KCE under increased warming and CO; concentrations has
also been observed over anthropogenic timescales [151]. Thus, northward expansion of the
NPSG and KCE may partially explain why some species first migrated into the highest-
latitude northwest Pacific Hole 1207A prior to dispersing south; under expanded gyre
scenarios, species were carried northward via the warm Kuroshio Current, with subsequent
dispersal events southward. However, this phenomenon requires further research and
exploration to more fully explain the biogeographic patterns that this study has uncovered
in the northwest Pacific.

6. Conclusions and Future Directions

This study builds on previous studies (e.g., [14,18,26,27]) that investigated planktic
foraminiferal biostratigraphy and diachroneity across the southwest Pacific. Here, we
quantify diachroneity from the mid-latitudes of the northwest Pacific to the mid-latitudes
of the southwest Pacific, and correlate the western Pacific Ocean using existing planktic
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foraminiferal zonations. Specifically, we used published occurrence data and biostrati-
graphic zonations for ODP Leg 198 Holes 1207A, 1208A, and 1209A in the northwest
Pacific [31,42], ODP Hole 806B and DSDP Leg 90 Hole 586B in the western equatorial
Pacific [18,43], and DSDP Leg 90 Sites 587-593 in the southwest Pacific [18].

For the first time, Late Neogene planktic foraminiferal biozones created for the north-
west Pacific are correlated with the southwest Pacific. However, these biostratigraphic
zones should be viewed as preliminary, and are applied here to show how diachrone-
ity affects zonations in different mid-latitude regions. Several biostratigraphic zones are
similar between the northwest and southwest Pacific, with few modifications between hemi-
spheres. For the sites that we studied, the tropical planktic foraminiferal zonation [12,13]
was not applicable in the mid-latitudes of the northwest or southwest Pacific. However,
Matsui et al. [152] identified most of the tropical biozones at DSDP Site 296 (29° N, 133° E)
in the northwest Pacific. These results indicate that for the western Pacific Ocean, the
tropical zonation may not be applicable north of 29° N in the northwest Pacific and south
of 21° S in the southwest Pacific, based on the fact that we implemented the warm sub-
tropical zonation scheme at Site 587, which lies at 21° S. Based on our results, it is clear
that the mid-latitude regions of each ocean basin require their own biostratigraphic frame-
works, due to oceanic fronts partitioning planktic foraminiferal assemblages into distinct
biogeographic provinces.

We systematically documented the biogeographic patterns of planktic foraminifera
across the western Pacific, and provided updated ages for the earliest occurrences and
dispersals of species, with age errors for comparison. Only two datums are isochronous or
nearly isochronous between the global tropical zonation [13] and the western equatorial Pa-
cific: the last occurrences of Gb. nepenthes and Gb. woodi. Inter-regional diachroneity is also
recorded within the Pacific. At the three northwest Pacific sites in our study, diachroneity
ranges from 0.21 Myr to 6.18 Myr; at the six southwest Pacific sites, diachroneity ranges
from 0.11 to 9.35 Myr; and between our two western equatorial sites, diachroneity ranges
from 0 to 4.73 Myr. Our data also indicate diachroneity between the mid-latitudes of the
northwest and southwest Pacific. Brief comparison of our datums to those in the eastern
equatorial Pacific and eastern Indian Ocean also reveals diachroneity between ocean basins,
and the need for a more in-depth analysis of datums and biostratigraphic review.

Of particular note, we found that two major biogeographic patterns emerged from our
data. First, we found that several species first occurred in the southwest Pacific, indicating
that several Neogene species may have first evolved in the Southern Hemisphere prior to
migrating to the Northern Hemisphere. In some cases, species that exhibit this pattern have
greatly reduced diachroneity within a region, such as the base of Tr. truncatulinoides, the base
of Gc. inflata, and the top of Gc. conomiozea, with the former species dispersing gradually
from south to north, and the latter two species exhibiting a ‘step” from the southwest Pacific
to the northwest Pacific. This phenomenon was hypothesized by Jenkins [29], and may be
related to Antarctic glaciation and the development of oceanic fronts [147,148]. Second, we
found that when species do enter the North Pacific, they do so through the higher-latitude
sites prior to migrating to the lower-latitude sites. This may indicate that through the
Pliocene and Miocene, the North Pacific Subtropical Gyre was generally expanded, which
allowed for warm-water species to disperse into higher latitudes.

Certainly, there are factors affecting the biogeographic patterns in this study and
diachroneity within species. Robust age models available for sites that are either orbitally
tuned or based on well-constrained magnetic reversal boundaries are generally lacking
for the sites used in this study. The resolution of sampling at each site may also affect
diachroneity, especially when sites are sampled at a low resolution (e.g., mainly core-
catcher samples are used). Differences in taxonomic concepts among micropaleontologists
may also contribute to diachroneity. Currently, taxonomic atlases exist for most of the
Cenozoic [17,70,111,112], without a robust update to the Neogene atlas of Kennett and
Srinivasan [17]. Stabilized Neogene taxonomy of planktic foraminifera, in addition to
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open-access resources and high-quality light and SEM images, is certainly required to
further interpret robust patterns of biogeography over time.

This study highlights that there is definitely a dire need for more detailed micropa-
leontological studies of mid-latitude sites with robust age models to further constrain
planktic foraminifera evolutionary events and the timing of dispersal and extirpation
events. With improved age models, robust taxonomy, and higher-resolution sampling,
the micropaleontological community can begin to best quantify diachroneity and patterns
of species’ dispersal within regions, between hemispheres in the same ocean basin, and
between ocean basins. With such detailed regional information, we can further harness
the power of paleobiogeography to investigate deep-time abiotic processes that govern
plankton dispersal patterns and speciation modes in the open ocean.

Supplementary Materials: The following supporting information can be downloaded at: https:
//doi.org/10.6084/m9.figshare.19063532.v1 (accessed on 11 February 2021), Table S1: Age models
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biostratigraphy, Table S3: Deep Sea Drilling Project Leg 90 Site 587 biostratigraphy, Table S4: Deep
Sea Drilling Project Leg 90 Site 588 biostratigraphy, Table S5: Deep Sea Drilling Project Leg 90 Hole
590A biostratigraphy, Table S6: Deep Sea Drilling Project Leg 90 Site 591 biostratigraphy, Table S7:
Deep Sea Drilling Project Leg 90 Site 592 biostratigraphy, Table S8: Deep Sea Drilling Project Leg 90
Site 593 biostratigraphy.
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