Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 30 Issues 1-2 January 2011 ISSN 0277-3791

QUATERNARY

SCIENCE REVIEWS

The International Multidisciplinary Research and Review Journal

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Quaternary Science Reviews 30 (2011) 210—223

Contents lists available at ScienceDirect

QUATERNARY
SCIENCE REVIEWS

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

Millennial-scale variations in hydrography and biogeochemistry in the Eastern
Equatorial Pacific over the last 100 kyr

Nathalie Dubois **, Markus Kienast?, Stephanie Kienast?, Claire Normandeau?, Stephen E. Calvert®,
Timothy D. Herbert ¢, Alan Mix ¢

2 Department of Oceanography, Dalhousie University, 1355 Oxford Street, Halifax, Nova Scotia, Canada B3H 4J1
P Earth and Ocean Sciences Department, University of British Columbia, Vancouver, British Columbia, Canada
¢ Department of Geological Sciences, Brown University, Providence, RI, USA

d College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA

ARTICLE INFO ABSTRACT

In this study, we use records of nitrogen isotope ratios (6°N), UK'37 temperature estimates, organic
carbon and opal percentages from high-resolution sediment cores located in the eastern equatorial
Pacific (EEP) to explore the mechanisms linking millennial-scale changes in low-latitude sea surface
temperature, water column denitrification and surface productivity to the timing of northern or southern
polar climate during the last 100,000 yr. Our results support a hypothesis that the Southern Hemisphere,
and its connection to the low latitudes via shallow subsurface ocean circulation, has a primary influence
on the biogeochemistry of the EEP. In addition, our results suggest that, during the last glacial stage,
denitrification rates fluctuated on millennial timescales in response to water-column ventilation rather
than upstream oxidant demand in intermediate-depth waters.

However, due to the poor age constraints available for Marine Isotopic Stage (MIS) 3, the EEP sedi-
mentary data presented here could support two conflicting mechanisms, one driven by enhanced
intermediate overturning circulation in the Southern Ocean during Heinrich Events/Antarctic Warm
Events, implying that subsurface flow rates control thermocline ventilation, and a second one consistent
with more sluggish intermediate circulation during Antarctic Warm Events and giving a central role to
the temperature control on oxygen solubility in Southern Ocean surface waters.
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The EEP is also a key area for globally important biogeochemical
cycles. For example, it is an important oceanic source of carbon
dioxide (COy) to the atmosphere on annual and decadal time scales

1. Introduction

The eastern equatorial Pacific (EEP) is a critical region for

understanding past global climate change. This region is charac-
terized by the presence of a shallow and steep thermocline, which
leads to a strong coupling between the atmosphere and surface
ocean (Mitchell and Wallace, 1992). As a result, it undergoes fast
dynamic adjustments and remarkably large sea surface tempera-
ture (SST) changes. The temperature of the EEP Cold Tongue serves
as a diagnostic of trade wind strength, thermocline depth,
upwelling of cold subsurface waters, and advection of waters off the
eastern boundary. The impacts of the EI-Nifio/Southern Oscillation
in this region are responsible for the earth’s greatest interannual
climatic variability.

* Corresponding author. Tel.: +1 902 402 4195; fax: +1 902 494 3877.
E-mail address: nathalie.dubois@dal.ca (N. Dubois).
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(Takahashi et al., 2002), and is responsible for up to 18—56% of
global oceanic new (export) productivity (Chavez and Barber, 1987).
Because of this high production and strong stratification of the
upper ocean, as well as the relative isolation of subsurface water
masses, the ocean’s two largest subsurface oxygen minimum zones
(OMZ) are located north and south of the equator in the eastern
tropical Pacific (Fig. 1a). Suboxic conditions give rise to water-
column and sedimentary denitrification, the bacterial reduction of
nitrate under low oxygen conditions, which also provides a signif-
icant source of nitrous oxide (N20), a powerful greenhouse gas, to
the atmosphere (Nevison et al., 1995).

In addition, the EEP may record a climate feature that contrib-
utes to the conditioning of the background state for the formation
of North Atlantic Deep Water (NADW) (Zaucker et al., 1994; Benway
and Mix, 2004): North of the equator, this region receives a signif-
icant amount of Atlantic-derived freshwater through cross-isthmus
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Fig. 1. (a) Schematic illustration of the oceanic and atmospheric processes discussed in this paper. The colored lines show the location of the Inter-Tropical Convergence Zone (ITCZ),
in red for present-day July, in green for present-day January. The grey shaded area shows the extent of the oxygen minimum zones at 200 m water depth. The light blue area shows
the formation zone of Sub-Antarctic Mode Water (SAMW), while the blue dotted arrows illustrate possible pathways for the “tunneling” of intermediate waters. Yellow stars
represent the core locations, as shown in (c), as well as cores used in Robinson et al. (2009). Yellow dots show the locations of the paleoclimatic and paleoceanographic records
discussed in the text: (1) Hulu Cave speleothem records (as discussed in Toggweiler and Lea, 2010), (2) Caverna Botuvera speleothem records (Wang et al., 2007), (3) Oregon margin
(Kienast et al., 2002), (4) Santa Barbara Basin and Point Conception (Emmer and Thunell, 2000; Hendy et al., 2004), (5) Guyamas Basin (Pride et al., 1999), (6) Mexico margin
(Ganeshram and Pedersen, 1998), (7) Gulf of Tehuantepec (Thunell and Kepple, 2004; Hendy and Pedersen, 2006; Pichevin et al., 2010), (8) Nicaragua margin (Pichevin et al., 2010),
(9) ODP1242 (Robinson et al., 2009; Martinez and Robinson, 2010), (10) Equatorial divergence Site ODP1240, same location as MEOO05A-24]C (Robinson et al., 2009; Martinez and
Robinson, 2010), (11) CD38-02 (Ganeshram et al., 2000), (12) GeoB7139-2, Chile margin (De Pol-Holz et al., 2006, 2007), (13) ODP1234 (Robinson et al., 2007), (14) ODP1233
(Martinez et al., 2006), (15) MD97-2120 (Pahnke and Zahn, 2005; Sachs and Anderson, 2005). (b) Oxygen concentration in the EEP at 200 m water depth (wd), derived from World
Ocean Atlas 2005 (WOAO05) (Garcia et al., 2006b). The OMZ of the ETNP and ETSP clearly appear in purple. The white dotted arrows show the Equatorial Undercurrent (EUC) splitting
into northward and southward branches at the Galapagos Islands. The northward branch becomes the California Undercurrent (CU) while the southward branch joins the
Peru—Chile Undercurrent (PCUC). (c) Map of the present-day mean annual SST distribution, derived from WOAO5 (Locarnini et al., 2006). Black stars show locations of the studied
cores. Black arrows indicate surface currents: North Equatorial Current (NEC) North Equatorial Counter Current (NECC), South Equatorial Current (SEC), Peru Current (PC). The
equatorial Cold Tongue appears in green, with the Equatorial Front just to the north. Figure created using the software Ocean Data View (Schlitzer, 2010) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

atmospheric transport of water vapor, which leaves the Atlantic
saltier than the Pacific.

Based on its key importance in Earth’s present-day climate
system, the tropical Pacific has been proposed as the trigger,
amplifier, or mediator of past global climate change on time scales
ranging from interannual to glacial—interglacial (e.g. Cane, 1998;
Lea et al, 2000; Hostetler et al., 2006). Despite the efforts of
many paleoceanographers, a mechanistic understanding of past
changes of the eastern tropical Pacific and their linkages to high
latitude remains missing or equivocal (Mix, 2006). Early studies
addressed orbital-scale variations and the Last Glacial Maximum,
with emphasis on changes in SST and productivity (e.g. Pedersen
et al,, 1991; Patrick and Thunell, 1997; Pisias and Mix, 1997; Mix
et al,, 1999; Feldberg and Mix, 2002, 2003; Loubere, 2002; Lyle
et al., 2002; Lea et al., 2006).

More recent observations of millennial-scale variations in sea-
surface salinity (SSS), SST, nutrient delivery, productivity and deni-
trification rates provide climate change signatures, independent of

longer-period orbital forcing, that link tropical climate fluctuations
to variations in the high latitudes of the Northern or the Southern
Hemisphere (e.g. Leduc et al., 2007; Kienast et al., 2006a; Robinson
et al,, 2007; Pena et al,, 2008). Here we present new reconstruc-
tions of SST (based on alkenones), productivity (based on organic
carbon and opal contents) and water-column denitrification (based
on 6N of bulk organic matter) from four cores that span different
hydrographic conditions across the Cold Tongue (~1°N to ~5°S) of
the easternmost equatorial Pacific. We then use the data from the
highest-resolution core (MEO005A-24]C) to examine mechanisms of
millennial timescales oceanic variations in the EEP and linkages to
higher-latitude climates.

2. Background
Millennial-scale climatic oscillations have occurred throughout

the past few million years (Raymo et al., 1998). Synchronization of
Greenland and Antarctic ice core records using the global
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atmospheric change in CH4 concentrations has revealed the exis-
tence of a bipolar seesaw (Blunier and Brook, 2001; EPICA, 2006).
Rapid millennial (~1—2 ka period) oscillations in Greenland are
referred to as Dansgaard—Oeschger (D—O0) events; during
a sequence of warm interstadial events in Greenland, Antarctica
cools, whereas during cool stadials of the Northern Hemisphere,
Antarctica warms. Although Northern Hemisphere events are
asymmetric (rapid warming, slower cooling), the warm anomalies
in Antarctica (called Antarctic Warm Events, AWE) are more
symmetric. North Atlantic marine sediment cores reveal thick
layers of ice-rafted debris, indicating that massive releases of
icebergs (the so-called Heinrich Events, HE or H#) occurred during
the coldest stadials in the Northern Hemisphere (see review in
Hemming, 2004). D—O events appear to be associated with lat-
itudinal shifts in oceanic convection between the Nordic Seas and
the open mid-latitude Atlantic (Alley and Clark, 1999), whereas HE
are associated with a significant slow down of NADW formation
(McManus et al., 2004; Gherardi et al., 2005).

The triggers and hemispheric linkage mechanisms for millen-
nial-scale changes are still debated. Two main hypotheses have
been suggested as possible triggers: The first is a reorganization of
the Atlantic meridional overturning circulation (e.g. Broecker et al.,
1985), while the second one invokes changes in the dynamics of the
tropical Pacific ocean—atmosphere system (Cane, 1998).

A key to sorting out these hypotheses is to determine the
geographical extent of the climatic imprint associated with each
hemisphere. For example, Rohling et al. (2009) showed that climate
signals present in both Antarctica and Greenland ice core records
influenced the Chinese speleothem 6'80 records (Fig. 1a — site 1),
although the significance of their respective controls varies with
time. Chronological correlations between these cave records and
Greenland ice-core records were previously interpreted as reflect-
ing a dominant control of Northern Hemisphere climate processes
on monsoon intensity (Wang et al., 2001).

Given hypotheses on the role of the EEP in global climate
mechanisms and a location where either hemisphere could influ-
ence the climatic record, it is important to assess the linkage of this
region to the high latitudes of either or both hemispheres. Models
have shown that the mid to high-latitudes can influence the trop-
ical oceans via two pathways: the “atmospheric bridge” of the
Hadley circulation and the “oceanic tunnel”, which involves
subduction of Antarctic intermediate and mode waters in the sub-
Antarctic region and their resurfacing in the equatorial Pacific after
transit along the Equatorial Undercurrent (EUC, see Fig. 1a) (Liu and
Yang, 2003).

Hydrologic variations in the eastern Pacific Warm Pool (EPWP),
offshore central America, mimic the millennial-scale D—O oscilla-
tions that dominate Northern Hemisphere climate variability:
higher paleosalinities coincide with Greenland stadials, a pattern
explained by a southward migration of the Intertropical Conver-
gence Zone (ITCZ) and/or a decrease in water vapor transport from
the Atlantic to the Pacific Ocean (Fig. 1a) (Benway et al., 2006; Leduc
et al., 2007).

North Atlantic derived climate forcing has also been invoked in
alkenone-based SST reconstructions from the Panama Basin and
the equatorial Cold Tongue region (Kienast et al.,, 2006a; Pahnke
et al,, 2007). These records show a significant cooling (~1.5 °C)
during the time of North Atlantic Heinrich Event 1 (H1, ~16 kyr
calendar BP). In this case, a more southerly ITCZ and strengthened
northeasterly trade winds were invoked to explain the cooling in
the Panama Basin, through enhanced coastal upwelling along the
coast of Central America. Similarly, Koutavas and Sachs (2008)
suggest that the deglacial temperature rise recorded by alkenone
paleothermometry in the Cold Tongue follows a Northern Hemi-
sphere tempo.

On the other hand, evidence from planktonic foraminiferal Mg/
Ca thermometry in planktonic foraminifera suggests that tropical
Pacific SSTs in both the Northern and Southern Hemispheres have
covaried with Southern Hemisphere temperatures (Lea, 2004;
Benway et al., 2006; Lea et al., 2006; Mix, 2006; Pena et al.,
2008), and the Mg/Ca temperatures are in approximate agree-
ment with those from species-based transfer functions (Feldberg
and Mix, 2003). In this case, the connection between these two
regions is envisioned as occurring either through direct response of
each region to radiative (CO) forcing or through a physical link via
oceanic circulation, through “the oceanic tunnel” or equatorward
advection of waters in the Peru Current (Feldberg and Mix, 2003).

The oceanic tunnel has also been used to explain the biogeo-
chemical and surface water productivity history of the EEP. Sarmiento
et al. (2004) showed that Sub-Antarctic Mode Water (SAMW) has
a strong influence on the nutrient content of the low-latitude ther-
mocline. In the western equatorial Pacific, SAMW feeds into the EUC
that then shoals eastward across the Pacific. Upwelling delivers EUC
waters to the surface in the Cold Tongue region. A recent study
focusing on the last glacial termination has shown that maxima in
opal fluxes occur simultaneously in the EEP and south of the Antarctic
Polar Front (APF) (Anderson et al.,, 2009). These authors suggest that
enhanced upwelling of deep-water masses during the deglaciation
caused an increased supply of silicic acid to surface waters south of
the APF. Some of this silicic acid was subsequently entrained in the
thermocline and advected towards low-latitude regions.

This hypothesis supports the scenario proposed by Spero and
Lea (2002), suggesting that the deglacial minimum in 6'3C of
planktonic foraminifera observed in low-latitude records reflects
a higher nutrient content and corresponds to a chemical signature
of increased upwelling of deep water in the Southern Ocean.
Indeed, there is strong evidence in the EEP for enhanced nutrient
content of subsurface EUC waters during this interval. The highest
rate of organic carbon accumulation during the last 35 kyr occurs
during this time window (Kienast et al., 2006a) and residual sedi-
mentary 6'°N records (Fig. 1a — site 10), corrected for regional
denitrification, show a coeval decrease in the degree of surface-
water nitrate consumption (Robinson et al., 2009). Thus, during the
deglaciation, the supply of nutrients exceeded the apparently high
demand implied by the organic carbon flux maximum identified by
Kienast et al. (2006a). Martinez and Robinson (2010) propose that
the increase in export production during the deglaciation resulted
in higher subsurface oxygen demand, which led to an intensifica-
tion of water column denitrification within the OMZs of the SE and
NE Pacific margin (Fig. 1a — sites 9 and 10).

On a longer time-scale, sedimentary 6'°N records from the
southern margin of the eastern tropical South Pacific (ETSP) OMZ
appear to be responding to Southern Hemisphere climate changes
(Fig. 1a — sites 12—14): peaks in denitrification are in-phase with
AWE (De Pol-Holz et al., 2007; Robinson et al., 2007). Robinson
et al. (2007) explain the timing as originating from bio-physical
changes in the region of SAMW formation. SAMW feeds into the
EUC, which then flows into the Peru—Chile Undercurrent to become
the primary source of the upwelled water along the Peru margin
that fuels the high export of organic matter and consequently the
suboxia in the subsurface (Toggweiler et al., 1991; Spero and Lea,
2002; Sarmiento et al., 2004). Alternatively, the 6'°N variations in
the ETSP could reflect local hydrographic changes, such as dilution
of isotopically heavy nitrate in the Peru—Chile Undercurrent by
lighter southern sourced water (Martinez et al., 2006), collapse of
the thermocline ventilation caused by fresh-water pulses from the
Patagonian Ice Sheet (De Pol-Holz et al., 2006) or retreat of stronger,
more oxygenated glacial Antarctic Intermediate Water synchro-
nously with Antarctic warming and southward translation of the
southern westerlies (Muratli et al., 2010).
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Table 1

Core locations and water depth.
Core Latitude Longitude Water depth
MEO005A-24]C 0°01.30'N 86°27.79W 2941 m
MEO0005A-27]C 1°51.20°S 82°47.20W 2203 m
TR163-31P 3°37.12'S 83°58.24'W 3205 m
TR163-19P 2°15.50'N 90°57.10'W 2348 m

Pichevin et al. (2010) suggest that this Southern Hemisphere
timing affects 6'°N records from the Nicaragua Basin ( ~12°N) and
is still noticeable in the Gulf of Tehuantepec ( ~ 15°N) (Fig. 1a — sites
7 and 8). These authors imply leakage of heavy nitrate sourced in
the ETSP across the equator. Previous studies on the other hand
suggest that the hemispherically synchronous changes in denitri-
fication result from the EUC feeding both the northward and
southward flowing poleward undercurrents (Fig. 1b) (Tsuchiya and
Talley, 1998; Kienast et al., 2002; Robinson et al., 2009).

Studies from further north along the NE American margin
detected North Atlantic derived climate forcing in their downcore
sedimentary 6'°N record (Fig. 1a — sites 3—5) (Pride et al., 1999;
Emmer and Thunell, 2000; Hendy et al., 2004). Along the Cali-
fornian margin and further north, these oscillations were initially
interpreted as reflecting changes in denitrification in the eastern
tropical North Pacific (ETNP) OMZ (Emmer and Thunell, 2000;
Kienast et al., 2002). However, later studies of sedimentary 6'°N
from the core of the ETNP OMZ did not find a clear North Atlantic
derived climate forcing (Thunell and Kepple, 2004; Hendy and
Pedersen, 2006). Thus the North Atlantic derived climate forcing
evident further north was reinterpreted as either reflecting varia-
tions in the rate of upwelling of deeper water masses enriched in
heavy 6N travelling northward along the coast or as reflecting
ventilation variations by North Pacific Intermediate Water (Hendy
and Pedersen, 2006).

In summary, it remains unclear whether on a millennial time-
scale the EEP responded primarily to a Southern or Northern
Hemisphere forcing. Here, we use alkenone SST, denitrification and
productivity proxies to identify the climate forcings that resulted in
the hydrographic changes recorded in the Eastern Tropical Pacific
over the last climatic cycle, with a focus on MIS 2—4. We evaluate
two mechanisms suggested to control oceanic variability in the
EEP: an atmospheric bridge scenario forced by Heinrich Events that
results in an enhancement of NE trade winds, a southward move-
ment of the ITCZ and Westerlies, and an intensification of inter-
mediate water circulation. The second mechanism is an oceanic
tunnel one, whereby warming of Southern Ocean surface waters
during AWE reduces the oxygen content of intermediate waters,
expanding the ETNP and ETSP denitrification zone and warming
subsurface water upwelled in the EEP.

3. Material and methods
3.1. Core material and study site

We present new records of alkenone based SST, bulk sediment
nitrogen isotopic composition, opal concentration and organic
carbon content of 4 cores from the EEP covering the last 100 kyr.
Sediment cores MEOOO5A-24]JC and MEOOO5A-27]C were recovered
during the MEOOO5A expedition aboard the R/V Melville in 2000.
Sediment cores TR163-19P, and TR163-31P were recovered during
the cruise 163 aboard the R/V Trident in 1975. Core locations are
shown in Fig. 1a and c and listed in Table 1.

The sites are strategically located across this complex oceano-
graphic region to detect hydrographic and biogeochemical changes
and evaluate the importance of the northern and southern polar

influences (Fig. 1). Two distinct upwelling systems co-exist in the
EEP. The first is located off Peru, where upwelling taps deep sub-
Antarctic-sourced, nutrient-rich water. This stimulates intensive
production in the Cold Tongue as it recirculates into the south
equatorial current (Toggweiler et al., 1991; Toggweiler and Carson,
1995; Dugdale et al., 2002). Core sites TR163-31P and MEOOO5A-
27]C are affected most by these highly productive waters. The
second system is farther from the coast where the source of
upwelling is relatively shallower waters brought up via the equa-
torial divergence (Dugdale et al., 2004). Core MEOO0O5A-24]C is
situated within this equatorial divergence zone. Core TR163-19P is
located in warmer waters lying north of the Equatorial Front for
most of the year. Thus the cores span a gradient in biological
productivity with higher values (200 gC/m?/yr) observed at sites
TR163-31P and MEOOO5A-27]C close to the Peru upwelling and
lower values (140 gC/m?/yr) at site TR163-19P at the northern limit
of the shallow equatorial upwelling zone (Antoine et al., 1996).

3.2. Analytical methods

Cores MEOOO5A-24]C, ME0O005A-27JC and TR163-31P were
analyzed for alkenone unsaturation at Dalhousie University. Total
lipids were extracted from 1.5 to 3 g aliquots of freeze-dried sedi-
ment samples using a Dionex Accelerated Solvent Extraction
system (ASE200). These extracts were saponified using potassium
hydroxide and purified through silica column chromatography. The
purified extracts were analyzed by gas chromatography (Agilent
6890N) at Dalhousie. Sea-surface temperature estimates (UK'37
SST) were calculated from the ratio of the concentration of the di-
and triunsaturated alkenones, using the calibration of Prahl et al.
(1988). The upper 500 cm of MEOOO5A-24JC were analyzed at
WHOI following the same procedure and were previously pub-
lished by Kienast et al. (2006a). These data were shifted by +0.027
UK’37 units because of a laboratory offset determined from 10
replicate samples. Cores TR163-19P was analyzed at Brown
University following similar laboratory procedures detailed in
Herbert et al. (1998). Results from the last 25 kyr BP of cores
MEOO005A-27]C, TR163-19P and TR163-31P were previously pub-
lished in Dubois et al. (2009).

The sedimentary 6'>N composition of all cores was analyzed at
the Pacific Centre for Isotopic and Geochemical Research, UBC
Vancouver. Samples were freeze dried, ground in an agate mortar,
packed in tin cups and measured by combustion using a Carlo Erba
NC 2500 elemental analyzer coupled to a Finnigan Mat Delta Plus
mass spectrometer, via a Finnigan Mat ConFlo III inlet. Normaliza-
tion to the international (515Nair scale was done by running four
repeats of an internal laboratory standard (Acetanilide [4.0]) and
one international isotope reference material (IAEA-N1 [0.4] or
IAEA-N2 [20.3]) with every batch of 24 samples. Reproducibility for
05N was better than +0.2%.

Total carbon was determined by flash-combustion gas chro-
matography with an elemental analyzer using operational condi-
tions similar to those described by Verardo et al. (1990). Relative
standard deviation (R.S.D.) was 4-2% of measured values (1) based
on two internal sedimentary standards analyzed along with the
samples. Inorganic (i.e., carbonate mineral) carbon was determined
by CO, evolution after HCI treatment of weighed bulk sediment
samples in a carbon dioxide coulometer with an analytical preci-
sion of +£2.3% (1¢, R.S.D.). Organic carbon was estimated by sub-
tracting inorganic from total carbon, with a combined analytical
precision (as R.S.D.) of £3%. Results for the last 35 kyr have been
published by Kienast et al. (2006a, 2007).

Biogenic opal (Siopal) of core MEOOO5A-24JC (>510 cm) was
determined at Dalhousie University by extraction of silica from
20 mg subsamples by a 2 M NaCOs solution at 85 °C for 5 h.
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Table 2
Radiocarbon Data of Core MEOOO5A-24]C.
Core depth [cmbsf] 14C age [yr] Calendar age® [yr BP] Reference

N. dutertrei 15-20 3255 +£ 30 2870 + 130 Kusch et al. (2010)
N. dutertrei 46-51 7100 + 40 7450 + 100 Kusch et al. (2010)
N. dutertrei 81 9040 + 40 9550 + 130 Kienast et al. (2007)
N. dutertrei 230 13,900 + 35 16,410 + 320 Kienast et al. (2007)
N. dutertrei 291 15,700 + 85 18,200 + 120 Kienast et al. (2007)
N. dutertrei 351 18,050 + 65 20,790 + 280 Kienast et al. (2007)

@ Calibrated to calendar ages with the software CALIB 6.0 (Stuiver and Reimer, 1993) using a reservoir correction of deltaR = 167 + 106 yr and the calibration data set

Marine09 (Reimer et al., 2009). Calendar ages are rounded to the nearest 10 yr.

Dissolved silica concentrations in the extract were determined by
molybdenum blue spectrophotometry (Mortlock and Froehlich,
1989). The upper 510 cm were analyzed at UBC following the
same procedure and were previously published by Kienast et al.
(2007). Percent opal is calculated as 2.4 x Sigpat. The relative stan-
dard error from duplicates was +2.1%.

3.3. Age models

Age models for Marine Isotopic Stage 1 and 2 (MIS1 and MIS2,
i.e. 0—25 kyr) in cores MEOOO5A-27]C, TR163-19P and TR163-31P
were adopted as previously published (see Kienast et al., 2007). We
present here an updated MIS1-2 age model of core MEOOO5A-24]C
based on 4 radiocarbon dates on Neogloboquadrina. dutertrei pub-
lished by Kienast et al. (2007) and 2 additional dates on N. dutertrei
published by Kusch et al. (2010) (Table 2). Radiocarbon ages were
calibrated to calendar years using the software CALIB 6.0 (Stuiver
and Reimer, 1993; deltaR = 167 & 106 yr), and the MARINEO9
calibration data set (Reimer et al., 2009). Note that the use of this
new calibration data set (MARINEQ9) leads to small deviations
(<600 yr) from the calendar ages published by Kienast et al. (2007)
using the MARINEO4 (Hughen et al., 2004) calibration data set.

Because of the difficulty in dating sediments from the equatorial
Pacific older than 50,000 yr (see discussion below), we created two
different age models based on the hypotheses under investigation.
In this approach, we correlate millennial-scale events observed
during MIS3 in the opal (scenario 1) and in the 6'°N records
(scenario 2) of MEOOO5A-24JC to the new high-resolution 6'80jce
EPICA Dronning Maud Land (EDML) record from Antarctica. The
6'30;ce EDML record is synchronized in detail to the GICCO5-based

Table 3

Correlation points used between MEOOO5A-24JC and EDML1.
Depth in ME-24 [cmbsf] Age [kyr BP] Tie point
Scenario 1*
550 36.25
592.5 38.9 AWET1
603 39.6
671.5 46.5 AWE2
720 54.4 AWE3
770.5 58.8 AWE4
800 61.3
Scenario 2°
504 38.90 AWEI1
660 46.50 AWE2
752 54.40 AWE3
804 58.80 AWE4
840 66.25
900 71.17 AWES5
932 74.5 AWE6
968 80.71

3 MIS3 opal maxima (filtered) were matched with EDML 6'80;ce
b MIS3 65N maxima were matched with EDML 6'80jce

Greenland 6'30;. records via methane concentration in air bubbles
trapped within the ice (EPICA Community Members, 2006). The
MIS3 tie points are presented in Table 3. We then examine the
repercussions that this matching has on the other proxies and
mechanisms implied.

Cores TR163-31P, TR163-19P and MEOOO5A-27]C were graphi-
cally correlated to MEOO05A-24]C for the MIS3—4 interval using the
software AnalySeries (Paillard et al., 1996). We based our correla-
tion on a number of clear features in the 6°N and opal records,
making sure not to violate the MIS4 benthic 6'30 transitions. We
thus make the explicit assumption that events evident in the proxy
record of all the cores occur synchronously across the EEP. Finally,
based on multiple geochemical proxies (not shown), we identify an
ash layer at a depth of 9.8 m in MEOOO5A-24]JC, 4.31 m in MEOOO5A-
27]C, 310 m in TR163-19P and 6.61 m in TR163-31P, which we
assume to be the Los Chocoyos Ash Layer. This Ash Layer was
previously observed in the Gulf of Mexico and equatorial Pacific and
has been dated to 84,000 yr BP on the basis of oxygen isotope
stratigraphy, biostratigraphy and Pa—Th data (Drexler et al., 1980).
The absolute accuracy of the individual age models is not crucial in
the context of this study, since our primary conclusions are based
on the phase relationship among different proxies within the same
core (MEO0O0O5A-24]C). The additional cores serve only as controls as
to whether the features we observe are representative of a regional
signal.

We rely on tuning for the MIS3 intervals for three main reasons.
First, radiocarbon dating can only be used for the last 50,000 kyr,
and with increasing uncertainties (Faibanks et al., 2005). Second,
the absence of clearly defined benthic 6'30 events or transitions
during MIS3 would not allow tight age control. In addition, it has
been recently shown that 680 transitions are not synchronous
between ocean basins (Skinner and Shackleton, 2005; Lisiecki and
Raymo, 2009). And third, precisely dated geomagnetic excursions
such as the Laschamp Event ( ~41 kyr BP; Singer et al., 2009) could
not be detected at our core locations close to the equator. We draw
the reader’s attention to the fact that this tuning approach will not
become circular. We only use it to test what the implications of
a particular scenario are.

4. Results and interpretation of local processes
4.1. SST

The UK’37-SST profile of core MEOOO5A-24]JC shows a long-term
decreasing trend from 100 to 17 kyr BP, followed by a more rapid
continuous warming during the deglaciation and the Holocene
(Fig. 2a). The highest SSTs are reached during MIS5 (~27 °C) and
the Holocene (26.7 °C). Although the LGM (19—23 kyr BP) is colder
than the Holocene, the absolute minimum of SST during the last
100 kyr is observed around 16 kyr BP during the deglaciation
(Kienast et al., 2006a). Warm excursions of up to 1.5 °C occurred as
relatively short events (>5 kyr) during MIS3.
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Fig. 2. Downcore records of sea surface temperature (a), bulk sediment nitrogen
isotope ratios (b) and organic carbon content (c) in the four cores for the last 100 kyr.
Cores are distinguished by different colors (see legend). The records are plotted
following the age model of scenario 1 (see text). Blue and white rectangles at the top
indicate the Marine Isotopic Stages 1—5 (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).

The UK'37-SST profiles of core MEOOO5A-27]JC and TR163-19P
show very similar features, in particular the long term decreasing
trend up to the deglaciation superimposed by a number of
millennial-scale warmings (Fig. 2a). These warmings are of smaller
amplitude in TR163-19P, but this might be due to the lower sedi-
mentation rates and resolution of this core (average sampling
resolution for alkenone SST determination is 340 yr in MEOOO5A-
24]JC, 830 yr in MEOOO05A-27]C and 1370 yr in TR163-19P). The
UK’37-SST profile of core TR163-31P is too short to make any
conclusive interpretation. The SST difference between MEOOO5A-
24]C and MEOOO5A-27]C remains relatively constant over the last
100 kyr, except during rapid and pronounced cooling intervals in
MEO0005A-24]JC during which the SST gradient is minimal.

Advection of colder water in the EUC and its subsequent
upwelling would be expected to affect the two upwelling centers
(equatorial and marginal) similarly and thus should not lead to
a smaller gradient between MEOOO5A-24]JC and MEOOO05A-27]C.
Because the millennial-scale coolings are also recorded in core
MEO0005A-43]JC (7°51.35'N, 83°36.50'W) in the EPWP (Dubois et al.,
in preparation), stronger advection of the Peru Current as suggested
for the Last Glacial Maximum (e.g. Feldberg and Mix, 2002; Dubois
et al., 2009) appears to be unlikely, as would be a westward
extension of the Peru upwelling system. A decrease in the SST
gradient between ME0O005A-24]JC and MEOOO5A-27]JC during the
short cooling intervals thus most likely reflects either a wind
pattern that would enhance equatorial upwelling relative to the

Peru upwelling, or advection of colder water upwelled further
north in the Panama Basin to site MEOOO5A-24]C. The latter has
been suggested in a modeling study by Zhang and Delworth (2005)
that simulated cooling north of the equator in response to
a substantial weakening of the Atlantic thermohaline circulation
imposed by freshwater forcing.

4.2. Organic carbon

The organic carbon concentration in MEQ005A-24]JC varies
between 0.5 and 4 wt% during the last 100 kyr (Fig. 2c, average
sampling resolution for %Corg measurements is 330 yr in MEOOO5A-
24JC, 390 yr in TR163-31P, 540 yr in MEOOO5A-27]C and 880 yr in
TR163-19P). The highest amplitude peak occurs during the degla-
ciation (14—20 kyr BP), as described in Kienast et al. (2006a) and
Martinez and Robinson (2010). This peak is superimposed on values
already somewhat higher from 7 to ~30 kyr BP. Additional inter-
vals of slightly higher values occur between ~ 35 and 45 kyr BP and
between ~55 and 70 kyr BP. Similar oscillations can be observed in
MEO005A-27]C and TR163-31P, which record a more pronounced
positive excursion from ~45 to ~50 kyr BP (Fig. 2c). On the other
hand, TR163-19P records lower organic carbon content (0—1 wt¥%).
This pattern is predictable given that TR163-19P is located at the
northern limit of the equatorial upwelling. In all these cores, Th-
normalized fluxes (not shown) generally agree well with the
organic carbon concentration (see also Kienast et al., 2006a, 2007;
Pichevin et al., 2009), supporting our interpretation of organic
carbon concentration changes as representing carbon flux changes.

The similarity of these organic carbon records between the 3
core sites in the EEP indicates that they reflect regional fluctuations.
Recall that MEOOO5A-24]C is situated within the equatorial diver-
gence zone, while TR163-31P and MEOO05A-27]C are affected most
by the highly productive waters from the Peru upwelling. Therefore
the overall good covariation among these records indicates that
they are not influenced by local processes at the deposition site, but
rather by regional changes in nutrient delivery and productivity.

During MIS2—4, the millennial-scale intervals of higher organic
carbon content are mirrored by intervals of lower 6N (Fig. 2b).
Cross-spectral analysis reveals that organic carbon and 6'°N vari-
ations are significantly anti-correlated on timescales longer than
2500 yr, with a peak at 5000 yr. Therefore, the export fluxes in the
EEP upwelling systems and the associated drawdown in subsurface
oxygen concentration cannot be implied as the cause of changing
downstream denitrification rates as suggested for the deglaciation
(Martinez and Robinson, 2010).

43. 6PN

The average bulk sedimentary 6'°N of core MEO005A-24]C over
the last 100 kyr is 5%, (Fig. 2b). MIS5 shows a slowly decreasing
trend, from 6 to 5%, MIS4 on the other hand shows the lowest
values (2.6%,) of the record. During MIS3, a series of 1—-29,, varia-
tions occur on a timescale of 5—10 kyr (the same sampling reso-
lution was used as for %Corg measurements). 6N values increase
steadily since the LGM from 3.5 to 7.19, in the top-most sample,
with the exception of a positive excursion during the
Bolling—Allerad period. Cross-spectral analysis reveals that 6°N
and SST variations are significantly coherent at timescales longer
than ~3000 yr. On a millennial-scale, the warm excursions
generally coincide with high 6'°N values.

The increase in 6'°N during the Bolling—Allered is seen in all of
the records from the ETNP and the Arabian Sea and represents one
of the most significant changes in the marine nitrogen cycle during
the last 25 kyr (Thunell and Kepple, 2004). The pronounced
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Fig. 3. (a) Core locations on a map of mean annual nitrate concentrations in surface
waters. Figure created using the software Ocean Data View (Schlitzer, 2010) and data
from WOAO5 (Garcia et al., 2006a). (b) Bulk sediment nitrogen isotopic record during
MIS2—4 from our four EEP cores (see legend at the bottom). Shown for comparison are
cores NH15P and NH22P from the Mexico Margin (Ganeshram and Pedersen, 1998) and
core CD38-02 from the Peru Margin (Ganeshram et al., 2000) (see legend at the top).
Note that the offset between the records from the EEP and the Mexico and Peru
margins is most likely due to uncertainties in the age control of the latter records.

minimum occurring during MIS4 is also common to a number of
0N records from other oceanic regions (e.g. Galbraith et al., 2004).

Sedimentary 6'°N records represent a complex amalgam of local
and more distal processes. Downcore §'°N records are potentially
influenced by many factors including the input of land-derived
organic material, changes in the isotopic offset due to alteration
during sinking or sedimentation, local changes in denitrification
rates, changes in the degree of nitrate consumption, and changes in
the source of nitrate and/or its isotopic composition.

Input of land derived organic material is unlikely to play
a dominant role because it would have had a stronger influence in
MEOO005A-27]C, the core closest to coast, which is not supported by
the similarity of values in this core and the other cold-tongue cores.
Similarly, local water-column denitrification at our core sites is
unlikely due to the influence of the oxygen-rich EUC (Fig. 1b). As for
the diagenetic imprint, previous studies have shown little temporal
variations of this effect on 6'°N in sediments from the Equatorial
Pacific (e.g. Altabet and Francois, 1994). Thus we are left with two
potential mechanisms controlling the 6'°N signal recorded in the
EEP: (1) changes in the degree of nitrate consumption and (2)
changes in the isotopic composition of the source of nitrate.

Although cores TR163-31P, MEOOO5A-24]C and MEO005A-27]C
are located in different oceanic regimes (see Section 3.1), spanning

500 km overall (Fig. 1), their sedimentary 6'°N records show a very
close correspondence during the last glacial stage, as do their Corg
records (MIS2—4, Fig. 2b). TR163-19P, which is located further away
from the equatorial divergence records higher 6'°N values reflect-
ing the increased nutrient utilization as the surface water is
advected away from the equator (Fig. 2b) (c.f. Farrell et al., 1995;
Robinson et al., 2009). The offset between §'°N at TR163-19P and
the three cores further south has remained constant during
MIS2—4. However, the interglacials MIS1 and MIS5 clearly show
a different pattern with diverging 6'°N gradients between our 4
locations, reflecting local changes in nutrient utilization during the
warmer stages (Dubois et al., in preparation). At present, these four
cores are located on a gradient of surface nitrate concentration
(Fig. 3a, from 2 to 7 umol/l) as well as a gradient in surface sediment
0N (see Fig. 2a in Farrell et al., 1995, from 5 to 9%,). Thus the close
convergence of the three southern records during the last glacial
stage is quite remarkable. We interpret the highly coherent varia-
tions during MIS2—4 as evidence for the absence of significant local
changes in nutrient utilization over this time period.

However, the perfect similarity between the three §'°N records,
both in terms of variations and absolute values, could reflect large-
scale regional changes in the ratio between the biological uptake
and the nitrate supply. As shown by the Cor content records
(Fig. 2c), similar variations in biological uptake/production
occurred at the 3 southern sites during MIS2—4. The millennial-
scale intervals of higher organic carbon content are mirrored by
intervals of lower 6'°N (Fig. 2b), which would — in this case —
indicate a decrease in relative nitrate utilization. In the Equatorial
Pacific, uptake of nitrate is ultimately controlled by the availability
of iron (Martin et al., 1991; Chai et al., 1996; Fitzwater et al., 1996).
Thus changes in the degree of nitrate consumption require that the
surface waters witness variations in the iron-to-nitrate ratio
(Fe:NO3) and not just the net supply of nutrients (Robinson et al.,
2009). To create such a pattern of high uptake-low utilization
would require an increased supply of both Fe and NO3 (to increase
biological production), but with a lower Fe:NO3 ratio (to lower
relative nitrate utilization).

We dismiss regional changes in nitrate utilization as a primary
control on the EEP downcore §'°N data for two main reasons. First,
if temporal changes in relative utilization were a dominant factor in
EEP sedimentary 6°N records, we would expect a significant
increase in relative utilization (higher 6'°N) during the dustier
glacial interval, due to eolian Fe fertilization (assuming nitrate
supply was relatively constant), which is not observed. Second, the
relationship between [NO3] and 6!°N in the EEP is exponential, due
to Rayleigh fractionation. Thus, regional changes in the ratio of
supply to demand would impact the spatial >N gradients in a non-
linear way, which is also not observed. In conclusion, we make the
assumption that the balance between supply and demand is
maintained during MIS 2—4 by a constant Fe:NO3 ratio in
upwelling waters. A similar observation was made for present-day
condition by Altabet (2001) during the US JGOFS EqPac program.
Despite a doubling of surface [NO3] accompanying relaxation of El
Niflo conditions, relative utilization of NO3 remained nearly
constant.

Thus, based on the similarity of our records, we assume that the
millennial-scale 6°N oscillations recorded during MIS2—4 reflect
temporal variations in the isotopic signature of the regional
nitrogen pool. The question then becomes what processes drive
changes in this regional nitrate pool? The isotopic composition of
the nitrate upwelled in the EEP is determined by the isotopic
composition of the primary source of nitrate (SAMW) and by
denitrification in the adjacent OMZs. Although we cannot exclude
influences of isotopic variations in SAMW, two lines of evidence
support our assumption that the MIS3 oscillations reflect changes
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Fig. 4. Opal record of MEO005A-24]C for the last 100 kyr. In black, the opal content. In
grey, the residual opal record, once variability >10 kyr is removed from the black
record (see text).

in denitrification intensity in the Eastern Pacific. First, on orbital
timescales Robinson et al. (2009) have shown that changes in the
6N of preformed nitrate in the EUC (approximated by diatom §'°N
records from the Southern Ocean) are of opposite sign to the EEP
615N variations. Second, the pattern of change in our new EEP §'°N
records is quite similar to the variations in 6N recorded in the
sediments underlying and downstream from the large regions of
water column denitrification in the ETP (Ganeshram et al., 2000;
Kienast et al., 2002; Hendy et al., 2004; De Pol-Holz et al., 2007;
Robinson et al., 2007). Fig. 3b shows a comparison to denitrification
records from the Mexico Margin (cores NH15P and NH22P)
(Ganeshram and Pedersen, 1998) and from the Peru Margin (core
CD38-02) (Ganeshram et al., 2000). Note that the age models of
these cores are based on low-resolution oxygen isotope stratig-
raphy. Sedimentary 6'°N records from these cores have been sug-
gested to represent pure water column denitrification signals since
no net isotopic fractionation occurs when nitrate is completely
consumed annually in the surface waters, as occurs at these loca-
tions, in particular on the Mexico Margin (Fig. 3a). The coherent
variations over such a large geographic extent strongly support the
assumption that the EEP records reflect an advected denitrification
signal as opposed to changes in nitrate utilization.

Previous studies suggest an active exchange between the
subsurface nitrate underlying the EEP and the denitrified water
offshore Peru (Toggweiler and Carson, 1995). Indeed, Robinson et al.
(2009) estimate that at least 30% of the nitrate pool underlying the
EEP comes from exchange with or advection from the ETSP OMZ.
We follow this reasoning and assume that the denitrification signal
recorded in our cores originates in the ETSP OMZ.

4.4. Percent biogenic opal

Percent opal is often used as an indicator of diatom productivity
(e.g. Charles et al., 1991). In MEOOO5A-24]C, as in other EEP records,
a large peak characterizes opal concentration during MIS3, which
precludes interpreting millennial-scale variations (see Kienast et al.,
2006b). Dubois et al. (in press) interpret this peak as a preservation
event, reflecting possibly heavier silicification of the diatoms due to
Fe limitation. The “background” opal concentration is around 15 wt%,
while during the MIS3 peak opal concentrations reach 35 wt%.
Assuming that the preservation event is a long-term event super-
imposed on shorter-term variations in opal productivity, we use
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Fig. 5. Multi proxy record of SST, 6"°N, organic carbon and residual opal from core
MEO005A-24]C, plotted on the age scale obtained with scenario 1 (see Section 5.1 in
the text). Shown for comparison are the 4'®0 records from NGRIP (light blue,
Greenland ice core), Caverna Botuvera (light green, South Brazil speleothem), EDML
(purple, Antarctica ice core). Shaded areas represent Antarctic Warm Events (A1—A6).
Dotted lines indicate the Younger Dryas (YD) and the Heinrich Events (H1-H6). The
Marine Isotopic Stages (MIS) are indicated by the blue and white rectangles at the top
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

a high-pass band filter to remove variability >10 kyr BP (Fig. 4). This
gives rise to a set of clearly defined millennial-scale oscillations
during MIS3 of a maximum amplitude of 10 wt%.

5. Discussion
5.1. Scenario 1 — chronology and implications

In scenario 1, we follow Anderson et al.’s (2009) scenario to
constrain the age model during MIS3. We match the millennial-
scale peaks in the filtered opal record with the AWE observed in the
EDML 6'0jce record (Table 3). As shown in Section 2, this hypoth-
esis, i.e. changes in the nutrient content of SAMW affecting the EEP,
was initially proposed for the deglaciation only. However, Anderson
et al. (2009) clearly observe similar peaks in opal flux in the
Southern Ocean during MIS3, which they attribute to increased
upwelling of deep water south of the polar front and subsequent
advection to the Sub-Antarctic during each AWE. It is thus legiti-
mate to look for a signal transmitted to the EEP during MIS3, similar
to what occurs during the deglaciation.

Fig. 5 presents the multiple proxy records of MEOOO5A-24]C
plotted on this age-scale. With this age model, the alkenone SST
reconstruction indicates colder intervals coeval with the Northern
Hemisphere HE, with the exception of H5a. Scenario 1 is thus
consistent with the hypothesis of a North Atlantic derived climate



218 N. Dubois et al. / Quaternary Science Reviews 30 (2011) 210—223

Scenario 1

, nutrients

150°W  120°W

120°cE 150°E  180°E awow

Scenario 2

30°W

120°E

150°E  180°E  150°W 120°W 90°W  60°W

Fig. 6. Schematic illustration of the various processes occurring during the Heinrich Events/Antarctic Warm Events in scenario 1 (a) and scenario 2 (b). (a) During the Heinrich
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spatial extent of the OMZ and|/or denitrification intensity. (b) In scenario 2, sluggish Southern Ocean circulation of warmer, less oxygen-rich thermocline waters causes expansion of

denitrification zones during the Antarctic Warm Events.

forcing of SST changes in the equatorial Cold Tongue, as suggested
by Kienast et al. (2006a), Pahnke et al. (2007) and Koutavas and
Sachs (2008). H1 and H4 stand out as the most pronounced cool-
ing intervals (see also Section 4.1), during which the SST in
MEOO005A-24]C reaches the cooler SST recorded in MEOOO5A-27]C.
The lower resolution of MEOOO5A-27]JC may prevent us from
detecting the same pattern during the other HE.

As observed during H1 (Kienast et al., 2006a), the organic
carbon record on this age scale suggests increases during earlier
Heinrich Events, with the exception of H5. During H1 and H4, the
two most pronounced cooling intervals, the organic carbon content
in MEOOO5A-24]C exceeds that in MEOOO5A-27]C (Fig. 2c).

As stated in Section 4.2, millennial-scale variations in the §°N
record seem to covary with the SST records, in particular during
MIS3. Thus on this age scale, the colder SST intervals coincident
with HE are characterized by lower 6'°N values, i.e. lower denitri-
fication rates. The correspondence is, however, not as tight, in
particular for H3 and H5.

5.2. Scenario 1 — mechanisms

The coincidence of cooler SST and higher organic carbon content
would suggest that stronger upwelling of cold nutrient-rich ther-
mocline waters is the prime driving mechanism, regardless of the
age scale. Stronger wind-driven equatorial upwelling during
Heinrich Events (as suggested by this scenario), however, would be
difficult to reconcile with the southern location of the ITCZ recon-
structed for these intervals (see Section 2) (Benway et al., 2006;
Kienast et al., 2006a; Leduc et al., 2007). The speleothem §'80
record from the Caverna Botuvera in southern Brazil (Fig. 1a — site
2) (Wang et al., 2007) as well as travertine deposits from NE Brazil
(Wang et al., 2004) strongly support the marine records of
a southward shift of the ITCZ during HE (Fig. 5), most notably
during H1 and H4. We note that the presence of the Andes may
decouple the Brazilian terrestrial ITCZ from the EEP oceanic ITCZ
(Takahashi and Battisti, 2007); nevertheless, the coincidence of
a strong imprint of H1 and H4 in both locations (on this age scale)
would support a common atmospheric forcing. The colder and
more nutrient-rich surface waters could be reconciled with
a southward position of the ITCZ if they result from faster rates of
subsurface circulation (i.e. the speed of the EUC, as opposed to
wind-driven upwelling) or enhanced coastal or open ocean

upwelling off Central America and subsequent advection to the
Cold Tongue. In the latter case, however, we would expect heavier
0N values reflecting the progressive consumption of nitrate
during advection from the coastal centre of upwelling, which we do
not observe.

The reduced denitrification rates observed during the intervals
of colder SST and higher productivity in the EEP (i.e. HE in this
scenario) suggest that ventilation rates (O, supply) exerted
a dominant control on denitrification in the eastern Pacific OMZ, as
suggested in previous studies (Kienast et al., 2002; Higginson and
Altabet, 2004; Robinson et al., 2007). Thus, it seems that a mecha-
nism implying enhanced subsurface circulation during HE/AWE,
leading to a higher delivery of nutrients and O, to the EEP, could
explain the multiple observations made for scenario 1.

Models have shown that in response to North Atlantic fresh-
water forcing as occurs during HE, a deeper thermocline than
during the LGM is established over the western and central tropical
Pacific, with a slight shoaling over the eastern tropical Pacific
(Merkel et al., 2010). The overall steepening of the thermocline
increases the speed of the EUC (Bush and Philander, 1999;
Andreasen et al., 2001), which in turn should increase O, advec-
tion into the OMZ and thereby reduce denitrification. Fig. 1b clearly
shows the tongue of elevated oxygen located at the equator at
200 m water depth.

Processes in the Southern Ocean where SAMW forms could
contribute to the enhanced equatorial circulation. Virtually all
water column denitrification takes place in waters in the density
range ¢ = 26.3—27.2 that are laterally ventilated by mode and
intermediate waters formed at high latitudes (Russell and Dickson,
2003). The most important of these are the intimately linked Sub-
Antarctic Mode Water and Antarctic Intermediate Water
(SAMW—AAIW) (Sloyan and Rintoul, 2001). Thus SAMW—-AAIW is
the single most important global source of O, to the thermocline
(Russell and Dickson, 2003).

Recent work suggests that a colder North Atlantic during HE
caused not only the southward shift of the ITCZ/trade winds, but
also shifted the Southern Hemisphere westerlies towards the south
pole (Anderson et al., 2009; Toggweiler and Lea, 2010). This pole-
ward shift of the westerlies over the Antarctic Circumpolar Current
is assumed to spin up the overturning circulation in the Southern
Ocean and draw mid-depth water up to the surface around
Antarctica (Toggweiler et al., 2006). An intensified overturning
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Fig. 7. Multi proxy record of SST, >N and organic carbon from core MEOO05A-24]C,
plotted on the age scale obtained with scenario 2 (see Section 5.3 in the text). The >N
record from Nicaragua Basin core MDO02-2024 (Pichevin et al., 2010) is shown in
brown. Shown for comparison the §'30 records from NGRIP (light blue, Greenland ice
core) and EDML (purple, Antarctica ice core). Shaded areas represent Antarctic Warm
Events (A1—AG6). Dotted lines indicate the Younger Dryas (YD) and the Heinrich Events
(H1—H6). The Marine Isotopic Stages (MIS) are indicated by the blue and white rect-
angles at the top (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

circulation in the Southern Ocean would contribute to the
increased supply of oxygen to lower latitude subsurface waters (c.f.
Galbraith et al., 2004). Modeling studies of the thermohaline
circulation also suggest a close link between the formation of
NADW and AAIW, with an intensification of the AAIW circulation
cell at times when NADW does not form, and vice versa (Saenko
et al.,, 2003, and references therein). In line with this hypothesis,
benthic 6'3C records from the Southwest Pacific suggest that
periods of sudden increases in intermediate and mode water
formation occur during AWE/HE, implying an intensified thermo-
cline circulation (Fig. 1a — site 15) (Pahnke and Zahn, 2005). Algal
biomarkers from the same location document concurrent periods
of increased productivity (Sachs and Anderson, 2005). In the
northern Indian Ocean, Jung et al. (2010) also suggest periodic
intensification of AAIW flow coeval with HE based on benthic §'3C.

Fig. 6a presents a schematic illustration of the processes that
would be occurring in this first scenario. While this mechanism
parsimoniously explains SST and primary productivity variations in
the EEP on this age scale, it contradicts previous studies from the
Eastern Pacific that show a coherent timing of Antarctic climate
change and denitrification (e.g. De Pol-Holz et al., 2007; Robinson
et al, 2007; Pichevin et al., 2010). For instance, trace metal
records from the Eastern South Pacific suggest a more oxygenated
and vertically extended AAIW mass off Chile during the LGM, or in
other words that cold stages are characterized by higher AAIW
oxygen content (Muratli et al., 2010).

5.3. Scenario 2 — chronology and implications

The second scenario we investigate is based on the assumption
that changes in EEP sedimentary 6'°N followed a Southern Hemi-
sphere forcing, with denitrification peaks in-phase with AWE (De
Pol-Holz et al., 2007; Robinson et al., 2007). In Scenario 2, we
match the millennial-scale peaks in the 6'°N record of MEOOO5A-
24JC with the AWE observed in the EDML 6'80jce record (Table 3).
Fig. 7 presents the multiple proxy records of MEOOO5A-24]C plotted
on this second age-scale. In this scenario, we do not include the
opal data, assuming opal represents only a preservation signal
during the burial peak (Dubois et al., in press).

In this case, the millennial-scale warmings recorded in the
alkenone SST reconstruction coincide with AWE, in particular A2
and A3. However, the colder intervals do not always match HEs. The
coldest interval in MIS3 occurs between H4 and H5. This scenario
thus does not support the hypothesis of a North Atlantic derived
climate forcing of SST changes in the equatorial Cold Tongue, but
rather a coherence with Southern Hemisphere temperatures, as
suggested in longer timescale studies (Lea, 2004; Benway et al.,
2006; Lea et al., 2006; Mix, 2006; Pena et al., 2008).

On this age model, the organic carbon record reveals minima
synchronous with the AWE, and maxima during colder periods in
Antarctica (Antarctic stadials, MIS 2 and MIS4).

The record of core MD02-2524 from the Nicaraguan margin
(Pichevin et al., 2010) is shown for comparison in Fig. 7. Although
the longer timescale variations in the 6'°N from the two records are
quite different, millennial-scale peaks in denitrification appear
synchronous on this age scale, in particular during A1, A3 and A6.
Because of the strong imprint of local hydrographic changes on the
65N records of the southern boundary of the ETSP OMZ (see Fig. 4
by Robinson et al., 2007), comparison to our EEP records would be
less straightforward and thus we do not show these records here.

5.4. Scenario 2 — mechanisms

Scenario 2 is consistent with the more commonly accepted view
that lower temperatures of Southern Ocean surface waters increase
the physical supply of oxygen and therefore decrease water column
denitrification (e.g. Galbraith et al., 2004; Meissner et al., 2005). We
note, however, that this mechanism was mostly investigated on
orbital timescales: lower glacial-stage sea surface temperature
increased oxygen solubility, while stronger winds in high-latitude
regions enhanced the rate of thermocline ventilation (Galbraith
et al., 2004; Muratli et al., 2010). Translating this mechanism into
millennial timescales, previous studies in the ETNP and ETSP OMZ
have suggested that a more sluggish circulation of warmer, less
oxygen rich thermocline waters during AWE caused the expansion
of the ETSP denitrification zone (Robinson et al., 2007; Pichevin
et al., 2010). The warmer intervals (i.e. interglacials or AWE in
this case) are associated with weaker winds in the Southern
Hemisphere, which reduces Ekman convergence and the formation
of SAMW—AAIW, thus decreasing the flow rates within the ther-
mocline (Galbraith et al., 2004; Meissner et al., 2005). Fig. 6b
presents a schematic illustration of the processes that would be
occurring in this second scenario.

The warmer temperatures of thermocline waters would be
supported by the warm SST observed during AWE in this scenario
(Fig. 7). On the other hand, the strong cooling observed around
44 kyr BP would remain unexplained so far, as it does not coincide
with a particular cool interval in either of the polar ice cores.

A more sluggish circulation during AWE would be in line with
the observation of lower organic carbon content (i.e. productivity)
in the EEP on this age scale. A slower rate of thermocline nutrient
delivery, possibly accompanied by a lower preformed nutrient
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content, due to reduced upwelling of nutrient rich deep waters
around Antarctica, would limit surface productivity in the EEP.

5.5. Broader implications

5.5.1. Ventilation versus consumption

The EEP sedimentary records presented here indicate lower
organic carbon content during times of heavier 6°N on a millennial
timescale, suggesting that variations in suboxia in the ETSP OMZ
are not controlled by oxygen demand upstream, at least in the ECT
environment. As highlighted in Section 4.2, the organic carbon
record of MEOOO5A-24JC is very similar to that of MEOO05A-27]C
and TR163-31P, reflecting coherent regional variability (Fig. 2).
Thus, during MIS2—4, changes in nutrient delivery and productivity
in the EEP upwelling systems do not control the strength of water-
column denitrification within the adjacent OMZs as suggested for
the deglaciation (Martinez and Robinson, 2010).

Although the mechanisms operating during millennial scale
events may be similar to what occurs during the deglaciation, there
are fundamental differences. In particular, the deglacial warming
shifted the southern hemisphere westerlies to a permanent pole-
ward position leading to the non-stop upwelling of deep, nutrient
and COp-rich water masses in the Southern Ocean (Toggweiler
et al., 2006; Anderson et al., 2009). The subsequent delivery of
these nutrients to the low latitudes produced a significant increase
in productivity (Kienast et al, 2006a; Martinez and Robinson,
2010). As suggested by Robinson et al. (2009), the phytoplankton
community was not, however, able to keep up with the delivery and
relative nutrient utilization decreased. The fundamental difference
from the millennial-scale MIS3 events resides in the fact that the
deglacial increase in nutrient delivery and productivity was large
enough to counter the increased supply in oxygen. The increase in
oxygen consumption reduced subsurface oxygen levels, thereby
expanding the OMZ and increasing denitrification rates (Martinez
and Robinson, 2010). In contrast, the millennial-scale intervals of
increased productivity during MIS3 were associated with lower
denitrification rates and no significant changes in relative nutrient
utilization. Thus we suggest that during MIS3 the physical
processes that control intermediate water transport of oxygen
dominated over biological processes consuming it.

5.5.2. The Southern Ocean

In summary, the source of discrepancy between the two
scenarios investigated here appears to reside in the Southern Ocean
and its influence on the thermocline tunneling of oxygen and
nutrients. The flux of dissolved oxygen within the permanent
thermocline depends on the combined effects of the temperature
dependence of oxygen solubility and the vigor of thermocline
ventilation. All of these factors are linked to the sea surface
conditions in the high-latitude source areas where the thermocline
is ventilated (Luyten et al., 1983). The solubility of O, in seawater is
strongly dependent on temperature, with solubility increasing
rapidly as the temperature nears the freezing point. At the same
time, the degree of O, saturation is dependent on the efficiency of
wind mixing in the formation region.

In the case of nutrients, their supply to EEP surface waters will
depend on the vigor of subsurface circulation and on the preformed
nutrient content. The nutrient content of SAMW/AAIW will depend
on the rate of upwelling of deep nutrient-rich water south of the
Antarctic Polar Front and the drawdown in nutrients resulting from
local productivity while these water masses advect northward at
the surface before subducting in the sub-Antarctic Front region. We
note that waters from the Northern Hemisphere contribute to the
formation of the EUC in the western Pacific (Dugdale et al., 2002),

but here we assume that the relative contribution from northern
and southern sourced water did not change significantly.

The first scenario implies that the vigor of thermocline circula-
tion/ventilation dominates over the influence of temperature on O,
solubility, since O, supply to the OMZ on this age scale is enhanced
during warm events. AWE correspond to relatively small increases
in surface air temperature (3—4 °C, EPICA, 2006), thus the accel-
erated formation of SAMW—AAIW suggested by paleoceanographic
(Pahnke and Zahn, 2005; Anderson et al., 2009) and modeling
(Saenko et al., 2003) studies and the faster EUC (Merkel et al., 2010)
could compensate the decreased solubility and enhance the O,
supply to the thermocline by increasing flow rates. Enhanced
subsurface circulation during AWE is supported by synchronous
increases in productivity (organic carbon).

The second scenario on the other hand implies a dominant
control of Southern Ocean SST on the formation and properties of
intermediate and mode waters and the resulting supply of O, to the
OMZ. The lower productivity rates coincident with AWE in this
scenario would suggest that these were intervals of more sluggish
thermocline circulation and reduced overturning in the Southern
Ocean.

5.5.3. Atmospheric nitrous oxide

The increase in atmospheric nitrous oxide (N,O) concentrations
observed in ice cores during D—O warm events appear to lend some
support to scenario 1 (Flueckiger et al., 1999; Spahni et al., 2005;
Schilt et al,, 2009). N,O is a by-product of denitrification, and
a potent greenhouse gas. Scenario 1 suggests reduced denitrifica-
tion (i.e. smaller oceanic source of atmospheric N,O) during the
coldest stadials. Current estimates of N,O emissions indicate the
modern oceanic contribution to be 10—40% of global production
(Khalil and Rasmussen, 1992; Nevison et al., 1995; Bange et al,,
1996). As denitrification within the OMZs varied in the past, it
probably affected the atmospheric N,O levels. However, higher
rates of denitrification do not necessarily translate directly into
higher atmospheric N0, because there must be contact between
the subsurface water masses and the surface in order for N,O to be
released. Thus the atmospheric N,O variations could be reflecting
terrestrial N,O production only, which is dominated by northern-
hemisphere sources.

6. Conclusion

An increasing number of low-latitude paleoceanographic
records demonstrate that the tropical Pacific Ocean underwent
substantial biophysical changes on millennial time scales over the
past 100,000 yr. The timing of these millennial-scale changes in the
EEP and their relation to northern or southern polar climate can
provide important constraints on the mechanisms linking the
tropical Pacific with high-latitude and global climate changes.

We have used new high-resolution multi-proxy sedimentary
records to investigate various mechanisms suggested to control
oceanic variability in the EEP. The covariation of nitrogen isotopic
records across the EEP during MIS2—4 suggests that changes in
denitrification in the nearby OMZ dominated over changes in the
degree of nitrate consumption during the last glacial stage. The
anti-correlation of the organic carbon records with the nitrogen
isotopic records on millennial timescales implies that the changes
in denitrification were not caused by higher productivity and
oxygen demand in the Cold Tongue upwelling systems, but by
changes in thermocline ventilation.

Our study investigates two contrasting scenarios of thermocline
ventilation and nutrient delivery in the EEP. Both support the
paradigm that reorganizations of intermediate and mode water
circulation directly link the EEP to Antarctic climatic change, and
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that Southern Ocean dynamics have a dominant control on
millennial-scale biogeochemical fluctuations in the Eastern Pacific.

Scenario 1 is consistent with the suggestion that during Hein-
rich Events/Antarctic Warm Events, the shutdown of deep water
formation in the North Atlantic increased overturning circulation in
the Southern Ocean. This resulted in an increased supply of nutri-
ents and oxygen to the EEP via SAMW formation and its spreading
to the low latitudes. Scenario 2 on the other hand is consistent with
the suggestion that variations in denitrification in the Eastern
Pacific OMZ follow Antarctic temperature, i.e. that temperature-
related O solubility in the region of mode water formation exerts
a dominant control on denitrification rates.

Variations in UK-SST appear to be somewhat decoupled from
the biogeochemical adjustments. In the case of scenario 1, SST
variations agree with a North Atlantic derived climate forcing. The
AWE coincide with cooler intervals, as recorded in Greenland ice
and North Atlantic sediment cores. An atmospheric bridge from the
Atlantic to the Pacific via trade wind forcing could be responsible
for the colder surface temperatures in the EEP. In the case of
scenario 2, some of the AWE coincide with warmer SST, suggesting
the advection of warmer waters within the thermocline.

Although the results of this study cannot discriminate between
the two scenarios investigated, it highlights the need to better
constrain the changes in overturning circulation in the Southern
Ocean, in particular during the millennial scale climatic oscillations.
In addition, we suggest that the relative influence of preformed
oxygen content and thermocline flow rates on the extent of OMZs
and rate of denitrification need to be better constrained.
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