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Abstract Repeated monospecific coccolithophore dominance intervals (acmes) of specimens belonging
to the Noelaerhabdaceae family—including the genus Reticulofenestra and modern descendants Emiliania
and Gephyrocapsa—occurred during the Neogene. Such acme was recognized during the late Miocene
(~ 8.6Ma), at a time of a major reorganization of nannofossil assemblages resulting in a worldwide
temporary disappearance of larger forms of the genus Reticulofenestra (R. pseudoumbilicus) and the
gradual recovery and dominance of its smaller forms (< 5 μm). In this study we present a multiproxy
investigation of late Miocene sediments from the east equatorial Pacific Integrated Ocean Drilling
Program Site U1338 where small reticulofenestrid-type placoliths with a closed central area—known as
small Dictyococcites spp. (< 3 μm)—formed an acme. We report on oxygen and carbon stable isotope
records of multispecies planktic calcite and alkenone-derived sea surface temperature. Our data indicate
that, during this 100 kyr long acme, the east equatorial Pacific thermocline remained deep and stable. Local
surface stratification state fails to explain this acme and thus contradicts the model-based hypothesis of a
Southern Ocean high-latitude nutrient control of the surface waters in the east equatorial Pacific. Instead, our
findings suggest that external forcing such as an extended period of low eccentricity may have created favorable
conditions for the small Dictyococcites spp. growth.

1. Introduction

The lateMiocene (11.6–5.3Ma) is an apparently cryptic climatic warm interval characterized byweakmeridional
temperature gradients [Flower and Kennett, 1994; La Riviere et al., 2012] with small and dynamical ice sheets
[McKay et al., 2009] under presumably low atmospheric CO2 conditions [Pearson and Palmer, 2000; Pagani et al.,
2005; Foster et al., 2012]. La Riviere et al. [2012] proposed that the combination of a globally deep thermocline
and reduced low-latitude sea surface temperature gradients could partially explain the late Miocene warmth.
The underlying causes for this oceanic configuration and globally elevated temperatures remain unidentified.

In this complex paleoclimatic context, between 9.1Ma and 7.1Ma, the calcareous nannofossil genus
Reticulofenestra, major carbonate producer in the oceanic habitat [Marlowe et al., 1990; Henderiks and Pagani,
2007; Plancq et al., 2012], shows an abrupt decrease in their size known as the paracme of Reticulofenestra
pseudoumbilicus [Rio et al., 1990]. This paracme interval was first reported in the Indian Ocean and subse-
quently recognized in the Atlantic and Pacific Oceans [Takayama, 1993; Kameo and Bralower, 2000]. At low
latitudes, this event is identified by the temporary disappearance of the large R. pseudoumbilicus followed by
the emergence and dominance of small (<5μm) monospecific specimens (acme), while at higher latitudes,
medium-sized populations persisted.

Successions of similar acmes of species belonging to the Noelaerhabdaceae family—including the genus
Reticulofenestra and modern descendants Emiliania and Gephyrocapsa—have been reported to last for
several tens of thousands of years during the past 10Ma [Marlowe et al., 1990; Young et al., 1992; Bollmann
et al., 1998]. The mechanism for these acmes remains poorly understood.

The modern ocean distribution of coccolithophores is controlled by several factors, e.g., light, temperature,
nutrients, and water stratification [Winter and Siesser, 1994]. Changes in the ocean circulation or climate conditions
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thus influence coccolithophore growth. Parameters such as (1) nitrate and phosphate concentrations,
(2) variations in carbon or calcium budget with residence times of 100 kyr and 1 Myr, respectively, and (3) the
ocean silica budget (controlled by continental input and/or by the silica leakage mechanism) [e.g., Matsumoto
et al., 2002] control the relative success of coccolithophores versus diatoms and provide possible optimal
environmental conditions for rapid coccolithophore development. Environmental conditions have been pro-
posed to explain the small Gephyropcapsa acme zone reported by Gartner [1988] from 0.93 to 1.25Ma. Rickaby
et al. [2007] attributed the Pleistocene Gephyrocapsa caribbeanica and Emiliania huxleyi acmes to the orbital
control (eccentricity) on the silica leakage and the phytoplankton growing season length as well as the nutrient
supply from continental weathering. Alternatively, Bollmann et al. [1998] considered that the main cause
for the dominance of Gephyrocapsa during the middle Pleistocene and the E. huxleyi acme in the modern
ocean depicts an evolutionary adaptation to environmental stress.

Here our main objective was to identify the environmental drivers of coccolithophore distributions, including
acme intervals of small reticulofenetrids during the late Miocene [Backman, 1980;Marlowe et al., 1990; Young,
1990; Aubry, 1992; Beaufort, 1992; Henderiks, 2008; Pälike et al., 2010]. Our study focuses on the eastern
equatorial Pacific Integrated Ocean Drilling Program (IODP) Site U1338, where small reticulofenestrid-type
placoliths with a closed central area represent >80% of the total calcareous nannofossil assemblage, around
8.6Ma. These morphotypes are often referred to small Dictyococcites spp. (<3μm).

Although coccolithophores are major carbonate producers, their use as seawater chemistry recorder has
been limited mostly because their separation from the bulk carbonate is time-consuming task due to their
small size. In this study, we use the Minoletti et al. [2009] separation technique designed for concentrating
calcareous nannofossils to perform oxygen and carbon isotopic (δ18O, δ13C) measurements. We combined
the alkenone-derived sea surface temperatures (SSTs), δ18O, and δ13C of calcareous nannofossils and planktic
foraminifera species with distinct depth habitats (mixed layer and upper thermocline dweller) to develop the
first holistic understanding of the surface to thermocline and nutricline structure of the late Miocene equa-
torial Pacific Ocean during the small Dictyococcites spp. acme period.

2. Oceanographic Setting

Today, the equatorial Pacific is characterized by strong east-west sea surface temperature and productivity
gradients (the warmer waters being found in the western equatorial Pacific warm pool (WPWP)) and an
asymmetry of the thermocline depth (~ 50m in the east and ~150m in the west). The oceanic circulation in
the eastern Pacific is mainly controlled by the Walker cell circulation and the NE trade winds [Cannariato
and Ravelo, 1997; Kamikuri et al., 2009]. The resulting westward flowing south and north equatorial currents
(SEC and NEC, respectively) (Figure 1) cause surface waters to pile up in the west Pacific warm pool (WPWP).
The consequent eastward pressure force [Philander, 1980; Stewart, 2005] leads to the equatorial under current
(EUC) flowing 50 to 250m below the surface that shoals eastward in the eastern equatorial cold tongue.

The nitrate, iron, and silicate contents of the equatorial undercurrent (EUC) that originate in part from the
sub-Antarctic mode waters (SAMW) [Toggweiler et al., 1991] are considered as the dominant control on the
east equatorial sea surface water productivity [Loubere, 2000].

The eastern equatorial Pacific (EEP) surface productivity is characterized by the alternation of silica rich
versus carbonate-rich sedimentation resulting from the alternate accumulation of diatoms (glacial) and
coccolithophore (interglacial). These shifts in phytoplankton community at low latitudes have been attributed
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Figure 1. Equatorial Pacific map showing the position of IODP 321 Site 1338, the general modern surface and subsurface
currents and the mean annual sea surface temperatures across the equator [Levitus and Boyer, 1994]. PC: Peru current, NEC:
north equatorial current, SEC: south equatorial current, EUC: equatorial under current, NECC: north equatorial counter
current, WPWP: west Pacific warm pool, EPWP: east Pacific warm pool.
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to the “Silica Leakage Hypothesis” [Matsumoto et al., 2002]. During interglacial times, the phytoplankton species
change from diatoms to coccolithophores as a result of a low Si(OH)4 supply from the high latitudes where,
under present Fe-limited conditions, diatoms silicify heavily [Franck et al., 2000] and use up most of the Si
upwelled around Antarctica. During glacial, when Fe is not limited, Si(OH)4 that is not consumed can be
transported in the SAMW and feed the EEP thus favoring the diatom production over coccolithophores
[Brown and Yoder, 1994; Egge and Aksnes, 1992].

Sediments at the IODP Site U1338 were deposited above the calcite compensation depth on an 18Ma old
crust and remained in the equatorial zone (± 2° of the equator) during the Miocene and Pliocene (18 to 3Ma)
[Pälike et al., 2010]. Today, the core is located between the warm waters of the East Equatorial Warm Pool
(EEWP) to the North, and the Cold Tongue around 1°S [Deser and Wallace, 1990] (Figure 1).

We aim to reconstruct paleoceanographic change during the small Dictyococcites spp. acme through an
integrated geochemical study using multiple species of planktic foraminifera coupled with nannofossil size
segregated oxygen and carbon isotopes and alkenone-derived sea surface temperature.

3. Material and Methods
3.1. Sample Location and Collection

The 415m thick sediment sequence at Site U1338 (2°30.469’N, 117°58.178’W—4200m water depth) con-
sists of well-preserved biogenic oozes [Fox and Wade, 2013] dominated by calcareous nannofossils with
variable contributions of foraminifera, diatoms, and radiolaria. In the late Miocene to early Pliocene, several
intervals show dominance of Dictyococcites <3 μm or small Sphenolithus spp. We analyzed 50 samples
from core U1338C-20H, corresponding to the acme of small Dictyococcites spp. (<3 μm) above the base
of the R. pseudoumbilicus paracme, which was identified between samples U1338C-20H-6-110 cm and
U1338C-20H-CC within Zone NN10 [Pälike et al., 2010]. A ~10 kyr temporal resolution was used in the
interval from 8.81Ma to 8.38Ma.

3.2. Methods

Calcareous nannofossil assemblage counts were conducted following methods described by Backman and
Shackleton [1983] and Flores et al. [1995]. All counts were performed using a Zeiss Axioscope cross-polarizing
microscope at 1600Xmagnification. On average, 580 nannofossils were counted for each smear slide. In order
to capture the full variability of the upper water column, stable isotope measurements were conducted on
two planktic foraminifera species Globorotalia menardii and Dentoglobigerina venezuelana. D. venezuelana
isotopic measurements were restricted to the 300–355μm size fraction (as inWade et al. [2007]). These species
were present throughout the study interval, though G. menardii was too rare in some horizons to perform
reliable isotope measurements.

Mixed calcareous nannofossil fine fraction (NF) dominated by Coccolithus pelagicus and Calcidiscus leptoporus
was isolated using the Minoletti et al. [2009] separation technique. Additional smear slides of the NF
fractions were prepared and about 200 liths were counted and measured in light microscopy using a
cross-grid graticule to quantify the taxonomic compositions. Counts and size measurements were
converted into volume contribution of each species following the approach of Young and Ziveri [2000]
using given shape factors and average length for each nannofossil species. Because the separation
technique is time consuming, δ18O and δ13C measurements on the NF fractions were carried out only
on 16 samples (Table 2) to assess the evolutionary trends of the environmental conditions in the
photic zone.

Oxygen and carbon stable isotope measurements were performed on a Finnigan Delta E mass spectrometer.
CO2 was extracted with anhydrous orthophosphoric acid at 50°C. The δ18O and δ13C values are expressed
in per mil relative to the V-PDB standard reference (Vienna PeeDee Belemnite). The analytical precision is
estimated to be ±0.1‰ for δ18O and ±0.05‰ for δ13C.

The C37 alkenone concentrations were determined on the entire sample set (50 samples). About 6 g of
sediment was freeze dried, extracted with organic solvents, and partitioned into compound classes by silica
gel chromatography following the procedure of Sicre et al. [2001]. Gas chromatographic analyses were performed
using a Varian 3400CX series equipped with a Septum Programmable Injector and a flame ionization detector
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using a fused silica capillary column (Chrompack CP Sil8, 50m long, 0.32mm internal diameter, 0.25μm film
thickness). Helium was used as a carrier gas. Alkenone concentrations were calculated using 5α-cholestane as an
external standard added to the alkenone fraction prior injection. The Uk’

37 index (U
k’
37 = C37:2/(C37:2 + C37:3)

was calculated from the C37 alkenones to derive SSTs using the global calibration of Conte et al. [2006]
T=�0.957 + 54.293 Uk’

37 � 52.894 (Uk’
37)

2 + 28.321 (Uk’
37)

3, providing better adjustment for warmer sea
surface temperatures than the linear fit of Prahl et al. [1988]. The mean standard error of the estimated
temperature is ±1.2°C [Conte et al., 2006].

3.3. Age Model

The late Miocene average linear sedimentation rate at Site U1338 has been estimated from
biomagnetostratigraphic at 2.2 cm/kyr [Pälike et al., 2010]. Here we focus on the 171.92–180.82m
interval (Core 1338C-20H), falling between the top of Thalssiosira burckliana (161.17m; 7.84Ma)
[Backman et al., 2013] and the Chron C4An/C4Ar.1r boundary (189.39m; 9.098Ma) [Pälike et al., 2010].
During this interval, the available age diagnostic data (calcareous nannofossil, diatom, radiolaria, and
magnetostratigraphic) [Pälike et al., 2010] do not perfectly fit the long-term age model. Therefore, an
alternative biomagnetostratigraphic-based age model is presented (Table 1). Because of this discrepancy, we
choose to present our data set versus depths. All depths refer to the CCCSF-A (m) scale (meters compressed
composite depth) using the splice by Wilkens et al. [2013].

4. Results
4.1. Calcareous Nannofossil Assemblage Compositions

The calcareous nannofossil diversity along the studied interval is relatively lowwith a generally good tomoderate
preservation. However, three intervals show evidence of strong dissolution (179.64, 179.82, and 180.00m). The
assemblage composition is dominated by small Dictyoccocites spp. accounting on average for 66%. The
secondmost abundant taxa, Sphenolithus abies, accounts for ~20% of the total assemblage. The other species
that were identified in this interval (Reticulofenestra haqii, Minylitha convallis, Calcidiscus leptoporus,
Coccolithus pelagicus, and Discoaster spp.) are minor (< 5% of the total assemblage).

Dominance of small Dictyococcites spp. is particularly pronounced between 177.46 and 175.94m, whereas
minor taxa (Figures 2a and 2b) remain low and show little variability.

Based on the CaCO3 content at Site U1338 [Lyle and Backman, 2013], total calcareous nannofossil abundance, and
the relative abundance of small Dictyococcites spp., five stratigraphic units (A–E) have been defined (Figure 2)

1. Unit A (180.82–178.81m) is characterized by high CaCO3 content varying between 60 and 75% and low
calcareous nannofossil abundances. Small Dictyoccocites spp. dominate, accounting for 40 to 75% of
the total assemblage.

2. Unit B (178.81–177.46m) is defined by a concomitant increase of carbonate content and the number of
calcareous nannofossils. Small Dictyoccocites spp. show a significant increase, up to 80% of the total
assemblage by the end of the Unit B.

Table 1. Age and Depth of Datum From Site U1338 Used for the Age Model in This Studya

Datum Age (Ma) Depth (CCCSF-A) Depth Error

D T Thalassiosira burckliana 7.84 161.17m 0.97m
N B Discoaster berggrenii 8.29 164.25m 0.625m
D T Thalassiosira yabei 8.44 173.3m 0.75m
R T Botryostrobus miralestensis 8.59 179.9m 1.48m
R B Didymocyrtis penultima 8.51 179.9m 1.48m
R B Spongaster bermingahami 8.76 183.0m 1.94m
M C4An/C4Ar.1r 9.098 189.39m

aAges for polarity chrons (M) and for base (B) and top (T) occurrences of calcareous nannofossils (N), diatoms (D), and radi-
olarians (R) and their depths are from Pälike et al. [2010]. No planktic foraminiferal bioevents were useful in the studied interval
because many marker taxa had rare or sporadic occurrences [Hayashi et al., 2013]. All depths refer to the CCCSF-A (m) scale
(meters compressed composite depth), corresponding to the corrected depth scale (CCSF-A) based on the splice by Wilkens
et al. [2013], divided by a factor of 1.107 for conversion to CCCSF-A depths (refer to Pälike et al. [2010]).
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3. Unit C (177.46–175.94m) corresponds to the maximum dominance of small Dictyococcites spp.,
representing on average 90% of the total assemblage. The total number of calcareous nannofossils and
CaCO3 contents (between 60 and 82%) are the highest.

4. Unit D (175.94–173.39m) corresponds to the onset of the decrease of small Dictyococcites spp. relative abun-
dances and of the number of calcareous nannofossils, while the carbonate content remains high (~ 75%).
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Figure 2. (a and b) Selected calcareous nannofossil absolute abundance record from Site U1338 given per mm2. (c) Also
reported the CaCO3 content [Lyle and Backman, 2013] and the absolute total number of nannofossils. (d) The evolution of
the C37 alkenone concentrations in the studied interval. (e) The grey-shaded unit C (see text for explanations) corresponds to
the interval of maximum relative abundance of small Dictyococcites spp. in the calcareous nannofossil assemblage.
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5. Unit E (from 173.39m) is characterized by a significant contribution of R. haqii (20%), while small
Dictyococcites spp. account for 20% and S. abies for 30% of the nannofossil assemblage. Similar to unit
D, total calcareous nannofossils are low and carbonate content average 70%.

4.2. Alkenone Concentrations and SSTs

C37 alkenone concentrations (Figure 2d) vary between 24 and 526 ng/g of dry-weight sediment with a
gradual decrease during units A and B. During intervals C to E, values remain stable and low ~ 70 ng/g. The
Uk’
37 values range from 0.94 to 0.98, translating into SSTs varying between 27°C and 28°C (Figure 3a) which

fall within the SST uncertainties. Accordingly, we consider that the SSTs remain stable, and high at 27–28°C,
over the studied interval.
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Figure 3. Alkenone-derived calculated (a) SSTs and (b) δ18O, and (d) δ13C signatures of the planktic foraminifera species
G.menardii andD. venezuelana and the calcareous nannofossil separated fraction (NF), respectively, in blue, orange, and green.
(c) Vital effect corrected δ18O of calcareous nannofossil separated fraction NF (as discussed in the text and Table 2). The vital
effect correction of +0.3‰ has been applied to the δ18O values of G. menardii, [Bouvier-Soumagnac and Duplessy, 1985]
(D. venezuelana has not been corrected). The thick blue and orange lines correspond respectively to the smoothed curves
(5 points) for G. menardii and D. venezuelana obtained using Analyseries 2.0 [Paillard et al., 1996]. The grey-shaded unit
C corresponds to the maximum abundance interval of small Dictyococcites spp.
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4.3. Stable Isotope Results

The planktic foraminifera species D. venezuelana and the NF fraction yield parallel δ18O and δ13C evolutions
(Figures 3b and 3d). The NF fraction records the highest isotopic amplitude variability throughout the studied
interval, especially for δ13C (Figure 3d).

During unit A, δ18O of NF and the G. menardii decrease by 0.5‰ and D. venezuelana by 0.8‰. The δ18O and
δ13C of all records increase significantly during unit B (1‰ for NF and 0.5‰ for G. menardii and D.
venezuelana), reaching maximum values at the beginning of the unit C (~ 177.5m). While δ18O remain
generally high until the end of unit C, δ13C drop to lower values from 177.5m to 177m (by 1‰ for NF
and ~0.4‰ for both foraminifera). During unit D, δ18O continuously decrease, reaching minimum values
at the end of this unit and remain stable and low until the end of the studied interval.

The NF fraction displays systematically lighter δ18O and δ13C values compared to D. venezuelana and
G. menardii, with δ18O values ranging from �0.97‰ to 0.06‰ and δ13C varying between �0.05‰ and
1.27‰ (Table 2 and Figures 3b and 3d). G.menardii has the most positive δ13C (between 1.27‰ and 2.16‰),
while D. venezuelana show intermediate values ranging from 0.69‰ to 1.85‰.

During unit C, G. menardii yield the most positive δ18O values, whereas in the other units, δ18OG. menardii are inter-
mediate betweenNFandD. venezuelana, δ18OD. venezuelanabeing slightlymore positive than δ18OG.menardii (Figure 3b).

5. Discussion
5.1. Biogenic Carbonate Supply

The strong correlation between the total number of nannofossils and small Dictyococcites spp. (R2 = 0.95) and
the low variability of the minor taxa indicate that calcareous nannofossil production has been dominated by
this single species for almost 100 kyr.

The correlation between CaCO3 and the number of nannofossils (Figures 2a and 2c) observed in units B and C
indicates that there is an increase of carbonate burial due to the increase of small Dictyococcites spp. However,

Table 2. Isotopic Signature of the NF Fraction (δ18ONF) and Vital Effect Correction (δ18ONF eq)
a

Sample Depth (m)
δ18ONF
(Per Mil)

NF Fraction Composition
(Volumic Percentage)

δ18ONF eq
(Per Mil)

C. leptoporus
l=6μm

C. pelagicus
l=6μm Otherb

20H-2, 8 173.5 �0.94 24 65 11 0.25
20H-2, 48 173.86 �0.87 20 71 9 0.16
20H-2, 128 174.58 �0.35 24 66 10 0.25
20H-3, 88 175.58 �0.55 19 74 7 0.14
20H-3, 128 175.94 �0.09 35 55 10 0.46
20H-4, 8 176.21 �0.36 33 53 15 0.45
20H-4, 48 176.57 �0.32 38 50 12 0.53
20H-4, 108 177.11 �0.52 45 45 10 0.65
20H-5, 8 177.57 0.06 44 47 9 0.62
20H-5, 48 177.93 �0.18 39 46 15 0.58
20H-5, 68 178.11 �0.06 26 61 13 0.31
20H-5, 146 178.81 �0.94 17 67 16 0.13
20H-6, 28 179.1 �0.97 25 58 17 0.31
20H-6, 68 179.46 �0.62 20 71 9 0.17
20H-6, 108 179.82 �0.63 24 65 11 0.25
20H-6, 128 180 �0.41 22 68 10 0.21

aRelative volumic calcite contribution of the main coccolith species is reported. The mean length for C. pelagicus
and C. leptoporus used for their volume calculations is l based on Young and Ziveri [2000] approach. The photic zone
equilibrium isotopic signature estimation is δ18ONF eq using vital effect corrections of �1.1‰ for C. leptoporus
[Candelier et al., 2013] and +0.2‰ for C. pelagicus [Ziveri et al., 2003].

bThe species C. pelagicus and C. leptoporus dominate the NF fraction, the other constituents (Other) account for only
10% in average of the fraction and consist mainly in Discoaster spp. and S. abies for which the oxygen isotopic biologic
fractionations are unknown. Because of their low contribution they have been neglected in the calculation of δ18ONF eq.
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during unit A and from unit D and thereafter, the total number of calcareous nannofossil decreases, while the
carbonate content remains high (around 80%), reflecting a shift in the carbonate source before and after unit C.

The Cenozoic ancestors of Gephyrocapsa oceanica and E. huxleyi evolved from the Reticulofenestra/Dictyococcites
plexus [Marlowe et al., 1990; Young et al., 1992; Henderiks and Pagani, 2008], it is thus likely that the members of
the Reticulofenestra-Dictyococcites-Gephyrocapsa-Emiliania lineage have had similar ecological preferences.
Modern E. huxleyi and Gephyrocapsa spp. are cosmopolitan species with a wide environmental tolerance
[Rickaby et al., 2007], both species being able to grow rapidly and form large blooms [Bollmann et al., 1998;
Wang et al., 2003] out competing other species at high light levels [Nanninga and Tyrrell, 1996]. By analogy, the
small Dictyococcites spp. may have been able to take advantage of the changing environmental conditions
thereby out competing other species—resulting in a significant increase in biogenic carbonate burial.

To investigate the causes of their sudden dominance in the total carbonate production in unit C, we
reconstructed environmental conditions of the upper water column.

5.2. Stable Isotope Record and Upper Water Column Structure
5.2.1. Depth Distribution of the Foraminifera Species
δ18O and δ13C of planktic foraminifera species G.menardii and D. venezuelanawere used to assess properties of
the upper water column. G.menardii is believed to calcify in the upper thermocline (100–200m) [Schweitzer and
Lohmann, 1991], possibly depth migrating with the chlorophyll maximum zone [Fairbanks et al., 1980; Watkins
et al., 1998], but the depth habitat of D. venezuelana is still open to discussion. Stewart et al. [2012] suggested
that the latter species might have shifted its calcification depth from the mixed layer, to the thermocline
(from late Oligocene to early Miocene) and to the subthermocline waters (from mid-Miocene to younger age).
Here we evaluate the calcification depth of D. venezuelana, by comparison with the NF fraction taken as the
isotopic reference for the mixed layer where the calcareous nannofossils calcify [Okada and Honjo, 1973].

Assuming that the more positive carbonate δ18O values are found in deeper waters (because of decreasing
temperature and increasing salinity, δ18Ow), the observed isotopic offset between the NF fraction and the
upper thermocline dweller G. menardii is consistent with their respective depth habitats. The δ18O of D.
venezuelana lying between NF and G.menardii (Figure 3b) suggests a calcification depth between the mixed
layer and the upper thermocline. Unlike δ18O, the carbonate δ13C decreases with depth. This essentially
reflects the fact that phytoplankton preferentially use 12CO2 during photosynthesis which thus increase the
δ13CDIC and that heterotrophic organisms reintroduce 12CO2 back into the Dissolved Inorganic Carbon (DIC)
pool at depth via respiration [Kroopnick, 1974]. However, as shown in Figure 3d, NF records the lightest δ13C
which conflicts with the relative bathymetric distribution of coccoliths and G. menardii.

Several parameters influence the isotopic composition of biogenic calcite among which species-specific vital
effects. Modern coccoliths are known to exhibit a nearly 5‰ array of interspecific vital effects in δ18O [Dudley
and Goodney, 1979;Dudley et al., 1986] and δ13C [Ziveri et al., 2003; Rickaby et al., 2010]. Isotopic disequilibrium
is also observed for several species of planktic foraminifera [Spero and Lea, 1996; Bemis et al., 2000].

Vital effects (δ13C) are related to a series of complex physiological factors such as photosymbionts, respiration
and carbonate ion concentrations for foraminifera [Mulitza et al., 1997], photosynthesis rates, and cell sizes for
coccolithophores [Ziveri et al., 2003; Rickaby et al., 2010; Bolton et al., 2012; Bolton and Stoll, 2013]. Because the
carbon isotope vital effects are still poorly constrained, we will only correct for the vital effect on the δ18O.

The use of polyspecific NF fractions raises the problem of whether the relative contribution of different species
with different vital effects could partially overwhelm or bias the isotopic signals [Stoll, 2005]. Ziveri et al. [2003]
proposed a correction of +0.2‰ on the δ18O of C. pelagicus based on culture experiments that was confirmed
by recent studies showing that this species calcifies close to equilibrium [Stevenson et al., 2014]. Additionally,
Candelier et al. [2013] found a �1.1‰ offset from equilibrium calcite in modern C. leptoporus.

Although little is known about vital effects through geological times, recent study by Bolton and Stoll [2013]
suggests that the large oxygen and carbon vital effects (> 1‰) recorded in modern coccoliths appeared only
during the latest Miocene. As the vital effect corrections proposed by Candelier et al. [2013] and Ziveri et al.
[2003] for C. pelagicus and C. leptoporus are close or under 1‰, we believe that they are consistent with the
Bolton and Stoll [2013] model. Using these estimates and the relative proportion of these two calcareous
nannofossil species in the separated fractions, we applied a vital effect correction on the δ18ONF (Table 2 and
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Figure 3c). Finally, although nonspinose planktic foraminifera are considered to have limited vital effects
[Fairbanks et al., 1980, 1982], we also applied a correction of +0.3‰ on the δ18O values of G. menardii, as
suggested by Bouvier-Soumagnac and Duplessy [1985] (Figure 3c).

Vital effects corrected δ18O of NF (δ18ONFeq) and G. menardii (δ18OG.menardii eq) are still consistent with their
relative water depth distribution, with δ18O varying from 0.13‰ to 0.65‰ and from �0.3‰ to 1.1‰, re-
spectively (Figure 3c). RegardingD. venezuelana, our δ18O data indicate that specimens from 300 to 355μm size
fraction calcified exclusively in the mixed layer, in agreement with δ18ONFeq. Based on these observations, we
suggest that D. venezuelana (300–355μm) was a mixed-layer dweller during the late Miocene. Our data are at
odds with previous studies suggesting migration of D. venezuelana to subthermocline waters during the mid-
Miocene [Stewart et al., 2012, and references therein]. We postulate the smaller<355μm individuals aremixed-
layer dwellers throughout their range and that larger (adult) specimens of D. venezuelanamigrate through the
water column and that this migration through ontogeny has been a feature throughout their lineage.
5.2.2. Upper Water Column Structure
The δ18O of planktic and benthic foraminifera display similar long-term trends between 10Ma and 7Ma
[Rousselle et al., 2013] interpreted as reflecting the Antarctic ice sheet volume. Changes of the upper water
column stratification were estimated from the difference between the isotopic values of the mixed-layer
foraminifera species D. venezuelana and upper thermocline dweller G.menardii after removing the global ice
volume effect. Oxygen gradient (Δδ18O G.menardii-D.venezuelana) variations gauge the thermocline depth
changes [Mulitza et al., 1997], while the carbon isotopic gradients (Δδ13C D.venezuelana -G.menardii) provide some
hints into the surface water nutrient profile [Nathan and Leckie, 2009]. The shoaling of the thermocline and the
nutricline leads to an increase of the δ18O gradient and a reduced δ13C gradient between the upper thermo-
cline and mixed layer.
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Figure 4. Main results of our study compared with eccentricity and insolation at the equator. (a) Oxygen and carbon isotopic gradients between upper thermocline and
mixed-layer species G.menardii and D. venezuelana, (b) small Dictyococcites spp. relative abundance in the calcareous nannofossil assemblage (c) alkenone-derived SSTs,
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The Δδ18OG. menardii-D. venezuelana gradient (Figure 4a) shows a broad increase from 178.47m to 176.10m of
~1‰ covering half of unit B and unit C. From 176.10m to 175.5m, values drastically decrease by the same
amount at the onset of unit D and remained relatively stable and low until 172.2m. Those fluctuations of the
δ18O gradient indicate a deep thermocline during units A, B, D, and E, shoaling to its shallowest position at the
very end of unit C, around 176.10m (Figure 4a).

According to the relative depth distribution of D. venezuelana (mixed layer) and G. menardii (upper
thermocline), we would expect the Δδ13C D.venezuelana-G.menardii to be positive (Figure 4a), while we
observe negative values varying between �0.94 and �0.06‰. An interspecific δ13C vital effect is the
most likely explanation for this discrepancy. The δ13C offsets from equilibrium are unknown for D.
venezuelana and G. menardii. However, based on our Δδ13C gradient values, we suggest the minimum
δ13C interspecific vital effect correction should be around +1‰, which is in agreement with studies of
modern foraminifera cultures and plankton tows [e.g., Spero et al., 2003; Bemis et al., 2000; Ortiz et al.,
1996]. As a consequence, we interpret only the trends of the uncorrected Δδ13C D.venezuelana -G.menardii.

Figure 4a shows that the δ13C and δ18O gradients either yield parallel trends (units A and B) or do not correlate
(units C and D), indicating that the thermocline and nutricline depths evolved independently throughout the
interval studied.

Different scenarios could explain the observed nutricline and thermocline behavior:

According to Cannariato and Ravelo [1997], change in the nutrient regeneration depth or a stronger seasonality
in surface nutrient concentrations could account for such Δδ13C changes. In this latter case, this would imply
that G. menardii and D. venezuelana calcified at different seasons. Nathan and Leckie [2009] hypothesize en-
hanced seasonality based on foraminifera species diversity changes, at 8.6Ma in the western equatorial Pacific
Ocean Drilling Program (ODP) Site 806. However, this information is not available at Site U1338.

Alternatively, foraminifera depthmigration could also be the cause of the observed oxygen and carbon isotopic
gradients between the mixed layer and the thermocline. Based on the similarity between D. venezuelana
and the NFeq isotopic variation amplitudes (Figure 3c), it is unlikely that D. venezuelana in the 300–355μm
size fraction migrated out of the mixed layer. However, Fairbanks et al. [1980] andWatkins et al. [1998] mention
that the depth distribution of G. menardii is tightly coupled to the depth of the chlorophyll maximum. In
the modern ocean, the δ13CDIC, temperature, and salinity gradients within the upper pycnocline are steep
[Fairbanks et al., 1982], a small downward migration of G.menardii in the upper thermocline could significantly
increase both the δ13C and δ18O gradients. Either hypothesis is difficult to assess with our data set. However,
some lines of evidence tend to favor the depth migration of G. menardii.

First, as mentioned previously, during units B and C the carbonate production is dominated by the small
Dictyococcites spp. This high primary production in unit C, together with a shallow thermocline should have
favored high abundances of G. menardii [Thunell and Reynolds, 1984; Martinez et al., 1998; Andreasen and
Ravelo, 1997]. However, although no foraminifera counts were performed for this study, well-preserved
G. menardii were present in unit C but in very low abundances.

Second, the depth shifts of the thermocline derived from the Δδ18O are not supported by alkenone SSTs that
indicate warm and stable conditions (Figure 4c). This suggests that the thermocline shoaling during unit C did
not influence the mixed-layer temperatures, which is in agreement with La Riviere et al. [2012]. According to
these authors, during the Miocene, the equatorial Pacific thermocline was deep and homogenous as also
suggested by the long-term alkenone-derived SST record for Site U1338, indicating continuous stable and
warm surface temperatures between ~12 and 7Ma [Rousselle et al., 2013].

Altogether, the stable and warm SSTs, the deep thermocline, and the decrease of G. menardii abundances in
unit C indicate that the observed oxygen and carbon isotopic gradients are biased by the depth migration of
G. menardii that artificially enhance the amplitude of the thermocline and nutricline vertical variations.

5.3. Late Miocene Small Dictyococcites spp. Acme: Local or Global Environmental Control?

Based on our reconstruction of environmental conditions, the surface ocean stratification fails to explain the
small Dictyococcites spp. dominance. Our results indicate that the acme occurred in warm surface waters,
with low nutrient supply as the thermocline remained deep. The success of small Dictyococcites spp. at Site
U1338 may thus be related to external forcing.
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Studies on more recent coccolithophore acmes provide several hypothesis which may explain this late Miocene
small Dictyococcites spp. acme, among which the “Silica Leakage Hypothesis” from the Southern Ocean and the
orbital control on the opportunistic coccolithophores [Rickaby et al., 2007]. Because of limited interactions between
the thermocline and the mixed layer where small Dictyococcites spp. develop, the “Silica Leakage Hypothesis”
does not adequately explain the observed calcareous nannofossil production increase (Figures 2 and 4).

The benthic foraminifera δ18O decrease (~0.4‰ ODP Site 1085) [Westerhold et al., 2005] around 8.5Ma and
evidences for successive subglacial meltwater discharges from the East Antarctic Ice Sheet in the Ross Sea
area, between 9 and 8Ma [McKay et al., 2009], point to reduced ice volume. According to Koutavas et al.
[2002], under such conditions calcareous phytoplankton production dominate because of lower silica
leakage from the Southern Ocean. The resulting Si-depleted waters might have fed the EUC, but since we do
not observe a shoaling of the thermocline in the EEP as also found by La Riviere et al. [2012], high-latitude
control of the equatorial productivity can be ruled out. In that context, we suggest that light intensity likely
played the most important role in the small Dictyococcites spp. dominance at Site U1338.

Rickaby et al. [2007] proposed that coccolithophore acme events might be related to eccentricity through
its influence on light intensity and coccolithophore growing season length. We cannot conclusively test
this hypothesis because our age model relies on biostratigraphic age control with inherent depth errors
(see section 3.3 and Figure 4), which prevents us from accurate comparison with the orbital timescale.
However, regardless of the depth and timing errors, the onset and peak of small Dictyococcites spp.
production coincides with a period of low-eccentricity variability [Laskar et al., 2004]. We speculate, that the
match between the low-eccentricity interval and the small Dictyococcites spp. acme agrees with the hypothesis
made by Rickaby et al. [2007] for the Pleistocene E. huxleyi and G. caribbeanica acmes. These authors interpreted
such events as reflecting the adaptation response of opportunistic species to stable insolation conditions
during low-eccentricity interval [Richmond et al., 2005]. Whether this orbital theory may stand by itself to explain
the success of the late Miocene small Dictyococcites spp. acme remains an open question.

6. Conclusions

Our multiproxy geochemical study sheds new light on sea surface conditions of the EEP during the late Miocene
small Dictyococcites spp. acme. Our data indicate that the EEP thermocline was deep and stable during the acme
period, around 8.6Ma, in agreementwith previous results from La Riviere et al. [2012]. We also show that the small
Dictyococcites spp. production and dominance were likely independent of SSTs. Our reconstruction of the surface
conditions of the EEP does not support the idea of a Southern Ocean control of nutrient supply during this
interval. Instead, we speculate that this acme would, in part, be caused by low-eccentricity and low-insolation
variability at the equator, favoring the dominance of potentially high light intensity adapted species according to
the hypothesis put forward by Rickaby et al. [2007] for Pleistocene E. huxleyi and G. caribbeanica acmes.
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