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Abstract. The East Pisco Basin of southern Peru is renowned worldwide for its exceptionally well-pre-
served marine vertebrate fossils, recovered from sedimentary successions spanning the middle Eocene to the
early Pliocene. Although the lower Eocene—Oligocene deposits of the Otuma Formation have been exten-
sively investigated, the uppermost Eocene to lower Oligocene strata remain comparatively understudied.
Notably, these strata encompass the Eocene—Oligocene transition (~ 34 Ma), a critical interval characterized
by profound global climatic and ecological changes. This study presents an integrated biostratigraphic analy-
sis of the Otuma Formation based on calcareous nannofossils, diatoms, and silicoflagellates. The investigated
deposits were laid down in two distinct sub-basins: an eastern, land-proximal sub-basin at Cerro Tiza and a
western, more distal sub-basin at Quebrada Perdida (Media Luna). In addition, 3*Ar—*°Ar dating of a vol-
canic ash layer provides an independent chronological tie point for the age model at Cerro Tiza. At both lo-
calities, the Otuma Formation comprises calcareous siltstones and diatomite layers deposited from the Pria-
bonian to the Rupelian. Sedimentation rates derived from the age model average 75.5 m/My at Cerro Tiza and
8.1 m/My at Media Luna. A progressive shift from calcareous nannofossil-dominated assemblages to diatom-
dominated assemblages throughout the sections reflects a general trend toward cooler conditions and in-
creased nutrient availability, consistent with global patterns during this interval. However, diatom assem-
blages do not indicate the establishment of permanently eutrophic conditions. Differences in microfossil
assemblages, together with an order-of-magnitude contrast in sedimentation rates between Cerro Tiza and
Media Luna, point to markedly distinct palacoenvironmental conditions in the two sub-basins. These differ-
ences are interpreted as the result of tectonic controls and contrasting positions within the Peruvian forearc
system.

Keywords. Otuma Formation; EOT; diatoms; calcareous nannofossils; global change

Author’s addresses:

1 Dipartimento di Scienze Dell’ Ambiente e Della Terra, Universita degli Studi di Milano-Bicocca, Milano, Italia
2 Dipartimento di Scienze della Terra, Universita di Pisa, Pisa, Italia

3 Scuola di Scienze e Tecnologie, Universita di Camerino, Camerino, Italia

4 Dipartimento di Scienze della Terra, Universita di Torino, Torino, Italia

5 Departamento de Paleontologia de Vertebrados, Museo de Historia Natural-UNMSM, Lima, Peru

* Corresponding author: giulia.bosio.giulia@gmail.com

© 2026 The Authors
DOI: 10.1127/nos/0873 Borntrager Science Publishers, Stuttgart, www.borntraeger-cramer.de



M. E. Gastaldello et al.

1. Introduction

The late Eocene to early Oligocene time frame marks
one of the most critical intervals of the Cenozoic, one
that was characterized by remarkable climatic and
ecological changes during the Eocene-Oligocene tran-
sition (hereinafter, EOT), a phase of accelerated cli-
matic and biotic change lasting ca. 790 kyr across the
Eocene-Oligocene boundary, ~ 34 Ma (Hutchinson et
al. 2021). The EOT is marked by a two-step positive
shift in deep-sea 8'80 (Shackleton & Kennett, 1975;
Kennett & Shackleton 1976; Zachos et al. 1996; Cox-
all et al. 2005), which is interpreted as representing a
combination of deep-ocean cooling and increasing
continental ice volume (Lear et al. 2008). At the same
time, several independent proxies indicate that the
ocean surface seawater also underwent cooling (Lear
et al. 2008; Evans et al. 2016; Wade et al. 2012), and
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major floral and faunal changes worldwide exhibit a
shift toward more temperate and cold-adapted biotas
(Prothero & Berggren 1992). Also associated with the
EOT are: a widespread aridification of the terrestrial
ecosystems; a major fall of sea level; the reorganiza-
tion of deep ocean currents; a major perturbation of
the carbon cycle, with a drop in atmospheric CO, con-
centrations and a deepening of the deep-sea carbonate
compensation depth; and profound changes in the oce-
anic phytoplankton, with the rise of diatoms (Cervato
& Burckle 2003; Coxall & Pearson 2007; Coxall et al.
2005; Egan et al. 2013; Hutchinson et al. 2021; Miller
et al. 2009; Brytka et al. 2024). Overall, the EOT rep-
resents a well-defined, relatively short-lived time in-
terval that witnessed the transition from the late Eo-
cene warmhouse to the early Oligocene coolhouse
(Westerhold et al. 2020), as evidenced by the first evi-
dence of a large-scale glaciation of Antarctica (Miller

Fig. 1. a) Location map of the EPB (red box); b) Location of the two localities, Cerro Tiza (CTZ) and Quebrada Perdida at
Media Luna (LUN); ¢) Aerial view from Google Earth of the measured sections at Media Luna (LUN 2 Base: 14°34°02.7”’S
— 75°53°50.8”W; LUN 2 Top: 14°34°00.4”S — 75°53°52.9”W; MLU Base: 14°34°04.8”’S — 75°53°42.7”W; MLU Top:
14°34°00.5”’S — 75°53°41.5”W ); d) Aerial view from Google Earth of the measured sections at Cerro Tiza (CTZ Base:
14°40°51.7”S — 75°40°22.5”W; CTZ Top: 14°40°18.7”S — 75°40°28.6"W; CTZ24 Base: 14°40°27.0” S — 75°40°18.3”W,
CTZ24 Top: 14°40°05.3”S — 75°40°24.6”W; CTA Base: 14°40°34.8”S — 75°40°09.7”W; CTA Top: 14°40°25.5”S —

75°40°15.8”W).
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etal. 1991; Palike et al. 2006; Coxall & Pearson 2007,
Zachos et al. 2008; Hutchinson et al. 2021).

The East Pisco Basin (hereinafter, EPB) of south-
ern Peru is broadly recognized as a Fossil-Lagerstitte
due to the exceptional abundance and remarkable
preservation of its marine vertebrate fossils, which are
found within a sedimentary succession spanning the
middle Eocene to the Late Miocene, and possibly ex-
tending into the Early Pliocene (Gariboldi et al. 2015;
Lambert et al. 2015; Bianucci et al. 2016; Bosio et al.
2021; Collareta et al. 2021). The focus of the present
study is on the upper Eocene — lower Oligocene Otuma
Formation, whose remarkable fossil record provides
an exceptional perspective on the late Paleogene evo-
lutionary history of cetaceans and seabirds against the
background of major planetary changes (Clarke et al.
2007; Ksepka et al. 2008; Martinez-Céaceres & de
Muizon 2011; Uhen et al. 2011; Martinez-Caceres et
al. 2017; Bianucci & Collareta 2022). While the Eo-
cene sedimentary record of the EPB has been exten-
sively documented to date, the Oligocene remains
poorly constrained, the only available data being lim-
ited to a few scattered samples from a handful of lo-
calities, which mostly reveal the occurrence of key
diatom markers such as Azpeitia oligocenica, Rhizos-
olenia oligocenica and Rouxia obesa (DeVries et al.
2017, 2021). However, the exact position of the Eo-
cene-Oligocene boundary and the thickness of the Oli-
gocene sediments at these localities is still unknown.
In order to address this knowledge gap, our study in-
vestigates the two localities of Cerro Tiza (hereinafter,
CTZ) and Quebrada Perdida at Media Luna (hereinaf-
ter, LUN), where the Otuma Formation is well ex-
posed. To establish a reliable biostratigraphic frame-
work based on calcareous nannofossils, diatom and
silicoflagellates, the Otuma strata were sampled in a
systematic and continuous way, with a resolution
ranging between 1.5 to 3.0 m.

The aim of the present work is to pinpoint the Eo-
cene — Oligocene Boundary (EOB) along these two
sections. This assessment is crucial in order to pro-
vide: (i) a reliable stratigraphic basis for future quanti-
tative studies on the response of phytoplanktonic com-
munities to local environmental changes associated
with the EOT; (ii) a quantification of sedimentation
rates, and particularly their variation, in different do-
mains of the Peruvian forearc system; and (iii) a sub-
stantially improved stratigraphic framework con-
straining the tectonic regime that controlled the evolu-
tion of the EPB during the Paleogene.

2. Geological setting

The EPB is one of the NW-SE oriented trench-parallel
forearc basins that developed between the middle Eo-
cene and the Early Pliocene along the Peruvian con-
vergent margin (e.g., Fildani et al. 2008; Lajo-Yafiez
et al. 2024; Baby et al. 2025) (Fig. 1). The basin his-
tory is complex and includes long-term tectonic sub-
sidence (Viveen & Schlunegger 2018), generally at-
tributed to subduction erosion processes (von Huene
& Lallemand 1990; von Huene & Suess 1988; Clift et
al. 2003; Clift & Vannucchi 2004; Stern 2011), alter-
nating with episodes of forearc crustal shortening and
uplift possibly driven by plate coupling. The EPB is
bounded to the northeast by the Coastal Batholith and
to the southwest by the Outer Shelf High—Coastal Cor-
dillera (Romero et al. 2013), which separates the EPB
from the submerged West Pisco Basin (WPB).

The sedimentary fill of the EPB (Fig. 1) is widely
exposed in the coastal desert between the towns of
Pisco and Nazca (Dunbar et al. 1990; DeVries 1998;
Ledn et al. 2008) due to a phase of exhumation attrib-
uted to the subduction of the aseismic Nazca Ridge
beneath this part of the Peruvian forearc during the
Plio-Quaternary (Hsu 1992; Macharé & Ortlieb 1992;
Saillard et al. 2011; Ayala-Carazas et al. 2026). The
stratigraphic record of the EPB includes a Paleogene
and a Neogene megasequence (Di Celma et al. 2022),
separated by a major unconformity that marks a basin-
wide depositional hiatus spanning the late Oligocene
and the earliest Miocene. Such interval of erosion/
non-deposition in the EPB corresponds to an interval
of major basin uplift, probably related to the Aymara
phase (late Oligocene, 28-26 Ma) of Andean orogeny
(Herbozo et al. 2020 and references therein).

The Paleogene megasequence consists of the un-
conformity-bounded middle — upper Eocene Paracas
Formation and upper Eocene — lower Oligocene
Otuma Formation (Dunbar et al. 1990; DeVries 1998;
DeVries et al. 2017; Coletti et al. 2019; Malinverno et
al. 2021). The Neogene megasequence includes the
unconformity-bounded lower Miocene Tunga Forma-
tion (DeVries et al. 2024), lower Miocene Chilcatay
Formation (DeVries & Jud 2018; Di Celma et al.
2018a) and middle Miocene to Pliocene Pisco Forma-
tion (Dunbar et al. 1990; DeVries 1998; Di Celma et
al. 2017, 2018b; Malinverno et al. 2025).

This study examines the Otuma Formation as re-
corded in two different depocenters of the basin (Fig.
1): the section at Cerro Tiza (CTZ) represents the
southwestern deeper portion of the EPB, while the
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section at Quebrada Perdida valley in the area of Me-
dia Luna (LUN) represents the sediment fill of a mi-
nor, roughly W-E-oriented half-graben currently ex-
posed on the Coastal Cordillera. The extensional basin
hosting the Otuma Formation is exposed in the study
area thanks to the later tectonic uplift of the Coastal
Cordillera, which occurred after the Eocene exten-
sional phase (Quispe et al. 2018).

3. Materials and methods
3.1

Geological mapping of the Otuma Formation was car-
ried out at two localities, Cerro Tiza (CTZ) and Que-
brada Perdida at Media Luna (LUN), during field
campaigns between 2018 and 2024.

In the field, the base of the Otuma Formation is
marked by a basal sandstone layer (as described by
DeVries 1998; DeVries et al. 2017), which often
weathers into characteristic meter-sized spherical con-
cretions. An angular unconformity marks the base of
the overlying Tunga or Chilcatay Formation and is
typically characterized by a boulder layer and, in some
areas, by the presence of phosphate nodules (e.g., Di
Celma et al. 2017, 2022; Bosio et al. 2024). In the
field, we identified additional marker beds whose lat-
eral extent across the study area provided reliable con-
trol for correlation of the Otuma strata. They mainly
consist of decimeter-thick indurated layers that can
also be easily identified in high-resolution Google
Earth images.

Two composite stratigraphic sections exposing the
Otuma Formation (Fig. 1) were measured at the two
localities (Fig. 2), at a decimeter-scale resolution, us-
ing a Jacob’s staff equipped with a laser pointer
(Patacci 2016). The height is referred to meters above
the base of the study section (m). Sediment samples
for biostratigraphic purposes were collected at 1.5 to
3 m resolution while measuring the sections, resulting
in a total of 124 samples at CTZ and 51 at LUN, as
reported in Table S1. Tephra layers were also sampled
along the section avoiding weathered and extraneous
particles.

Sample collection

3.2

All samples were prepared using the “smear slides”
standard method (Bown & Young 1998), using stand-
ard rectangular cover slips (22 x 40 mm). Samples
were examined using an Olympus BX50 light micro-
scope at 1000x magnification with immersion oil at
both parallel and crossed nicols. Three longitudinal
transects were analyzed across the slide to detect
marker taxa, increasing the number of transects for
looking for the rarer ones.

The presence and relative abundance of calcareous
nannofossils, diatoms, and silicoflagellates were eval-
uated for each sample and recorded in a table (Table
S1). In order to estimate the total abundance of each
group in relation to the remaining sediment, we ap-
plied the categories defined by Kog¢ & Scherer (1996):
D = dominant, > 60%; A = abundant, 20-60%;
C = common, 5-20%; F = few, 2-5%; R = rare, < 2%;
B = barren. The relative abundance of each species
within each group was estimated per field of view
(FOV) or transect on the slide, as: A = abundant; > 10/
FOV; C = common; 1-10/FOV; F = few; 1/10 FOVs;
R =rare; > 3/transect; VR = 1/transect; Fragments (for
diatoms, presence of broken valves); B = barren.

Microfossil preservation in the studied material
ranges from moderate (M) to bad (B). Under moderate
conditions, calcareous nannofossils show signs of dis-
solution, yet most diagnostic features remain discern-
ible, while diatoms typically retain frustule rims de-
spite slight dissolution or breakage, with fragments
dominating over intact specimens. In contrast, bad
preservation is characterized by strongly degraded
nannofossil morphologies and by diatom frustules that
are dissolved and frequently broken. Silicoflagellates
consistently display moderate preservation, with
partly broken specimens in most cases.

Calcareous nannofossil species identification fol-
lows the taxonomy of Perch-Nielsen (1985a) and the
taxonomic database of Young et al. (2024). Diatom
species identification follows an extended taxonomy
(Jousé 1973; Gombos 1976; Fenner 1978, 1984, 1985,
1991; Barron & Baldauf 1995; Sims et al. 1989; Har-
wood & Bohaty 2001; Strelnikova et al. 2001; Barron

Biostratigraphy
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Fig. 2. Composite stratigraphic sections of CTZ and LUN, position of the identified bioevents, and panoramic photos of the
measured outcrops. The stratigraphic intervals of the sampled sections (CTA, CTZ, CTZ24, MLU, LUN2) are indicated on
the left, along with the placement of the Eocene — Oligocene Boundary (EOB), as resulting from the age model. Sample

height and bioevent identification are shown in Table S1.
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Fig. 3. Biostratigraphic zonal schemes, bioevents and paleoclimatic framework for the late Eocene — early Oligocene inter-
val of the Otuma Formation, plotted with Time Scale Creator using the GPTS2020 and slightly modified. Calcareous nan-
nofossils zones: CN (Agnini et al. 2014), NP (Martini 1971), CP (Okada & Bukry 1980); diatom zones after Fenner et al.
(1985) and Barron et al. (2014) with bioevent calibration from Barron et al. (2015); silicoflagellate zones correlated to dia-
tom zones following Barron et al. (2015); global benthic oxygen isotope curve from Westerhold et al. (2020).

et al. 2004, 2014; Scherer et al. 2007; Oreshkina &
Radinova 2014) including both Tropical and Southern
Ocean species, reflecting the influence of cold Antarc-
tic waters carried northward by the Humboldt Current
into tropical regions. The identification of silicoflagel-
late species follows Bukry (1981, 1987); Barron et al.
(1984, 2014); Perch-Nielsen (1985b); Bolli et al.
(1989); McCartney et al. (2020).

3.3

The ash material of sample CTZ-T88 was prepared
following the procedures described in Bosio et al.
(2019). Grain-size analyses were performed on the se-
lected tephra through the Malvern Mastersizer
2000E™ Laser Granulometer at the Universita di
Milano-Bicocca. Grain- size data were elaborated
with the Grain Size Analysis Program GRADISTAT
(Blott & Pye 2001). The ash was wet-sieved using
mesh sizes of 500, 250, 125, and 63 pm. The 250—
125 pm fraction was embedded in resin, polished, and
analyzed for composition with a JEOL 8200 Super-
probe at the Universita degli Studi di Milano Statale,
employing an accelerating voltage of 15 kV and a
beam current of 5 nA. Analytical conditions included
a beam diameter of 3 pm for biotite phenocrysts and
10 um for volcanic glass shards. Biotite phenocrysts
were subsequently handpicked and irradiated at the
McMaster University nuclear reactor. Noble gas iso-
topic analyses were carried out by step-heating with a
Nulnstruments Noblesse mass spectrometer at the

Tephra dating

Universita degli Studi di Milano-Bicocca and calcu-
lated following established procedures from Bosio et
al. (2020a, b).

3.4 Age model and identification of the

EOT

The biochronologic data used in this study are related
to different microfossil groups: diatoms (Lazarus et al.
2014; Barron et al. 2015; DeVries 2017; Coenen et al.
2025), calcareous nannofossils (Perch-Nielsen 1985a;
Agnini et al. 2014; Young et al. 2024), and silicoflag-
ellates (Bukry 1981; Barron et al. 2014, 2015; McCart-
ney et al. 2020). The age ranges of diatom species con-
sidered in our biostratigraphic analysis are according
to the most recent available references. The relevant
bioevents for the time-interval considered in this work
and the related zonal schemes were plotted with Time
Scale Creator (Fig. 3) and slightly modified.

Table 1 provides the list of bioevents identified in
this work, the uncertainty in height along the section,
the uncertainty in age determination and the calibra-
tion to the Geological Time Scale. The following crite-
ria were considered in order to select the reliable bio-
events: the species showed a continuous record along
the sections; the sample in which the bioevents were
identified are not surrounded by barren intervals. The
bioevents meeting these criteria were used as tie points
for developing an age model for the Otuma Formation
at the two localities. The discarded bioevents are listed
in the table but not used in the age model.
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For the CTZ section, the radiometric age was also
used as a tie point in the age model. The average linear
sedimentation rate (LSR, m/My) was calculated for
both sections considering the line of best fit in the age
model. The stratigraphic position of the EOB (33.9 Ma)
was inferred from the age model for the two sections
and shown in Fig. 2.

4. Results
41 CTZ-Section

The CTZ-section (Fig. 2) consists of 183.2 m of
brownish to pinkish to white-weathered silt, with in-
tercalated volcanic tephra and decimeter-sized dolo-
mite layers. The silt is formed by variable proportions
of lithogenic and biogenic grains, with the biogenic
component including both calcareous and siliceous
microfossils. Several volcanic ash layers have been
observed, described and collected; one of these, CTZ-
T88, has been selected for microanalytical analyses
and radiometric dating.

Calcareous nannofossils are present mainly in the
lowermost 84.5 m (CTA-D2 to CTZ-39) of the study
section, with abundances ranging from very rare to
abundant. In the middle and upper parts, most samples
are barren, with only a few short intervals where nan-
nofossils occur (104.0 to 107.0 m and 1552 to
163.6 m). Diatoms are generally common to abundant
throughout the CTZ-section, displaying the highest di-
versity in the middle portion of the section (65.5 to
125.5 m, CTZ-26 to CTZ-65). Silicoflagellates are
generally rare and sporadic throughout most of the sec-
tion, except for its uppermost portion, where their pres-
ence is more continuous (between 158.0 to 183.2 m,
CTZ-96 to CTZ24-D35). The ebridian species Ebriop-
sis crenulata and species incertae sedis Macrora stella
are documented in a few samples along the section.

4.1.1 Calcareous nannofossils

The calcareous nannofossil assemblages at the CTZ-
section are primarily dominated, in order of abun-

dance, by Reticulofenestra, Coccolithus, Discoaster,
Sphenolithus, Helicosphaera, Pontosphaera, Black-
ites, Isthmolithus, Zygrhablithus, Micrantholithus,
Chiasmolithus, and Coronocyclus.

Reticulofenestra is the most abundant genus,
mainly represented by R. bisecta, R. dictyoda, and R.
umbilicus. Reticulofenestra bisecta (FO at 40.40 Ma)
is the most abundant species in the CTZ-section,
closely followed by R. dictyoda. Both species exhibit
a generally similar abundance throughout most of the
samples wherever calcareous nannofossils are present.
Reticulofenestra reticulata (FO at 42.37 Ma, LO
35.2 Ma; Agnini et al. 2014) ranges from very rare to
common and is present up to 81.5 m (CTZ-37), where
its last occurrence along the studied section is identi-
fied. Reticulofenestra umbilicus (FO 43.06 Ma, LO at
32.02 Ma, Agnini et al. 2014) is continuously present
along the section, ranging from very rare to common.
It occurs up to 172.8 m (CTZ24-D28), above which
the samples are barren. Discoaster saipanensis (LO
34.44 Ma) is present in the CTZ-section, but it is rare
in abundance and highly sporadic. Its last occurrence
has been tentatively placed at 105.5 m (CTZ-54),
marking the base of the EOT. Helicosphaera claris-
sima (LO 35.71 = 1.27 Ma, Young et al. 2024) occurs
as very rare to few and has been documented in the
lower part of the interval, up to 84.5 m (sample CTZ-
39). Isthmolithus recurvus (FO 36.8 Ma, LO
32.47+0.45 Ma; Young et al. 2024) is very rare to rare
in abundance and has been documented from the base
of the section up to 162.0 m (sample CTZ-100), after
which the samples are barren. Finally, Chiasmolithus
oamaruensis, (FO at 37.84 Ma, LO at 32.47 £0.45 Ma;
Perch-Nielsen 1985a) has been documented, although
very rare, from the base of the section up to 161.0 m
(CTZ-98).

4.1.2 Diatoms

The diatom assemblage at the CTZ-section is very di-
verse and includes, in order of abundance, Stephano-
pyxis, Pyxilla, Hemiaulus, Melosira, Rhizosolenia,
Coscinodiscus, Paralia, Azpeitia, Actinoptychus, Ces-

»

|

Fig. 4. Diatoms from the Otuma Formation: 1) Azpeitia tubercolata/oligocenica transitional form (CTZ-17); 2) Cestodiscus
fennerae (CTZ-63); 3) Cestodiscus reticulatus (CTZ24-D33); 4) Cestodiscus convexus (CTZ-58); 5) Cestodiscus robustus
(CTZ-106); 6) Cestodiscus sp. 2 sensu Fenner (CTZ24-D29); 7) Cestodiscus trochus (CTZ-106); 8) Cestodiscus aff. inter-
sectus (CTZ-28); 9) Hemiaulus altus (CTZ-09); 10) Hemiaulus polycystiunorum (CTZ-51); 11) Hemiaulus subacutus (CTZ-
62); 12) Hemiaulus subacutus with basal constrictions (CTZ-58); 13) Stephanopyxis sp. (CTZ-39); 14) Rhizosolenia sp.

(CTZ-81). Scale bar = 10 pum for all images.
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todiscus, Sceptroneis, Triceratium, Thalassionema,
Arachnoidiscus, Rhaphoneis, Rouxia, Actinocyclus,
Pterotheca, and Asterolampra,

Chaetoceros resting spores occur persistently
throughout the study interval ranging from very rare to
common. Stephanopyxis and Coscinodiscus are both
very rare to abundant and maintain a consistent pres-
ence throughout the CTZ-section. Hemiaulus is con-
tinuously present along the section. The most abun-
dant species in this genus are middle Eocene to early
Oligocene Hemiaulus polycystinorum (Fenner, 1978;
Fig. 4.10) and late Paleocene to early Oligocene
Hemiaulus subacutus (FO 57.1 Ma Barron et al. 2015,
LO 30.1 Ma Lazarus et al. 2014; Fig. 4.11), both spe-
cies ranging from very rare to common. Specimens of
H. subacutus with basal constrictions, typical of the
early Oligocene (Fenner 1985; Fig. 4.12), as well as
Hemiaulus altus (Fig. 4.9) and Hemiaulus grassus
(FO 45.1,L0 36.0 Ma, Lazarus et al. 2014), have been
documented from the base of the section up to sample
137.5 m (CTZ-75). Their presence is discontinuous.
When present, their abundance ranges from very rare
to few.

Rhizosolenia (Fig. 4.14) is present throughout the
section, with abundance ranging from very rare to rare
up to 133.0 m (sample CTZ-71), then from few to
common. Pyxilla first appears around 48.5 m (sample
CTZ-12) and remains particularly abundant (few to
abundant) up to sample 156.5 m (CTZ-94) before de-
creasing in the uppermost part of the section. It is rep-
resented by middle Eocene to early Oligocene Pyxilla
reticulata (FO 46.4 Ma, LO 30.9 Ma, Lazarus et al.
2014) (Fig. 6.1, 6.2), also including P. johnsoniana,
now considered as one of its varieties, (Fig. 6.3). Az-
peitia ranges from very rare to common and is found
throughout most of the CTZ-section, although becom-
ing scattered in the upper 30 m. Azpeitia tubercolata/
oligocenica transitional form (FO 37 Ma, LO 33.9 Ma,
Barron et al. 2014; Fig. 4.1) is the most abundant spe-
cies of this genus up to 125.5 m (CTZ-65), ranging
from very rare to common, while rare A. oligocenica
(FO 34.5 Ma, LO 20.6 Ma, Coenen et al. 2025) are
reported from 116.5 to 123.8 m (CTZ-61 to CTZ-63).

Cestodiscus is present throughout the CTZ-section,
showing the typical succession of species that occurs
around the Eocene-Oligocene boundary. Cestodiscus
aff. intersectus (Fig. 4.8) is consistently present from
the base up to 116.5 m (CTZ-61), ranging from very
rare to common, then scattered and very rare. Cestodi-
scus fennerae (FO 36.9 Ma, LO 35.0 Ma, Barron et al.
2015) (Fig. 4.2) and Cestodiscus sp. 2 sensu Fenner (FO

33.9 Ma, LO 33.3 Ma, Barron et al. 2015) appear in the
assemblages at 51.5 m (CTZ-14). Cestodiscus fennerae
is very rare to few and disappears around 110.0 m
(CTZ-57), while Cestodiscus sp. 2 sensu Fenner (Fig.
4.6) is very rare and sporadic and is documented only
up to sample CTZ-52 (102.5 m). Cestodiscus convexus
(Fig. 4.4; FO 34.4 Ma Barron et al. 2015, LO 31.2 Ma,
Lazarus et al. 2014) ranges from very rare to common.
We tentatively mark its first occurrence along the sec-
tion around 83.0 m (sample CTZ-38). Cestodiscus tro-
chus (FO 34.1 Ma, LO 20.6 Ma, Coenen et al. 2025)
(Fig. 4.7) first appears at 113.0 m (CTZ-59) and is doc-
umented until the top of the section, ranging in abun-
dance from very rare to few. We documented the pres-
ence of the early Oligocene species Cestodiscus robus-
tus (FO 33.7 Ma, Barron et al. 2015, LO 30.9 Ma,
Lazarus et al. 2014) (Fig. 4.5) from sample 138.8 m
(CTZ24-D6) up to the top of the section, ranging from
very rare to rare in abundance. The early Oligocene
Cestodiscus reticulatus (FO 33.4 Ma, LO 32.5 Ma, La-
zarus et al. 2014) (Fig. 4.3) is very rare and has been
only documented in two samples from the uppermost
part of the studied section (CTZ-104 and CTZ24-D33,
respectively 168.0 and 180.1 m).

The Oligocene genus Thalassionema (FO 31.2 Ma,
Lazarus et al. 2014) first appears along the section at
144.9 m (CTZ24-D10), becoming a common compo-
nent of the Oligocene assemblage. Finally, the Oligo-
cene species Rouxia obesa (FO 31.2 Ma, Lazarus et al.
2014; Fig. 6.5) is first observed along the section at
144.9 m (CTZ24-D10), ranging from very rare to few
in abundance.

4.1.3 Silicoflagellates

Silicoflagellates range from very rare to few along the
section. The most representative species documented
are, in order of abundance, Corbisema triacantha s.l.
(Fig. 6.6), Naviculopsis biapiculata (Fig. 6.11), Na-
viculopsis foliacea (Fig. 6.12), Naviculopsis constricta
(Fig. 6.13), Bachmannocena apiculata (Fig. 6.8), Dis-
tephanopsis crux (Fig. 6.10), Dictyocha aspera, Dic-
tyocha deflandrei and Corbisema bimucronata. Rare
Dictyocha hexacantha were encountered in a few
samples (Table S1).

4.1.4 Radiometric dating

The volcanic ash layer CTZ-T88 displays a unimodal
and poorly sorted distribution (Fig. 5a), with values
falling within the very fine sand to coarse silt fraction
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Fig. 5. Characterization of the dated volcanic ash layer CTZ-T88. a) Grain-size characterization, obtained with the Grain
Size Analysis Program GRADISTAT23 (Blott & Pye 2001) and grain-size distribution curve. Particle diameter is shown as
both micrometers (um) and phi (¢). b) BSE image of the 125- to 250-um-size fraction showing highly vesiculated glass
shards (dark grey) and biotite phenocrysts (light grey). ¢) Biotite Mg/(Mg+Fe+Mn) v. K+Na+Ca diagram showing the bio-
tite composition of the analyzed tephra in comparison with the other tephra layers collected along the same stratigraphic log.
To obtain statistically significant results, the EPMA analyses were performed on 10 biotite crystals (both rim and core). d)
Ca/K v. CI/K diagram showing different patterns of alteration. Ca/K is calculated from the irradiation-produced 3’Ar/*Ar
ratio, CI/K is calculated from the irradiation-produced 3#Ar/**Ar ratio. e) Age spectrum of the dated tephra. The filled rectan-
gle highlights step 7, i.e., the step that better approximates the Ar release from the unreacted biotite, with the lowest Ca/K.
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(Blott & Pye 2001), consistent with primary deposition
from distal fallout (Lowe 2011; Griggs et al. 2014).
Petrographic observations of the 125-250 pm size
fraction (Fig. 5b) show abundant, highly vesiculated
glass shards together with fresh biotite phenocrysts and
few feldspar and quartz phenocrysts, indicating a pri-
mary airfall (Griggs et al. 2014). Electron microprobe
analyses of biotite (Fig. 5¢) reveal a chemically homo-
geneous population, with Mg/(Mg+Fe+Mn) values
clustering within a narrow range and alkali contents
close to stoichiometric values, i.e., 2 apfu (atoms per
formula unit), ranging from 1.83 to 1.89 apfu. How-
ever, the irradiation-derived K is about 7.37%, below
the stoichiometric value of 8%, suggesting a slight al-
teration in the marine environment (Villa & Bosio
2023). In addition, Ca/K and CI/K ratios (Fig. 5d) point
to the presence of two mineralogical components: a
low-Ca/K population corresponding to unaltered bio-
tite, and a high-Ca/K component likely reflecting al-
teration of a Ca-rich phase, plausibly plagioclase. For
the ¥Ar—*Ar dating, only the step with the lowest
Ca/K, i.e., step 7, was considered to best approximate
the argon released from unreacted biotite. The resulting
age spectrum (Fig. 5e) identifies step 7 as the most reli-
able, yielding an age of 33.76 + 0.09 Ma (20), which
we interpret as the eruption age of the CTZ-T88 tephra.
All the results are reported in Table S2.

4.2 LUN-Section

The LUN-section (Fig. 2) spans the top of the Paracas
Formation and the whole Otuma Formation. It consists
of 71.5 m of greyish to white-weathered silt, with two
tephra layers, a few dolomite layers and one chert-rich
interval. The base of the Otuma Formation is repre-
sented by 1.5 m of fine sandstone, often forming
spherical, meter-sized concretions.

Calcareous nannofossils vary from very rare to
common, being particularly abundant in the lower and
middle parts of the section, from 4.7 to 38.5 m (MLU-
D7 to LUN2-D54) but they are absent from the upper-

most layers. Diatoms are generally abundant through-
out the section, with a noticeable increase in diversity
in the upper part, from 35.5 to 71.5 m (LUN2-D52 to
LUN2-D76), exhibiting a trend opposite to that of cal-
careous nannofossils. Silicoflagellate abundance is
scattered and discontinuous. This group is nearly ab-
sent in the lower part up to 14.5 m (MLU-D6 to LUN2-
D38) and exhibits only rare occurrences in the middle
and upper parts of the section. Finally, the species in-
certae sedis Macrora stella is documented in a few
samples (Table S1).

4.2.1 Calcareous nannofossils

The calcareous nannofossil assemblages at the LUN-
section are characterized, in order of abundance, by
Reticulofenestra, Coccolithus, Isthmolithus, Dis-
coaster, Helicosphaera, Sphenolithus, Zygrhablithus,
Pontosphaera, Micrantholithus, Chiasmolithus, Cor-
onocyclus, and Blackites.

Among the stratigraphic markers, R. umbilicus ex-
hibits a continuous presence along the LUN-section
from 4.7 to 38.5 m (MLU-D7 to LUN2-D54), ranging
in abundance from very rare to few. Its last occurrence
(LO at 32.02 Ma, Agnini et al. 2014) is documented at
38.5 m (sample LUN2-D54) but is followed by several
barren samples. C. formosus (LO 32.92, Agnini et al.
2014), although with very rare to rare abundance, is
still present up to the top of the section, making the LO
of R. umbilicus unreliable. Reticulofenestra reticulata
(Fig. 6.17) is very rare to common and only occurs up
to 14.5 m (LUN2-D38), where we define its last occur-
rence (LO 35.2 Ma, Agnini et al. 2014). Reticulofen-
estra isabellae (Fig. 6.18) is very rare and has been
found only in one sample (LUN2-D37), pointing to a
Priabonian age (FO 36.70, LO 35.00 Ma). The last oc-
currence of Discoaster saipanensis (Fig. 6.15) is ob-
served at 25.0 m (LUN2-D45), marking the base of the
EOT. Helicosphaera clarissima (LO 35.71 £ 1.27 Ma)
is present from the base of the section with a very rare
to rare abundance; its last occurrence is observed at

»

'

Fig. 6. Diatoms, silicoflagellates, and calcareous nannofossils the Otuma Formation: 1, 2) Pyxilla reticulata (1, CTZ-24; 2,
CTZ-58); 3) Pyxilla reticulata (variety corresponding to P. johnsoniana Forti) (CTZ-27); 4) Rouxia granda (LUN2-D63); 5)
Rouxia obesa (LUN2-D66); 6) Corbisema triacanta s.1. (CTZ-98); 7) Dictyocha deflandrei (LUN2-D71); 8) Bachmanno-
cena apiculata (CTZ-116); 9) Dictyocha deflandrei, medusoid form (LUN2-D70); 10) Distephanopsis crux (CTZ-98); 11)
Naviculopsis biapiculata (CTZ-22); 12) Naviculopsis constricta (CTZ-38); 13) Naviculopsis foliacea (CTZ-32); 14) Chi-
asmolithus oamaruensis (CTZ-23); 15) Discoaster saipanensis (LUN2-D43); 16) Isthmolithus recurvus (CTZ-98); 17) Re-
ticulofenestra reticulata (LUN2-D38); 18) Reticulofenestra isabellae (LUN2-D38). Scale bar = 10 um for all images.
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29.5 m (LUN2-D48). Isthmolithus recurvus (FO
36.8 Ma, LO 32.47 + 0.45 Ma) is very rare in our sam-
ples, being documented in one sample at the base of the
section, then from 7.8 m (LUN2-D8) up to 38.5 m
(LUN2-D54). However, its last occurrence is followed
by an interval of barren samples. Finally, Chiasmoli-
thus oamaruensis (Fig. 6.14), a late Eocene — early
Oligocene marker (FO 37.84 Ma, LO 32.02 Ma), is
very rare and has been documented only in a few sam-
ples.

4.2.2 Diatoms

The LUN-section is characterized by a diverse diatom
assemblage which includes, in order of abundance,
Rhizosolenia, Stephanopyxis (Fig. 4.13), Cestodiscus,
Coscinodiscus, Melosira, Paralia, Azpeitia, Hemiau-
lus, Pyxilla, Actinoptychus, Thalassionema, Rouxia,
Actinocyclus, Triceratium, Sceptroneis, Rhaphoneis,
and Arachnoidiscus. Chaetoceros resting spores are
very rare to few and have been documented through-
out the study interval.

Rhizosolenia spp. is very rare to rare in the lower
part of the study interval up to sample 34.0 m (LUN2-
D51). Beyond this point, its abundance increases,
ranging from few to common. The Cestodiscus genus
at the LUN-section exhibits lower diversity and abun-
dance compared to the CTZ-section. Cestodiscus aff.
intersectus (late Eocene to Miocene, Strelnikova et al.
2001; Fig. 4.8) is very rare to few, yet it appears in
most of the analyzed samples. Cestodiscus trochus
(FO 34.1 Ma, LO 20.6 Ma, Coenen et al. 2025) (Fig.
4.7) and Cestodiscus convexus (FO 34.4 Ma, Barron et
al. 2015, LO 31.2 Ma, Lazarus et al. 2014; Fig. 4.4)
are very rare to rare, and appear at 31.0 m (LUN2-
D49) and 26.5 m (LUN2-D46), respectively. Cestodis-
cus robustus (FO 33.7 Ma, Barron et al. 2015, LO
30.9 Ma, Lazarus et al. 2014) was not found along this
section. However, we identified very rare specimens
of a form that we tabulated as Cestodiscus cf. robustus
in the upper part of the study interval, starting from
sample LUN2-D59 (46.0 m, Table S1).

Hemiaulus is very rare to rare and mostly repre-
sented by the middle Eocene to early Oligocene H.
polycystinorum (Fenner 1978; Fig. 4.10), and by the
late Paleocene to early Oligocene Hemiaulus subacu-
tus (FO 57.1 Ma, Barron et al. 2015, LO 30.1 Ma, La-
zarus et al. 2014) (Fig. 4.11). Both species are present
from the base of the interval; H. polycystinorum has
been documented until the top of the interval (71.5 m),
while H. subacutus disappears around 49.0 m (LUN2-

D61). Very rare specimens of H. subacutus with basal
constrictions (Fig. 4.12), a typical marker of the early
Oligocene (Fenner 1985), have been documented in a
few samples from the upper part of the interval, above
40.0 m.

Pyxilla is few to common in the lowermost part of
the section, up to 41.5 m, then its abundance upwards
is very rare and scattered. It is represented by the mid-
dle Eocene to early Oligocene Pyxilla reticulata (FO
46.6, Barron et al. 2015, LO 30.9 Ma, Lazarus et al.
2014) (Fig. 6.1, 6.2). Azpeitia is consistently present
throughout the section, with abundance ranging from
very rare to few. It includes Azpeitia tuberculata/oli-
gocenica, a transitional form that typically occurs at
the end of the late Eocene (FO 37 Ma, LO 33.9 Ma,
Barron et al. 2014), and rare Azpeitia cf. oligocenica.
Thalassionema, a genus that appeared 31.2 Ma, first
appears at 35.5 m (LUN2-D52) and is very rare to rare
in abundance. The Oligocene species Rouxia obesa
(FO 31.2 Ma, LO 21.3 Ma, Lazarus et al. 2014; Fig.
6.5) first appears at 46.0 m (LUN2-D59) and ranges
from few to abundant. We also identified a few speci-
mens of Rouxia granda (Fig. 6.4), whose FO is the
latest Eocene (FO 34.7 Ma, Barron et al. 2015, LO
29.5 Ma, Lazarus et al. 2014).

4.2.3 Silicoflagellates

Silicoflagellates are represented by very rare speci-
mens of Corbisema triacantha s.1. (Fig. 6.6), followed,
in order of abundance, by Naviculopsis foliacea (Fig.
6.13), Naviculopsis biapiculata (Fig. 6.11), Distepha-
nopsis crux (Fig. 6.10), Naviculopsis constricta (Fig.
6.12), Bachmannocena apiculata (Fig. 6.8), and Dic-
tyocha deflandrei (Fig. 6.7). All silicoflagellates are
typical late Eocene species that continue in the Oligo-
cene and in particular D. deflandrei, which also occurs
with a medusoid specimen (Fig. 6.9), is documented
close to the Eocene—Oligocene transition.

5. Discussion
5.1

Few previous studies of the Paleogene record of the
EPB have focused on the Eocene strata, and compre-
hensive biostratigraphic analyses remain scarce
(Fourtanier & Macharé 1988; Marty et al. 1988;
DeVries et al. 2006, 2017; Lambert et al. 2017, 2019;
Coletti et al. 2019, 2026; DeVries 2019; de Muizon et
al. 2019; Collareta et al. 2020; Malinverno et al. 2021).

Chronostratigraphy
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Although the presence of Oligocene strata has been
pointed out by DeVries et al. (2017), detailed studies
focusing on the Oligocene deposits in the basin were
hitherto lacking, leaving a significant gap in under-
standing the Eocene—Oligocene transition in this area.
Therefore, the present study fills this gap by develop-
ing a high-resolution biostratigraphic framework of
the Otuma Formation at two locations in the EPB, in-
tegrating calcareous nannofossil, diatom, and silico-
flagellate biostratigraphy. The early Oligocene is not
only a crucial paleoclimatic interval, but in the EPB it
marks the transition to an uplift phase of the forearc,
following the Eocene extensional tectonic regime
(DeVries 1998; Di Celma et al. 2022).

The record of calcareous nannofossils is discon-
tinuous along both sections; abundances decrease up-
wards, with the uppermost samples being barren. In
both sections, the assemblages are characterized by
low diversity and are dominated by robust placoliths,
such as R. bisecta, R. dictyoda, and R. umbilicus. A
similar dominance has been documented in other up-
per Eocene sections of the EPB (Lambert et al. 2017,
Malinverno et al. 2021) and suggests a depleted as-
semblage. Many key stratigraphic markers from the
late Eocene to early Oligocene identified by Agnini et
al. (2014) are either absent or very rare, which could
be related to species-specific environmental prefer-
ences, strong dilution by biogenic opal/terrigenous
material, or selective postdepositional dissolution. For
example, Clausicoccus subdistichus, whose first com-
mon occurrence (or Base common) is a well-estab-
lished bioevent marking the Eocene—Oligocene
boundary (Vigano et al. 2023), is notably absent
throughout the analyzed sediment section. Although
this species has been predominantly recorded in deep-
water settings (e.g., Agnini et al. 2014; Marino & Flo-
res, 2002; Toffanin et al. 2013; Vigano et al. 2023),
several authors report it also from shallow water suc-
cessions (Bown 2005; Dunkley Jones et al. 2008;
Shepherd & Kulhanek 2016; Jones & Dunkley Jones
2020; Messaoud et al. 2020; Kaya et al. 2025), so that
it is unlikely that its absence in the EPB can be simply
explained due to proximity to the coast. Recently, the
increase in abundance (and size) of this species at the
Eocene—Oligocene boundary has been explained as a
response to increased nutrient availability and ocean
alkalinity occurring at this transition (Vigano & Ag-
nini 2025). Although nutrient concentrations likely
increased also in the EPB, other environmental factors
might have limited the growth of this species, or its
signal was deleted by selective dissolution.

Nevertheless, we identified several valuable cal-
careous nannofossil bioevents that provide a basis for
correlating the sections and are used as tie points for
the age model.

The lower part of both sections is characterized by
the presence of typical late Priabonian marker species.
Isthmolithus recurvus is present from the basal portion
of the CTZ section and its first occurrence (36.8 Ma)
is identified just above the base of the LUN section.
This species is typically observed during a brief inter-
val around 37.2 Ma, known as the /. recurvus spike,
before disappearing and re-emerging at 36.8 Ma where
its first occurrence is defined (Agnini et al. 2014; For-
naciari et al. 2010). This spike may account for the
presence of one single specimen of /. recurvus ob-
served at the top of the Paracas Formation at LUN.

Reticulofenestra reticulata ranges from very rare
to common and its last occurrence (35.24 Ma, Agnini
et al. 2014) is identified in the lower part of the CTZ-
section (81.5 m, CTZ-37) and LUN-section (14.5 m,
LUN2-D38).

The last occurrence of D. saipanensis (34.44 Ma,
Agnini et al. 2014) is recorded a few meters above
(106.25 and 25.75 m at CTZ and LUN, respectively).
Although the rare and sporadic presence of this spe-
cies and the occurrence of barren samples undermines
its reliability as a biostratigraphic marker here, its
presence defines a minimum age and is therefore used
(with large vertical error bars) while building the age
model.

Helicosphaera clarissima is not used as a chron-
ostratigraphic marker in biozonal schemes, as its last
occurrence is globally diachronous (LO 35.71 +
1.27 Ma, Young et al. 2024). However, its last occur-
rence, placed between the last occurrence of R. reticu-
lata (35.24 Ma) and the last occurrence of D. saipan-
ensis (34.44 Ma) along the two sections, provides a
useful marker for local correlations.

Both sections contain typical late Eocene diatom
marker species, in particular those related to the genus
Cestodiscus. Several species of this genus are charac-
terized by short and well-defined stratigraphic ranges
in the middle Eocene to early Oligocene interval (Bar-
ron et al. 2015; Lazarus et al. 2014; Strelnikova et al.
2001). In our samples, the highest diversity of Cesto-
discus has been documented at the CTZ-section, while
at the LUN-section this genus displays a lower abun-
dance and diversity, so that some important markers
were not recorded (e.g., C. fennerae and C. robustus).

Cestodiscus fennerae (36.9—35.0 Ma) defines the
C. fennerae Biozone (Barron et al. 2015). The pres-
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ence of this species in the lower portion of the studied
CTZ-section supports a late Priabonian age for this
interval. Its LO is identified at 110.0 m (CTZ22-57)
and used as a tie point in the age model. No specimens
of C. fennerae have been observed at the LUN-sec-
tion, probably due to the overall low abundance of dia-
toms here.

The transition to the Oligocene is marked by sev-
eral bioevents. The first occurrence of C. robustus (FO
33.7 Ma), which defines the C. robustus Biozone (Bar-
ron et al. 2015), is documented only at CTZ. At LUN,
due to the lower abundance and diversity of the Cesto-
discus genus, no specimens of C. robustus were ob-
served. The first occurrence of the genus Thalas-
sionema (FO 31.2 Ma), and the first occurrence of the
Oligocene species Rouxia obesa (FO 31.2 Ma; La-
zarus et al. 2014) were observed at both sections. The
latter was in fact previously observed from only one
sample at Cerro Tiza (DeVries et al. 2017). Some un-
certainty regarding the age of first appearance of R.
obesa arises from discrepancies in the literature: La-
zarus et al. (2014) report its first occurrence at 31.2 Ma,
whereas DeVries et al. (2017) suggest an age of
33.8 Ma for the same event. In our work, the absolute
dating of tephra CTZ-T88 at 33.76 + 0.09 Ma, a few
meters above the identified FO of both T nitzschioides
and R. obesa supports the findings of DeVries et al.
(2017) and thus suggests an older first occurrence of
both taxa.

The last occurrences of calcareous nannofossil
Coccolithus formosus (LO 32.92 Ma), I. recurvus (LO
32.47 £ 0.45 Ma) and R. umbilicus (LO 32.02 Ma)
take place sequentially along the Rupelian. These
events cannot be defined at CTZ because of the ab-
sence of nannofossils in the corresponding samples. At
LUN, this interval coincides with a significant drop in
calcareous nannofossil abundance and several barren
samples, so these bioevents must be considered with
caution here and are not used as tie points in the age
model.

The sparse silicoflagellates support a latest Eocene
to early Oligocene age. In both sections, we identified
sparse specimens of the late Eocene—early Oligocene
D. deflandrei (Perch-Nielsen, 1985b), the Eocene spe-
cies N. foliacea and N. constricta (McCartney et al.
2020) as well as N. biapiculata, which appeared in the
late Eocene, becoming the dominant Naviculopsis
species in the early Oligocene. As we move higher in
the sections, a shift in abundance between N. foliacea
and N. biapiculata is observed (Table S1), even though
the number of specimens considered here is not statis-

tically significant. Finally, rare D. hexacantha, defin-
ing the D. hexacantha zone (36.6—34.6 Ma, Barron et
al. 2014) were only recovered from the basal part of
the section, supporting the latest Eocene age inferred
for this interval.

5.2 Age model and sedimentation rates

The age-depth models for the CTZ and LUN sections
(Fig. 7) were developed using the biostratigraphic data
and the absolute dating of CTZ-T88 as tie points. Ta-
ble 1 summarizes all the bioevents that characterize
this interval, the stratigraphic position at which they
were identified at CTZ and LUN and their reliability
for the two studied sections. Both sections span the
upper Eocene (Priabonian, 37.71-33.90 Ma) to lower
Oligocene (Rupelian, 33.90-27.30 Ma), and are
bounded at the bottom by the presence (at CTZ) or
first occurrence (at LUN) of 1. recurvus (FO 36.84 Ma).

The lower number of bioevents at LUN is due to
the lower abundance of diatoms, resulting in a lower
abundance and diversity of Cestodiscus at this locality.
The only silicoflagellate bioevent for this interval (LO
of D. hexacantha) cannot be used, due to the scattered
presence of the marker species and of silicoflagellates
in general. Nevertheless, silicoflagellates provide sup-
porting evidence for the Priabonian—Rupelian age of
the section (e.g., the presence of the marker species D.
hexacantha in the basal CTZ samples and the shift in
relative abundance from the Eocene N. foliacea to the
late Eocene to early Oligocene N. biapiculata).

The average linear sedimentation rates calculated
from the age model for the two study sections is
75.5 m/My at CTZ and 8.1 m/My at LUN. The mark-
edly different sedimentation rates characterizing the
two depocenters is interpreted as resulting from vari-
able amounts of sediment input: this was significantly
more abundant for the more proximal and restricted
CTZ depocenter than for the more distal, open marine,
small LUN depocenter (Fig. 8). Because no significant
apparent change in the proportion of biogenic and lith-
ogenic particles is observed between the two sites, it is
likely that changes in the amount of lithogenic mate-
rial also impacted on biogenic productivity (but a
quantitative estimate through e.g. XRF analyses is rec-
ommended).

Following Hutchinsons et al. (2021), the strati-
graphic position of the EOT is constrained between
the LO of D. saipanensis (34.44 Ma) and the “earliest
Oligocene oxygen isotope step” (EOIS, 33.65 Ma), the
latter corresponding with the Oil-event of Miller et al.
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Fig. 7. Age models for the Otuma Formation based on diatom and calcareous nannofossil bioevents (from Table 1) for the
two localities: a) Cerro Tiza; b) Media Luna. The age of CTZ-T88 was also used as a tie point at Cerro Tiza.
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Fig. 8. 3D cartoon showing the schematic location of the Cerro Tiza (CTZ) and Media Luna (LUN) stratigraphic succes-

sions within the half-grabens (location in Fig. 1b).

(1991) and the Oi-la event of Zachos et al. (1996).
Although an unambiguous identification of the EOT
relies on a stable oxygen isotope record, the low car-
bonate content of CTZ and LUN successions (< 5% in
samples containing calcareous nannofossils, Regat-
tieri pers. comm.) prevented this analysis. Therefore,
while the base of the EOT is placed in correspondence
with the LO of D. saipanensis, the top of the event is
not well constrained. The stratigraphic position of the
Eocene—Oligocene boundary (33.9 Ma) was calcu-
lated from the age models, assuming a constant sedi-
mentation rate between consecutive tie points, and is
located at 136 m at CTZ and 31 m at LUN.

5.3

The Otuma Formation at Cerro Tiza and Media Luna
provides a record of the Eocene—Oligocene boundary
and of the EOT, one of the most critical climatic tran-
sitions of the Cenozoic (Coxall & Pearson 2007;
Hutchinson et al. 2021). At the global scale, the EOT
marks the shift from the warmhouse climate of the Eo-
cene to the coolhouse conditions of the Oligocene, and
is characterized by a sharp global cooling, the first
large-scale glaciation of Antarctica, a drop in global
sea surface temperatures, and a reorganization of the
deep ocean circulation (Miller et al. 1991; Diester-
Haass & Zachos 2003; Pilike et al. 2006; Coxall &
Wilson 2011; Zachos et al. 2008; Sun et al. 2014;
Westerhold et al. 2020; Hutchinson et al. 2021;
Sliwinska et al. 2023). It also involves a major pertur-

Paleoecological perspectives
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bation of the global carbon cycle with a general de-
cline in atmospheric CO, levels, the sudden and per-
manent deepening of the carbonate compensation
depth (CCD), and an increase in deep water §'*C val-
ues (Coxall & Pearson 2007; Coxall et al. 2005;
Hutchinson et al. 2021; Miller et al. 2009).

In the world oceans, the EOT is characterized by
cooling and an increase in productivity, testified by an
overall decrease of calcareous nannofossil abundance
and diversity (Bown et al. 2004; Dunkley Jones et al.
2008; Jones et al. 2019; Nyerges et al. 2021; Vigano et
al. 2024), an increase in the abundance and size of
small calcareous nannofossils (Vigand & Agnini,
2025) and a significant increase of the abundance and
diversity of diatoms, which led to their current eco-
logical dominance (Cervato & Burckle 2003;
D’haenens et al. 2014; Egan et al. 2013; Lazarus et al.
2014; Renaudie 2016; Suto et al. 2012; Brytka et al.
2024) due to their ability to thrive during glacial peri-
ods (Iglesias-Rodriguez et al. 2002; Tozzi et al. 2004).

In the EPB, calcareous nannofossils show a shift in
dominance from warm-water taxa (C. formosus, C. eo-
pelagicus, and C. pelagicus) to cool-water taxa (R. re-
ticulata and large Reticulofenestra) at the top of the
Paracas Formation around 38 Ma (Malinverno et al.
2021; Bianucci et al. 2023). Throughout the Otuma
Formation, they display low diversity assemblages
dominated by large Reticulofenestra (Malinverno et
al. 2021 and this work), typical of temperate-cool wa-
ters and mesotrophic-eutrophic environments (Persico
& Villa 2004; Villa et al. 2008, 2014; Wade & Bown
2006) and disappear just before (at CTZ the LO of D.
saipanensis occurs within 30 m of barren samples fol-
lowed by the sporadic occurrence of nannofossils
above) or within the EOT (at LUN, calcareous nanno-
fossils disappear after the LO of D. saipanensis).

The disappearance of calcareous nannofossils
around the EOT is uncommon and might be due to
ecological or post-depositional factors. Deep-sea re-
cords testify a transition from non-calcareous to cal-
careous-dominated sediments in correspondence with
the CCD deepening associated with the EOT (Coxall
et al. 2005; Pilike et al. 2012; Taylor et al. 2023; Wade
et al. 2020), making dissolution an unlikely explana-
tion. However, the increase in productivity resulting
from the strengthening of the Humboldt Current up-
welling system could have caused a shallowing of the
CCD in the oxygen minimum zone, similar to recent
conditions with the CCD at shelf depths on the Peru-
vian margin (e.g. Suess et al. 1988). In alternative, el-
evated productivity and fast organic matter burial

could have promoted supralysoclinal carbonate disso-
lution, a process that occurs in shallow marine envi-
ronments (Adler et al. 2001; Peterson & Prell 1985),
due to microbial activity that increases pore-water
CO, (Archer et al. 1989; Baker 2016; Jahnke et al.
1994; Schulte & Bard 2003; Wenzhofer et al. 2001).

Diatoms are not present in the Paracas Formation
and the lower portions of the Otuma Formation but
occur well above the FO of I. recurvus, since ~ 36 Ma
(Malinverno et al. 2021). Upper Eocene diatom as-
semblages from previously studied EPB sections, as
well as in this work, are characterized by high abun-
dances of Rhizosolenia, Stephanopyxis, Hemiaulus,
Pyxilla, and large Coscinodiscus. These genera are
typically associated with stratified water conditions
(Davies & Kemp 2016; Davies et al. 2009; McKay et
al. 2000) and a deep chlorophyll maximum (Kemp et
al. 2000), indicating a seasonal rather than year-round
increase in nutrients (Malinverno et al. 2021). Even if
Rhizosolenia is associated with highly productive wa-
ters of the equatorial Pacific (Benton & Pearson 2001),
its trophic strategy relies on vertical migration to feed
at the nutricline and/or on the symbiotic relationship
with diazotrophic cyanobacteria, making it part of the
“shade flora” (Kemp et al. 2000) of stratified ocean
settings. Chaetoceros resting spores, indicative of
high nutrient concentrations, are present throughout
the succession with limited abundances, but display a
slight increase in the early Oligocene, where also the
high-productivity genus Thalassionema appears, to-
gether with other thinly-silicified genera of the Eocene
to Miocene diatom turnover (Baldauf 1992). Cestodis-
cus displays an increase in abundance during the latest
Eocene and along the EOT, along with its global spe-
cies radiation. Although the ecological preferences of
Cestodiscus are unclear, the global increase in abun-
dance and diversity of this genus in the latest Eocene—
early Oligocene, in particular in the Southern Ocean
(e.g. Ozen et al. 2026) suggests an overall preference
for cool waters and high trophic levels.

Overall, the calcareous nannofossil and diatom re-
cord in the EPB document the cooling trend that began
in the late Priabonian and culminated in the EOT and
indicate increased nutrient availability in the basin, al-
though never reaching permanently eutrophic condi-
tions.

The difference in phytoplankton assemblages
along the two investigated sections could be explained
by the different paleoenvironmental setting witnessed
by the two locations. CTZ represents a depocentral
area of the EPB, located on the continental shelf. The
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presence of taxa such as calcareous nannofossils of
nearshore environments (e.g. Micrantholithus sp. and
Z. bijugatus) and benthic and/or coastal diatoms (e.g.
Actinoptychus sp., Paralia sp., Stephanopyxis sp.,
raphid pennate diatoms), and abundant lithogenic ma-
terial points to a setting not far from the shore, charac-
terized by a high (75.5 m/My) sedimentation rate.
However, because the depositional setting was not af-
fected by the sea-level drop associated with the EOT
(60—80 m, Hutchinsons et al. 2021), the paleodepth
was likely between 100 and 200 m. The presence of
laminated diatomites, fish debris, and plant remains
support a low energy environment. The LUN section
represents the sediment filling of a small half-graben
basin (Fig. 8). Although it likely attained a similar
depositional depth (i.e., similar concentrations of near-
shore taxa) as CTZ, due to its position in a more distal
position, LUN received a limited sediment supply,
leading to reduced sedimentation rates (8.1 m/My).

6. Conclusions and future
perspectives

We developed a biostratigraphic framework by inte-
grating calcareous nannofossil, diatom, and silicoflag-
ellate data along the stratigraphic sections of Cerro
Tiza and Media Luna in the Otuma Formation. Though
discontinuous and characterized by low diversity, the
calcareous nannofossil record reveals assemblages
dominated by large placoliths such as Reticulofenestra
bisecta, R. dictyoda, and R. umbilicus. Although some
important early Oligocene markers like Clausicoccus
subdistichus are absent, other valuable bioevents like
the FO of Isthmolithus recurvus (FO at 36.8 Ma), the
LO of Reticulofenestra reticulata (LO at 35.24 Ma),
and the LO of Discoaster saipanensis (LO at 34.44 Ma)
provide a robust chronologic framework for the late
Priabonian. Among diatoms, the succession of species
of genus Cestodiscus provide key biostratigraphic in-
formation at CTZ but not at LUN, where overall dia-
tom abundance is low and this genus is rare. The FO of
Rouxia obesa and Thalasionema nitzschioides are
documented at CTZ in the earliest Oligocene, well be-
fore their known range, as supported by the CTZ-T88
tephra layer dated at 33.76 Ma, occurring just below
the layer at which their first occurrence was detected.
Silicoflagellates, including species such as Naviculop-
sis foliacea and N. biapiculata, and the rare occur-
rence of Dictyocha hexacantha, support the chrono-
logical framework.

The age models, based on the identified bioevents,
allowed to define the position of the Eocene-Oligo-
cene boundary and to calculate the linear sedimenta-
tion for the two sections, 75.5 m/My at CTZ and 8.1 m/
My at LUN.

A gradual decline in calcareous nannofossils up to
their total disappearance around the EOT and an in-
crease in diatoms is qualitatively observed along the
two sections. Such change, that parallels that observed
in the world oceans, reflects the combined effects of
global climatic cooling, regional oceanographic
changes, and nutrient dynamics, although local CCD-
related or postdepositional dissolution can play a role
in the disappearance of calcareous nannofossils. Dif-
ferences between the CTZ and LUN sections highlight
the diverse depositional settings within the basin, with
CTZ representing a larger depocenter in a land-proxi-
mal setting, characterized by a higher sediment input,
and LUN representing a smaller depocenter, more
connected to the open ocean.

While stable oxygen isotope records are commonly
used to identify the EOT, the low carbonate content of
the CTZ and LUN successions (< 5% in samples con-
taining calcareous nannofossils) prevents this analy-
sis. Future studies could benefit from additional geo-
chemical investigations as well as quantitative micro-
fossil work to further constrain paleoceanographic and
paleoenvironmental changes across these key sections.
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CT724-D12 147.7 R VR
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CT1Z-72 1345 R VR VR VR
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CTA-D19 20.0 B
CTA-DS 5.0 B
CTA-D3 3.0 R R
CTA-D2 2.0 R |VR R R
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LUN2-D76 R VR
LUN2-D75 R VR VR
LUN2-D74 R VR
LUN2-D73 B
LUN2-D72 B
LUN2-D71 R VR VR
LUN2-D70 R VR VR
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LUN2-D67 R VR
LUN2-D66 R VR VR VR
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LUN2-D52 35.50 R VR VR
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LUN2-D45 25.00 R VR VR VR VR VR
LUN2-D44 23.50 R R VR VR
LUN2-D43 22.00 B
LUN2-D42 20.50 B
LUN2-D41 19.00 R VR VR VR
LUN2-D40 17.50 B
MLU-D11 16.10 R| W
LUN2-D39 16.00 R VR
LUN2-D38 14.50 B
MLU-D10 14.00 B
LUN2-D37 13.00 B
LUN2-D36 11.50 B
MLU-D9 11.00 B
LUN2-D35 10.00 R VR
LUN2-D34 8.50 B
MLU-D8 7.8 B
LUN2-D33 7.00 B
LUN2-D32 5.50 R VR
MLU-D7 4.7 R VR
MLU-D6 18 B
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Sheet1


			PART A1																																																																																																									PART A2																																																																																																																																																																																	PART A3


									Calcareous nannofossils																																																																																																			Diatoms																																																																																																																																																																																	Diatoms												Silicoflagellates																																																						Other


			Sample			Depth 			Abundance			Preservation			B. spinosus			Blackites sp.			Ch. altus			Ch. oamaruensis			C. formosus			C. eopelagicus			C. pelagicus			Coronocyclus nitescens			D. deflandrei			D. saipanensis			Discoaster spp.			Helicosphaera sp.			H. clarissima			H. compacta			I. recurvus			Micrantholithus astrum			P. exilis			P. multipora			P. pygmaea			R. bisecta			R. dictyoda			R. gartneri			R. isabellae			R. reticulata			R. stavensis			R. umbilicus			S. moriformis			S. radians			Z. bijugatus			Calcareous nannofossil bioevents						Sample			Depth 			Abundance			Preservation			Actinocyclus sp.			Actinocyclus octonarius var. tenellus			Actinoptychus sp.			Aracnodiscus spp.			Azpeitia oligocenica			Azpeitia cf oligocenica			Azpeitia tubercolata/oligocenica transitional form 			Azpeitia spp.			Asterolampra spp.			Centrales			Cestodiscus aff. Intersectus			Cestodiscus fennerae			Cestodiscus cf fennerae			Cestodiscus sp. 2 sensu Fenner			Cestodiscus cf sp. 2 sensu Fenner			Cestodiscus convexus			Cestodiscus cf convexus			Cestodiscus reticulatus			Cestodiscus robustus			Cestodiscus cf robustus			Cestodischus trochus			Cestodischus sp. small			Cestodiscus spp.			Chaetoceros sp.			Coscinodiscus sp.			Coscinodiscus large			Hemiaulus subacutus			Hemiaulus subacutus
(with basal constriction)			Hemiaulus altus			Hemiaulus cf. grassus			Hemiaulus grassus			Hemiaulus polycystinorum			Hemiaulus cf. polycystinorum			Hemiaulus polycystinorum var. morsianus			Hemiaulus cf. taurus			Hemiaulus spp.			Melosira spp.			Paralia sp.			Pennales			Pennales with raphe			Pterotheca aculeifera			Pyxilla gracilis			Pyxilla reticulata			Pyxilla reticulata (P. johnsoniana Forti)			Pyxilla reticulata (P. johnsoniana var. corniculum Greville)			Pyxilla johnsoniana Greville			Pyxilla spp.			Rhaphoneis sp.			Rhizosolenia sp.			Rouxia granda			Rouxia obesa			Sceptroneis sp.			Stephanopyxis spp.			Thalassionema spp.			Triceratium spp.			Sample			Depth 			Diatom bioevents						Abundance			Bachmannocena apiculata			Corbisema astata incohata			Corbisema triacantha s.l.			Corbisema triacantha var. 1			Corbisema triacantha var. 2			Corbisema triacantha var. 3			Corbisema bimucronata			Dictyocha aspera			Dictyocha deflandrei			Dictyocha deflandrei medusoide			Dictyocha hexacantha			Dictyocha spp.			Distephanopsis crux			Naviculopsis biapiculata			Naviculopsis constricta			Naviculopsis foliacea			Naviculopsis spp.			Macrora stella


			CTZ24-D35			183.2			B																																																																																																			CTZ24-D35			183.2			R			B																																																																																																																																													VR																											CTZ24-D35			183.2									R									VR


			CTZ24-D34			181.7			B																																																																																																			CTZ24-D34			181.7			R			M									VR															VR																																																			VR																																	VR			VR																																				VR												VR			VR						CTZ24-D34			181.7									B


			CTZ24-D33			180.1			B																																																																																																			CTZ24-D33			180.1			C			M																								VR																								VR						VR			VR						VR									F			R			R			VR															VR												R			R			R			R												R												F						F						R			R			R			VR			VR			CTZ24-D33			180.1									R																											VR																		VR


			CTZ24-D32			178.9			B																																																																																																			CTZ24-D32			178.9			C			M																								VR																								R															R									F			VR						VR															VR												R			F			R															VR												F						F						R			F			F			R			VR			CTZ24-D32			178.9									R																																										VR						VR


			CTZ24-D31			177.2			B																																																																																																			CTZ24-D31			177.2			F			M																																	R															R															R									VR			R						VR			VR																								R			VR			R															VR												R						R												VR			VR						CTZ24-D31			177.2									R									VR																																							VR


			CTZ24-D30			175.8			B																																																																																																			CTZ24-D30			175.8			F			M									R																								R												VR			R															F									F			R																					VR												R			R			R			VR			VR																					R						R									R						R						CTZ24-D30			175.8									R									VR																																	R


			CTZ24-D29			174.2			B																																																																																																			CTZ24-D29			174.2			C			M			VR																		VR																								VR			F															F									R			VR			VR																		VR												VR			VR			VR												VR			VR												R						VR						F			R			R			VR						CTZ24-D29			174.2									R									VR																																	VR


			CTZ24-D28			172.8			R			M																					R																																							F			VR												R			VR															R. umbilicus			CTZ24-D28			172.8			B																																																																																																																																																																											CTZ24-D28			172.8									B


			CTZ24-D27			171.2			B																																																																																																			CTZ24-D27			171.2			R			B																																																VR																																																																																	VR												R															VR			VR									CTZ24-D27			171.2									B


			CTZ-106			171.0			B																																																																																																			CTZ-106			171.0			F			B																														VR																		F									R						R									R						VR																														VR						VR												VR															VR						R						VR									VR						CTZ-106			171.0									R			VR						VR


			CTZ24-D26			169.9			R			M																											VR																																	R															VR			VR																		CTZ24-D26			169.9			F			M									VR																																							R									VR						F									R			VR						VR																														R			VR			VR			VR																					R						R						VR			R			R			R						CTZ24-D26			169.9									B


			CTZ-105			169.5			B																																																																																																			CTZ-105			169.5			C			B									VR			VR									VR			VR						F			VR															R									VR						R									F			VR			R																		VR												VR						VR												VR			VR												VR						F									VR			VR			R						CTZ-105			169.5									R			VR						VR																																	VR


			CTZ24-D25			168.2			B																																																																																																			CTZ24-D25			168.2			A			M			VR						VR			VR									VR												F															VR									VR						R									C			VR			F																														VR			R			VR			R									VR			V												F						F									F			VR			R			VR			CTZ24-D25			168.2									F			VR						R																																	R


			CTZ-104			168.0			B																																																																																																			CTZ-104			168.0			C			M									VR																																							VR						VR			VR						R									F						R																		VR												R									VR									VR															VR						R						R			R			VR			VR						CTZ-104			168.0									R			VR						R																																	VR


			CTZ24-D24			166.9			B																																																																																																			CTZ24-D24			166.9			C			B									VR												VR																											VR															VR									F			F			F																		VR												VR									R			VR																					F						F									F			VR			R						CTZ24-D24			166.9									R																																										VR


			CTZ-103			166.5			B																																																																																																			CTZ-103			166.5			F			B																					VR																											VR															VR									F			R			R			VR															VR												VR			VR									VR						VR			VR												R			VR			F									R			VR			R						CTZ-103			166.5									R									VR															VR																		F			VR


			CTZ24-D23			165.1			B																																																																																																			CTZ24-D23			165.1			R			B																					VR												VR																																							R			R			R																														VR						VR																											R						R									F			VR			VR						CTZ24-D23			165.1									R			VR																																							R


			CTZ-102			165.0			B																																																																																																			CTZ-102			165.0			C			B									VR															VR									R															VR									VR						R									F						R																		VR												VR			VR						VR									VR															VR						F									VR			VR									CTZ-102			165.0									R									VR																																	R


			CTZ24-D22			163.6			F			M															VR			VR			VR						VR																																	VR			R												R			R															C. formosus			CTZ24-D22			163.6			C			B			VR									VR												F									VR																														VR									R			F			A																		VR																																	VR												F						C									R			R			R						CTZ24-D22			163.6									F									VR																		VR															VR


			CTZ-101			163.5			B																																																																																																			CTZ-101			163.5			F			M																																																VR															VR																																	VR												VR																					VR												VR						VR												VR									CTZ-101			163.5									R									VR


			CTZ-100			162.0			C			M						VR									R			F			F						F															VR			VR												VR			C			F															F			F						F						I. recurvus			CTZ-100			162.0			A			M									VR												VR			C																																							VR									R																								R												F																																	R						F												R									CTZ-100			162.0									R									VR												VR


			CTZ-99			161.5			C			M						R												R																								R			VR															C			C												F			F									R									CTZ-99			161.5			A			M									R																																							VR									VR															F			A			C			VR												VR			VR																														R															R						F						VR						C									CTZ-99			161.5									R									R																																	VR


			CTZ24-D21			161.2			B																																																																																																			CTZ24-D21			161.2			A			M									VR																																							VR									VR						VR									F			F			A																		VR																																													F						F						R			R			R			C						CTZ24-D21			161.2									R									R																																	VR


			CTZ-98			161.0			C			M			R									VR			R																														VR															C			C												R			F									R									CTZ-98			161.0			C			M																																																									VR						VR									F			C						VR															VR												F																																	F			R			C												R									CTZ-98			161.0									R									VR																														VR


			CTZ24-D20			159.7			B																																																																																																			CTZ24-D20			159.7			C			B																								VR																								VR															VR									R			R			VR																																																															R						R									VR						VR						CTZ24-D20			159.7									R									VR


			CTZ-97			159.5			C			M												VR			R												F																																	C			F												R			C			VR															CTZ-97			159.5			A			M									VR																																							C									F						F									F			F			R			VR															F									VR						VR															R															F			R			F									R			F									CTZ-97			159.5									R									VR			VR																														R


			CTZ24-D19			158.2			C			B									VR						R			VR			VR						VR																																	C			F												R			R			VR															CTZ24-D19			158.2			C			B									VR												VR																											R															R									F																								VR												VR												VR									VR												VR			R			VR									F			R			R						CTZ24-D19			158.2									R									VR


			CTZ-96			158.0			C			M																		F			R																								VR									R						C			R			R									R			F									R									CTZ-96			158.0			C			B									VR																																							R									VR						R									F			R			R																		VR																														R			VR												F						F						VR						VR			R						CTZ-96			158.0									R			VR						VR			VR																											VR


			CTZ24-D18			156.8			A			M									VR			R			F			VR			R						F															VR			F															C			F												F			F			VR															CTZ24-D18			156.8			F			M									VR			VR																					VR															R									R						F									VR			VR																					VR												VR			R			VR															R												R						R									VR			VR			VR						CTZ24-D18			156.8									R																																							R			VR


			CTZ-94			156.5			F			M																											F																																	F			F												R			R									VR									CTZ-94			156.5			A			M																								R																								VR															R									F			F			F																														R			R			R			R																								F						C						VR			R			R			VR			VR			CTZ-94			156.5									R									R																														VR


			CTZ24-D17			155.2			R			M															VR						VR						VR																																	R			VR												R			VR																		CTZ24-D17			155.2			A			M									VR															VR																								VR															VR									C			VR																																	VR			R			R			F									VR			R												F						F						VR			R			VR			R			R			CTZ24-D17			155.2									F									VR																		VR												VR			VR


			CTZ-92			155.0			B																																																																																																			CTZ-92			155.0			A			M																																																R									VR						R									F			VR			R																		F												F			VR			VR												R			VR												F						C									R			F			R						CTZ-92			155.0									R									VR																																	R			VR


			CTZ24-D16			153.7			B																																																																																																			CTZ24-D16			153.7			C			B									VR			VR												VR																								VR															VR									R			R																																	VR												VR																					F						F						R			VR			R			R			VR			CTZ24-D16			153.7									R									VR


			CTZ-91			153.5			B																																																																																																			CTZ-91			153.5			A			M																																																R									VR						R									F			VR			R																		R												F									VR									R			R												F						F												F									CTZ-91			153.5									R									VR


			CTZ24-D15			152.3			R			M																					VR						VR																																				VR																		VR															CTZ24-D15			152.3			A			M									VR																																							VR																								F			F			VR			VR															VR												VR			VR			VR												VR			R												F						F						F			VR			R			VR						CTZ24-D15			152.3									F			VR						R																																	VR						VR


			CTZ-90			152.0			B																																																																																																			CTZ-90			152.0			F															VR																																				F									R						F									F			F			R																														F						R															R												F						F						F			R			R									CTZ-90			152.0									B																																										VR


			CTZ24-D14			150.7			F			M															VR						VR						VR																																	F			VR												R			R			VR															CTZ24-D14			150.7			A			M									VR												VR																											R															R									C			F			VR			VR																											R			VR									VR																					R						C									R			R			VR						CTZ24-D14			150.7									R									R																																	VR


			CTZ-87			150.5			B																																																																																																			CTZ-87			150.5			A			M									VR																																																															F			C			R			R												VR			R												VR			VR			VR			VR									F			R												C			R			C						R			R			R									CTZ-87			150.5									R									R			VR																														F


			CTZ24-D13			149.3			R			M																					VR						VR																																	R															VR			VR																		CTZ24-D13			149.3			C			M																					VR																											VR									VR						R									F			R						VR															VR												VR			VR									VR						VR			F												F						F									R			R			R			VR			CTZ24-D13			149.3									R									VR																																							VR


			CTZ-85			149.0			B																																																																																																			CTZ-85			149.0			F			B									VR																																							R									VR						F									F						R																		F																		VR												R			F												C			R			R												R									CTZ-85			149.0									R									R																														VR


			CTZ24-D12			147.7			R			B															VR						VR			VR			R																																	R			R															R																		CTZ24-D12			147.7			C			B			VR						VR												VR																											F									VR						R									F			F						VR			VR																								R			VR									VR																					R			R			R						R			VR			R			VR						CTZ24-D12			147.7									R									VR


			CTZ-83			147.5			B																																																																																																			CTZ-83			147.5			C			B									VR			VR																																																												C						VR			VR															VR															VR						VR																								VR			R			F									F			VR									CTZ-83			147.5									R									R																																	VR


			CTZ24-D11			146.2			B																																																																																																			CTZ24-D11			146.2			C			M									VR																																							R			VR						R						VR									F			VR			VR			R															R															R																		F												R			R			R			VR			VR			R			VR			VR						CTZ24-D11			146.2									R									R																																	R


			CTZ-81			145.4			B																																																																																																			CTZ-81			145.4			F			B												R																																													VR															F						R																		VR															VR			VR												VR															R						C												F									CTZ-81			145.4									B


			CTZ24-D10			144.9			B																																																																																																			CTZ24-D10			144.9			C			B			R						VR												VR												VR															VR																								F			VR			VR			VR															R															VR			VR						R									F												R						F						VR			VR			F			R			VR			CTZ24-D10			144.9						R. obesa			R																																										VR


			CTZ-80			143.9			B																																																																																																			CTZ-80			143.9			B																																																																																																																																																																											CTZ-80			143.9									B


			CTZ24-D9			143.1			R			B															VR			VR			VR						VR																																	F			VR												R			VR																		CTZ24-D9			143.1			R			B			R																		VR			VR									VR																																							R			VR												VR																								VR			VR															VR												VR						VR												VR									CTZ24-D9			143.1									B


			CTZ-79			142.5			B																																																																																																			CTZ-79			142.5			B																																																																																																																																																																											CTZ-79			142.5									B


			CTZ24-D8			141.8			B																																																																																																			CTZ24-D8			141.8			F			B			VR						VR															F									VR						VR									VR																								R									R															VR															VR									VR									VR												R						R									VR			R						VR			CTZ24-D8			141.8									R									VR																																													VR


			CTZ-78			141.0			B																																																																																																			CTZ-78			141.0			R			B																																																									VR															VR						VR			VR															VR																																																			VR												VR									CTZ-78			141.0									B


			CTZ-77			140.3			B																																																																																																			CTZ-77			140.3			F			B									VR															R																								VR																								R			VR			R			R															VR															R			VR												VR			R												F						R									VR			F									CTZ-77			140.3									B


			CTZ24-D7			140.1			R																																																																		VR												VR			VR																		CTZ24-D7			140.1			F			B									VR												VR			VR									VR															VR									VR															F			R						VR			VR												R												VR			R			VR						VR			R			VR			R												VR						R									VR			R						VR			CTZ24-D7			140.1									R									VR																																							VR						VR


			CTZ-76			139.0			B																																																																																																			CTZ-76			139.0			F			B									VR												VR			VR									VR															VR															VR									F			VR			R			VR																											R			VR			VR			VR			VR						F			F												R						F												F									CTZ-76			139.0									B


			CTZ24-D6			138.8			B																																																																																																			CTZ24-D6			138.8			C			M			VR						R												R			R									VR															VR									VR						VR									F			R			VR			R			VR												R															VR									R						VR			F												F			VR			R									R			F						VR			CTZ24-D6			138.8						C. robustus			B																																																						VR


			CTZ-75			137.5			B																																																																																																			CTZ-75			137.5			C			M									VR															VR																								VR															VR									F			VR			R			R						VR																								R																		R												C			VR			F												F									CTZ-75			137.5									R									R


			CTZ24-D5			137.2			R			M																											VR																		VR																														VR			VR																		CTZ24-D5			137.2			A			M									R									VR			F												VR															VR															VR									F			F			R			F			VR									VR			F												F			F			R			F									VR			F												C			R			R									R			F						R			CTZ24-D5			137.2									R


			CTZ-73			136.0			B																																																																																																			CTZ-73			136.0			C			M									R												VR			VR															VR									R																								F			VR			VR			VR			VR									VR			VR															F			R												F			C						VR						C						F												F									CTZ-73			136.0									B


			CTZ24-D4			135.6			B																																																																																																			CTZ24-D4			135.6			B																																																																																																																																																																											CTZ24-D4			135.6									B


			CTZ-72			134.5			B																																																																																																			CTZ-72			134.5			F			M									VR															VR																								VR															VR									F			R						VR						VR						VR			VR															VR			VR			VR									R			F												F			R			C									R			R									CTZ-72			134.5									R									VR																																	VR						VR


			CTZ24-D3			134.2			F			M															R			VR			VR						VR																																	F			R												F			R																		CTZ24-D3			134.2			A			M			VR						VR												R			F									F																																							F			F			R			VR						VR						VR			F												F			R			R						R									F												R			VR			VR									VR			F						VR			CTZ24-D3			134.2									B


			CTZ-71			133.0			B																																																																																																			CTZ-71			133.0			C			M									VR															VR																								R															VR									C									R						VR									VR															R			VR			R									R			F												R			VR			R												R									CTZ-71			133.0									B


			PART A4																																																																																																									PART A5																																																																																																																																																																																	PART A6


			Sample			Depth 			Abundance			Preservation			B. spinosus			Blackites sp.			Ch. altus			Ch. oamaruensis			C. formosus			C. eopelagicus			C. pelagicus			Coronocyclus nitescens			D. deflandrei			D. saipanensis			Discoaster spp.			Helicosphaera sp.			H. clarissima			H. compacta			I. recurvus			Micrantholithus astrum			P. exilis			P. multipora			P. pygmaea			R. bisecta			R. dictyoda			R. gartneri			R. isabellae			R. reticulata			R. stavensis			R. umbilicus			S. moriformis			S. radians			Z. bijugatus			Calcareous nannofossil bioevents						Sample			Depth 			Abundance			Preservation			Actinocyclus sp.			Actinocyclus octonarius var. tenellus			Actinoptychus sp.			Aracnodiscus spp.			Azpeitia oligocenica			Azpeitia cf oligocenica			Azpeitia tubercolata/oligocenica transitional form 			Azpeitia spp.			Asterolampra spp.			Centrales			Cestodiscus aff. Intersectus			Cestodiscus fennerae			Cestodiscus cf fennerae			Cestodiscus sp. 2 sensu Fenner			Cestodiscus cf sp. 2 sensu Fenner			Cestodiscus convexus			Cestodiscus cf convexus			Cestodiscus reticulatus			Cestodiscus robustus			Cestodiscus cf robustus			Cestodischus trochus			Cestodischus sp. small			Cestodiscus spp.			Chaetoceros sp.			Coscinodiscus sp.			Coscinodiscus large			Hemiaulus subacutus			Hemiaulus subacutus
(with basal constriction)			Hemiaulus altus			Hemiaulus cf. grassus			Hemiaulus grassus			Hemiaulus polycystinorum			Hemiaulus cf. polycystinorum			Hemiaulus polycystinorum var. morsianus			Hemiaulus cf. taurus			Hemiaulus spp.			Melosira spp.			Paralia sp.			Pennales			Pennales with raphe			Pterotheca aculeifera			Pyxilla gracilis			Pyxilla reticulata			Pyxilla reticulata (P. johnsoniana Forti)			Pyxilla reticulata (P. johnsoniana var. corniculum Greville)			Pyxilla johnsoniana Greville			Pyxilla spp.			Rhaphoneis sp.			Rhizosolenia sp.			Rouxia granda			Rouxia obesa			Sceptroneis sp.			Stephanopyxis spp.			Thalassionema spp.			Triceratium spp.			Sample			Depth 			Diatom bioevents						Abundance			Bachmannocena apiculata			Corbisema astata incohata			Corbisema triacantha s.l.			Corbisema triacantha var. 1			Corbisema triacantha var. 2			Corbisema triacantha var. 3			Corbisema bimucronata			Dictyocha aspera			Dictyocha deflandrei			Dictyocha deflandrei medusoide			Dictyocha hexacantha			Dictyocha spp.			Distephanopsis crux			Naviculopsis biapiculata			Naviculopsis constricta			Naviculopsis foliacea			Naviculopsis spp.			Macrora stella


			CTZ24-D2			132.8			B																																																																																																			CTZ24-D2			132.8			R			B																								R									VR																		VR																					F			VR						VR															VR												VR			VR			VR			VR									R			VR												R			VR			R									R			VR						VR			CTZ24-D2			132.8									B


			CTZ-69			131.5			B																																																																																																			CTZ-69			131.5			C			M									VR			VR																											VR									VR																								F						R																		VR												VR			R			VR												R			F												F															VR			F									CTZ-69			131.5									R																																										VR


			CTZ24-D1			131.2			B																																																																																																			CTZ24-D1			131.2			F			M									R															R									VR						VR									VR			VR																					F			R																					R												VR			VR			VR			R												VR												VR			VR			R									F			R						R			CTZ24-D1			131.2									B


			CTZ-68			130.0			B																																																																																																			CTZ-68			130.0			C			M												VR																																																			VR									C									R						VR			VR						R															R			VR			R									VR			R									R			C			VR												R			R									CTZ-68			130.0									R									VR																																	R


			CTZ-67			128.5			B																																																																																																			CTZ-67			128.5			F			B									VR																																							VR															VR						VR			C						VR			R			VR												R												F			VR			VR			VR									VR			R									R			F															VR			F									CTZ-67			128.5									R									VR																																	VR


			CTZ-66			127.0			B																																																																																																			CTZ-66			127.0			C			M									VR																																							VR															R						VR			F						R			VR															R												R			R			R												VR			F									VR			F						R												F									CTZ-66			127.0									R									R									VR						VR																		VR						R


			CTZ-65			125.5			B																																																																																																			CTZ-65			125.5			A			M									F			VR									F			F																								R																								F			R			C			F															F												F			F			F			F									F			F						R			R			C						VR									R			F						F			CTZ-65			125.5									B


			CTZ-63			123.8			B																																																																																																			CTZ-63			123.8			C			M									VR			VR			R						R																											VR															R									F			R			C			VR															R												VR			R			R			R									VR			R									VR			C			VR			R									VR			F						F			CTZ-63			123.8									R																																										VR


			CTZ-62			118.0			B																																																																																																			CTZ-62			118.0			C			M									VR						VR						F																											VR															VR									C			R						VR															R												R			R			R			R									F			F						VR			R			C			VR															C						VR			CTZ-62			118.0									R																																										R


			CTZ-61			116.5			B																																																																																																			CTZ-61			116.5			C			M									R			VR			VR						VR												C															VR															R						VR			F						R			VR						R									F															F			R			VR									R			F												F						R												F						VR			CTZ-61			116.5						A. oligocenica			R																																										VR


			CTZ-60			115.0			B																																																																																																			CTZ-60			115.0			A			M									F			VR									VR												R																																							F			R			F			F			VR			VR									F												F			C			F			R									F			C						VR			F			A			VR			F									R			C						VR			CTZ-60			115.0									R									VR																														VR									VR


			CTZ-59			113.0			B																																																																																																			CTZ-59			113.0			A			M									VR												VR												F																														VR									F						F			C						F									C			F									F			R			R			VR									C			C						R			VR			A						F									VR			C						F			CTZ-59			113.0						C. trochus			B


			CTZ-58			111.5			B																																																																																																			CTZ-58			111.5			C			M									VR												R												R															VR																								F						F			R			VR			F									R															R			F			VR									R			F									VR			F															VR			F						VR			CTZ-58			111.5									B


			CTZ-57			110.0			B																																																																																																			CTZ-57			110.0			C			M									VR												VR												VR			VR												VR																								F									R			VR									VR			R															VR			VR			VR									F			R												C						F												F									CTZ-57			110.0						C. fennerae			B


			CTZ-56			108.5			B																																																																																																			CTZ-56			108.5			R			B												VR									VR												VR			R																																				F									R															VR															F			R												F			F						VR						F						F												R									CTZ-56			108.5									R																																										VR


			CTZ-55			107.0			C			M															F			R						R																		R			VR			F						R						C			F												F			F																		CTZ-55			107.0			C			M						VR			VR			VR									VR												R			VR												VR																								F						C			F						R									F															F			F			VR									R			F									VR			F			VR			F									VR			R									CTZ-55			107.0									R			VR


			CTZ-54			105.5			F			M			R												C															VR			VR												VR			F						F						C			C			R												F			R			VR			R						D. saipanensis			CTZ-54			105.5			C			M									VR												VR			VR									R			F												VR																								R						C			F						VR						VR			F									VR						F			R			VR									R			F												C																		F						VR			CTZ-54			105.5									B


			CTZ-53			104.0			C			M															F																																										R			C			C			R									F			C																		CTZ-53			104.0			C			M						VR						VR																					F															VR																								F						C			R									VR						F															F			R			VR									F			F												F						R												C						VR			CTZ-53			104.0									R																																																VR


			CTZ-52			102.5			B																																																																																																			CTZ-52			102.5			A			M									VR												VR												R			F						VR						R																		VR						C						C			R												VR			F															R			VR			VR									R			F												C						VR												R						VR			CTZ-52			102.5									R																																										VR									VR


			CTZ-51			101.0			B																																																																																																			CTZ-51			101.0			C			M						VR			VR												VR									F			R			VR						VR			VR			VR			VR															VR						C			R			R			R															R						VR						VR			R			VR			VR									R			F									VR			F						R												F									CTZ-51			101.0									R									VR			VR																																	R


			CTZ-50			99.5			B																																																																																																			CTZ-50			99.5			C			M																														F			R			R						VR						VR																											F			R			F						VR									R												R			VR			VR			R			VR						R			R												F															VR			F						VR			CTZ-50			99.5									R									VR


			CTZ-46			97.8			B																																																																																																			CTZ-46			97.8			R			B						VR			VR												VR									R			R			R												VR			VR																					F						R			R															VR												VR			R			VR			R									VR			VR												F																		F									CTZ-46			97.8									B


			CTZ-45			96.0			B																																																																																																			CTZ-45			96.0			C			M						VR			VR			VR									VR									VR			R			R									VR			R			VR															VR						F						F			R						VR			VR						R												VR			R			VR			R			VR						VR			R												R						R												F									CTZ-45			96.0									R			VR																																							VR			VR


			CTZ-43			93.0			C			M			R												F																											R												F			VR			C			C			F									F			C			R						F									CTZ-43			93.0			F			B						VR			VR																								F			VR																																				VR						R									VR																					VR			R			R												VR			VR												R						R												R						VR			CTZ-43			93.0									R			VR																																													VR


			CTZ-41			91.8			B																																																																																																			CTZ-41			91.8			C			M																																	VR			R									VR			R																								R						R			R															R												VR			R			R			VR									VR			R												F						VR												R						VR			CTZ-41			91.8									B


			CTZ-40			86.0			B																																																																																																			CTZ-40			86.0			C			M						VR			VR												VR									VR			C															VR																								F						R			F						VR									F												VR			F			R			VR									F			F						VR						C						R									VR			R						VR			CTZ-40			86.0									B


			CTZ-39			84.5			F			M															VR																								VR																					F			R												VR			R			VR												H. clarissima			CTZ-39			84.5			C			M						VR			VR			VR									VR									VR			R			VR						VR																														F			VR			VR																		VR															F			F												R			F			VR						VR			F															VR			C									CTZ-39			84.5									R																																							VR


			CTZ-38			83.0			F			M															VR												VR																																	VR			R												R			VR			VR															CTZ-38			83.0			A			M																					VR									R			R			F												R																								C						F			F			VR												R												VR			R			VR			R			VR						F			C												A						R									R			F						VR			CTZ-38			83.0						C. convexus			R									R																																				VR			VR			VR


			CTZ-37			81.5			F			B															F			R																					R			F												R						C			C			F						VR			C			C			F						F						R. reticulata			CTZ-37			81.5			C			M																					VR									VR															VR																											F						VR			VR						VR																					VR			R			F												VR			R												F																		R						VR			CTZ-37			81.5									R																																													VR						VR


			CTZ-36			80.0			C			M															F																																													C			F									VR			C			C																		CTZ-36			80.0			F			M									VR																					VR						VR									VR																											F			VR			F			VR																														F			R						VR						R			F						VR			VR			F			VR												VR			R									CTZ-36			80.0									R


			CTZ-35			78.5			C			M						R									F			F																																				VR						C			C			R									C			F			R															CTZ-35			78.5			F			B						VR			VR												R												VR																																	VR			VR			F			VR			R			R																														R			F			VR			VR						R			F									VR			C						R												F						VR			CTZ-35			78.5									R									VR


			CTZ-34			77.0			C			M			R									VR			C			R																					R															R						C			C												C			C																		CTZ-34			77.0			F			M									VR												VR						VR						VR			VR																														VR			VR			F			R			R			VR															VR												VR			R			F						VR						F			F									VR			F			VR															R									CTZ-34			77.0									B


			CTZ-33			75.5			A			M			VR												C																		R						R						VR									R			VR			C			R									VR			C			F						VR												CTZ-33			75.5			R			B												VR									VR												VR			VR																																				R			VR			R																		VR									VR			VR			VR			R						VR									VR												R						VR												R									CTZ-33			75.5									R									VR																																							VR


			CTZ-32			74.0			C			M			R									VR			C																		R						R						R									VR			VR			F			R												F			F			VR															CTZ-32			74.0			R			B									VR												R												VR																																				VR			F						F			VR									VR						R												VR			VR																		VR												VR						VR												F						VR			CTZ-32			74.0									R																																																VR


			CTZ-31			73.5			C			M			R												F															VR			R						VR						R												VR			C			C			R									R			C																		CTZ-31			73.5			R			B						VR			VR			VR									F												F			VR																														VR			VR			F						F			R									VR						VR												VR			VR			VR			VR			VR									VR												R																		F						VR			CTZ-31			73.5									R									VR


			CTZ-30			72.0			C			M			F												C																		VR						F			R			R									R			R			C			C									C			F			C			R						F									CTZ-30			72.0			F			M									VR												C												R																		VR																					R						R																		VR															VR			VR			VR									VR			F									VR			F																		VR									CTZ-30			72.0									B


			CTZ-29			70.5			A			M			F												C												VR						R						R			VR			VR									R			R			C			C									F						F																		CTZ-29			70.5			C			M																					C									VR			R																																							F						R			VR						VR						VR			VR												VR			R			R																																													R						VR			CTZ-29			70.5									R									VR																																				VR			VR


			CTZ-28			68.5			C			M															R															VR			R																											C			C									VR			C			F																		CTZ-28			68.5			F			B																					C												F																																							F						VR						VR												 																		VR																																																			VR			CTZ-28			68.5									B


			CTZ-27			67.0			C			M			F									VR			C												F												F						VR									R			VR			C			F												C			F			R						R									CTZ-27			67.0			F			B									VR			VR									R			VR						VR			R																																							R			VR			F			R						VR									R															VR			R						VR						F			C						R			VR			F			VR			R												R						VR			CTZ-27			67.0									R																																																			VR


			CTZ-26			65.5			C			M												VR			C												R						R												VR															C			C												C			F			F															CTZ-26			65.5			F			M						VR			VR												R			VR						VR			VR																																							R						F			F			VR			VR									R												VR			VR			VR			VR									R			F									VR			R			VR			VR												R						VR			CTZ-26			65.5									R																																													VR


			CTZ-25			64.0			C			M															F															VR			F																											C			C												F			F																		CTZ-25			64.0			A			M									R												C			R						VR			R																																							F						C			F			VR												R												F			R			R															VR												VR						R									VR			C									CTZ-25			64.0									R			VR						R															VR																					R			VR


			CTZ-24			62.5			C			M															F																														VR															C			F												F			F																		CTZ-24			62.5			A			M									VR												F			R						VR			F																																							F			VR			F			R			VR												R															VR			R												F			F									VR			F						R												R						R			CTZ-24			62.5									R									R																																				VR


			CTZ-23			61.0			C			M												VR			C			R			R									VR			VR						R																					C			C			R									F			F			R															CTZ-23			61.0			C			M									R												C									R			F																																							F			R			R			VR						VR									R												VR			VR			R												VR			R												VR															VR			VR						VR			CTZ-23			61.0									R												VR																								VR															VR


			CTZ-22			59.5			C			M															F						F												R																					R						C			F															F			R															CTZ-22			59.5			F			B																					F												VR																																							F						VR			VR															VR															VR			R												VR															VR						R												R									CTZ-22			59.5									R																																										VR


			CTZ-21			59.0			C			M															R			F			R												R																		VR									C			C			R									F			F			R															CTZ-21			59.0			A			M									R												F									VR			VR																																				VR			R			VR			F			R									VR						R															R			R																																													F									CTZ-21			59.0									R									F																																	VR


			CTZ-20			57.0			C			M			R												F			R			F																		R						VR			A									VR			C			F			R									F						F						F									CTZ-20			57.0			F			B																					R																																																			VR						R			VR															VR												VR			VR			R			VR																																										R									CTZ-20			57.0									B


			CTZ-19			56.0			A			M												VR			F																		R						R									R						R						C			F			R									F			F			F						R									CTZ-19			56.0			C			B						R						VR									R									VR			VR			VR						VR																														R			VR			F			R															VR												VR			F			R						VR																																							F									CTZ-19			56.0									R									VR																											VR									VR			R


			CTZ-17			54.5			C			M															F			R									R																																	F			F															F																		CTZ-17			54.5			C			M						VR			R			VR									R									VR												VR																														R			VR			R			VR			VR			VR									R												VR			R			R						VR																					VR																		R						VR			CTZ-17			54.5									R			VR			VR			R						VR																		VR									VR			VR						VR


			CTZ-16			53.0			C			M			R												F																		R						R									R												C			F			R						VR			R			F			R			VR												CTZ-16			53.0			C			M									VR												R			VR						R			VR			VR															VR																		VR			VR			VR			VR			F												VR			F												VR			F			R						VR			VR																																	VR			F						VR			CTZ-16			53.0									R			VR						VR																																				R			VR			VR


			CTZ-14			51.5			R			B																																																																																																CTZ-14			51.5			C			M						VR			VR			VR									VR			VR												VR			R			R									VR																		R			VR			R			R			VR															R															F			VR						VR						F			F												C						R												R									CTZ-14			51.5									R																																				VR									VR			VR


			CTZ-13			50.0			C			M			VR												F						R												R						R						VR			R												C			C												F			F			R						VR									CTZ-13			50.0			F			B						VR			VR												VR			VR																																																R			F			R			VR															R												VR			R			F																																													R						VR			CTZ-13			50.0									R									VR															VR																					VR			VR


			CTZ-12			48.5			F			B															F			R			R									VR			R																											F			F									VR						F			R															CTZ-12			48.5			C			B			VR			VR			VR			VR									R			VR									VR																																							R			R			R			F			VR												R															R			VR						VR																					VR						F												R						VR			CTZ-12			48.5									R									VR															VR																								VR


			CTZ-9			47.0			C			M															F						F									VR									R									VR												C			F									VR			R			F			R															CTZ-9			47.0			F			M						VR						VR									VR												VR																																							R			R			F			F															R															F			VR			VR																														C												F						VR			CTZ-9			47.0									R									VR


			CTZ-8			45.0			A			M															F			F									F			R			F						F						VR			R												C			F												F			F			F															CTZ-8			45.0			C			M						VR															F												VR																																							VR			VR			F			VR						VR									VR															VR			VR																																													C						VR			CTZ-8			45.0									R			VR						VR																																				R			VR


			CTZ-7			43.5			C			M															C			F			R						F			F			F						F									R												C			F												F			F			F															CTZ-7			43.5			F			M						VR			VR												VR												VR																																							R			VR			VR			VR			VR												VR															VR			R																																	R																					CTZ-7			43.5									R									VR																																							VR


			CTZ-5			42.0			B																																																																																																			CTZ-5			42.0			C			M						VR			R												R												VR						 VR												VR																					R			VR			R			VR															R															R			R																																	R												R						VR			CTZ-5			42.0									R									VR																																										VR


			CTZ-2			41.0			C			M												VR			F			R			R									VR						R												R												C			F												R			R			R						VR									CTZ-2			41.0			F			M						VR			VR												VR												VR																																							R			R			R			VR															VR															R			R						VR									VR																		R									VR			R						VR			CTZ-2			41.0									R			VR						VR


			CTZ-1			40.0			A			M			VR												R			R			R						VR			VR			R						R						VR			F						VR						F			F												F			F			F						VR									CTZ-1			40.0			C			B									VR												VR												R																																							R			R			R			R															R															R			R																																	R												R						VR			CTZ-1			40.0									R									VR


			CTA-D25			33.0			A			M												VR			R						F									VR									R			VR			R						R									C			C			R																														CTA-D25			33.0			C			M																					VR																																																R																								R			F																		R															VR																		R												F									CTA-D25			33.0									R																																																R


			CTA-D19			20.0			C			M															F						F																		F						F															C			C												F			R																		CTA-D19			20.0			R			M									R																																																												R			R																								R																		R												VR			R																																							CTA-D19			20.0									B


			CTA-D5			5.0			C			M															F						F																		R						VR									VR						C			C												F			R																		CTA-D5			5.0			R			B																																																																																																																		R															R																														R									CTA-D5			5.0									B


			CTA-D3			3.0			C			M															F						F									VR									R						R									R						C			C												F			R																		CTA-D3			3.0			F			M			R																		F																																																			F									F						VR						R			R															F			R																		VR																											C									CTA-D3			3.0									R									F																																							R


			CTA-D2			2.0			F			M															F						R																								R															F			F												R			R																		CTA-D2			2.0			C			M																					VR												F			R																																	F			C			R						R																											F			R			R									R																		F						F																					CTA-D2			2.0									R			VR																																										R			R


			PART A7																																																																																																									PART A8																																																																																																																																																																																	PART A9


			Sample			Depth 			Abundance			Preservation			B. spinosus			Blackites sp.			Ch. altus			Ch. oamaruensis			C. formosus			C. eopelagicus			C. pelagicus			Coronocyclus nitescens			D. deflandrei			D. saipanensis			Discoaster spp.			Helicosphaera sp.			H. clarissima			H. compacta			I. recurvus			Micrantholithus astrum			P. exilis			P. multipora			P. pygmaea			R. bisecta			R. dictyoda			R. gartneri			R. isabellae			R. reticulata			R. stavensis			R. umbilicus			S. moriformis			S. radians			Z. bijugatus			Calcareous nannofossil bioevents						Sample			Depth 			Abundance			Preservation			Actinocyclus sp.			Actinocyclus octonarius var. tenellus			Actinoptychus sp.			Aracnodiscus spp.			Azpeitia oligocenica			Azpeitia cf oligocenica			Azpeitia tubercolata/oligocenica transitional form 			Azpeitia spp.			Asterolampra spp.			Centrales			Cestodiscus aff. Intersectus			Cestodiscus fennerae			Cestodiscus cf fennerae			Cestodiscus sp. 2 sensu Fenner			Cestodiscus cf sp. 2 sensu Fenner			Cestodiscus convexus			Cestodiscus cf convexus			Cestodiscus reticulatus			Cestodiscus robustus			Cestodiscus cf robustus			Cestodischus trochus			Cestodischus sp. small			Cestodiscus spp.			Chaetoceros sp.			Coscinodiscus sp.			Coscinodiscus large			Hemiaulus subacutus			Hemiaulus subacutus
(with basal constriction)			Hemiaulus altus			Hemiaulus cf. grassus			Hemiaulus grassus			Hemiaulus polycystinorum			Hemiaulus cf. polycystinorum			Hemiaulus polycystinorum var. morsianus			Hemiaulus cf. taurus			Hemiaulus spp.			Melosira spp.			Paralia sp.			Pennales			Pennales with raphe			Pterotheca aculeifera			Pyxilla gracilis			Pyxilla reticulata			Pyxilla reticulata (P. johnsoniana Forti)			Pyxilla reticulata (P. johnsoniana var. corniculum Greville)			Pyxilla johnsoniana Greville			Pyxilla spp.			Rhaphoneis sp.			Rhizosolenia sp.			Rouxia granda			Rouxia obesa			Sceptroneis sp.			Stephanopyxis spp.			Thalassionema spp.			Triceratium spp.			Sample			Depth 			Diatom bioevents						Abundance			Bachmannocena apiculata			Corbisema astata incohata			Corbisema triacantha s.l.			Corbisema triacantha var. 1			Corbisema triacantha var. 2			Corbisema triacantha var. 3			Corbisema bimucronata			Dictyocha aspera			Dictyocha deflandrei			Dictyocha deflandrei medusoide			Dictyocha hexacantha			Dictyocha spp.			Distephanopsis crux			Naviculopsis biapiculata			Naviculopsis constricta			Naviculopsis foliacea			Naviculopsis spp.			Macrora stella


			LUN2-D76			71.50			B																																																																																																			LUN2-D76			71.50			A			M									VR												VR			VR																																										VR			VR			R			C			R																		VR												VR			VR			VR						VR									VR																		VR												C			R			VR			LUN2-D76			71.50									R																																																						VR


			LUN2-D75			70.00			C			M															F									R			F																																	F			R												F												VR									LUN2-D75			70.00			A			M			VR						R												VR			VR									VR																		VR									VR									VR			R			R			R																		VR															VR			R			VR									VR																					VR						R						C			VR						LUN2-D75			70.00									R			VR																																	VR


			LUN2-D74			68.50			B																																																																																																			LUN2-D74			68.50			C			B									VR												VR			R									VR																																	VR						R			R			F																		VR												VR						VR			F																																				R						C			VR						LUN2-D74			68.50									R									VR


			LUN2-D73			67.00			B																																																																																																			LUN2-D73			67.00			C			B			VR						VR			VR									VR																											VR																		VR						R			F			R																		VR																		VR			VR									VR																					R						R						R			VR			VR			LUN2-D73			67.00									B


			LUN2-D72			65.50			B																																																																																																			LUN2-D72			65.50			A			M									VR												R			R																											VR															VR						VR			C																																	VR									R			VR																											R						F						R									LUN2-D72			65.50									B


			LUN2-D71			64.00			B																																																																																																			LUN2-D71			64.00			A			M			VR						R												VR			VR									VR																																							VR			F																																				VR						VR			VR									VR												VR						R						F						R			VR						LUN2-D71			64.00									R																											VR									VR


			LUN2-D70			62.50			R			B																								VR									VR																																										VR																					LUN2-D70			62.50			F			B																		VR			VR			VR																																													VR						R			VR																																	VR			VR			R																								VR						R						F						R			VR						LUN2-D70			62.50									R																														VR						VR


			LUN2-D69			61.00			F			B															VR																																																VR												VR																					LUN2-D69			61.00			C			B																		VR			F			VR																																							VR												F																																	VR						VR			VR									VR																					R						C			VR			F			VR						LUN2-D69			61.00									B


			LUN2-D68			59.50			B																																																																																																			LUN2-D68			59.50			F			B			R						VR												R			R																																																VR			R			VR																		VR												VR						VR			VR																														F						C						R			VR						LUN2-D68			59.50									B


			LUN2-D67			58.00			B																														VR																																																																					LUN2-D67			58.00			C			B			VR						VR												R												R																																							VR			F			R						VR												VR												F						VR			VR																														C			R			C						F			VR						LUN2-D67			58.00									R																																							VR


			LUN2-D66			56.50			B																																																																																																			LUN2-D66			56.50			A			B			R						VR												VR			VR									VR																		VR												VR									VR			R			R																		VR												VR			VR			VR																																	C			VR			C						F			VR						LUN2-D66			56.50									R																											VR									VR						VR


			LUN2-D65			55.00			B																																																																																																			LUN2-D65			55.00			C			B			R																					VR									VR															VR																					VR			VR			VR			VR																		VR															VR																																				C						C						R			VR						LUN2-D65			55.00									B


			LUN2-D64			53.50			B																																																																																																			LUN2-D64			53.50			C			B									VR															VR																								VR			VR																		VR			R			F			R																		VR															VR			VR																											VR						F			R			C						R									LUN2-D64			53.50									R																																				VR


			LUN2-D63			52.00			B																														VR																																																																					LUN2-D63			52.00			C			B			VR						VR									VR						R									VR																																				VR			VR			F			VR																		VR												VR						VR																																	F			F			A						R									LUN2-D63			52.00									R									VR


			LUN2-D62			50.50			B																																																																																																			LUN2-D62			50.50			A			M									VR												VR												VR																																				R			R			F			R																		VR												VR			R			R																											VR						F			R			A						F									LUN2-D62			50.50									R																																							VR


			LUN2-D61			49.00			R			M																											VR																																																																					LUN2-D61			49.00			A			M			VR															VR						VR									VR																		VR												VR						VR			F			R			R			VR															VR												VR			R			VR																																	F			F			C						R			R						LUN2-D61			49.00									R									VR


			LUN2-D60			47.50			B																																																																																																			LUN2-D60			47.50			F			M			VR																		VR												VR																		VR									VR			R						R						R			VR																														VR						R			VR			VR																								VR			F						C						VR			VR						LUN2-D60			47.50									B


			LUN2-D59			46.00			R			M																																																												VR															R																					LUN2-D59			46.00			F			B									VR									VR?			VR			VR									VR															R												VR			R						F			VR			VR			R																														VR			VR			R			VR			VR																											R						F			VR			R			VR						LUN2-D59			46.00						R. obesa			R									VR																																	VR


			LUN2-D58			44.50			B																																																																																																			LUN2-D58			44.50			F			B			VR																																													VR															R						F									VR																																																			VR												VR																											LUN2-D58			44.50									B


			LUN2-D57			43.00			B																																																																																																			LUN2-D57			43.00			B																																																																																																																																																																											LUN2-D57			43.00									B


			LUN2-D56			41.50			B																																																																																																			LUN2-D56			41.50			C			M																					VR												R															R			VR												VR			VR									VR			R						VR																								VR			VR			R												VR			R												R			VR			C												VR			VR			VR			LUN2-D56			41.50									R									VR																																										VR


			LUN2-D55			40.00			R			B																																																												R			VR																																	LUN2-D55			40.00			C			B			VR																		VR																											R																								R			R			VR			VR						VR																								R			VR						VR						R			F												F						C									VR			R			VR						LUN2-D55			40.00									R									VR


			LUN2-D54			38.50			F			M															VR																											VR			VR															F			F												R			VR															I. recurvus			LUN2-D54			38.50			C			B																					VR												R															VR															VR									R			R			F			VR															R															VR															F			R												F						C												F			VR						LUN2-D54			38.50									B


			LUN2-D53			37.00			C			M															R			VR			R																								VR															C			R												F			F			VR												and R. umbilicus			LUN2-D53			37.00			A			M																								VR									VR															R															VR						VR			R			R			F			VR															VR												VR			R			VR						VR						F			F												F						F												R						VR			LUN2-D53			37.00									R									VR																																							VR


			LUN2-D52			35.50			C			M															R						VR																								VR															F			F			VR									R			VR																		LUN2-D52			35.50			F			B																					VR																														R												VR			VR						R			F			F			R															VR												VR			R			R			VR									C			C												F						F												R			VR						LUN2-D52			35.50									R									VR																																	VR


			LUN2-D51			34.00			C			M															VR						R						VR																		VR															C			C			VR									F			VR																		LUN2-D51			34.00			A			M																					VR																											VR			VR												VR									VR			F			F			VR															VR												VR			VR			R												F			F												F						F												VR						VR			LUN2-D51			34.00									R									R


			LUN2-D50			32.50			C			M												VR			R			VR			R						VR															VR			VR									VR						C			C			VR									F			R			VR						VR									LUN2-D50			32.50			B																																																																																																																																				VR																		VR																					LUN2-D50			32.50									B


			LUN2-D49			31.00			C			M															F						R																					VR						VR						VR			VR			F			C			VR									F			R																		LUN2-D49			31.00			R			B																																																			VR												VR									VR						VR																																	VR																														VR						VR												VR									LUN2-D49			31.00						C. trochus			B


			LUN2-D48			29.50			F			M												R			R			VR			R						R																																	F			R												R			VR			F															LUN2-D48			29.50			B																																																																																																																																																																											LUN2-D48			29.50									B


			LUN2-D47			28.00			C			M												VR			F						R						VR						VR									VR			VR															C			C												C			R									VR									LUN2-D47			28.00			R			B																					R												VR																																							VR			VR			VR																														VR			VR															R			R												R																											LUN2-D47			28.00									R																																				VR


			LUN2-D46			26.50			R			M																																																																											VR			VR																		LUN2-D46			26.50			F			B						VR			VR												R			VR									VR															VR																								VR			R						VR																											R			VR			R			VR			VR																					VR						R												F									LUN2-D46			26.50						C. convexus			R																																				VR


			LUN2-D45			25.00			R			M															R			VR									VR			VR			VR			VR									VR															F			F												R			F															D. saipanensis			LUN2-D45			25.00			R			M									VR												R												VR																																													VR			VR															VR															VR			VR												VR			VR																		VR												VR									LUN2-D45			25.00									R									VR																											VR									VR			VR			VR


			LUN2-D44			23.50			C			M			VR												R			VR			VR						VR															VR												R						C			A			VR									F			R			VR															LUN2-D44			23.50			C			M						VR			VR												F			VR									F																																							VR			R			F			R															VR															F			R						VR																					R						R									VR												LUN2-D44			23.50									R									R																																				VR						VR


			LUN2-D43			22.00			F			B												VR			VR						R						VR			R									R			VR			R			VR												F			R												F			VR									R						H. clarissima			LUN2-D43			22.00			B																																																																																																																																																																											LUN2-D43			22.00									B


			LUN2-D42			20.50			C			B						VR									R						VR			VR						VR									VR			VR			VR			VR												C			C												F			VR									VR									LUN2-D42			20.50			B																																																																																																																																																																											LUN2-D42			20.50									B


			LUN2-D41			19.00			F			B															R			VR			R																					VR			VR									VR						F			F												R			VR																		LUN2-D41			19.00			C			M									VR												F												VR																																				VR						R			C			VR															VR															F																																				VR												R									LUN2-D41			19.00									R									VR																														VR												VR


			LUN2-D40			17.50			C			M						VR									VR						VR			VR			VR			R																														C			F												R			VR			VR															LUN2-D40			17.50			B																																																																																																																																																																											LUN2-D40			17.50									B


			MLU-D11			16.10			C			M															R						VR						VR						VR						VR			VR			VR			VR												F			R												R			VR			VR															MLU-D11			16.10			A			M			VR																		R																																																VR			R			VR			VR			VR						VR									R												VR			R																																				R									VR			R									MLU-D11			16.10									R			VR


			LUN2-D39			16.00			A			M															F			VR			R									VR			VR						VR																					C			C												F			VR			VR															LUN2-D39			16.00			R			B												VR									VR												VR																																				R			VR			R			R																														VR			R			R																											VR						VR												R									LUN2-D39			16.00									R																																																VR


			LUN2-D38			14.50			C			M															R						R																		VR						VR									VR						C			C			VR			VR			F			R			R			VR												R. reticulata			LUN2-D38			14.50			F			B																																																																								R			VR			VR			VR															VR															F			R												R			F												F						VR												R									LUN2-D38			14.50									B


			MLU-D10			14.00			F			M															VR												VR																																	F			VR												VR			R																		MLU-D10			14.00			C			M																					VR			VR																																																R									VR															VR												VR			R																																	VR			F												VR									MLU-D10			14.00									B


			LUN2-D37			13.00			A			M															R						R																		VR																					C			C			VR			VR			C			F			R			R															LUN2-D37			13.00			C			M																																																																								VR						VR																														VR			R			VR						VR						C			C												F						VR												VR									LUN2-D37			13.00									B


			LUN2-D36			11.50			B																																																																																																			LUN2-D36			11.50			B																																																																																	VR																																																																																	VR									LUN2-D36			11.50									B


			MLU-D9			11.00			A			M																					VR																		VR			VR			VR			F									VR			C			VR												R			VR									VR									MLU-D9			11.00			B																																																																																																																																																																											MLU-D9			11.00									B


			LUN2-D35			10.00			A			 M															F			VR			F									VR									R			R			VR									VR						C			C			VR						F			R			VR									VR									LUN2-D35			10.00			C			B									VR												R																																																			R			VR			R			R						VR									VR															R			VR																											R						R												R						R			LUN2-D35			10.00									R									VR


			LUN2-D34			8.50			B																																																																																																			LUN2-D34			8.50			C			B						VR															VR												R																																							F			R			F			VR															VR															VR			R						VR																					VR						R												R									LUN2-D34			8.50									B


			MLU-D8			7.8			A			M															VR						VR																					VR			VR															F			R			VR						R			VR			VR									VR									MLU-D8			7.8			R			B																																																																								VR																																																									VR																		VR																					MLU-D8			7.8									B


			LUN2-D33			7.00			B																																																																																																			LUN2-D33			7.00			C			B																					VR												R																																							R			VR			R			VR															VR															R			R			VR			VR						F			R			VR						VR			F						VR												C						VR			LUN2-D33			7.00									B


			LUN2-D32			5.50			B																																																																																																			LUN2-D32			5.50			F			B									VR																								VR																																							VR			R			R			VR																														R			R												R			VR												F						R												F						R			LUN2-D32			5.50									R									VR


			MLU-D7			4.7			C			M																		VR																					VR																					C			R									VR			R			R									VR									MLU-D7			4.7			R			M									VR																																																															R			VR			VR			R															R												F			R			C			VR									R			F																		R												R						VR			MLU-D7			4.7									R																																																VR


			MLU-D6			1.8			B																																																																																																			MLU-D6			1.8			F			B																																																																																																												VR			VR																																				VR												VR									MLU-D6			1.8									B
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Table S2.pdf

“Ar total Age (Ma) Errorage Ca/K  Err.Ca/K Err. CI/K Ar/Ar

1 723 | 3.036-08| 5.26E-12 | 6.63E-09 [ 1.59E-10( 4.31E-13 11.29 | 4.03E-11| 3.91E-14 | 2.36E-11 | 8.57E-12 | 9.34E-14 | 7.94E-11| 1.296-13| 32.67 021 | 01043 | 00012 | 0.0263 | 0.0001 | 526E-03| 142E-05 |2.62E-03| 4.28E-06
2 852 | 1.02E-08| 1.24E-12 | 8.04E-09 | 1.86E-10( 4.08E-13 13.15 | 2.91E-11| 3.24E-14| 2.57€-11 | 3.95E-12 | 8.56E-14 | 7.07€-12| 1.52€-14| 33.98 0.08 | 00413 | 00009 | 0.0246 | 0.0001 | 1.83E-02| 4.02E-05 | 6.97E-04| 1.50E-06
3 953 | 5.396-09| 7.23€-13 | 3.29€-09 | 7.65E-11( 4.026-13 541 | 1.27€-11| 1.676-14 | 1.05E-11 | 4.05E-12 | 8.66E-14 | 7.03E-12| 1.52€-14| 33.80 0.18 | 01028 | 00023 | 0.0244 | 00002 | 1.42E-02| 7.47€-05 | 1.306-03| 2.82E-06
4 1001 | 3.99€-09  6.57E-13 | 2.45€-09 [ 5.76E-11| 4.27€-13 | 4.08 | 9.50E-12 | 1.49E-14 | 7.88€-12 | 3.67E-12 | 8.66E-14 | 5.16E-12| 1.17E-14| 33.44 0.25 0.1235 | 0.0031 | 00244 | 0.0002 | 1.44E-02| 1.07E-04 | 1.29€-03( 2.95E-06
5 1051 | 6.47€-09 | 1.03€-12 [ 5.16-09 | 1.20E-10| 4.29€-13| 8.52 | 1.86E-11| 2.22E-14 | 1.64E-11 | 3.63E-12 | 8.66E-14 | 4.39E-12| 1.126-14| 33.66 0.12 | 00585 | 00014 | 0.0243 | 0.0001 | 1.86E-02| 6.64E-05 | 6.79E-04| 1.736-06
6 1099 | 1.52€-08| 2.326-12| 1.39E-08| 3.26E-10| 4.69E-13 23.10 | 4.89E-11 5.07€-14| 4.456-11| 2.73E-12 | 8.44E-14 | 4.26E-12 | 1.07E-14| 33.56 0.05 | 00162 | 00005 | 0.0243 | 0.0000 | 2.14E-02| 3.10E-05 | 2.80E-04| 7.02€-07
7 1149 | 1.51E-08| 2.356-12 | 1.386-08| 3.21E-10| 3.96E-13 22.74 | 4.83E-11( 4.856-14| 4.39E-11| 1.88E-12 | 8.47E-14 | 4.40E-12 | 1.18E-14| 33.76 0.04 | 00114 | 00005 | 0.0243 | 0.0000 | 2.12E-02| 264E-05 | 2.91E-04| 7.79E-07
8 1193 | 7.25€-09 | 1.00E-12 | 5.81E-09 | 1.36E-10| 4.056-13| 9.62 | 2.11E-11| 2.62E-14 | 1.87E-11 | 1.62E-12 | 8.29€-14 | 4.836-12 | 1.186-14| 33.57 0.10 | 00231 | 00012 | 0.0244 | 0.0001 | 1.87E-02| 559E-05 | 6.66E-04| 1.63E-06
9 1256 | 4.17€-09 | 5.71E-13 | 1.02€-09 | 2.53E-11| 3.76E-13| 1.79 | 5.88E-12| 1.02E-14 | 3.62E-12 | 8.13E-13 | 8.24E-14| 1.056-11| 2.176-14| 3172 051 | 00623 | 00064 | 0.0254 | 0.0005 | 6.07E-03| 9.03E-05 | 2.53E-03| 5.21E-06
10 1287 | 1.83€-09( 4.91E-13| 9.23E-11 | 4.356-12| 3.76€-13| 031 | 1.71E-12| 5.73E-15| 5.60€-13 | 4.81E-13 | 8.17€-14| 5.82E-12| 1.26E-14| 16.75 1.61 0.2144 | 0.0409 | 0.0229 | 0.0040 | 2.38E-03| 2.06E-04 | 3.18E-03( 6.95E-06
Table S2. Analytical data are reported in this table, showing: step number, step temperature, 40Ar total, 40Ar rtainty, radic ic 40Ar, 39Ar, 39Ar rtainty, 39Ar 38Ar, 38Ar rtainty, 38ArCl, 37Ar, 37Ar inty, 36Ar, 36Ar inty, step age,

age uncertainty, Ca/K ratio and its uncertainty, CI/K ratio and its uncertainty, 39Ar/40Ar, 39Ar/40Ar uncertainty, 36Ar/40Ar, 36Ar/40Ar uncertainty.
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			CTZ-T88


			Step			T (°C)			40Ar total			Err. 40Ar			40Ar*			39Ar			Err. 39Ar			% 39Ar			38Ar			Err. 38Ar			38ArCl			37Ar			Err. 37Ar			36Ar			Err. 36Ar			Age (Ma)			Error age			Ca/K			Err. Ca/K			Cl/K			Err. Cl/K			39Ar/40Ar			Err. 39Ar/40Ar			36Ar/40Ar			Err. 36Ar/40Ar


			1			723			3.03E-08			5.26E-12			6.63E-09			1.59E-10			4.31E-13			11.29			4.03E-11			3.91E-14			2.36E-11			8.57E-12			9.34E-14			7.94E-11			1.29E-13			32.67			0.21			0.1043			0.0012			0.0263			0.0001			5.26E-03			1.42E-05			2.62E-03			4.28E-06


			2			852			1.02E-08			1.24E-12			8.04E-09			1.86E-10			4.08E-13			13.15			2.91E-11			3.24E-14			2.57E-11			3.95E-12			8.56E-14			7.07E-12			1.52E-14			33.98			0.08			0.0413			0.0009			0.0246			0.0001			1.83E-02			4.02E-05			6.97E-04			1.50E-06


			3			953			5.39E-09			7.23E-13			3.29E-09			7.65E-11			4.02E-13			5.41			1.27E-11			1.67E-14			1.05E-11			4.05E-12			8.66E-14			7.03E-12			1.52E-14			33.80			0.18			0.1028			0.0023			0.0244			0.0002			1.42E-02			7.47E-05			1.30E-03			2.82E-06


			4			1001			3.99E-09			6.57E-13			2.45E-09			5.76E-11			4.27E-13			4.08			9.50E-12			1.49E-14			7.88E-12			3.67E-12			8.66E-14			5.16E-12			1.17E-14			33.44			0.25			0.1235			0.0031			0.0244			0.0002			1.44E-02			1.07E-04			1.29E-03			2.95E-06


			5			1051			6.47E-09			1.03E-12			5.16E-09			1.20E-10			4.29E-13			8.52			1.86E-11			2.22E-14			1.64E-11			3.63E-12			8.66E-14			4.39E-12			1.12E-14			33.66			0.12			0.0585			0.0014			0.0243			0.0001			1.86E-02			6.64E-05			6.79E-04			1.73E-06


			6			1099			1.52E-08			2.32E-12			1.39E-08			3.26E-10			4.69E-13			23.10			4.89E-11			5.07E-14			4.45E-11			2.73E-12			8.44E-14			4.26E-12			1.07E-14			33.56			0.05			0.0162			0.0005			0.0243			0.0000			2.14E-02			3.10E-05			2.80E-04			7.02E-07


			7			1149			1.51E-08			2.35E-12			1.38E-08			3.21E-10			3.96E-13			22.74			4.83E-11			4.85E-14			4.39E-11			1.88E-12			8.47E-14			4.40E-12			1.18E-14			33.76			0.04			0.0114			0.0005			0.0243			0.0000			2.12E-02			2.64E-05			2.91E-04			7.79E-07


			8			1193			7.25E-09			1.00E-12			5.81E-09			1.36E-10			4.05E-13			9.62			2.11E-11			2.62E-14			1.87E-11			1.62E-12			8.29E-14			4.83E-12			1.18E-14			33.57			0.10			0.0231			0.0012			0.0244			0.0001			1.87E-02			5.59E-05			6.66E-04			1.63E-06


			9			1256			4.17E-09			5.71E-13			1.02E-09			2.53E-11			3.76E-13			1.79			5.88E-12			1.02E-14			3.62E-12			8.13E-13			8.24E-14			1.05E-11			2.17E-14			31.72			0.51			0.0623			0.0064			0.0254			0.0005			6.07E-03			9.03E-05			2.53E-03			5.21E-06


			10			1287			1.83E-09			4.91E-13			9.23E-11			4.35E-12			3.76E-13			0.31			1.71E-12			5.73E-15			5.60E-13			4.81E-13			8.17E-14			5.82E-12			1.26E-14			16.75			1.61			0.2144			0.0409			0.0229			0.0040			2.38E-03			2.06E-04			3.18E-03			6.95E-06


			Table S2. Analytical data are reported in this table, showing: step number, step temperature, 40Ar total, 40Ar uncertainty, radiogenic 40Ar, 39Ar, 39Ar uncertainty, 39Ar percentage, 38Ar, 38Ar uncertainty, 38ArCl, 37Ar, 37Ar uncertainty, 36Ar, 36Ar uncertainty, step age, 
age uncertainty, Ca/K ratio and its uncertainty, Cl/K ratio and its uncertainty, 39Ar/40Ar, 39Ar/40Ar uncertainty, 36Ar/40Ar, 36Ar/40Ar uncertainty.












