N

N

Effects of midlatitude westerlies on the
paleoproductivity at the Agulhas Bank slope during the
penultimate glacial cycle: Evidence from coccolith
Sr/Ca ratios
Luz Maria Mejia, Patrizia Ziveri, Marilisa Cagnetti, Clara Bolton, Rainer

Zahn, Gianluca Marino, Gema Martinez-Méndez, Heather Stoll

» To cite this version:

Luz Maria Mejia, Patrizia Ziveri, Marilisa Cagnetti, Clara Bolton, Rainer Zahn, et al.. Effects of
midlatitude westerlies on the paleoproductivity at the Agulhas Bank slope during the penultimate
glacial cycle: Evidence from coccolith Sr/Ca ratios. Paleoceanography, 2014, 29 (7), pp.697 - 714.
10.1002/2013PA002589 . hal-01667987

HAL Id: hal-01667987
https://hal.science/hal-01667987
Submitted on 30 Apr 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01667987
https://hal.archives-ouvertes.fr

QAGU

Paleoceanography

RESEARCH ARTICLE

10.1002/2013PA002589

Key Points:

« Coccolith Sr/Ca reveals productivity
on Agulhas Bank slope

« Southern Hemisphere westerlies
controlled paleoproductivity on the
Agulhas Bank

« Productivity records from the
area provide information on
westerly dynamics

Supporting Information:
+ Readme

- Figure S1

- Figure S2

- Figure S3

- Figure S4

- Figure S5

- Figure S6

Correspondence to:
L. M. Mejia,
luzmamera2@yahoo.com

Citation:

Mejia, L. M,, P. Ziveri, M. Cagnetti, C.
Bolton, R. Zahn, G. Marino, G. Martinez-
Méndez, and H. Stoll (2014), Effects of
midlatitude westerlies on the paleopro-
ductivity at the Agulhas Bank slope
during the penultimate glacial cycle:
Evidence from coccolith Sr/Ca ratios,
Paleoceanography, 29, 697-714,
doi:10.1002/2013PA002589.

Received 5 DEC 2013

Accepted 27 MAY 2014

Accepted article online 3 JUN 2014
Published online 2 JULY 2014

Effects of midlatitude westerlies on the
paleoproductivity at the Agulhas Bank

slope during the penultimate glacial cycle:

Evidence from coccolith Sr/Ca ratios

Luz Maria Mejia', Patrizia Ziveri>3, Marilisa Cagnetti’, Clara Bolton’, Rainer Zahn?>*,

Gianluca Marino?®, Gema Martinez-Méndez*®, and Heather Stoll’

'Departamento de Geologia, Universidad de Oviedo, Oviedo, Asturias, Spain, 2Institut de Ciéncia i Tecnologia Ambientals,
Universitat Autonoma de Barcelona, Catalonia, Spain, 3Department of Earth Sciences, Vrije Universiteit Amsterdam,
Amsterdam, Netherlands, “ICREA (Institucio Catalana de Recerca i Estudis Avancats), Passeig Lluis Companys 23, Barcelona,
Spain, >Now at Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia, 5Now at MARUM-
Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany

Abstract Modern primary productivity on the Agulhas Bank, off South Africa, has been proposed to be
linked to the midlatitude westerlies. A paleoproductivity record from this area may therefore resolve
temporal changes in the westerly dynamics. Accordingly, we produced a coccolith Sr/Ca-based paleoproductivity
record from core MD96-2080 (Agulhas Bank slope) during the penultimate glacial-interglacial cycle. Deriving the
productivity signal from Sr/Ca requires a correction for a temperature effect, here constrained using Mg/Ca sea
surface temperatures from the foraminifer Globigerina bulloides from core MD96-2080. Phases of depressed
productivity coincided with periods of stratification in the same core, indicated by high relative abundances of
the coccolithophore Florisphaera profunda and with low relative abundances of the upwelling indicator

G. bulloides in the nearby Cape Basin. These observations collectively suggest that productivity was regulated by
upwelling throughout this region. We infer that, as in the present, periods of low productivity result from a more
northerly position of the westerlies, potentially accompanied by subtropical front displacements, and blockage
of upwelling promoting easterlies. Productivity minima also coincide with periods of increased ice-rafted
detritus (IRD) deposition on the Agulhas Plateau, which also indicates extreme northward positions of the
westerlies. The influence of the westerlies appears to be obliquity conditioned, as productivity minima (and IRD
maxima) occur during low-obliquity intervals. The dynamic connection between productivity and the westerlies
is supported by coeval salinity changes in the South Indian Gyre that likewise respond sensitively to a poleward
contraction of the westerlies.

1. Introduction

Contrasting hypotheses on past dynamics of Southern Hemisphere midlatitude westerly winds derived from
several different proxies and models [e.g., Kohfeld et al., 2013; Sime et al., 2013] hamper our ability to
understand past westerly wind influence on key processes that have driven important climatic changes, such
as atmospheric partitioning of CO, over glacial-interglacial cycles [Toggweiler et al., 2006; Anderson et al.,
2009]. For instance, variation of the latitudinal position and/or strength of westerlies have been suggested to
contribute to Southern Ocean productivity variations [Kohfeld et al., 2013] and Circumpolar Deep Water
(CDW) ventilation [Toggweiler et al., 2006; Anderson et al., 2009], which both in turn regulate atmospheric CO,
concentrations. However, recent reviews such as that of Kohfeld et al. [2013] and models [Sime et al., 2013]
reveal that existing data are not strongly diagnostic of a more equatorward position of the westerlies during
cold periods, and other mechanisms or combinations of mechanisms also offer compatible explanations for
the available observations [Kohfeld et al., 2013]. Given the current uncertainties in reconstructions of past
westerly wind dynamics, a proxy able to provide information on past variability in the latitudinal
displacement and/or intensity of the westerlies would clarify their role in late Quaternary climate variations.

Modern productivity in the Agulhas Bank region (Atlantic sector of the Indian-Atlantic oceanic gateway,
South African margin) appears tightly coupled to the location of the Southern Hemisphere midlatitude
westerly wind belt [Schumann et al., 1995; Jury, 2011]. During austral winters, when westerlies are located at
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their northernmost position, they block the influence of easterly trade winds responsible for upwelling.
During austral summers, the poleward retreat of the westerlies allows influence of the easterly trade winds
that promote upwelling and water mixing processes, driving increased productivity [Jury, 2011]. When this
typical seasonal pattern is disrupted by westerlies located unusually north during austral summer, easterly
trade winds exert less influence on the Agulhas Bank region, and nutrients are not upwelled [Schumann et al.,
1995], decreasing average productivity. Assuming that the latitudinal position of westerlies was also the main
regulator of productivity in the past, a paleoproductivity record from the Agulhas Bank slope could serve as a
proxy to trace the past behavior of the westerly wind belt in the Southern Hemisphere.

Most studies to date have focused on the potential role of varying westerly position and/or intensity at the
Last Glacial Maximum (LGM), and fewer investigations have explored the temporal pattern of change in
westerlies or their role in the penultimate glacial cycle. Therefore, in this study, we focus on reconstructing
productivity from core MD96-2080, on the Agulhas Bank slope (Figure 1), during the penultimate glacial-
interglacial cycle (i.e., between 216 and 116 kyr), with the aim of providing new information that may resolve
the temporal pattern of variability in the location of the westerly wind belt.

We employ as a productivity indicator the Sr/Ca ratio of coccoliths. Coccolith geochemistry-based productivity
indicators have the advantage of recording the surface water signal. They therefore remain independent of
changes in preservation potentially related to bottom water carbonate undersaturation or oxygenation that
strongly affect accumulation rate-based productivity proxies and which might result from changing (northern
versus southern) deepwater sources over glacial-interglacial cycles [e.g., Martinez-Méndez et al., 2008, 2009].
Coccolith Sr/Ca is a relatively recent approach to reconstructing paleoproductivity. It is based on consistent
positive correlations between coccolith Sr/Ca and nutrient-stimulated changes in coccolithophore productivity
in culture, sediment core top, and sediment trap studies [Rickaby et al., 2002; Stoll et al., 2002b, 2002c, 2007c].
Although the mechanism linking Sr incorporation to productivity has not been identified in detail, one
hypothesis is that nutrient limitation in coccolithophores triggers excretion of extracellular polysaccharides
which preferentially bind extracellular Sr and depress the Sr/Ca ratio of ions transported to the calcification
vesicle [Langer et al., 2006]. A comparison of Quaternary coccolith Sr/Ca downcore records [Stoll et al., 2007b]
with other productivity indicators suggests a persistent relationship between coccolith Sr/Ca and productivity. A
secondary influence of temperature on Sr/Ca was observed in culture studies [Stoll et al., 2002a] and can be
removed from paleoproductivity records using independent estimates of calcification temperature (e.g.,
foraminiferal Mg/Ca) from the same core. To verify that changes in species’ composition do not affect the
measured trends in coccolith Sr/Ca, we have also characterized coccolith assemblages in the sediment in the
exact same samples. Our new productivity record derived from coccolith Sr/Ca was integrated with other
regional records that reflect productivity, providing novel insights into past Southern Hemisphere midlatitude
westerly behavior and revealing new perspectives on its response to orbital forcing.

2, Site Location and Oceanographic Setting
2.1. Core Location, Chronology, and Modern Hydrography

Core MD96-2080 was obtained in 1996 from the western slope of the Agulhas Bank off the coast of South
Africa at 36°10.2'S and 19°28.2'E, at a water depth of 2488 m (Figures 1a and 1b). It was retrieved during the
International Marine Global Change Studies Campaign Il Namibia Angola Upwelling System and Indian
Connection to Austral Atlantic Project cruise on board the Marion Dufresne [Bertrand et al., 1997].

We present results from the interval between 221.5 and 499.5 cm in the core, which according to the age
model developed by Martinez-Méndez et al. [2008, 2010], spans the time interval 216 to 116 kyr. This age
model is based on graphical correlation of the high-resolution benthic foraminiferal §'20 record from core
MD97-2120 located at 45°32'S and 174°57'E [Pahnke et al., 2003; Pahnke and Zahn, 2005] with the benthic
580 record from our core. As described by Martinez-Méndez et al. [2008], it is possible to compare the data
on this age scale with the data from the spliced Cape Basin record of cores MD96-2081 and GeoB3603-2
[Peeters et al,, 2004] due to the close structural fit of the benthic §'80 of these records. Likewise, the use of a
common benthic §'®0 chronology allows comparisons with previously published data from the Agulhas
Plateau core MD02-2588 [Marino et al., 2013] as well as from the South Indian Gyre core MD96-2048 [Caley et al.,
2011], for which benthic 5'20 analyses are reported [Caley et al,, 2011; Ziegler et al., 2013] (Appendix A). The
carbonate content of core MD96-2080 in our study interval ranges from 65 to 80% CaCOs [Rau et al., 2002].

MEJIA ET AL.

©2014. American Geophysical Union. All Rights Reserved. 698



@ AG U Paleoceanography 10.1002/2013PA002589

Summer (January) Winter (August)

25°8 F——

og. e
0 Sl 64PE-174P13

Zonal wind (m/s)
2 2 6 10

b

- |emperature °C)
2
=

35
—~ 15
P40
S
2 10
R45
-
< B
% —— Jan S5
1 50 14— Jul H
F 0
H 55 &

Zonal wind (m/s)
2 2 6 10

N
o

Latitude (°S)
&

——Jan
- Jul

50

- =
H B
i I3
: ]
A

d i

| 55
0° 10°E 20°E 30°E 40°E 10°E 20°E 30°E 40°E

Figure 1. (a) Average monthly sea surface temperature map from January (summer) and August (winter) showing the overall picture of the Agulhas region.
Location of core MD96-2080 (this study) in the Agulhas Bank slope as white and red squares in January and August, respectively. The white arrow indicates the
path of Agulhas Current (AC) warm waters as it flows close and parallel to the southeastern African coast and retroflects at the southern Agulhas Bank (Agulhas
Retroflection, AR), carrying with it most of the waters back to the Indian Ocean as the Agulhas Return Current (ARC). The part of the water reaching the South Atlantic
through the formation of Agulhas rings (ARs) is carried northward by the Benguela Current. Recirculation of water in the ARC occurs in the southwest Indian Ocean
subgyre. (b) Average monthly phosphate concentration map indicating the overall lower nutrient characteristics of waters in the Agulhas Bank slope during winter
(August: decreased mixing) as compared to summer (January: increased mixing). Location of core MD96-2080 (this study) as red squares. The map also indicates the
location of other cores mentioned in this study including MD02-2588 (Agulhas Bank), 64PE-174P13 (South Atlantic subtropical gyre), GeoB 3603-2 (Cape Basin),
CD15417-17 K (southwest Indian Ocean), and MD96-2048 (South Indian subtropical gyre). The shaded area indicates the approximate location of the Agulhas Bank
which follows the contour line of 500 m. The average position of the modern subtropical front (STF) has been reported to coincide with the 14°C isotherm at ~42°S
[Rau et al., 2002], and a graphical representation of its position is shown in the figures as a discontinuous line. Since recent studies have suggested that the STF may
be discontinuous to the south of Africa [Dencausse et al., 2011], the provided graphical representation is approximate. Average monthly zonal wind speed (westerlies
>0 m/s) showing more intense westerlies during austral winter (July: green) as compared to austral summer (January: red). Zonal wind speed obtained from
Trenberth et al. [1989]. Average monthly sea surface temperature and phosphate images compiled from World Ocean Atlas 09 using the Software Ocean Data View 4®
(R. Schilitzer, Ocean data view, 2009, http://gcmd.nasa.gov/records/ODV_AWLhtml).

The Agulhas Bank slope core lies in what is known as the Agulhas Corridor, a region of intersection between
water masses from the South Atlantic, Indian, and Southern Oceans (Figure 1), each with distinct
temperature, salinity, and nutrient characteristics [Valentine et al., 1993]. From the Indian Ocean, warm, saline
subtropical gyre waters are transported westward by the Agulhas Current (AC). Immediately south of the
Agulhas Bank, the AC retroflects and turns back into the Indian Ocean as the Agulhas Return Current. Agulhas
rings spin off the Agulhas retroflection and enter the Atlantic Ocean to form the Agulhas leakage [Gordon
et al., 1987; Lutjeharms, 2006; Beal et al., 2011] (Figure 1a). Atlantic waters are brought to the region via the
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South Atlantic Current and the southernmost extension of the Benguela upwelling system that advects cold
subsurface waters over the western Agulhas Bank [Chapman and Largier, 1989; Largier et al., 1992; Lutjeharms,
2006]. Cold and fresh subantarctic surface waters reach the region by cross-frontal northward transport at the
subtropical front (STF) [de Ruijter et al., 1999]. The STF, typically marked by a sea surface temperature (SST)
isotherm of 14°C and located around 42°S, marks the ventilation location of subantarctic mode waters, which
are the source of thermocline waters (depth 100-400 m) of the Agulhas Bank region [Orsi et al., 1995; Belkin
and Gordon, 1996]. To date, most studies in the Agulhas Bank region have focused on the modern and past
variations of hydrographical conditions and their relationship to Agulhas leakage, while productivity has
received little attention.

2.2. Modern Primary Productivity Regime

Modern primary productivity along the southern margin of Africa has a strong seasonal cycle driven by
alternations in the orientation of the wind field [Jury, 2011] (Figure 2), such that east flowing winds promote
productivity, while west flowing winds decrease it. Although not as intense as the major upwelling systems
on western continental boundaries (i.e., Benguela, Peru, Canary, and California), strong easterly trade

winds along the Agulhas Bank region favor local upwelling events during austral summer (Figures 2c and 2d),
when the South Atlantic anticyclone (SAA) shifts to the southeast and a low pressure system is set up over the
southern part of the African continent [Schumann et al., 1995; West et al., 2004]. This upwelling shoals the
nutricline (Figure 1b), although high surface radiation maintains surface thermal stratification (Figure 2f) and
high SST (Figure 2e). Maximum chlorophyll a concentrations lag the maximum upwelling by 2 months as
primary productivity peaks in autumn (March to May; Figure 2a), coincident with a shift to dominantly
cyclonic wind vorticity/curl (cyclonic <0) (Figure 2b) still during a period of high wind stress (Figure 2d)
Wury, 2011]. Cyclonic wind curl has been invoked as causing a significant input of nutrients stimulating
plankton production [Rykaczewski and Checkley, 2008]. On an interannual time scale, years of more intense
January and February coastal upwelling result in higher chlorophyll a production 2 months later [Jury, 2011].
During El Nifio years, unusually strong westerlies and/or their equatorward displacement causes an unusual
summer northward migration of the SAA, which decreases the easterly trade winds, upwelling intensity and
productivity in the region [Schumann et al., 1995].

In austral winter, the reduced solar heating in the Southern Hemisphere moves the low pressure associated
with the Intertropical Convergence Zone to the Northern Hemisphere, shifting northward the easterly and
southeasterly trade winds and forcing a northward migration of the SAA [Schumann et al., 1995]. The
equatorward migration of polar fronts is accompanied by a more northward location and enhanced strength
of the westerlies such that westerly winds predominate over the southern coast of Africa [Esper et al., 2004].
An increased winter influence of westerlies leads to downwelling, which strongly inhibits phytoplankton
production from June to August on the Agulhas Bank (Figure 2a) [Jury, 2011]. In some years, the return of
cyclonic wind curl in the spring leads to a brief minor peak in productivity in October, followed by a broad
minimum with increasing stratification toward summer around November and December (Figure 2a)

[Jury, 2011].

The generation of mesoscale eddies, which are related to the west flowing AC and are more frequent at
increased leakage, may also influence productivity in the Agulhas Corridor. Although the AC water itself is
poor in nutrients, periods of intense Agulhas leakage may promote a stronger mixing between deep and
surface waters between the STF and the Cape of Good Hope as a consequence of eddy and baroclinic tide
formation when the AC shoals against the Agulhas Bank during austral summers [Cortese et al., 2004], which
enhance nutrient entrainment in the thermocline. Moreover, the formation of Agulhas rings in the
retroflection area forms cold-core cyclonic eddies from the northward protrusion of the STF [Lutjeharms and
van Ballegooyen, 1988], which locally stimulate nutrient entrainment to the surface and enhanced
production. Agulhas rings are present over the site about 12% of the time in the modern ocean [Rau et al.,
2002]. According to eddy-resolving models, Agulhas leakage has a maximum transport volume in February
and March and minimum in July and August (Figure 2g) [Reason et al., 2003]. Since productivity peaks in
autumn, a synchronous relationship between Agulhas leakage and eddy formation and productivity is not
observed in the modern Agulhas system. Nonetheless, the Agulhas leakage may contribute to the extent of
midsummer upwelling which is shown to influence the intensity of the autumn productivity peak 2 months
later [Jury, 2011].

MEJIA ET AL.

©2014. American Geophysical Union. All Rights Reserved. 700



@AG U Paleoceanography

10.1002/2013PA002589

24 —
a)
—_—
2 —
= — -8
E A AN
5 L
E 16 — 8
©
= — - —
© %
12 — —~— [ -4 =
| B
b) 25
08 — >
. " —o
01 — .
S) T
3
* 2
£ 0 )
2 0 — =
S
o
o _
S e ——
S-01 —
= .
S 02 N — -0.4
g i d
3 n ) L
= = N 02 ~
-03 — } é
z
— 0 o
1%
— [0}
0.2 :i
£
) 04 2
0.6
— 9
. . . E
— - — 8 S
g . i .=
70
— 6
‘7 °
K]
— . — 5 ‘('v’
S L2
0 — A . - =
_ ~
\ L,

Agulhas leakage transport Sv
£
|

l | \ l | l l \ \ l | | \
-12
Sep. Oct. Nov. Dic. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep.

Months

Figure 2. Monthly average water characteristics in the Agulhas Bank region during the period 1997 to 2007. (a) Mean chlor-
ophyll a (Chl a) (mg/m3) detected by Sea-viewing Wide Field-of-view Sensor and (b) wind vorticity (571) shows that the
peak in primary production and cyclonic wind curl (<0) takes place in autumn from March to May (orange shaded), i.e.,
2 months after the highest peak in upwelling occurring during summer, especially from January to February (blue shaded).
Highest peaks in (c) vertical velocity (upwelling >0) and (d) wind stress (N/mz) (upwelling U < 0) coincide with high local
(e) sea surface temperature (SST) (°C) and increase in (f) stratification in the uppermost 100 m due to high summer
insolation. (g) Modern Agulhas leakage transport (sverdrup) also peaks in summer during the maximum upwelling season and
maximum SST. Chl a, wind vorticity, vertical velocity, wind stress, and stratification (0-100 m) from Jury [2011], SST from
Reynolds and Smith [1994], and Agulhas leakage from Reason et al. [2003].

3. Analytical and Micropaleontological Methods

We present new measurements of Sr/Ca on the coccolith fraction of core MD96-2080 and coccolith
assemblage data from the same core and conduct corrections of the temperature effect on Sr/Ca using the
published records of Mg/Ca G. bulloides-derived SST for our same core site [Martinez-Méndez et al., 2010], and
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the effect of changing coccolith assemblages, to calculate the component of variation in Sr/Ca that is due to
changes in productivity. These records are complemented by a record of water column stratification derived
from coccolithophore assemblages.

3.1. Sr/Ca Analysis

For Sr/Ca analysis, ~250 mg of sediment from every sample was suspended in 2% ammonia solution to avoid
carbonate dissolution and then sieved at 20 um to obtain the coccolith-dominated <20 pm fraction. The
coccolith fraction was cleaned as described by Stoll and Ziveri [2002] but without the oxidation step, since
identical results were found in these sediments with and without oxidation. In brief, the method employs
hydroxylamine HCl to reduce Fe and Mn oxyhydroxides that scavenge metals from seawater and that can
contain noncarbonate Sr, and 2% ammonia solution to remove the Sr contained in the sediment clays by ion
exchange with NH,™, followed by thorough rinsing of samples in ultrapure water. In order to dissolve
coccoliths while minimizing the contribution of ions from noncarbonate phases, a weak buffered acid

(0.1 M acetic acid/ammonium acetate buffer) was used to dissolve samples over 6 to 12 h.

Following carbonate dissolution, the acid was extracted and saved in acid-cleaned centrifuge tubes. A split of
every sample was used to prepare dilutions to analyze Ca concentrations using a simultaneous dual
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Thermo ICAP DUO 6300) at the
Universidad de Oviedo. Afterwards, samples were diluted to achieve homogeneous Ca concentrations. This
minimizes matrix effects in the subsequent measurements of Sr/Ca on the same ICP-AES system, using radial
detection of Sr421.5 nm and Ca315 nm. Calibration on ICP-AES was conducted using three standards with
constant Ca concentrations and different Sr/Ca, which vary from 0.75 to 4 mmol/mol, following the intensity
ratio method described by de Villiers et al. [2002]. Aliquots from those standards were uniformly diluted to
obtain different Ca concentrations that match sample concentrations. The Sr/Ca analysis for coccoliths has a
reproducibility of better than 0.02 mmol/mol based on in-house consistency standards. The Sr and Ca
determinations on a total of 108 samples were performed.

3.2. Coccolithophorid Assemblages, CEX’ Dissolution Index, and Florisphaera Profunda Index

Calcareous nannofossil assemblages from 149 samples, including all the samples in which Sr/Ca analysis was
conducted, were identified by the preparation of rippled smear slides [Bown and Young, 1998] and their
observation under a 1000X polarized microscope. For every sample, at least 300 specimens were identified
and quantified. The counting error for F. profunda was smaller than +5%.

Relative abundances were obtained for the most representative species of every assemblage, following the
taxonomic concepts of Young et al. [2003]. Species’ carbonate contribution from a total of 112 samples was
obtained using the shape factors and equations proposed by Young and Ziveri [2000].

Dissolution variability at the site was evaluated using the Calcidiscus leptoporus-Emiliania huxleyi + Gephyrocapsa
ericsonii Dissolution Index (CEX’), which is obtained from the equation: CEX’ = Emiliana huxleyi + Gephyrocapsa
ericsonii/E. huxleyi + G. ericsonii+ Calcidiscus leptoporus [Boeckel and Baumann, 2004]. Because the large
placoliths of C. leptoporus are more resistant to dissolution, increased dissolution lowers the CEX". While these
taxa are generally all favored under more productive conditions, shifts in the photic zone production of small
fragile coccoliths relative to the more resistant C. leptoporus (or vice versa) can also affect the CEX;
independent of dissolution.

Water column stratification was evaluated by calculating the F. profunda index as follows: F. profunda/

(F. profunda + E. huxleyi). Since F. profunda is the main deep photic zone species in our samples, low values for
this index indicate water column mixing conditions, while values close to 1 imply a deeper nutricline/
thermocline and greater stratification [Beaufort, 1997; Beaufort et al., 2001].

3.3. Stable Isotope Analysis

The <20 um cleaned coccolith fraction was also analyzed for oxygen and carbon isotopic composition for a
total of 62 samples. Coccolith 3'80 values were compared to those of G. bulloides [Martinez-Méndez et al.,
2010] to verify, for the studied location and time interval, the similarity of their seasonality and habitat
depth which has been shown elsewhere in sediment trap studies [Stoll et al., 2007d]. Because coccoliths of
different sizes exhibit different stable isotopic vital effects [Dudley and Goodney, 1979; Ziveri et al., 2003;
Bolton and Stoll, 2013], we selected mainly samples, where the contribution of carbonate by large
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coccoliths was in the range of 35 to 60% and for which published §'80 data were available from foraminifers
Globigerina bulloides and Globigerinoides ruber [Martinez-Méndez et al., 2010; Marino et al., 2013]. The difference
between §'C from coccoliths and G. bulloides provides information about the maghnitude of carbon isotopic
fractionation in the coccoliths, assuming G. bulloides 8'>C records §'3C variations of seawater-dissolved
inorganic carbon (DIC).

Coccolith 5'80 and §'3C were measured on a Nu Perspective dual-inlet isotope ratio mass spectrometer
connected to a NuCarb carbonate preparation system, with an analytical precision of 0.06%o for 5'20 and
0.05%o for 8'3C (10), at the University of Oviedo.

G. bulloides 3'3C (250-315 um size fraction) was obtained from the analysis of 20 individuals using a
ThermoFinnigan MAT 252 mass spectrometer linked online to a single acid bath CarboKiel-Il carbonate
preparation device at the University of Barcelona as detailed by Martinez-Méndez et al. [2010], where the §'80
results were first reported. External precision was better than +0.06%o (10). Both coccolith and G. bulloides
isotope values are reported relative to the Vienna Peedee belemnite (VPDB) via calibration to the National
Bureau of Standards 19 carbonate standard.

4, Deriving the Productivity Record From the Agulhas Bank Slope
4.1. Results of Coccolith Sr/Ca and Assemblages

The carbonate analyzed in the coccolith size fraction was composed of C. leptoporus, Helicosphaera carteri,
Gephyrocapsa oceanica, Coccolithus braarudii, and Gephyrocapsa muellerei, with minor contributions by other
species. The relative contributions of these species were relatively stable over the studied period. A slightly
higher relative carbonate contribution of C. leptoporus was recorded during the late glacial and marine
isotope stage (MIS) 5, and relatively higher contributions of G. muellerei were observed during part of the
glacial (Figure 3a). The CEX' averaged 0.72 and ranged from 0.6 to 0.9 in most of the studied interval,
confirming an overall good preservation of the sediments and minimal alteration of the assemblage due to
dissolution (Figure 3g).

The Sr/Ca ratio results ranged from 1.72 to 2.24 mmol/mol, showing low-frequency variability. Minima in
Sr/Ca were observed at ~187 and ~141 ka, while high Sr/Ca values characterized the earliest part of MIS 7, the
midglacial, MIS 6-MIS 5 transition, and the highest values were recorded in the MIS 5 interglacial (Figure 3c).

Isolation of the Sr/Ca productivity signal from measured Sr/Ca ratios requires constraining temperature
effects, assessing the assemblage influence and dissolution variability effect on coccolith Sr/Ca trends, as we
detail in the subsequent section.

4.2, Extraction of Productivity Component From Measured Sr/Ca Ratios

4.2.1. Temperature Correction

To remove from the Sr/Ca time series the positive linear dependence of Sr/Ca on temperature, we used
equations derived from the observed dependence of Sr/Ca on temperature in cultures [Stoll et al., 2002a;
Miiller et al., 2014], together with an independent temperature (T °C) record from our core. Carbonate in the
coccolith fraction of MD96-2080 was dominated by C. leptoporus, H. carteri, G. oceanica, and C. braarudii with
average contributions of 21.8%, 18.6%, 16.8%, and 10.2%, respectively (Figure 3a). These species exhibit
similar slopes of Sr/Ca versus temperature, despite differences in absolute ratios among species, and were
combined to generate a single temperature regression (Sr/Ca=0.0501T + 1.7053) as detailed in the supporting
information (Appendix B).

The SST history of core MD96-2080 derived from G. bulloides Mg/Ca [Martinez-Méndez et al., 2010] (Figure 3b)
was chosen for the temperature correction for several reasons. First of all, the season of maximum export of this
planktic foraminifer closely matches that of coccolithophores in sediment trap studies [Stoll et al., 2007d].

G. bulloides is preferentially produced in the mixed layer in cool and high-nutrient waters [Ganssen and Kroon,
2000; Chapman, 2010] in periods of high primary productivity, especially during upwelling events [Niangiao
et al., 2001; Mortyn and Charles, 2003; Reichart and Brinkhuis, 2003]. For MD96-2080, Mg/Ca SST and 5'%0
records are available for planktic foraminiferal species G. ruber [Marino et al., 2013] as well as G. bulloides
[Martinez-Méndez et al., 2010]. However, these two species exhibit different amplitudes in §'0 change across
the major transitions. The 3'20 from the coccolith fraction and G. bulloides showed similar magnitudes and
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Figure 4. The 5'%0 (%0, VPDB) records from the <20 um coccolith fraction (this study; blue), the planktic foraminifer G. bul-
loides [Martinez-Méndez et al., 2010] (red) and from the planktic foraminifer G. ruber (sensu lato, white morphotype) [Marino
et al.,, 2013] (black) from core MD96-2080 in the Agulhas Bank. All are plotted on the same scale to illustrate the similar
magnitude of 3'% change in the coccolith fraction and G. bulloides. Gray shaded areas and green lines as in Figure 3.

trends, and 380 were on average more positive than those from G. ruber [Marino et al., 2013], especially
during the glacial MIS 6. One interpretation is that the subtropical species G. ruber was produced only at
times when water temperatures were above its comparatively warm temperature tolerance. In contrast,
G. bulloides, which tolerates cooler temperatures, is able to record the more extreme cold conditions during
the glacial. The similar amplitude, structure, and timing of 5'20 transitions in the G. bulloides [Martinez-Méndez
et al., 2010] and coccolith records (Figure 4) further support the hypothesis that both experienced similar
growth and calcification temperatures during the studied interval, likely because of similar seasonality
and depth of production. This confirms that for the studied interval, the G. bulloides record is thus the most
appropriate for correcting temperature effects on coccolith Sr/Ca. The agreement between coccolith and
G. bulloides 3'80 does not seem to be affected by differences in relative carbonate contribution of large
(C. leptoporus + H. carteri) versus small coccoliths in the cocccolith fraction (r=—0.093; p=0.473; n=62).

Figure 3. Records from core MD96-2080 for the interval 116.3-215.7 kyr. (a) Relative calcite contribution (% CaCOs) of the
dominant carbonate contributors (Calcidiscus leptoporus, Helicosphaera carteri, Coccolithus braarudii, Gephyrocapsa oceanica,
and Gephyrocapsa muellerei) in the coccolith fraction. (b) Mg/Ca-derived SST record from the planktic foraminifer Globigerina
bulloides from core MD96-2080 [Martinez-Méndez et al., 2010] used here to correct the temperature effect on measured Sr/Ca
ratios. () Measured Sr/Ca in coccolith fraction (<20 um). (d) Coccolith Sr/Ca obtained after temperature correction using

G. bulloides Mg/Ca-derived SST [Martinez-Méndez et al., 2010] and the combined temperature dependencies of the four main
carbonate contributors of the coccolith assemblage (C. leptoporus, H. carteri, G. oceanica, and C. braarudii) normalized to 15°C.
(e) Coccolith Sr/Ca productivity obtained after temperature correction as in Figure 3d and removal of the linear dependence of
temperature-corrected Sr/Ca on coccolith assemblage ((Sr/Ca=0.0036 x (% CaCOs from C. leptoporus and H. carteri) + 1.844)
from the series. (f) Coccolith Sr/Ca productivity after conducting a Monte Carlo simulation methodology to show the
propagated errors of the temperature and assemblage-corrected productivity record in Figure 3e. Analytical errors of
temperature and Sr/Ca measurements, quantification of species and uncertainties of the temperature, and assemblage
dependencies were included in the Monte Carlo analysis. Black data points illustrate direct application of the temperature and
assemblage correction to Sr/Ca measurements with no error propagation. The blue shaded area shows the 20-80% confi-
dence intervals and are plotted as three-point running average to highlight the long-term productivity trends we interpret, as
opposed to the 50% confidence interval (red line), which shows the high-frequency variability of the productivity record and
therefore may fall beyond 20-80% smoothed confidence intervals. (g) CEX' (E. huxleyi + G. ericsonii/E. huxleyi + G. ericsonii +
C. leptoporus). (h) CaCOs content (%) (purple) and planktic foraminifera fragmentation index (%) (yellow) of core
MD96-2080 from Rau et al. [2002] as dissolution proxies. Gray shaded areas mark the interglacial stages MIS 7 and
MIS 5, and green vertical lines mark the boundaries between stages.
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The G. bulloides SST history displays a progressive warming during the glacial MIS 6 that culminates during
Termination Il (Tll), immediately before the onset of MIS 5 (Figure 3b). The early warming likely reflects
changes in the regional surface ocean circulation and vertical water column structure as glacial conditions
intensified during MIS 6 [Martinez-Méndez et al., 2010]. The maximum temperature during Tll coincides with
increased abundance of tropical-subtropical foraminifera in the Cape Basin [Peeters et al., 2004] and
maximum SST from G. ruber Mg/Ca [Marino et al., 2013] and likely reflects the enhanced influx of warmer
waters from the Indian Ocean.

When we correct the Sr/Ca record for the component of variation attributable to temperature as described
above, the temperature-corrected Sr/Ca variation that can be attributed to productivity is similar to the
uncorrected Sr/Ca record (Figures 3d and 3c, respectively). This shows that the observed range of
temperature variation contributed only a small component of variability to the Sr/Ca record (Figure 3d).
4.2.2. Assemblage Correction

In addition to temperature, we have also evaluated the effect of variations in the coccolithophore species
contributing to the assemblage composition of the coccolith fraction. Higher Sr/Ca have been reported for
the medium to large coccolith size fraction (5-15 um) compared to the small fraction (<5 um) for some
surface sediments from the equatorial and South Atlantic [Fink et al., 2010]. Where coccoliths of a single
genera have been isolated from sediment traps and sediments and analyzed for Sr/Ca via ion probe, in some
cases, the larger coccoliths C. leptoporus and H. carteri had Sr/Ca ratios higher than other species [Stoll et al.,
2007al. If the C. leptoporus and H. carteri of the Agulhas Bank slope core were likewise significantly higher in
Sr, then, changes in their abundance relative to other species might introduce nonproductivity-related
variations in the Sr/Ca of the coccolith fraction. Because the difference between these species and others is
variable, presumably depending on the environmental and ecological conditions of the site, we cannot apply
an independent correction factor as we have done for temperature. Instead, we take a conservative approach
and assume that all of the covariation between temperature-corrected Sr/Ca and the carbonate contribution
of C. leptoporus and H. carteri (r=0.38; p < 0.01; n=108; Appendix C), is due to the effect of the possibly higher
Sr content of these species. In reality, this correlation could also arise, in part, if these species became more
abundant during highly productive times. Therefore, we may overestimate the species’ effect by using
this approach. The resulting residuals from this correlation indicate that variance in Sr/Ca is limited to the
productivity signal and therefore not driven by changes in the assemblage.

A Monte Carlo approach was used to analyze the data and compute the confidence intervals of the results.
Each of the 108 data points is simulated with 100 Monte Carlo histories which yield over 10,000 cases. The
propagated error calculated considering measurement uncertainties of temperature (with 0=0.3°C), Sr
concentration (with 0=0.01 mmol/mol), and species quantification (with o=3%) were simulated, together
with the uncertainty resulting from the regression of temperature versus Sr (o =0.12 mmol/mol). The largest
source of statistical variability was the correction of the Sr with temperature. After each history was factored
for temperature and various measurement errors, the residuals of the correlation with species’ assemblage
were examined. The Monte Carlo simulation permits the 20%, 50%, and 80% confidence intervals to be
calculated and compared to the results without error propagation (Figure 3f; Appendix D).

4.3. Is There a Relationship With Dissolution or Carbon Isotope Fractionation in Coccoliths?

While the chemical heterogeneity in planktic foraminifera can give rise to a strong influence of dissolution on
some elemental ratios [Brown and Elderfield, 1996], such effects are not expected in the more homogenous
calcite of coccoliths [Stoll et al., 2007a]. Although dissolution indices from foraminiferal fragmentation and
% CaCOs appear slightly more sensitive than coccolith dissolution indicators (CEX’) in core MD96-2080
(Figures 3h and 3g, respectively), none of these dissolution proxies exhibited trends similar to the Sr/Ca
record (Figure 3c). Indices of planktic foraminiferal fragmentation index from our core broadly follow the

% CaCOs [Rau et al., 2002] (Figure 3h), suggesting a similar forcing by dissolution and minimal bias by
winnowing and terrigenous dilution. The progressive decrease in fragmentation and increase in % CaCO3
from ~216 to 176 kyr contrasts with the more stable coccolith dissolution indicator in the CEX' (Figure 3g). We
suggest that this difference reflects the lower susceptibility of coccoliths to dissolution compared to
foraminifera [Chiu and Broecker, 2008]. Significantly, there is no evidence for an unusual peak of high or low
dissolution in any of these indicators during the oldest Sr/Ca excursion between 189.6 and 191.8 kyr. South of
the Agulhas Bank, in the deepest waters of the Cape Basin (~4600 m), which are bathed by Circumpolar Deep
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Water (CDW), the MIS 7-MIS 6 boundary is recognized as a strong event of deep-sea carbonate dissolution
[Hodell et al., 2003]. While this event coincides with a coccolith Sr/Ca productivity minimum, there is no
manifestation of dissolution in any of the carbonate preservation indices in the shallower Agulhas Bank slope
location (2488 m) currently bathed by North Atlantic Deep Water. It is possible that the changes in oceanic or
atmospheric circulation of the CDW formation regions, which drove this carbonate dissolution event, also
contributed to a shift in productivity regime in the Agulhas Bank region.

The more recent minimum in coccolith Sr/Ca productivity (between ~142.3 and 140.2 kyr) coincides with
relatively high CEX’ values and a long and stable period of low foraminiferal fragmentation and high % CaCOs.
Conversely, the recovery from this Sr/Ca minimum corresponds with the onset of descending CEX' values.
Consequently, the weak negative correlation between the CEX’' and measured Sr/Ca (r=—0.45; p <0.01;
n=108) in the overall record was driven by the low CEX’ values from ~140 to 115 kyr, which correspond to
increasing Sr/Ca. Because the % CaCOs and foraminiferal fragmentation indices appear to be more sensitive to
dissolution compared to the CEX; this depression of CEX' values during a period of stable high % CaCO3 and low
foraminiferal fragmentation may not reflect a change in dissolution intensity. Rather, it may have been driven
by higher relative production of C. leptoporus in the photic zone, which may be associated with the higher
productivity reflected in Sr/Ca productivity. In conclusion, despite some shoaling of the lysocline in this region
during glacial times [Bickert and Wefer, 1996; Martinez-Méndez et al., 2008], the evidence discussed above makes
it unlikely that changing dissolution has driven the trends in the observed Sr/Ca ratios.

Some culture studies have recently suggested that, in addition to temperature and growth rate, coccolith
Sr/Ca may also be influenced by CO, in seawater [Miller et al., 2014]. The pattern of corrected Sr/Ca variation
in the Agulhas Bank slope does not appear to be strongly driven by atmospheric CO, over the studied
interval. Recent models show that the carbon isotopic fractionation in coccolith calcite (defined as &coccolith)
may track adaptations developed by coccoliths in response to varying CO, [Bolton and Stoll, 2013]. We
examine &coccolith IN OUr record to evaluate if such adaptations might have influenced coccolith Sr/Ca in our
studied interval. We calculate an apparent &coccoiith from the difference between coccolith 5'3C and G. bulloides
8'3C, assuming that G. bulloides records the temporal variation in &'3C of seawater DIC, albeit potentially with a
constant offset. The §'3C of coccoliths was higher than that of G. bulloides by an average of 1.45%o. The
difference between 3'3C of the coccolith fraction and G. bulloides was not correlated with the carbonate
contribution from large coccoliths (C. leptoporus + H. carteri) (r=0.069; p=0.596; n=62), showing that
assemblage variations were not responsible for temporal variation in &coccolith- Th€ Ecoccolith has varied during
the penultimate glacial cycle and was found to be on average larger during the glacial period than during MIS 7
(Appendix E). The low seawater pCO, and/or the high productivity of the glacial interval appear to increase the
magnitude of e.occolith- Given that the temporal variation in the coccolith Sr/Ca productivity record does not
correspond with periods of anomalous ¢coccolith, W€ conclude that glacial-interglacial CO, variations did not
significantly affect the coccolith Sr/Ca trend.

4.4. Productivity History on the Agulhas Corridor

The resulting Sr/Ca productivity record shows significant low-frequency variability (Figure 3d). The
productivity declined over the transition between MIS 7 and MIS 6, with a minimum reached between ~189.6
and 191.8 kyr, followed by a rapid recovery. Throughout the rest of MIS 6, the productivity remained relatively
stable and high until 144.7 ka when it began to decline, reaching a minimum between ~142.3 and 140.2 kyr.
During the late glacial, the productivity increased steeply, reaching maximum values during TIl and
subsequently started to decrease slightly during early MIS 5.

This pattern of productivity variation is also evident in other indicators of productivity and nutrient
availability in the Agulhas Corridor, including our new data on coccolith assemblages from this site

(F. profunda index), as well planktic foraminiferal assemblage data published previously from nearby locations
[Peeters et al., 2004] (Figure 5). Periods of strong upper water column stratification and oligotrophic
conditions lead to increasing dominance of lower photic zone taxa such as F. profunda [Beaufort, 1997;
Beaufort et al., 2001; Grelaud et al., 2012], which can be expressed as the F. profunda index which ranges
from 0 for a highly mixed water column to 1 for a highly stratified one. In the Agulhas Bank slope, the

F. profunda index suggests a deeper thermocline/nutricline between stage 7 and stage 6, with highest
abundance of F. profunda and highest stratification at ~188 ka. No or only low-intensity mixing events were
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Figure 5. Productivity indices in the Agulhas Bank. (a) Coccolith Sr/Ca productivity record from core MD96-2080 (this study), as illustrated in Figure 3f. (b) Relative
abundance of planktic foraminifera G. bulloides from core GeoB-3603-2 in Cape Basin [Peeters et al., 2004]. (c) F. profunda index (F. profunda/(F. profunda + E. huxleyi))
from core MD96-2080 (this study). Three-point running average shown for Figure 5b (solid green) and Figure 5c (solid blue) to evidence trends clearer due to high
variability in the data. Gray shaded areas and green lines as in Figure 3.

indicated by the F. profunda index until around 181 ka. Average F. profunda abundances are low through
most of the glacial (glacial average abundance 0.369 + 0.280), which suggests relatively high but variable
subsurface nutrient enrichment. Although cold temperatures may contribute to the exclusion of this
species, the period of coldest temperatures recorded by G. bulloides Mg/Ca (~188-181 kyr) did not result in
exclusion of F. profunda but instead coincided with high relative abundances. Thus, we infer that low
abundances of F. profunda during subsequent and slightly warmer parts of MIS 6 are indicative of strong
water column mixing and not temperature exclusion. An additional increase in stratification occurred in
the midlate glacial MIS 6. Lastly, a more variable and steep increase in stratification is observed at the end
of the studied period (Figure 5c). A similar overall productivity pattern compared to coccolith Sr/Ca
productivity was observed in the F. profunda index, although slightly higher productivities are generally
inferred from a complete overturning in periods in which high productivities are indicated by both proxies
(e.g., during late MIS 7, MIS 6 from ~178 to 172 kyr, from ~164 to 157 kyr, around 148 ka, and late MIS 6)
(Figures 5a and 5c). Overall, the record suggests that periods of high productivity indicated by Sr/Ca were
periods of enhanced mixing of nutrients into the euphotic zone, whereas periods of low productivity
indicated by Sr/Ca were periods of water column stratification.
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Similar minima in productivity at 191 and 140 ka are suggested by minima in the abundance of G. bulloides, a
planktic foraminifer that is widely used as an indicator of upwelling, nutrient-rich areas, and paleoproductivity
[Niangiao et al., 2001; Mortyn and Charles, 2003; Reichart and Brinkhuis, 2003]. This species dwells in cool and
nutrient-rich waters in the surface mixed layer above the thermocline [Ganssen and Kroon, 2000; Chapman,
2010] and is abundant in areas characterized by pronounced seasonal upwelling, where the high phytoplankton
concentration attracts abundant prey [Salgueiro et al., 2008; Wilke et al., 2009]. The relative abundance of

G. bulloides from core GeoB-3603-2 in Cape Basin [Peeters et al., 2004], which is ~207 km northwest of MD96-2080,
shows similar trends to the coccolith Sr/Ca productivity record over the studied time interval (Figures 5a and 5b).
Decreasing productivity values shown by both proxies were observed from late MIS 7, remaining relatively
low at the transition between MIS 7 and MIS 6, when the lowest coccolith Sr/Ca productivity was found.
A subsequent increasing trend was recorded, with high productivities during the early glacial, which were
maintained until midlate MIS 6. A second decreasing trend that started at ~149.5 ka became steep at ~144.7 ka
and reached the lowest values at ~142.3, and 140.2 ka was observed in the Sr/Ca productivity proxy. A more
variable, though still decreasing trend, is also evidenced with the relative abundance of G. bulloides during this
time interval. Finally, during late glacial, MIS 6-MIS 5 transition and early interglacial, both proxies show a steep
increase of productivity and subsequent decrease (Figures 5a and 5b). The good agreement between the
upwelling (% G. bulloides) and paleoproductivity (coccolith Sr/Ca) proxies may imply that even though the Cape
Basin core GeoB-3603-2 was located farther north of core MD96-2080, climatic and oceanographic factors
controlling productivity may have exerted a similar influence in the whole Agulhas Corridor.

5. Discussion

5.1. Productivity Response to Southern Hemisphere Midlatitude Westerlies

5.1.1. Productivity on the Agulhas Bank Slope Decreases Strongly During Extreme Southern Ocean
Cold Events

The timing of the three productivity minima observed in our coccolith Sr/Ca record from the Agulhas Bank
slope coincides exactly with peaks in ice-rafted detritus (IRD) from core MD02-2588 on the Agulhas Plateau
south of our core site [Marino et al., 2013] (periods A in Figure 6). The presence of IRD indicates extreme
cold phases during which polar waters were advected to the Agulhas Plateau, which may reflect a large expansion
(i.e,, equatorward displacement) of the subantarctic frontal system [Marino et al,, 2013; Simon et al., 2013]. These
extreme cold events (Figure 6d) and associated low productivities (Figure 6b) appear to be conditioned by
obliquity minima (Figure 6a). Cross-spectral analysis confirms that obliquity and IRD concentration in core
MD02-2588 [Marino et al., 2013; Simon et al., 2013] are coherent at the 95% confidence interval in the
obliquity (41 kyr) band (Appendix F). More subtle changes in response to reorganizations of the subantarctic frontal
system, with strong glacial-interglacial (100 kyr) pacing, have been recorded by other faunal and temperature
reconstructions at other more northward core locations [Peeters et al., 2004].

Recent atmospheric modeling studies indicate that low SSTs over the southern extratropics enhance westerly
flow off the southwest coast of Africa [Sime et al., 2013]. This northward expansion of the influence of the
westerlies would be consistent with a northward migration of oceanic fronts, since the location of the
westerlies is believed to follow the frontal system (Beal et al. [2011], although see Kohfeld et al. [2013] for
caveats). The cold events reflected in the IRD pulses at the Agulhas Plateau also correspond with unusually
cold summer SST, as recorded by the summer growing G. bulloides on the Agulhas Plateau [Marino et al.,
2013]. We suggest that a more northward extent of the westerly wind belt and STF decreased productivity by
maintaining the westerlies in an unusually northward location through the austral summers. At the latitude of
the Agulhas Bank slope, these westerlies would block the easterly trade wind circulation which promotes
strong water column mixing and production.

5.1.2. Further Evidence for Westerly and Frontal Variability in the South Indian Ocean

A link between productivity and changes in the westerly wind system is supported by coeval salinity changes in
the South Indian subtropical gyre that likewise respond sensitively to the poleward contraction of westerlies
and concomitant migration of the regional fronts. In the South Indian subtropical gyre (core MD96-2048), in the
AC source region, over the last 800 kyr, periods of low obliquity are marked by fresher (and cooler) Indian Ocean
waters [Caley et al,, 2011]. Within the time period studied at the Agulhas Bank slope, the resolution of the South
Indian subtropical gyre record is not sufficient for these cycles to be clearly defined (Figure 6¢c). However, the general
correlation suggests that low salinity would coincide with lower Agulhas Bank slope productivity during
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Figure 6. Records of surface ocean variability in the Agulhas Bank slope, Cape Basin, A%ulhas Plateau, and South Indian subtropical gyre. (a) Obliquity. (b) Coccolith Sr/Ca
productivity record from core MD96-2080 (this study) as illustrated in Figure 3f. (c) A3 Osw (%0) derived from paired 8180—Mg/Ca analyses in Globigerinoides ruber as a
proxy of sea surface salinity (SSS) changes in the South Indian subtropical gyre from core MD96-2048 [Caley et al., 2011]. (d) Ice-rafted detritus (IRD) from core MD02-2588 in
the Agulhas Plateau [Marino et al,, 2013]. (e) Abundance of tropical-subtropical foraminifera (ALF) from Cape Basin [Peeters et al., 2004] plotted on a logarithmic scale.

(f) A61805W (%0) derived from paired 6180—Mg/Ca analyses in G. ruber (%o) as a proxy SSS in the Agulhas Bank from core MD96-2080 [Marino et al., 2013]. Red shading
highlights steep increase in ALF (Figure 6€) and SSS from core MD96-2080 (Figure 6f) coincident with the sharp increase in productivity before TIl. A and B indicate periods
of productivity minima/high productivities during low/high obliquity, respectively. Gray shaded areas and green lines as in Figure 3.

MEJIA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 710



@AG U Paleoceanography 10.1002/2013PA002589

low obliquity. According to recent models, salinity in the AC source region is controlled by variability in the
Agulhas Return Current recirculation due to meridional shifts of fronts and westerlies [Simon et al., 2013]. A
strengthening or equatorward displacement of the westerlies intensifies the southwest Indian Ocean subgyre,
allowing colder/freshwaters from the south to be introduced into the Agulhas Return Current [Durgadoo et al.,
2013; Simon et al., 2013]. Therefore, our hypothesis that decreased productivity results from northward
expansion of the westerlies and STF during low obliquity is coherent with this mechanism for a cooler/
fresher South Indian subtropical gyre [Caley et al., 2011].

5.1.3. Manifestation of Westerlies and Frontal Changes in Hydrological Characteristics of the Agulhas
Corridor and South Atlantic Gyre

The salinity variation caused by westerlies and STF movement reported for the southwest Indian Ocean
[Simon et al., 2013] also appears to be manifested in the Agulhas Corridor. A greater subtropical character
(higher temperature and salinity) of waters in the southwest Indian Ocean (core CD154 17-17 K) has been
shown to correlate with warmer/saltier waters in the Agulhas Corridor over the last 100 kyr [Simon et al.,
2013]. This could occur because the southwest Indian Ocean is the source region of the AC and hydrographic
conditions are transmitted to the Agulhas Corridor area [Simon et al., 2013]. Alternatively, or in addition,
periods of higher salinity in the source region could also entail a greater fraction of Indian Ocean water
entering the Atlantic Ocean.

We observe that high-coccolithophore productivities in the Agulhas Bank slope generally coincide with
subtle increases in the Cape Basin Abundance of tropical-subtropical foraminifera (ALF) [Peeters et al., 2004]
(periods B in Figure 6). This is especially evident just before Tll, when ALF reaches its maximum (Figure 6e) and
salinity on the Agulhas Bank slope sharply increased [Marino et al., 2013] (Figure 6f). One explanation is that ALF
and salinity in the Agulhas Corridor are responding to the same changes in westerly and front position that
are driving salinity changes in the AC source region and therefore correlate with productivity. However, if the
higher ALF and salinity in the Agulhas Corridor are also driven in part by increased Agulhas leakage, then the
productivity-promoting eddy activity associated with Agulhas leakage [Cortese et al., 2004] might have also
contributed to enhanced productivity, in addition to westerly-modulated productivity variations.

Despite the overall correlation between productivity, ALF, and salinity in the Agulhas Corridor, the brief extreme
warm and saline period during Tll, immediately prior to MIS 5, does not coincide with a comparable extreme

peak in productivity. We suggest that the extent of summer-autumn convection and productivity in the Agulhas
Bank slope does not depend linearly on westerly location or front position. Extreme southerly positions of the
westerly wind belt during obliquity maxima, such as may be recorded by ALF and salinity during Tll, may not
have resulted in further enhancement of water column mixing and production, as the southern influence of

easterly upwelling-promoting trade winds is also constrained by the position of the SAA and South African low.

Obliquity minima coincide with maxima in 8'20 of G. ruber in the South Atlantic subtropical gyre (core 64PE-
174P13). If these maxima in G. ruber §'80 reflected predominantly colder temperatures during obliquity minima,
they would be consistent with a northward displacement of westerlies and fronts, reduced salt and heat
transport from Agulhas leakage [Scussolini and Peeters, 2013], and productivity minima in the Agulhas Bank slope.
5.1.4. Pacing and Feedback in Orbital Scale Regulation of Westerlies

To date, models forced by latitudinal displacements of westerlies are able to reproduce the observed
changes in hydrographical characteristics and recirculation in the southwest Indian Ocean, which may be
transmitted to the Agulhas Corridor [Simon et al., 2013]. However, given the mounting evidence of obliquity
pacing in different records from cores influenced by the AC, and potentially beyond this area [Pena et al.,
2008], a model study to observe westerly response to extreme obliquities and observed SST is needed. The
influence of SST, sea ice, and orbital forcing on the westerly distribution and intensity has been evaluated
during the LGM and preindustrial times [Sime et al., 2013]. Yet the LGM orbital configuration is a period of
intermediate obliquity, while evidence from the Southern Ocean shows that extreme cold events recorded
by IRD deposition have a strong obliquity pacing over the last 265 kyr [Marino et al., 2013; Simon et al., 2013].
Models must evaluate if obliquity-driven SST changes in these sectors are sufficient to force westerlies to
produce the observed changes in the strength of the southwest Indian Ocean subgyre recirculation
[Durgadoo et al., 2013; Simon et al., 2013]. Extended sea ice cover has been suggested to cause an
equatorward displacement of westerlies and fronts [Chiang and Bitz, 2005], and the regulation of summer
duration by obliquity in high latitudes implies that summer sea ice may be a particularly important modulator
of westerly dynamics. Unfortunately, existing sea ice proxies record predominantly winter sea ice extent
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[Gersonde et al., 2005; Wolff et al., 2006]. Model studies taking into account extreme obliquity scenarios and
sea ice would significantly improve our understanding of the implications for glacial CO, sequestration, since
summer sea ice extent may influence the deep ocean ventilation rate, but only if a certain threshold is
surpassed [Burke et al., 2013]. Furthermore, they would also clarify the role that changes in westerly winds
might have played in imposing an obliquity pacemaker for glacial terminations.

6. Conclusions

Coccolith Sr/Ca ratios were used to reconstruct paleoproductivity variations in the Atlantic sector of the
Southern Ocean north of the STF at core site MD96-2080 between 216 and 116 kyr. The productivity
component of variation in Sr/Ca was successfully extracted from temperature and assemblage effects.

Productivity as indicated by coccolith Sr/Ca agrees well with productivity trends inferred from the relative
abundance of G. bulloides in a nearby core in the Cape Basin and the degree of water column stratification
indicated by the F. profunda index in MD96-2080. This suggests that productivity was driven by the degree of
upper water column mixing, currently associated with summer-autumn easterly winds and that it was
regulated similarly over the whole Agulhas Corridor. Since all productivity proxies are affected to some
degree by secondary influences, reproducibility of trends among different types of proxies increases
confidence in inferences of paleoproductivity variation. The Sr/Ca proxy adds another readily measured
proxy to the paleoproductivity toolbox and provides a record of productivity directly from a primary
producer with no or limited influence of preservation on the signal.

Productivity minima coincide with extreme cold events marked by deposition of IRD on the Agulhas Plateau,
which may be conditioned by low obliquity. During these cold events, an extreme northerly position of the
westerly wind belt and STF may have blocked the influence of upwelling-promoting easterly trade winds in
the Agulhas Bank slope and decreased productivity. Periods of low productivity during low obliquity also
coincide with a trend toward low salinity during obliquity minima upstream of the AC in the South Indian
gyre. These salinity minima are also interpreted to reflect periods of a strengthening/northward
displacement of the westerlies and a concomitant increase in recirculation of southern sourced colder/
freshwaters into the Agulhas Return Current.

Our new evidence for extreme westerly latitudinal shifts inferred from productivity variation on the Agulhas
Bank slope adds a new perspective to the debate on variation of westerly position during the late Quaternary.
It also increases the body of evidence for an important obliquity pacing to changes in westerlies and
Southern Ocean fronts, which would have implications for glacial CO, sequestration and the role of obliquity
in glacial terminations.
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