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Abstract Modern biogeochemical conditions of the Eastern Equatorial Pacific (EEP) region are
characterized by high macronutrient concentrations but low phytoplankton abundance due to both
iron and silicic acid limitation. Since primary producers significantly impact the global carbon cycle,
paleoproductivity in relation to climate change and nutrient availability in this region has been a topic of
a number of studies. However, the complex dynamics of this region, especially east of the Galapagos
Islands, has led to some discrepancies when linking reconstructed paleoproductivity with potential
mechanisms for higher primary productivity. Here we focus on reconstructing primary productivity of
haptophyte algae and diatoms, as well as continental material input, sea surface salinity, and sea surface
temperature, and compare these reconstructions with existing records for the period comprised between
150 and 110 ka (the penultimate deglaciation period) with the aim to understand the mechanisms that
most significantly influence phytoplankton growth over the EEP region east of the Galapagos Islands.
Our results suggest enhanced upwelling in the EEP system during the penultimate deglaciation and
increased phytoplankton abundance mainly as the result of both the increasing influence of nutrient‐rich
Southern Ocean sourced waters through the Equatorial Undercurrent and a higher input of iron through
atmospheric deposition. The highest phytoplankton abundances recorded at the study site during the
penultimate deglaciation also suggest that maximum input of nutrients might have occurred during the
millennial‐scale event Heinrich Event 11 in the North Atlantic as a result of global atmospheric and
oceanic reorganizations.

1. Introduction

Oceanic primary producers play a determinant role in global biogeochemical cycles. In this regard, marine
phytoplankton represents a key element of the global carbon cycle since it is a main driver for the transfer of
CO2 from the atmosphere to the deep ocean and thus exerts an important control on global climate (Sigman
& Boyle, 2000). Due to the strong impact that phytoplankton growth can have on the carbon cycle, both at
short and long time scales, improving the knowledge on the biogeochemical processes and feedbacks
involved in primary productivity (PP) at different space and time scales is an important aspect to understand
how the Earth's system will respond to the current global climate change.

An interesting region to study past changes and dynamics in PP is the Eastern Equatorial Pacific (EEP)
(Figure 1) because it is affected by one of the largest upwelling zones in the world, the Equatorial Pacific
Cold Tongue, that today acts as a major ocean‐to‐atmosphere CO2 source (Graham & White, 1988;
Takahashi et al., 2009). This upwelling area is a low‐silicate, high‐nutrient, low‐chlorophyll region and is
characterized by high nitrogen and phosphorus concentrations but low phytoplankton abundance due to
both iron and silicic acid limitation (Brzezinski et al., 2011; Dugdale et al., 1995). Therefore, changes in
biogeochemical properties and different nutrient availability can affect the phytoplankton community
composition in this region and, thus, its impact on the carbon cycle (Brzezinski et al., 2011; Chavez, 1999;
Gómez et al., 2007; Watkins et al., 1998).
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Figure 1. Modern sea surface temperature, salinity, nitrate, and chlorophyll‐a distributions in the EEP. The three upper panels show long term annual mean sea
surface (a) temperature (Locarnini et al., 2013), (b) salinity (Zweng et al., 2013), and (c) nitrate (Garcia et al., 2014) (from the World Ocean Atlas 2013, https://
www.nodc.noaa.gov/OC5/woa13/woa13data.html) and the lower panel shows (d) chlorophyll‐a distribution during August 2016 as an example of phytoplankton
abundance during the summer season, when the EEP upwelling system is stronger (data from MODIS [Moderate Resolution Imaging Spectroradiometer] on the
Aqua NASA's satellite). In order to highlight the modern mean annual ITCZ position, the gray shaded area shows the region with precipitation rates higher than
6.0 mm per day (Legates & Willmott, 1990). ODP Site 1240 is highlighted with a pink star; the nearby cores and speleothem used in the discussion are depicted
with an empty pink circle (ODP 849), diamond (V19‐30) and inverted triangle (Cueva del Diamante), respectively. The main surface (solid dark gray arrows) and
subsurface (dashed dark gray arrows) currents are indicated: North Equatorial Countercurrent (NECC), South Equatorial Current (SEC), Equatorial Undercurrent
(EUC), and Peruvian Current (PC).
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PP reconstructions performed all along the Equatorial Pacific have shown both spatial (Costa et al., 2017 and
references therein) and temporal (Winckler et al., 2016) variability over the last glacial cycles, pointing to
different processes to explain the regional patterns of observed PP. The variable availability of the limiting
micronutrient Fe and/or the macronutrient Si could explain this variability in PP (Calvo et al., 2011;
Loveley et al., 2017; S. S. Kienast et al., 2013; Winckler et al., 2016). However, in this region, it is still contro-
versial whether past PP was enhanced because of iron fertilization from eolian dust or through upwelling of
the Equatorial Undercurrent (EUC) (Badejo et al., 2017; Jacobel et al., 2019; Loubere, 2000; Loveley
et al., 2017; Marcantonio et al., 2019; Winckler et al., 2016). Studies carried out along the equator, from
the Central Pacific to the Galapagos Islands, concluded that most of the iron was delivered from the
upwelled waters of the EUC, since the amount of eolian dust arriving to that region west of the Galapagos
Islands was various orders of magnitude lower than the iron supplied by the EUC (Costa et al., 2016;
Winckler et al., 2016). However, similar studies in the easternmost EEP, east of the Galapagos Islands, sug-
gested continental dust as a significant iron source, which seems reasonable given the proximity to the con-
tinent (Calvo et al., 2011; Loveley et al., 2017; Marcantonio et al., 2019; S. S. Kienast et al., 2013).

In order to shed some light on the processes affecting PP east of the Galapagos Islands, various studies have
focused on the last deglaciation, when ice sheets rapidly withdrew in concert with a rise in atmospheric CO2,
global temperatures, and sea level (Cheng et al., 2009; Marcott et al., 2014; Shakun et al., 2012). In this
region, and for this particular time interval, several studies reported an increase in export production
(Bradtmiller et al., 2006; Calvo et al., 2011; Dubois et al., 2010; M. Kienast et al., 2006; S. S. Kienast
et al., 2007). Data on surface nutrient consumption pointed towards an increase of nutrient availability fuel-
ing the increase in PP (Dubois et al., 2011; Robinson et al., 2009), which was attributed to the influence of
nutrients sourced from the Southern Ocean that are delivered to the EEP through intermediate waters
(Sarmiento et al., 2004). High‐resolution records showed that these processes were especially relevant during
the time when millennial‐scale cold events, Heinrich Event (HE) 1 and the Younger Dryas, developed in the
North Atlantic (Anderson et al., 2009; S. S. Kienast et al., 2006, 2013). In this regard, a relative increase of
diatoms over coccolitophores at the EEP during HE1 and the Younger Dryas was attributed to the arrival
of Si‐rich waters from the Southern Ocean associated with the increase in deep water ventilation at those
high‐latitude regions (Calvo et al., 2011). In addition, 232Th flux data indicated increasing dust inputs during
HE1 and the Younger Dryas east of the Galapagos Islands (S. S. Kienast et al., 2013) related to changes in the
global wind regime (Leduc et al., 2007), thus suggesting that the region was iron‐fertilized by eolian dust
enhancing export PP (S. S. Kienast et al., 2013).

With the aim to broaden the knowledge on the controlling factors in PP dynamics at the easternmost region
of the EEP, here we explore the penultimate deglaciation, a time interval less studied through
high‐resolution records than the last deglaciation. In this study, we have reconstructed diatom and hapto-
phyte export production from a core located east of the Galapagos Islands during the period from 150 to
110 ka cal BP. Down core marine sediment samples from ODP Site 1240 have been used for the analysis
of C28 and C30 1,14‐diols, C37:2 and C37:3 long chain ketones (alkenones), and 24‐methylcholesta‐5,22‐
dien‐3β‐ol (brassicasterol) as proxies of PP. Alkenones were also used to infer past sea surface temperatures
(SST). In addition, n‐alkanes and stable isotope ratios in C37 alkenones (δDC37) were analyzed to obtain
further environmental information on the input of continental material and relative salinity changes,
respectively. Our results are compared with previously published data from the same ODP Site 1240 core
(Pena et al., 2008) and from other nearby cores to better understand the mechanisms controlling PP changes
during the penultimate glacial/interglacial transition in the study region.

2. Regional Setting

ODP Site 1240 (0°01.31′N, 86°27.76′W, Ocean Drilling Program, Leg 202), in the easternmost part of the
EEP, was retrieved from 2,921 m water depth in the Panama Basin (Figure 1). Oceanic surface conditions
are shaped by the presence of northeasterly and southeasterly trade winds which come together in the
Intertropical Convergence Zone (ITCZ). The ITCZ is defined by the region where northeast and southeast
trade winds converge and maximum precipitation rates are recorded (Philander et al., 1996; Schneider
et al., 2014; Waliser & Gautier, 1993). It plays an important role on global climate by transferring heat from
the tropics to the poles and by driving and setting the distribution of global precipitation patterns like
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monsoon rains (Schneider et al., 2014). As a result of Ekman transport, wind‐driven dynamics in the EEP
result in two different sea surface conditions divided by the equatorial front (EF): a region south of the EF
where divergent surface circulation favors the upwelling of cooler and saltier subsurface waters of the
EUC and a region north of the EF where convergent surface circulation results in warmer SSTs known as
the Eastern Pacific Warm Pool (Fiedler & Talley, 2006). In this regard, ODP Site 1240 is likely to be sensitive
to changes in these surface circulation systems since it is located under themodern northern boundary of the
Equatorial Pacific Cold Tongue (Figure 1) but also to changes in the upwelling and the characteristics of the
EUC water mass. The influence of the EUC east of the Galapagos Islands has been detected by several stu-
dies based on hydrographic data (Fiedler & Talley, 2006; Kessler, 2006; Lukas, 1986; Toggweiler et al., 1991;
Tsuchiya et al., 1989) but also through the εNd water‐mass tracer measured at the study site after comparison
with the εNd value from the EUC at the Central Equatorial Pacific (Pena et al., 2013).

The ITCZ‐EF linkage and its influence over the EEP upwelling system also determine the existence of differ-
ent PP regimes across the region by regulating the supply of nutrient‐rich subsurface waters to the euphotic
zone (Fiedler et al., 1991; Pennington et al., 2006; Rincón‐Martínez et al., 2011): North of the EF, stratifica-
tion and oligotrophic conditions are dominant (with the exception of the Costa Rica Dome and the Panama
Bight, favored by local wind‐driven coastal upwelling), while south of the EF, the upwelling of EUC waters
from Southern Ocean origin dominate average conditions.

Precipitation, wind, and oceanic patterns in the EEP, as well as changes in the biogeochemical composition
of surface and subsurface waters, are affected by changes in northern and southern high latitudes. For
instance, changes in North Atlantic temperatures can significantly affect the strength of the northeasterly
trade winds and trigger latitudinal migrations of the ITCZ rain belt, thus affecting precipitation, wind,
and surface circulation patterns in the EEP (Dubois et al., 2014; Leduc et al., 2007). Furthermore, oceanic
teleconnections occur through EUC subsurface waters, which are formed in the western equatorial Pacific
as a result of mixing of local water masses with a major proportion of Antarctic Intermediate Water
(AAIW), Subantarctic Mode Water (SAMW), and some influence of North Pacific Intermediate Water and
flow eastward along the equator (Bostock et al., 2010; Leduc et al., 2010; Lukas, 1986; Rippert et al., 2017;
Tsuchiya, 1981; Tsuchiya et al., 1989). The AAIW and SAMW geochemical properties and nutrient content
that these water masses acquire at their high‐latitude formation region have been found to be transferred as
far as east of the Galapagos Islands, through the EUC water mass (Bostock et al., 2010; Dubois et al., 2011;
Pena et al., 2013), eventually modulating the composition and growth of the local biological community
(Calvo et al., 2011; Povea et al., 2016; Timmermann et al., 2007).

3. Methodology

In this study, down core marine sediment samples from ODP Site 1240 (Figure 1) have been analyzed in
order to obtain estimates of export primary production, input of continental material, SST, and relative
changes in surface salinity for the period between 150 and 110 ka. For a broader context, comparisons with
data from nearby cores ODP 849 (Winckler et al., 2008) and V19‐30 (Hayes et al., 2011) (Figure 1), and also
from the North Atlantic (ODP Site 980; Govin et al., 2012; Irvalı et al., 2016), the West Equatorial Pacific
(Borneo Cave; Carolin et al., 2016), and the Southwest Pacific (MD97‐2120; Pahnke & Zahn, 2005), are also
included to elucidate potential linkages between high and low latitudes variability.

The age model of the core section presented in this study (sediment depth from ~13 to 17 m) is based on
Rippert et al. (2017), where combined δ18O records from the benthic foraminifera Cibicidoides wuellerstorfi
and the deep‐dwelling planktonic foraminifera Globorotaloides hexagonus of ODP Site 1240 were aligned
graphically to the global benthic δ18O stack LR04 (Lisiecki & Raymo, 2005). This age model provides sedi-
mentation rates of 4.6–17.8 cm ka−1 for the studied period which, considering the sampling resolution for
biomarkers (every 4 or 8 cm), corresponds to an average time resolution of ~400 years per sample.
Comparisons drawn with the above‐mentioned climate records have been performed using the original
chronologies published by each record, assuming thus the limitations and age uncertainties associated with
the lack of absolute age constraints.
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3.1. Molecular Biomarkers

Molecular biomarkers from the total lipid extracts obtained from 96marine sediment samples were analyzed
followingmethods in Villanueva et al. (1997) and Pelejero et al. (1997). Briefly, freeze‐dried marine sediment
samples were homogenized and soaked in dichloromethane (DCM) to extract the organic substances using
an ultrasonic water bath, after addition of n‐hexatriacontane, used as an internal standard for compound
quantification. Alkaline hydrolysis, with a potassium hydroxide solution in methanol (6%), and polar com-
pound derivatization with N,O‐Bis(trimethylsilyl)trifluoroacetamide (BSTFA) were carried out to break
ester bonds prior to analyses by gas chromatography (GC).

Compounds of interest were di‐ and tri‐unsaturated C37 alkenones (C37:2 and C37:3), 24‐methylcholesta‐5,22‐
dien‐3β‐ol (brassicasterol), and n‐alkanes. The lipid extracts were analyzed using an Agilent 7890 Gas
Chromatograph with a flame ionization detector (GC‐FID) equipped with an HP1 fused silica capillary col-
umn (60 m × 0.25 mm, film thickness 0.25 μm) and using hydrogen as carrier gas. The GC temperature pro-
gram started with a 20 °C/min ramp from 90 °C to 190 °C, followed by a 6 °C/min ramp to 295 °C (holding
time of 49 min) and a final ramp of 10 °C/min to 310 °C (holding time of 10 min).

C37:2 and C37:3 alkenones are compounds synthesized by haptophyte algae, which preferentially dwell in the
photic zone of the ocean (Volkman et al., 1980). These marine photosynthetic organisms are widely spread

in all ocean basins, and the relative abundance of C37 alkenones, as defined by the unsaturation index UK 0
37

(Prahl & Wakeham, 1987), has been widely used as an SST proxy. In order to derive SST values, we use the
global surface sediment calibration equation from Conte et al. (2006) which, although virtually identical to
that from Müller et al. (1998), is based on a larger compilation of core tops. Moreover, a previous study per-

forming a regional calibration of UK 0
37 vs SSTs in surface sediments over the EEP (M. Kienast et al., 2012)

found the regional calibration not being statistically different (95% confidence level) from the existing global
calibration equations of Müller et al. (1998) and Conte et al. (2006). With the Conte et al. (2006) calibration,
the ODP Site 1240 core‐top estimate provides an SST of 24.3 °C, which is in good agreement (within the cali-
bration error range, ±1.1 °C) with the modern surface annual mean of 24.7 °C at this location (Locarnini
et al., 2013). In addition, concentrations of long chain alkenones (in units of microgram per gram of dry sedi-
ment, as hereafter will be referred all the analyzed biomarker concentrations) can also provide information
on past haptophyte export production (Brassell, 1993; Calvo et al., 2004, 2011; Martínez‐Garcia et al., 2009;
Villanueva et al., 2001).

Brassicasterol is the most abundant sterol in pennate diatoms (Rampen et al., 2010; Volkman, 2003) and can
be used as a diatom proxy (e.g., Calvo et al., 2011; Werne et al., 2000). However, other microalgae like hap-
tophytes also synthesize this compound (Volkman et al., 1981) and, thus, when comparing C37 alkenones
and brassicasterol records, it is critical to focus on periods when these records are decoupled, which would
imply that the biological sources of these biomarkers were different.

Long chain n‐alkanes with an odd number of carbon atoms are found in the waxes of higher plant tissues
(Eglinton & Hamilton, 1967; Eglinton & Eglinton, 2008) and are transported to the ocean by wind or rivers
(Gagosian et al., 1987), so these compounds have commonly been used as a continental material and dust
input proxy (Calvo et al., 2004, 2011; Lamy et al., 2014; Martínez‐Garcia et al., 2009, 2011). In the ODP
Site 1240 location, 600 km away from the continent, eolian dust input represents the main source of
land‐originated particles (Singh et al., 2011). Here, we only present data from the C29 n‐alkane homolog,
as it was the most abundant n‐alkane (the distribution of these compounds had a strong odd to even prefer-
ence, and the C29 n‐alkane showed the same trend as the total n‐alkane abundance).

Other analyzed molecular biomarkers were the C28 and C30 1,14‐long chain alkyl diols (hereafter referred to
as diols), which are produced by centric diatoms belonging to the genus Proboscia (Rampen et al., 2008;
Sinninghe Damsté et al., 2003). No other biological source is known for these specific compounds apart from
the marine heterokont algae Apedinella radians, a microalgae which is predominant in estuarine and brack-
ish environments (Rampen et al., 2011). Given the location of ODP Site 1240, we are confident that themajor
source for the C28 and C30 1,14‐diols were Proboscia diatoms and, thus, these diols can be used as a proxy for
Proboscia diatom export production. The C28 and C30 1,14‐diols were analyzed at the NIOZ Royal
Netherlands Institute for Sea Research using a smaller set of the original lipid extracts (resulting in a lower
resolution record), which were separated into nonpolar and polar fractions and analyzed with
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chromatographic techniques following Sinninghe Damsté et al. (2003). Briefly, these fractions were obtained
using a glass pipette column filled with activated Al2O3, and the lipid extracts were eluted with hexane/DCM
(9:1, v:v) to obtain the nonpolar fractions and with DCM/MeOH (1:1, v:v) for the polar ones, after the addi-
tion of two internal standards to allow quantification, that is, a deuterated ante‐iso C22‐alkane and C22

7,16‐diol. Diols analyses were performed on the polar fraction which were compound‐derivatized with
BSTFA and pyridine. These fractions were analyzed using gas chromatography‐mass spectrometry
(GC‐MS) with a CP‐Sil 5 CB capillary column (25 m × 0.32 mm, film thickness 0.12 μm) and using helium
as the carrier gas. The GC temperature program started with a 20°C/min ramp from 70°C to 130°C, followed
by a 4°C/min ramp to 320°C, with a holding time of 25 min. The long‐chain diols were quantified using
selected ion monitoring (SIM) of the masses 299 and 327.

3.2. Stable Hydrogen Isotopes of C37 Alkenones

Analyses of the stable hydrogen isotopic ratio of C37 alkenones (hereafter δDC37) were also performed at the
NIOZ Royal Netherlands Institute for Sea Research. Two batches, a test batch and the bulk of the samples, of
total lipid extracts were separated into three fractions over Al2O3 columns using hexane/DCM 9:1 (v:v) to
elute the apolar fraction, hexane/DCM 1:1 (v:v) to elute the ketone (alkenone) fraction, and DCM/MeOH
1:1 (v:v) to elute the polar fraction. Ketone fractions were analyzed using a GC‐FID to determine alkenone
concentrations prior to running them on a GC thermal conversion isotope ratio monitoring mass spectro-
meter (GC/TC/irMS; Thermo Scientific TRACE 1310 coupled to a Thermo Scientific Delta V™) to measure
compound specific hydrogen isotope ratios. Both the GC‐FID and the GC/TC/irMS were equipped with an
Agilent CP‐Sil 5 column (25 m × 0.32 mm internal diameter; film thickness 0.12 μm for the GC‐FID and
0.4 μm for the GC/TC/irMS analyses). GC temperature programs were the same as discussed in M'boule
et al. (2014). The Hþ

3 factor was measured daily on the GC/TC/irMS prior to running the samples and was
4.2 ± 0.1 ppm mV−1 for both batches. A Mix B standard (supplied by A. Schimmelmann, Indiana
University) was analyzed daily to assess machine accuracy, and samples were only analyzed whenmeasured
standard values deviated on average by less than 5‰ from the known values and the standard deviation for
these offsets was also less than 5‰. Samples were measured at least in duplicate, and squalane was coin-
jected with each analytical run as internal control. The average value for squalane for both sample batches
was−166.5‰with a standard deviation of 4.8‰. This compares well with the known isotope value for squa-
lene,−170‰, determined by TC elemental analysis irMS. All C37 alkenone peaks were integrated as a single
peak and values are, therefore, reported as the combined values of the C37:2 and C37:3 alkenones (van der
Meer et al., 2013).

The analyses of δDC37 have been successfully used as a qualitative tracer of changes in water salinity (Kasper
et al., 2014; Pahnke et al., 2007; Weiss et al., 2019a). Water stable hydrogen isotopic composition (δD) is
mainly conditioned by isotopic fractionation occurring during the condensation and evaporation processes
that take place within the water cycle (Gat, 1996). The strong correlation (R2 > 0.99) found between δDC37

and δD values of the water in which the alkenones were produced makes the δDC37 a reliable proxy to trace
relative changes in surface seawater salinity (Englebrecht & Sachs, 2005). A factor that could affect D/H frac-
tionation, in addition to salinity, is a change in species relative abundance (δDC37 values in Emiliania huxleyi
batch cultures where found to be ~30‰ higher than those from Gephyrocapsa oceanica, Schouten
et al., 2006); however, no major changes in species composition were detected in our study site and period
(López‐Otálvaro et al., 2008 and personal communication).

In order to obtain information on relative local salinity changes, the δDlocal parameter was inferred after
subtraction of the global sea level component from the δDC37 record. To do so, we first converted the sea
level δ18O curve (δ18Os.l.) from Waelbroeck et al. (2002) into δDs.l. values using the Rozanski et al. (1993)
equation:

δDs:l:¼ δ18Os:l: × 8:13þ 10:8:

The δDs.l. uncertainty is ±1.22‰, whichwas calculated from the δ18Os.l. uncertainty (Waelbroeck et al., 2002)
through error propagation. Then, the relative local salinity proxy was obtained through the expression
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δDlocal ¼ δDC37 – δDs:l::

For the estimation of each δDlocal data point uncertainty, the sum of each standard deviation plus the δDs.l.

uncertainty was calculated. The average uncertainty for the δDlocal dataset is ±3‰.

3.3. Seawater Stable Oxygen Isotopic Composition (δ18Osw)

In order to obtain an additional indicator of relative local sea surface paleosalinity changes, the seawater
δ18O record is presented in this study based on the analysis of stable oxygen isotopes (δ18Oc) andMg/Ca ratio
in foraminifera shells of Globigerinoides ruber, previously published by Pena et al. (2008). The δ18Osw com-
position was obtained by subtraction of the global sea level component (δ18Os.l.; Waelbroeck et al., 2002) and
the Mg/Ca derived temperature (SSTMg/Ca; Pena et al., 2008) from the G. ruber‐δ18Oc record using the equa-
tion from Bemis et al. (1998):

δ ¼ δ18Oc − δ18Os:l: − SSTMg=Ca − 16:5
� �

= −4:8ð Þ� �
:

Lastly, the δ parameter was converted from V‐PDB to V‐SMOW standard using the following expression:

δ18Osw ¼ δþ 0:27ð Þ=0:99973:

We estimated the total δ18Osw uncertainty to be ±0.49‰ (note that the δ18Os.l. uncertainty is ±0.15‰).

4. Results
4.1. Biomarkers Concentrations

The concentrations of long‐chain alkenones (Figure 2f), brassicasterol, and C28 + C30 1,14‐diols (Figure 2g)
are used here to provide information on how export production changed across the penultimate deglacia-
tion, most likely linked to changes in haptophyte algae and diatom productivity. 230Th‐normalized fluxes
would more accurately represent the vertical fluxes of these compounds through the water column to deep
sea sediments but, unfortunately, there are no 230Th measurements available from ODP Site 1240 during the
penultimate deglaciation. However, comparison between biomarkers concentrations and 230Th‐derived
fluxes in younger sections of the companion core ME0005‐24JC (Dubois et al., 2010) shows a strong correla-
tion between the two (R2 = 0.78 for alkenones and R2 = 0.79 for the C29 n‐alkane). Thus, we assume that, at
this location, the concentrations of the studiedmolecular biomarkers are good recorders of their fluxes to the
sediments and, regarding the marine proxies, they mostly represent changes in export production/marine
productivity. In addition, the good agreement with other export production proxies, such as opal fluxes
(Figure 2g), provides additional support for the use of concentrations of marine lipids as export production
proxies at our site.

In our record, the concentration of all three biomarkers increased between 140 and 128 ka in two steps. The
most significant change occurred during the second half of the deglaciation, when haptophytes and diatoms
export production sharply increased to reach maximum values (28, 1.8, and 26 μg/g for C37 alkenones, bras-
sicasterol, and C28+C30 1,14‐diols, respectively) between 133 and 130 ka. While C37 alkenone concentrations
rapidly decreased before 130 ka, diatom proxies still showed sustained high values at that time. In addition,
brassicasterol and C28 + C30 1,14‐diols showed a larger late versus early deglaciation relative increase than
C37 alkenones, suggesting that the diatoms' contribution to total productivity was probably higher than that
from haptophytes between 133 and 125 ka (Figure 2f, g). Although brassicasterol might be synthesized by
both phytoplankton communities, the consistent large increase showed by the Proboscia proxy during the
last half of the deglaciation and the brassicasterol decoupling with the alkenones record after 130 ka point
toward a significant contribution of diatoms at this time.

The concentration of the C29 n‐alkane increased between 140 and 128 ka (Figure 2f), similar to the trend
observed in the phytoplankton export production proxies, following a two‐step increase with maximum con-
centrations (up to 0.4 μg/g) between 131 and 129 ka.
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Figure 2. Multiproxy records from ODP Site 1240 spanning the period between 150 and 110 ka and their comparison with other available climate records. (a) IRD
record from the North Atlantic core ODP 980 (gray‐filled curve, Irvalı et al., 2016), as a proxy of HE11 occurrence, and ice‐volume corrected stalagmite δ18O
composite record from Clearwater cave in Borneo (light brown curve, Carolin et al., 2016, and references therein) and Cueva del Diamante cave in Perú (dark
brown curve, see Figure 1 for location, Cheng et al., 2013; Cueva del Diamante record has been corrected for δ18O ice volume effect using the mean ocean δ18O
curve of Waelbroeck et al. (2002)) as proxies of ITCZ latitudinal migrations. (b) Planktonic foraminifera G. ruber‐δ18Oc referred to the V‐PDB scale (black curve,
Pena et al., 2008) for stratigraphic reference. (c) UK 0

37 (dark blue curve, this study) and planktonic foraminifera G. ruber‐Mg/Ca (light blue curve, Pena et al., 2008)
derived SSTs. (d) δ18Osw of surface foraminifera G. ruber (dark red curve, this study) and sea level corrected values of δDC37 (that is, δDlocal) measured in

alkenones (white dots‐black line curve, this study) as proxies of relative change in local sea surface salinity. (e) δ13C of thermocline‐dwelling foraminifera

Neogloboquadrina dutertrei (yellow curve, Pena et al., 2008) as a proxy of the influence of Southern Ocean‐sourced water to the EEP and δ13C of combined benthic
foraminifer species Cibicidoides wuellerstorfi and Melonis barleeanum from the eastern New Zealand sector core MD97‐2120 (dark orange curve, Pahnke &
Zahn, 2005). (f) Concentrations of the marine biomarker C37 alkenones (dark green curve, this study) and terrestrial biomarker C29 n‐alkane (gold filled curve,

this study) as proxies of haptophyte algae export production and dust inputs, respectively; 232Th flux from EEP core ODP 849 as a proxy of eolian dust flux (dark

brown curve, see Figure 1 for location, Winckler et al., 2008). (g) Concentrations of marine biomarkers C28+C30 1,14‐diols (purple curve, this study) and
brassicasterol (dark pink curve, this study) and biogenic opal fluxes from the nearby core V19‐30 (light pink curve, see Figure 1 for location, Hayes et al., 2011) as
proxies for Proboscia diatoms and ‘diatoms + haptophytes’ export production and organic silica flux, respectively. Lighter and darker gray shaded vertical bars
mark the deglaciation and HE11 time intervals, respectively, according to the δ18Oc chronostratigraphic curve of ODP Site 1240.

10.1029/2019PA003777Paleoceanography and Paleoclimatology

QUIRÓS‐COLLAZOS ET AL. 8 of 18



4.2. Surface Seawater Properties

The temperature evolution between 150 and 110 ka was evaluated using the alkenone unsaturation index,

UK 0
37 (Figure 2c) and the Mg/Ca ratio from the planktonic foraminifera G. ruber (Pena et al., 2008). The

UK 0
37 ‐SST recorded a warming trend during the deglaciation with an average change over the deglaciation

of 1.5°C, based on the difference between glacial (147 to 138 ka) and interglacial (128 to 122 ka) tempera-

tures. During the penultimate glacial maximum, UK 0
37‐SST was up to 0.75°C warmer than Mg/Ca‐SST, while

both proxies mostly agreed during the first half of the deglaciation.

Two independent indicators of relative changes in local surface salinity were also considered. On one hand,
we inferred the δ18Osw composition by correcting the G. ruber‐δ18Oc record for the Mg/Ca‐derived tempera-
ture and the global sea level component (Waelbroeck et al., 2002). On the other hand, we measured δDC37

and also removed the global sea level effect, obtaining the δDlocal (Figure 2d). In order to translate salinity
changes into practical salinity units (psu), some calibration equations have been developed for the δDC37‐

salinity relationships using culture experiments (M'boule et al., 2014; Schouten et al., 2006) and marine sur-
face and sediment surface samples (Gould et al., 2019; Weiss et al., 2019b). However, recent paleosalinity
reconstructions from the Chile margin found strong discrepancies among the paleosalinity curves obtained
after applying those different calibration equations, suggesting that modern observed sensitivity of δDC37

ratios to salinity might have been different during past time periods (Weiss et al., 2019a). For the δ18Osw data,
Benway and Mix (2004) proposed a δ18Osw‐salinity relationship for the Panama Basin region based on mod-
ern climatology. Since this relationship is highly dependent on local and global hydrological conditions,
there is no guarantee that the δ18Osw‐salinity relationship is held over long time periods as the one studied
here. Therefore, for the study period, changes in relative local surface salinity have been assessed only qua-
litatively through the use of relative changes in the δDlocal and δ18Osw proxies. The coefficient of correlation
(R2) of 0.64 between these two independent parameters provides additional confidence in using these proxies
as relative salinity change indicators.

As a general trend, the penultimate deglaciation was characterized by a significant increase in the δ18Osw of
~1.3‰ relative to the glacial and interglacial values, when δ18Osw showed similar values of ~0.1‰. From 132
to 129 ka, however, the δ18Osw exhibited a rapid and brief decrease of about 0.8‰, indicating a relative
decrease in salinity. Regarding the δDlocal record, there was an increasing trend of ~14‰ throughout the first
half of the deglaciation (until around 133 ka), suggesting an increase in local surface salinity at this time. A
few rapid millennial‐scale oscillations were recorded between 133 and 130 ka (up to 15‰ change), roughly
in accordance with the timing of the foraminiferal‐based δ18Osw record. After reaching the highest values at
around 130–129 ka, the δDlocal record showed a sharp decrease of ~21‰, in coincidence with the observed
changes in the δ18Osw record during the late deglaciation (Figure 2d).

5. Discussion
5.1. Primary Production in the EEP During the Penultimate Deglaciation

At ODP Site 1240, the phytoplankton community responded to the changes during the penultimate deglacia-
tion with an increase in PP (Figures 2f and 2g). Haptophytes and diatoms production proxies showed an
increase soon after the penultimate glacial maximum, steeply rising after the mid deglaciation to eventually
decrease towardmuch lower values during the interglacial. The set of environmental conditions that favored
phytoplankton growth during that period is discussed here.

The relative salinity change proxies, δ18Osw and δDlocal, experienced a drastic increase toward heavier
G. ruber‐δ18Osw and δDlocal isotopic values during the deglaciation (Figure 2d). Heavier δ18Osw values in
modern EEP sea water (LeGrande & Schmidt, 2006; Pena et al., 2008) are typically found further south of
the study site, toward the core of the Equatorial Pacific Cold Tongue, and also at the EUC depth domain,
which both correspond to saltier water masses. This suggests that changes recorded by G. ruber‐δ18Osw

and δDlocal could have been caused by an increase of the equatorial upwelling, bringing more saline EUC
waters to the surface, and/or a northward shift of the EF. This interpretation is in agreement with data from
the deep‐thermocline dwelling foraminiferaN. dutertrei at the same site and covering the last 275 kyr, which
were linked to episodes of precession minima that accentuated the seasonal asymmetry at the equator and,
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eventually, favored the occurrence of more intense and/or frequent La Niña‐like conditions during deglacia-
tions (Pena et al., 2008).

Together with an intensification of the equatorial upwelling system during the deglaciation, the significant
increase in the concentration of the diatom proxies, C28 + C30 1,14‐diols and brassicasterol, occurred roughly
at the same time of a negative excursion of the δ13C record measured on the deep‐thermocline dwelling for-
aminiferaN. dutertrei from the same ODP Site 1240 (previously published by Pena et al., 2008). Similar nega-
tive excursions were observed at the study site during the last three glacial terminations (Pena et al., 2008)
and also in other δ13C tropical and Southern Hemisphere subtropical records (Ninnemann &
Charles, 1997; Shackleton et al., 1983; Spero & Lea, 2002). This has been attributed to the resumption of
the Southern Ocean upwelling system during glacial terminations (e.g., Anderson et al., 2009) and the advec-
tion of low δ13C waters into the SAMW source region and subsequent transport to the tropical thermocline
through the EUC (Bostock et al., 2004, 2010; Pena et al., 2008, 2013; Rippert et al., 2017; Spero & Lea, 2002).
The renewed upwelling during terminations also brought nutrient‐rich waters to the low latitudes
(Sarmiento et al., 2004). In this study, indications for the key influence of nutrient‐rich Southern
Ocean‐sourced waters come also from the fact that all three phytoplankton productivity proxies started to
increase soon after 140 ka, when N. dutertrei‐δ13C values started to decrease, and peaked between ~133
and ~127 ka, when N. dutertrei‐δ13C recorded the lowest values of the study period, suggesting maximum
nutrients arrival by that time. That potential nutrient maximum arrival seemed to have a more significant
impact in diatoms. As already mentioned, at that time, the relative contribution of diatoms to haptophytes
increased, pointing toward a significant input of silicic acid, transported within the EUC and upwelled from
the tropical thermocline to the surface, as already found for the last deglaciation (Calvo et al., 2011). Also,
biogenic opal fluxes from the nearby core V19‐30 (Hayes et al., 2011), with all due caution given the age
uncertainties of the different age models, showed that silicified organisms responded positively to that
potential input increase of silicic acid around the period of study (Figure 2g).

A second mechanism that would have significantly contributed to the observed increase in PP is the input of

eolian dust as a source of iron. Our results on C29 n‐alkane concentration suggest that high amounts of con-
tinental material arrived to the EEP through atmospheric deposition during the deglaciation (Figure 2f).

Support for our results comes from 232Th fluxes from the nearby ODP 849 core (Winckler et al., 2008).
Although time resolution is low, maximum dust inputs seemed to also be recorded during the deglaciation.
Different mechanisms could favor dust inputs: increased aridity in the source area, a more intense wind
field, or a different wind provenance transporting material from a dustier source region. Previous studies
point toward a combination of various factors being responsible for the increase in eolian dust input
recorded at ODP Site 1240 during the penultimate deglaciation. On one hand, some studies found evidences
of stronger southeasterly trade winds (Xie & Marcantonio, 2012) and more La Niña‐like conditions (Pena
et al., 2008) during the penultimate deglaciation, which would have favored the increase of eolian dust input
to the study site. On the other hand, southern migrations of the South Westerlies belt during terminations
could have also affected the main EEP dust source (western South America), supplying dust from a more
southern source, which likely became dustier as the mountain glaciers were retreating (Pichat et al., 2014).

The hypothesis that iron fertilization from dust had a relevant role in the enhancement of EEP PP is, how-
ever, a matter of debate (Jacobel et al., 2019; Loveley et al., 2017; Marcantonio et al., 2019; Winckler
et al., 2016). Studies carried out along the equator, from west of the Galapagos Islands to the Central
Pacific, suggested that the most important source of iron was the upwelled waters of the EUC, since it
was estimated that the amount of iron arriving through eolian dust to this region was up to two orders of
magnitude less than the iron supplied by the EUC, and no correspondence was found between productivity
and dust proxies (Costa et al., 2016; Winckler et al., 2016). However, other studies, mainly focused in the
EEP, suggest a relevant role of continental dust as a significant source of iron (Loveley et al., 2017;
Marcantonio et al., 2019; S. S. Kienast et al., 2013). Indeed, in a recent review of PP reconstructions, the
EEP region east of the Galapagos Islands (where our study site is located) showed the highest variability
and major discrepancies with the dominant PP trends of the rest of the Equatorial Pacific (Costa et al., 2017).
In this region, the complex topography and bathymetry strongly shape wind and ocean current patterns,
which make this region highly sensitive to regional forcing, such as the migrations of the ITCZ and the El
Niño/Southern Oscillation (ENSO) dynamics, all together likely creating very distinct nutrient regimes
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within this relatively small region. Regarding the iron supply, modern data suggest that iron concentrations
arriving to the easternmost region of the EEP via the EUC are substantially less important than iron concen-
trations found in the EUC sections of West, Central, and East Equatorial Pacific (west of the Galapagos
Islands) (Kaupp et al., 2011; Winckler et al., 2016). Eolian dust inputs to the east of the Galapagos Islands
are estimated to be up to an order of magnitude higher (likely due to proximity to land) (Costa et al., 2016;
Jacobel et al., 2016; S. S. Kienast et al., 2013) than those arriving to Equatorial Pacific regions west of the
Galapagos Islands (Costa et al., 2016; Jacobel et al., 2016; Winckler et al., 2016). All these factors could help
explain why different dust‐input regimes are very likely to occur east and west of the Galapagos Islands,
making our study site more prone to iron fertilization than other Equatorial Pacific regions.

5.2. The Millennial‐Scale Event HE11
5.2.1. Impact of HE11 on the EEP Oceanic and Atmospheric Conditions
In this study, all PP proxies peaked between 132 and 129 ka, at a time when the isotopicG. ruber‐δ18O record
registered a millennial‐scale event (Pena et al., 2008; Figure 2b). This is around the time of the HE11 occur-
rence in the North Atlantic, shown in Figure 2a as an abrupt increase in ice rafted detritus (IRD) at ODP Site
980 (Govin et al., 2012; Irvalı et al., 2016). HEs are characterized by a collapse of the Northern Hemisphere
ice sheets and the discharge of massive icebergs and freshwater into the North Atlantic (Bond & Lotti, 1995;
Heinrich, 1988). These events are linked to changes in the Atlantic Meridional Overturning Circulation
(AMOC) and reduction in North Atlantic Deep Water formation with important consequences on climate
variability at a global scale (Alvarez‐Solas et al., 2013; Barker et al., 2015, 2009; Bassis et al., 2017). For
instance, during the most recent HE1 (17.5–14.5 ka, Marcott et al., 2014), an antiphase thermal state across
North and South Hemispheres (seesaw effect) (Barker et al., 2009; Stenni et al., 2011) resulted in a cooling of
the North Hemisphere and a warming of the South Hemisphere followed by a southward migration of the
ITCZ position (Donohoe et al., 2013; Leduc et al., 2007) and the strengthening of the Southern Ocean upwel-
ling system (Anderson et al., 2009; Siani et al., 2013).

During the penultimate deglaciation, and despite age uncertainties related to the comparison between
events, our records from ODP Site 1240 seem to be affected by the global climate changes occurring during
HE11. The δ18Osw record suggests a transient freshening of surface seawaters at a time when δ18Osw (relative
salinity) had reached maximum values (Figure 2d). Although with lower time‐resolution, the δDlocal record
also follows the δ18Osw trend toward a relative salinity decrease at around 130 ka. This millennial‐scale struc-
ture was not so strongly reflected in the thermocline dwelling foraminifera N. dutertrei (same core, Pena
et al., 2008), suggesting that the freshening was mostly restricted to surface seawaters. This was most likely
driven by a southward displacement of the ITCZ affecting precipitation and wind patterns in this region.
Evidence for recurrent southward ITCZ migrations during North Atlantic HE1 and previous HEs have been
found in speleothems (Carolin et al., 2016; Cheng et al., 2013; Medina‐Elizalde et al., 2017;Wang et al., 2004),
as seen for the study time interval in δ18O speleothem records from Borneo and Perú (Figure 2a), andmarine
sediments (Deplazes et al., 2013; Donohoe et al., 2013; Jacobel et al., 2016; Leduc et al., 2007; Schmidt &
Spero, 2011) covering subtropical and tropical areas. Additionally, model simulations also support the idea
that northeasterly trade winds would have strengthened and the ITCZ shifted to the South as a response to a
shutdown of the AMOC and an increase in the high to low latitude thermal gradient in the Northern
Hemisphere (Dahl et al., 2005; Vellinga & Wood, 2002; Zhang & Delworth, 2005).

Additionally, a southward displacement of the ITCZ would have also been accompanied by a warming of
surface waters at the study site as a consequence of the link between the ITCZ and the EF. The ITCZ shift
to the south during HE11 would have been followed by a likewise displacement of the EF causing a weak-
ening in the upwelling and the influence of northern warm surface waters to the south. This is confirmed by
a transient warming of surface seawater observed in the Mg/Ca‐SST record from the same ODP Site 1240
(Pena et al., 2008). Altogether, the ITCZ and EF displacement during HE11 could explain the fresher waters
(lower δ18Osw and δDlocal values) and warmer SSTs found around the 0°N latitude in the EEP (Figure 2c, d).
5.2.2. Export Production Enhancement During HE11
Our results suggest that, during HE11, conditions in the EEP were optimal for high productivity, most likely
due to the high nutrient input at this time at the study site, despite the change in EEP wind and ocean cur-
rent patterns that accompanied the southward shift of the ITCZ, migrating closer to our core site. The
N. dutertrei‐δ13C reached minimum values, likely pointing to a maximum influence of nutrient‐rich
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Southern Ocean‐sourced waters (Figure 2e), and the C29 n‐alkane record showed maximum continental
eolian dust input to the study area (Figure 2f).

A major nutrient input to the EEP via the EUC could be expected at the time of HE11. HEs triggered global
atmospheric and oceanic reorganizations with evidences for an additional strengthening of the already
ongoing increase in Southern Ocean upwelling that started with the deglaciation (Skinner et al., 2014).
For the penultimate deglaciation period, the oceanic connection with low latitudes is supported by compar-
ing our δ13C record with a high latitude benthic‐δ13C record from core MD97‐2120 (1,210‐m water depth),
located east of New Zealand and bathed by AAIW (Pahnke & Zahn, 2005; Figure 2e). These two records
diverge over most of the studied time interval, including the first half of the deglaciation. However, during
the second half of the deglaciation, and with the caution of comparing two independently dated records, the
δ13C gradient between the two appeared to collapse at the approximate time of HE11 and when the highest
PP values were recorded at our study site. The overlapping of the high and low latitude δ13C records
(Figure 2e) ocurred around the time of the maximum in diatom export production in the EEP (Figure 2g),
thus supporting the idea that HE11 may have triggered the maximum strengthening of the Southern
Ocean upwelling system of the deglaciation which, eventually, loaded the low latitude EUCwith the highest
amounts of nutrients of the study period.

The PP maximum occurred when warm and low salinity surface waters were recorded at the study site
(Figure 2). However, warm and low salinity surface waters in the EEP are typically associated with low pro-
ductivity, as it is the case for the Eastern Pacific Warm Pool (north of the EF) or as it occurs during El Niño
events (Pennington et al., 2006). The southward movement of the mean annual ITCZ position during HE11
would, a priori, bring less upwelling‐favorable conditions to our site, at least during part of the year.
However, the seasonal ITCZ migration would still allow for upwelling to occur during the rest of the year.
In fact, the warmer and fresher sea surface conditions recorded by G. ruber at the study site (Figures 2c
and 2d) and the higher productivity shown by phytoplankton might be partly reflecting the seasonal prefer-
ences of each organism. Sediment trap studies from the Panama Basin found that calcification and maxi-
mum production rates of G. ruber occurred during the non‐upwelling season, that is, under warmer and
less saline conditions (Fairbanks et al., 1982; Thunell et al., 1983; Thunell & Reynolds, 1984), while
alkenone‐based proxies better represent an annual average (M. Kienast et al., 2012). This would also explain

why neither the UK 0
37‐SST nor the δDlocal records capture so precisely the Mg/Ca‐SST warming and δ18Osw

relative freshening duringHE11 (Figure 2c, d). Therefore, the likely enhanced nutrient content of subsurface
EUC waters, as suggested by the minimum in the δ13C record of the thermocline foraminifera N. dutertrei
(Pena et al., 2008), was likely a key driver for the marked increase in export production at that time, despite
a diminished upwelling.

In addition to nutrients being delivered by oceanic currents, our results on C29 n‐alkane concentration,
together with 232Th fluxes from ODP 849 core (Winckler et al., 2008), suggest that the highest inputs of con-
tinental material recorded at around the time of HE11 were significantly contributing to the EEP with the
supply of the limiting micronutrient Fe through atmospheric deposition (Figure 2f). While dominant condi-
tions during the penultimate deglaciation were characterized by stronger southeasterly trade winds (Pena
et al., 2008) and probably drier conditions in western South America (Pichat et al., 2014), during HE11, con-
versely, the northeasterly trade winds intensified and the ITCZmigrated back to a more proximal location to
our core site, which appeared to be causing the highest continental inputs of the study period. As mentioned,
the main modern dust‐supply region to our study site is the western South America, which dominates the
particles flux arriving to the EEP region south of the ITCZ front (Pichat et al., 2014; Saukel et al., 2011;
Xie & Marcantonio, 2012); however, the EEP region north of the ITCZ front is mainly influenced by arid
regions from western and southern Mexico (Prospero & Bonatti, 1969; Saukel et al., 2011). This is so because
the ITCZ acts as a barrier to cross‐hemispheric dust transport (Jacobel et al., 2016; Prospero & Bonatti, 1969;
Reimi & Marcantonio, 2016; Saukel et al., 2011; Xie & Marcantonio, 2012). However, with an ITCZ mean
position located further south, regions from the southern Mexico could have represented an additional
northern dust sources influencing the ODP Site 1240. In this regard, during more recent HEs, several studies
pointed out that precipitation likely decreased over regions further south of Mexico such as northern South
America and Central America, inducing drier conditions over that proximal potential dust source area to the
EEP (Prospero & Bonatti, 1969; S. S. Kienast et al., 2013; Wang et al., 2004). Furthermore, model simulations
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supported the prevalence of drier and dustier conditions over the study region when an AMOC shutdown
was forced by mimicking the freshwater pulse of HEs in the North Atlantic (Donohoe et al., 2013; S. S.
Kienast et al., 2013). Two independent δ18O records measured in both Borneo and Perú cave speleothems
(Figure 2a; Carolin et al., 2016; Cheng et al., 2013) showed that the ITCZ reached its southernmost position
by the time HE11 was taking place in the North Atlantic, likely favoring the Central and norther South
America to experience drier and therefore dustier conditions. An additional plausible mechanism to explain
our recorded increase in continental input during HE11, when ODP Site 1240 was very likely located under-
neath the ITCZ, is an increase in wet dust deposition, as suggested from Central Equatorial Pacific records
(Jacobel et al., 2016) which, together with the observation that fine eolian dust particles seem to be prefer-
entially deposited by precipitation (Gross et al., 2016 and references therein), offer an additional or alterna-
tive possible eolian dust source which would help to explain the observed increase in eolian dust input at
ODP Site 1240 during HE11 (Figure 2f). Therefore, an enhanced nutrient content of subsurface EUC waters
together with an increase in dust input during HE11 likely set the optimal conditions to drive the highest
increase in export primary production of the whole study period despite a diminished upwelling in the EEP.

6. Conclusions

The results of this study indicate that surface seawater conditions favorable for phytoplankton growth were
established in the EEP, east of the Galapagos Islands, during the penultimate deglaciation, maximizing dur-
ing HE11. At this time, an increased influence of nutrient‐rich Southern Ocean‐sourced waters likely
favored a relief of limiting nutrients in the low‐silicate, high‐nutrient, low‐chlorophyll region where the
ODP Site 1240 is located, thus leading to a progressive increase in phytoplankton export production. The
arrival of nutrients at the study site also coincided with an increase in atmospheric deposition, facilitated
by the strengthening of the southeasterly trade winds, which would have favored the supply of iron to the
study site. The development of HE11 in the North Atlantic triggered a southward migration of the ITCZ,
the annual mean position of which may have reached as far as the equator. This shift in the ITCZ position
may have caused the extension of typical Eastern Pacific Warm Pool conditions over the study site during
most part of the year, also promoting enhanced dustiness in the continental areas proximal to the study
region and, therefore, favoring iron fertilization. At the same time, the HE11 occurrence and its link to
the reinforcement of the Southern Ocean upwelling would have brought high amounts of nutrients to the
EEP through intermediate waters and the EUC. These two mechanisms would have enriched the EEP with
nutrients from the atmosphere and the ocean, triggering the observed maximum in primary export produc-
tion during HE11. Our results further suggest that the occurrence of HE11 likely amplified the increase in
export production that was already taking place during the penultimate deglaciation.

Data Availability Statement

The new data from ODP Site 1240 core are provided in the public repository PANGAEA® (https://doi.org/
10.1594/PANGAEA.916212).
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