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Abstract The hydrography of the Indian-Atlantic Ocean gateway has been connected to high-latitude
climate dynamics by oceanic and atmospheric teleconnections on orbital and suborbital tsoales. A wealth
of sedimentary records aiming at reconstructing the late Pleistocene paleoceanography around thetsern
African continent has been devoted to understanding these linkages. Most of the records are, however,
clustered close to the southern South African tip, with comparatively less attention devoted to araader

the direct in uence of frontal zones of the Southern Ocean/South Atlantic. Here we present data of the
composition and concentration of the diatom assemblage together with bulk biogenic content and the
alkenone-based sea surface temperature (SST) variations for the past 350 kyr in the marine sedaoent
MDO02-2588 (approximately 41°S, 26°E) recovered from the southern Agulhas Plateau. \fesigtibiosiliceous
productivity show a varying degree of coupling with Southern Hemisphere paleoclimate records following a
glacial-interglacial cyclicity. Ecologically well-constrained groups of diatoms record the glaaterglacial
changes in water masses dynamics, nutrient availability, and stredition of the upper ocean. The good match
between the glacial maxima of total diatoms concentratioighaetocerospores abundance, and opal content
with the maximum seasonal cover of Antarctic ice and the atmospheric dust records points to a doemin
Southern Hemisphere forcing of diatom production. Suborbital variability of SST suggests rigtitlidinal
migrations of the Subtropical Front and associated water masses over the southern Agulhas Plafaiéwying
millennial contractions and expansions of the subtropical gyres. Warmings of the upper ocean over site
MDO02-2588 during terminations IV to | occurred earlier than that in the Antarctic Vostok, whidhdkcative of a
Northern Hemisphere lead. Our multiparameter reconstruction highlights how high-latitude atmospbend
hydrographic processes modulated orbital highs and lows in primary production and SST as triggered by
northward transport of Si, eolian dust input, and latitudinal migrations of frontal zones.

1. Introduction

Oceanic frontal systems are of primary importance to the marine bictice their marked meridional gradients
in physical and chemical properties strongly regulate the phytoplanktowatribution to primary productivity
[Taylor and Ferrar2011]. Frontal zones are crucial players in the ocean ecosystem of subpefsions where the
ocean absorbs large quantities of GGrom the atmosphere, thereby impacting the marine biological carbon
pump and the global carbon cycleRRead et al 2000]. Such frontal environments provide a unique location to
explore the relationships between nutrient availability and the hydrogphic and atmospheric controls over
phytoplankton distribution and production and its contribution to the biologial pump over different timescales.

The pronounced frontal system in the Indian-Atlantic Ocean gateway in the South AtlanBeterson and
Stramma 1991;Belkin and Gordagrnl996] consists of several circumpolar quasi-uniform belts divided by
fronts, comparatively narrow zones of sharp changes in vertical structure, sea surface temperature (SST),
salinity, and nutrient availabilityQrsi et al, 1995]. These fronts are key components of the hydrography of the
Indian-Atlantic Ocean gatewayLutjeharms1996;0rsi et al, 1995Belkin and Gordaril996] and create one of
the most energetic regions of the world oceandjead et a| 2000Graham and De BogP013], which are
widely suggested to have potential implications for the global climate variability on a range of timescales
[Peeters et 812004 Martinez-Méndez et.a010Marino et al, 2013;Simon et al 2013Ziegler et al 2013].

ROMERO ETAL.

©2015. American Geophysical Union. All Rights Reserved. 1


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9186
http://dx.doi.org/10.1002/2014PA002636
http://dx.doi.org/10.1002/2014PA002636

@AG U Paleoceanography 10.1002/2014PA002636

20°S

30°S

South
Atlantic

Agulhas
retroflection Agulhas Agulhas
Plateau Return Current

Agulhas
Basin

40°S

MD02-2588

50°S

0° 10°E 20°E 30°E 40°E
Figure 1. (a) Present-day location of fronts and large-scale circulation in the Southern Ocean and southern African sector.
The red full circle represents the location of the MD02-2588 in the southeékgulhas Plateau. Full lines represent present-day
average position of Subtropical (STF; light orange), Sub-Antarctic (SAF; light blue), and Polae(BlEg) Fronts [aftePeterson
and Stramma1991;Orsi et al, 1995]. The main path of the Agulhas Current, the Agulhas Rettion, the Agulhas Return
Current, and Antarctic Circumpolar Current (ACC, grey arrows) is also presehtejgharms1996 Peterson and Stramm&991;
Orsi et al, 1995]. (b) The insert shows the Southern Ocean and the surroundingticeamts.

Because of water masses and wind dynamics, the Indian-Atlantic Ocean gateway is also a region of complex
biogeochemistry PDrsi et al, 1995] and phytoplankton spatial distribution and productivity variationRgad
et al, 2000] associated with the transition between the subtropical and sub-Antarctic domains.

The paleohydrography of the Indian-Atlantic Ocean gateway is suggested to have experienced a series of
equatorward and poleward shifts of fronts and associated water masses following a glacial-interglacial
cyclicity [e.g.Flores et a) 1999Rau et al, 2002Peeters et 312004Bard and Rickahy®009]. These studies were
based on sediment cores mainly located within the main path of the Agulhas Current or under the direct
in uence of Agulhas leakage into the South Atlantic. In recent years, the paleoceanographic variability of
intermediate and deep water masses around 40°S in the southern Agulhas Plateau has been addressed
[Diz et al, 2007 Molyneux et a| 2007 Martinez-Méndez et.alR010Marino et al, 2013;Simon et al, 2013;
Ziegler et al 2013], hence closer to the present-day position of South Atlantic froreferson and Stramma
1991;0rsi et al, 1995] Ziegler et al[2013] studied the 3C signal recorded by deep-dwelling planktonic
and benthic foraminifera and addressed the possible implications of fertilization by dust-borne iron on

the ef ciency of the biological pump in the southern Agulhas Plateau over the last 350 kyr. However, there
remains a dearth of information on how the community of (siliceous) primary producers responded to
varying gradients associated with the front migrations and changes in nutrient availability over the southern
Agulhas Plateau for glacial-interglacial timescales. By using records of diatoms and the bulk biogenic content,
we reconstruct productivity variations in surface waters of the southern Agulhas Plateau (site MD02-2588;
Figure 1) for the past 350 kyr. In addition, a high-resolution record of alkenone-based SST allows insights
into uppermost water column temperature. Being located at the present-day transition area between
southern and northern originated water masses, site MD02-2588 allows us to test the potential effects of the
physical-chemical nature of surface waters, the latitudinal migrations of fronts, and the possible effect of
atmospheric dust/Fe input upon the variability of paleoproductivity in the southern Agulhas Plateau for the
past 350 kyr.
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2. Present-Day Conditions in the Indian-Atlantic Ocean Gateway
2.1. Fronts and Hydrography

The literature contains a wide range of suggested names and aitions of the Southern Ocean fronts. In

this work, the use of front names and location followBeterson and StrammA991] andOrsi et al[1995,

and references therein]. Pronounced meridional gradients in surface properties separate colder and fresher
waters of the Southern Ocean from the warmer and saltier waters of the subtropical gyre circulations of

the Southern Hemisphere. Present-day temperature and salinity distributions at 100 m indicate that the
Subtropical Front (STF) (Figure 1), whose current location is determined by the regional weid [Matano

et al, 1999], the latitudinal position of the southern westerlies, and the latitudinal extent of the subtropical
gyres Bijp and England2008], is located within a band across, whose surface temperature increases
northward from 10°C to 12°C and salinities from 34.6 to 35.0 practical salinity unit (psu). Regardless of the
season, SST (salinity) changes as large &5°€ (0.5 psu) mark the location of the STF; its northern side
(~40=39°S) is generally warmer (saltier) than 11.5°C (34.9 pOu3i[et al, 1995]. More recentlyGraham and

De Boel2013] reviewed the currently available denitions and climatologies of the STF and provided a

new dynamical STF climatology based on maxima in satellite sea surface height gradi€itaham and

De Boef2013] suggest that the term STF only be used when referring to the surface water mass boundary.

The warmest water in the Indian-Atlantic Ocean gateway is Subtropical Surface Water (STSW), distinguished
by temperature> 23°C and relatively low salinitiesJordon et al 1987]. STSW extends southward to the
Agulhas Retroection Front (see below) with a wide range in characteristics (ded on the regional
temperature-salinity relationship as 15°C, 35.5 psu to 24°C, 34.60 fBrikin and Gordarl996]. South of the
STF, the surface waters are carried by the Antarctic Circumpolar Current (ACC) éFlgwaround the
Southern Ocean and can be subdivided into distinct sub-Antarctic and Antarctic domaihklelliday and
Read 1998]. Sub-Antarctic Surface Water (SASW), found between the STF and the sub-Antarctic Front
(SAF), has a wide range of temperatures and salinities varying va#ason (lower temperature in austral
winter) and latitude (lower salinity south of the SAFBElIkin and Gordonl996]. Although the SAF is less
recognizable in the temperature eld than in the salinity, it seems to coincide well with enhanced
subsurface horizontal temperature gradients between 3° and 5°C isartim [Peterson and Strammd991].
The Polar Front (PF) is the northern boundary to cold1.5° to 2°C) near-surface water formed by winter
cooling [Peterson and Strammda991].

The Agulhas system comprises surface and intermediate water transport from the Indian Ocean into the
Atlantic Ocean Belkin and Gordanl996]. This transport takes place through the detachment of eddies and
laments from the Agulhas Retrcection, consisting of warm and salty Indian Ocean waters and providing a
key return route for the supply of waters to the Atlantic Meridional Overturning CirculatioBdlkin and
Gordon 1996]. The Agulhas Current is the largest surface western boundary current in the present-day global
ocean transporting about 70 sverdrup of warm water along the southeastern African co&tfen and Beal
2001]. Off the southern tip of South Africa, it undergoes a retrection returning back into the South Indian
Ocean and ows eastward as the Agulhas Return Current (Figure 1). In the re¢ation area, warm water
eddies spin off from the main current and drift westward into the South Atlantic Ocean contributing to the
interplateau exchange of heat and salt between the Indian and South Atlantic Ocednstjeharms1996].
The water mass between the Agulhas Retrection Front and the STF has origins in Agulhas Water, Indian
STSW, Atlantic STSW, and waters from the sub-Antarctic zBetkjn and Gordgril996]. The Agulhas Return
Current largely follows the STF, but occasionally, it separates between 13°E and 25°E to form a double front,
comprising the Agulhas Front and the STB¢lkin and Gordarl996].

2.2. Productivity Patterns and Nutrient Availability

Highest surface chlorophyi concentrations (range 0:50.8 mgm 3) in the Indian-Atlantic Ocean gateway
are found between the STF and SAF, reaching a maximum (1.25 mgat the strongest convergence. Large
planktonic diatoms (208620 m) are con ned to discrete patches within the relatively high chlorophyd STF
region [Read et al 2000]. However, this fraction represents less than 20% of the total biomass for peak
concentrations. Nannoplankton, typically characterized by thecate and athecaagellates, dominatesRead
et al., 2000]. South of 45°S, chlorophgliconcentrations are typically 1mgm 3, and the Fe input via dust
[Martin, 1990;Mahowald et al, 1999] is responsible of the high export production of particulate organic
carbon [Schlitzer2002].
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Figure 2. Present-day, annually averaged latitudinal values of (a) SST (°C, light brown line), (b) nitraitebfack line), and
(c) silicate (m, blue line) along 25°E in the Southern Ocean and the lad-Atlantic Ocean gateway between 57° and 33°S off
the southern tip of South Africa (LEVITUS94, http://iridl.|deducabia.edu/SOURCES/.LEVITYS%4e blue arrow indicates the
maximal present-day extension of the winter Antarctic sea ice cover between 23° and 27°E. The inverted red triarmjesshe
location of site MD02-2588. References: SAF: Sub-Antarctic Front (light blue); STFpRuabtroont (light orange bar); PF: Polar
Front (dark blue bar) [aftePeterson and Stramma991;Orsi et al 1995].

Maximum chlorophylla concentrations fall between 10° and 17°C (SST) and coincide with minimum silicate
values €3 molL %) but nonlimiting nitrate concentrations (Figure 2), characteristic of mogid SASW
between the STF and the SAF. In warmer STSMI{°C), low chlorophyla is associated with minimum

nitrate and silicate concentrations of up to 2mol L 1 However, in cold SASW¥¢ (L0°C, south of 51°S), low
chlorophylla is associated with maximum nitrate and silicate concentrations.

Present-day (interglacial) diatom productiomithe southern Agulhas Plateau is limited by the Si
availability because little of the dissolved Sbath of the PF survives in SASW long enough to be
transported northward across the SAB{zezinski et gl2002Matsumoto et al 2002]. As shown by their current
distribution, a sharp decrease in annual Si and N content occurs at the SAF (approximately 48t8e R

The supply of Si does not follow a linear relationship with N and P. Nutrients are presently suppioethe
Indian-Atlantic Ocean gateway by Southern Hemisphere winddghowald et al, 1999Kohfeld et a| 2005,
and references therein], the wind-driven northward transport of nutrient-rich SASW, and byraltenixing from
the south rather than by the upwelling from intermediate and deeper water masseSigman et al 1999].

3. Material and Methods

3.1. Core MD02-2588

Calypso giant box core MD02-2588 (10.65 m) was retrieved during\Rrion Dufresneruise MD128 in 2002
at 2907 m water depth on the southwestern ank of the Agulhas Plateau (41°199 25°49.E, Figure 1). The
sediment core was recovered from a contourite sediment drift that closely follows the morphology of the
plateau Uenzelmann-Nebe2002]. Sediments of core MD02-2588 are mostly light gray colored with slightly
bioturbated, silty clay.

3.2. Age Model

The MD02-2588 age model was established Biegler et al[2013]. The age scale is constrained in the upper
section & 40 kyr) by 15 calibrated accelerator mass spectrometAC dates, on monospect samples of the
planktonic foraminiferaGlobigerina bulloideand Globorotalia inata. **C measurements were carried out at
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the Scottish Universities Environmental Research Centre Accelerator Mass Spectrometer Laboratory.
Conventional ages between 115 and 130 cm are older than ~40ka, i.e., beyond the labordfydating limit,
and therefore were not considered in the age modeFjegler et a| 2013]. Beyond“C dating control, between
105 and 1070 cm, a graphical correlation of the benthi¢®0 record to the European Project for Ice Coring in
Antarctica (EPICA) Dome® record was performed. The resulting age model allows direct comparison of the
MDO02-2588 data with those gained in Antarctica. The correlation also resulta gpod match between the
MDO02-2588 benthic 20 and the global benthic €0 stack LRO4Lsiecki and Raym@&005] with only a few
minor exceptions, which are related to the differences of the age model consttions of both records Ziegler

et al, 2013]. Core MD02-2588 reaches marine oxygen isotope stage (MIS) 10 at its base, and its average
sedimentation rate is 3.4 cmkyr* [Ziegler et a| 2013].

3.3. Sample Preparation and Analysis

3.3.1. Diatoms

Diatom studies were carried out on samples spaced every 10 cm. Samples were prepared according to

the standard randomly distributed microfossils method &chrader and Gerson{iE978]. Qualitative and
quantitative analyses were carried out on permanent slides of acid-cleaned mateRar(mnoun® mounting
medium) at 1000X magnications using a Leica DMLB with phase contrast illumination (Department of
Geology, Paleontology, University of Salamanca, Spain). The counting methodology of valves followed
Schrader and GersonfiE978]. Several traverses across each cover slip were examined, depending on diatom
abundances (between 350 and 700 valves were counted for each cover slip). Two cover slips per sample were
scanned in this way. In order to have a statistically signant amount of valves, a second counting was done
for samples with high amounts ofChaetocerogesting spores (RS) (MIS2 MIS6, MIS8, and late MIS10).
3.3.2. Bulk Geochemistry

Total carbon (TC) contents were measured ontteated samples, taken every 2 cm. After decalcation with 2 N

HCI, the total organic carbon (TOC) content was obtained by combustion at 1050°C using a Heraeus CHN-O-Rapid
elemental analyzerNuller et al, 1994]. Carbonate was calculated froinet difference between TC and TOC and
expressed as calcite (Cag®(TC TOC) x 8.33). Opal content, measured every 5cm, was determined by the
sequential leaching technique bype Mastef1981], with modi cations byMdller and Schneid¢t993]. The

precision of the analytical system for opal is better than 0.5%d{jiller and Schneidet993].

3.3.3. Alkenone Analysis and SST Estimations

To determine past SST variations, alkenones were extracted fref2d sediments from freeze-dried and
homogenized samples taken every 2 cm, followin§im et al [2002]. The extracts were analyzed by capillary

gas chromatography using a gas chromatographlP 5890A) equipped with a 60 m column (J&W DB1,

0.32mm x 0.25 m), a split injector (1:10 split modus), and ame ionization detector. Quantication of the

alkenone content was achieved using squalane as aternal standard. The alkenone unsaturation inde, was
calculated fromU§7 =(Gs7:9/(Gs7.2+ C37.9 as de ned by Prahl and Wakeharfl987], where G;..and G.zare
the di-unsaturated and tri-unsaturated £ methyl alkenones. TheJ§, values were converted into temperature

values applying the culture calibration dPrahl et al[1988] U3, =0.034 xT+ 0.039), which has also been validated
by core top compilations Miller et al, 1998]. The precision of the measurements (flwas better than

O.OOC’>U§7 units (or 0.1°C), based on multiple extractions and analyses of a sediment sample used as a
laboratory internal reference from the South Atlantic.

4. Ecology of Diatoms in the Southern Agulhas Plateau

Due to the high diversity of the MD02-2588 diatom assemblage, and in order to summarize the paletegioal
information delivered by the main contributors, diatoms were grouped according to their modern atete
Quaternary ecological preferences. All identid diatom species with well-known ecological requirements were
assigned to one of the following three groups: (a) resting spores (RSEbéetocerggb) the tropical/subtropical
assemblage, and (c) pelagic Southern Ocean diatoms (SODs).

In middle and high latitudes, RS d€haetocerosccur in high-productivity and low-temperature waters
[Smetacek1999;Armand et al, 2005Romero and Armand010]. Becaus€haetocerofS preserve better

than its thin-walled vegetative cells in regions of major organic carbon export but of low-to-moderate opal
deposition [Smetacek1999], the spores are robust indicators of presence or absence of high carbon, low silica
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exporting phytoplankton blooms. The molar Si:N demand Ghaetoceross close to 1. The tropical/subtropical
assemblage characterizes the occurrence of temperate-to-warm, mesotrophic-to-oligotrophic wateds a
includes at site MD02-2588 several well-silied taxa such ag\lveus mariny#\zpeitiaspp.,Fragilariopsis doliolus
Hemidiscus cuneiformRoperia tesselatand several varieties ofhalassionema nitzschioidegxcept varieties
of nitzschioidesnd Thalassiosira ferelineafRomero et a] 2005Romero and Armand010].

The pelagic SOD groupArmand et al, 2005 Crosta et al 2005] is mainly composed of the open ocean
diatoms Fragilariopsis kerguelendigpical of high southern latitudes, with minor contribution oEucampia
antarcticg Thalassiosira antarctic@halassiosira graciliand Thalassiosira lentiginos& prominent member of
the large-celled, heavily siliced (Si:N approximately-%6) diatom assemblage characteristic of the Fe-limited
ACC Bmetacek1999],F. kerguelensiseaches peak abundance in the permanent open ocean zone south
of the PF, while its distribution is constrained by low Si north of the PE¢linski and Gersond#997;Fischer
et al,, 2002]. The dissolution-resistaft kerguelensidominates the diatom community preserved in late
Quaternary sediments of the Southern Ocean silica belt below the present-day path of the AC&tese
and Gersonde2007, and references therein].

In addition to the three main diatom groups, we also identied several coastal planktonic as well as
shallow-water, benthic diatoms, altogether contributing with less than 2% to the total diatom assemblage.
These two groups are not discussed here.

5. Results
5.1. Total Diatom Concentration

The total diatom concentration varied strongly (range 3.1 x3@.3x 10 valves g *, average = 2.4 x 1%valves

g +1.2x10). During the past 350 kyr, intervals of maxima and minima mainly followed a glacial/interglacial
pattern: highest values (8.0 x 1.2 x 10 valves g 1) were reached during MIS4VIS2, while lowest
(<4.0x 10 valves g %) occurred during MIS7, MIS5, and from late MIS1 into the Holocene (Figure 3a).
Absolute differences of the total diatom concentration b&teen glacials were more pronounced between
190 kyr and the late Holocene than earlier between 350 and 190 kyr (Figure 3a).

5.2. Diatom Groups

For the entire studied period, the highest average relative contribution correspond to tropical/subtropical
diatoms (26.6% + 9.04, range 63:B.3%), followed by spores athaetocerof24.3% + 21.51; range = 75:5.0%)

and the pelagic SOD (15.1% * 9.8; range = 471(2%). The contribution of the two main diatom groups-
tropical/subtropical and R€haetocerogtotal common average = approximately 52%3}followed a
glacial/interglacial pattern of variation (Figures 3b and 3c). The contribution of tropical/subtropical diatoms
was highest during interglacials: up to approximately 64% of the total diatom assemblage during MIS5 and
between 20 kyr and the late Holocene. Highest abundances of Rl$aetocerosccurred during MIS6, MIS4,

and between MIS3 and MIS2, with minor peaks during late MIS10 and early MIS8. Pelagic SOD peaked during
terminations (T) Il and Il with moderate maxima during MIS9 and TI (Figure 3d).

5.3. Bulk Biogenic Contents

For the past 350 kyr, calcium carbonate (Cag@ominated (66-87%) the bulk biogenic production at site
MDO02-2588, followed by opal (biogenic silica) and TOC (Figure 4). The content of gagz@hed highest
values during interglacials (Figure 4a). Cag@lues increased shortly after the beginning of each interglacial,
decreased toward the middle interglacial stage, to increase again in the second half of each interglacial.
CaCQ content decreased during the early part of full glacials (MIS8, MIS4, and MIS2) and increased abruptly
afterward (e.g., around 268, 64, and 19 kyr) toward the end of the glacial. Opal values ranged from 0.5 to
2.4wt % (Figure 4b). Opal content peaked during MIS10, MIS8, MIS6, and MIS4 and between MIS3 and
MIS2, while it was lower during interglacials MIS5, early MIS3, and shortly after the Last Glacial Maximum.
TOC content was low (range =0.38.61 wt %) (Figure 4c). In spite of the lower resolution of the opal
measurements compared to those of TOC, the glacial/interglacial pattern of opal matched well with that

of TOC. Opal and TOC varied strongly on both the orbital and suborbital scales.

5.4. Alkenone Concentration and Estimated SST

The alkenone concentration varied between 50 ng criand 2238 ngg ! (average =834+ 460ng g*) and
displayed prominent uctuations on both orbital and suborbital timescales (Figure 4d). Highest alkenone
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indicate glacials (numbers in box indicate marine oxygen isotope stages|S—1 to 10).

values occurred mostly during glacials, while interglacials recorded mostly the lowest values. Alkenone
concentration was mostly above average during MIS10, MIS8, and MIS6. The temporal dynamics and lowest
and highest of SST, however, differ among isotope stages. Values during MIS3 were closer to those of MIS6
than to any full interglacials during the last 350 kyr. The lowest concentration of alkenones is recorded
between late MIS2 and late MIS1.

The alkenone-derived SSTs varied between 11.3° and 22.3°C (average=17.4+ 1.84°C) and displayed
prominent uctuations on both orbital and suborbital timescales (Figure 4d). Highest SSTs occurred mostly
during interglacials, while glacials recorded mostly the lowest values for the entire study period. SSTs were
mostly below average during glacials, while only during MIS7 and MIS5 raised above average. The temporal
dynamics and lowest and highest of SST, however, differ among isotope stages.

SSTs ranged mostly between 15.3 and 22.3°C during interglacials (modern range =184°C). MIS9 had

highest values between 330 and 320 kyr, while SSTs remained below the average until the end of stage. MIS7 and
MIS5 were warmer than MIS9, and SST amplitude was higher during MIS5 than MIS7. Values during MIS3 were
closer to those of MIS6 than to any full interglacials during the last 350 kyr. The SST timing of highs and lows
during MIS5 followed a different pattern than that of MIS9 and MIS7: after reaching highest SST maxima for

the entire study period during TIl (136130 kyr), SST diminished from ~22°C around 124 kyr down to 17.4°C at
112 kyr. The SST decrease between approximately 60 and 40 kyr was followed by an increase of 2.3°C between
40.9 and 39.4 kyr.
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Figure 4. Concentration of (a) calcium carbonate (Cag,0%; black line), (b) opal (biogenic silica, wt %, blue line), (c) total
organic carbon (Gyg, %; green line), (d) alkenone concentration (ng é black line), and (e) alkenone-based SST (°C; light
brown line) at site MD02-2588 for the last 350 kyr. Vertical light grey shadings indicate gla¢mlsnbers in box indicate
marine oxygen isotope stages-MIS—1 to 10).

Low SSTs occurred during full glacials (late MIS10, 11.3°C, 341 kyr; middle MIS6, 13.3°C, 154.7 kyr). SST minim
occurred between 330 and 340 kyr (late MIS10) and +8#8 kyr (middle MIS6). Compared to MIS8 and
MIS4-MIS2, MIS6 also recorded the widest range of SST amplitude.

6. Discussion

Total diatom concentration and bulk biogenic valugat site MD02-2588 mainly followed an orbital-scale
pattern of variability for the past 350 kyr. The combined effect of nutrient availability, mixing of the
uppermost water column, and atmospheric and hydrography variations in the Southern Ocean and the South
Atlantic de ned the pattern of diatom production at site MD02-2588.

6.1. Southern Hemisphere-Driven Inputs of Nutrients Into the Southern Agulhas Plateau

For the past 350 kyr, the glacial/interglacial variability of diatoms and bulk biogenic components at site
MDO02-2588 are interpreted to reect orbital-scale variations in paleoproductivity occurred in surface waters
of the southern Agulhas Plateau. Since the present-day pronounced meridional gradient in surface properties
south of 38°S are inuenced by the latitudinal contractions and expansions of the subtropical gyres and
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thesurface water masses reaching the study aréddtano et al, 1999Sijp and England2008], we propose
that the latitudinal migration of the closely locagd fronts and the shifts inthe nutrient availability
determined the pattern of variations of diatom and bulk content at site MD02-2588.

Nutrients are presently supplied to the southern Agulhas Plateau by Southern Hemisphere wiKdsrar et al,
1995;Mahowald et al, 1999Kohfeld et a| 2005] and by lateral mixing from intermediate water masses of
southern origin Bigman et al 1999]. Low present-day Si availability limits diatom production in the study area
(see section 2.) The northward transport of Si depends on its uptake aailability south of the PF and the
extent of the Antarctic ice cover. A larger winter sea ice cover dugitate Quaternary glacialsgersonde et al
2003;Crosta et al 2004] limited the diatom production souttof the PF, causing the unutilized pool of }$iQ, to

be advected into Atlantic midlatitudesBrzezinski et al2002Matsumoto et al 2002 Sarmiento et a) 2004]. This
excess of HSiQ, might have been transported by Sub-Antarctic Mode Waters (SAMW, musitrate is today
[Sigman et al 1999]) to the thermocline of the southern Agulhas PlateaBgrmiento et aJ 2004]. We postulate
that the northward migration of SAF and STF and associated water masses during full gladitdstiock et al,
1991;Kumar et al, 1995§FIlores et a) 1999Rau et al 2002;Peeters et 312004 Marino et al, 2013 Simon et al
2013] drew the Southern Ocean originated nutrient source closer to waters over site MD02-2588, thus alleviating
the Si limitation of surface waters overlying the southern Agulhas Plateau (Figure 2) and helped diatoral, w
known for their limited motility [Smetacek1999], to increase their productivity.

With Si—but no Fe—being supplied to waters to the north of the PF during full glacials, diatoms in the southern
Agulhas Plateau would have been unable of building new valves. The effect of bioavailable Fédiion in
slowing down diatom production and in changing their Si:N uptake ratios has been demonstrated both
culturing and incubating diatoms and by several Fe fertilization experiments from southern, equitipand
northern latitudes [Cortese and Gersond®07, and references therein]. Fe stress causes diatoms to reduce their
C and N content while simultaneously helps to increase the amount of Si in their cell walls, which mtu
determines that Fe-limited diatoms have a higher Si:N ratiditchins and BrulandL998;Takeda 1998]. This
results in greater consumption of Si compared to N in the modern low-Fe waters of the southern Agulhas
Plateau. The potential for fertilization of Fe-limited waters depends on the source of this irorthwe supplied

in the form of atmospheric dust more likely to be biologically available than Fe from other soes (lithogenic
material transported by bottom currents or distal turbiditesMortlock et al, 1991 Kumar et al, 1995]. Itis
commonly argued that glacial increases of atmospheric dust inpligmbert et al 2008] might have increased
the bioavailability of dust-borne FeKumar et al, 1995Mahowald et al, 1999 Kohfeld et al 2005]. The
geochemical provenance of dust markers shows théne wind-transported lithogenics accumulated

in Antarctica and Southern Ocean sediments eroded either from the exposed Argentinean shelf or by
Patagonian ice elds that emptied directly into the Southern Ocean /South AtlantiBgsile et aJ 1997] and
represented a potential source of biologically available Rd@howald et al, 1999 Chase et a] 2003Kohfeld

et al, 2005], which led to increases of biosiliceous productivity over site MD02-2588 during glacials for the
past 350 kyr (Figure 3a). This interpretation is supported by the sigrantly higher paleoproductivity at site
MDO02-2588 under full glacial conditions (Figures 4d and 4c), which temporally match records from a wide
area along the Atlantic sector of the Southern Oceakllprtlock et al, 1991Kumar et al, 1995]. Fe fertilization
has been a recurrent feature of the sub-Antarctic region of the Atlantic sector during the Pleistocene, as
records of dust/Fe input and marine export production closely correlate over shdvtdrtlock et al, 1991;
Kumar et al, 1995] and long time spandlartinez-Garcia et .al2009, 2014].

Much of the new production in Fe-rich areas of Southern Ocean and the South Atlantic is mediated by
phytoplankton blooms dominated by fast-growing, spore-forming species Ghaetoceroghat build up
biomass until nitrate exhaustion$metacek1985;Abelmann et al 2006]. Following nutrient exhaustion in
surface waters, the contribution of vegetative cells @haetocerosonverted into spores increases, which also
induces rapid mass sinking of valveSmetacek1985;Romero and Armand2010, and references therein].

In the bloom aftermath,ChaetocerofS clump into rapidly sinking aggregates, which sequesters Q@o

the ocean interior and down to the sediments$metacek1999]. Increased concentrations @haetoceroRS

in a wide area of Atlantic sector of the Southern Ocean during the Last Glacial Maximum have been related
to dust-mediated iron fertilization, upwelling, and icebergs breakup enhanced productiviielmann et al
2006]. Though it appears that diatoms with low uptake ratio of-Sisuch asChaetoceres-also have a high
dissolution rate Romero and Armand2010], we postulate that the bloom-and-bust strategy @haetoceros
vegetative cells in surface waters overlying site MD02-2588 strongly contributed to glacial maxima of total
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diatom uxes (Figure 3a) and the production and sedimentation of opal and organic matter (Figuresdd4b)
in the southern Agulhas Plateau.

6.2. Front Migrations in the Southern Ocean and Diatom Production

Compared to its current position in the southerndulhas Plateau, it has been proposed that the SFHeonsidered
to be the northern limit of SASW at ~3940°S Drsi et al, 1995}-migrated northward between 4°Rau et al,
2002] and 7° of latitude Bard and Rickalhy2009] during late Quaternary gladm Following this scenario, it can
be assumed that site MD02-2588presently underneath the STF (Figure-twas bathed by SASW almost
throughout glacials for the past 350 kyr. In addition to theigh nutrient supply (see section 6.1), strong vertical
mixing of the uppermost water column and low SST (Figude) provided the physickhconditions for enhanced
diatom production during glacials in the southern Agulhas Plateau.

The dynamics of equatorward migration of the STF during the late Quaternary varied depending on the
length and the severity of glacials. It has been proposed that colder-than-usual glacials (e.g., ME&t@ fnd
Rickaby2009]) exhibited a more equatorward displacement of the average position of the STF and, thus,
affected the water transport from the Indian Ocean into the Indian-Atlantic Ocean gateway and beyond
[Peeters et al2004;Bard and Rickahy2009;Caley et al 2012]. The net transfer of surface and thermocline
waters from the Indian Ocean around the southern African tip may alter as fronts migra@®fdon et al 1992;
Sloyan and RintoyR001]. Since resistance to dissolution is a common feature to both main diatom groups
identi ed at site MD02-2588 (RShaetoceroand tropical/subtropical taxa), low-to-moderate values of
tropical/subtropical diatoms—indicative of warmer, high-salinity waters (see section4yuring MIS8, MIS6,
MIS4, and MIS2 (Figure 3c) suggest that the southward advection of STSW over the southern Agulhas Plateau
weakened during full glacials, though never completely shut off the Indian-Atlantic gateway along the South
African tip for the past 350 kyr. According to the temporal variations of diatom groups at site MD02-2588
(Figures 3b3d), the location of the STF at its northernmost position over the southern Agulhas Plateau
occurred between the early and middle stages of full glacials, while it started to move southward well before
terminations, potentially allowing increased leakage through the Irati Ocean surface ow. Since the
magnitude and intensity of the transport ux of heat between the Indian and Atlantic Oceans play a crucial
role in global ocean circulation, the onset of incesed Agulhas leakage toward the late interglacials
suggests a crucial role for Agulhas leakage in glaciatinations, timing of interhemispheric climate
change, and the resulting resumption of the Adintic meridional overturning circulation Peeters et al
2004;Caley et al 2012].

The southward migration of the STF during full interglaciaBlfres et a) 1999Rau et al, 2002Peeters et al
2004;Bard and Rickahy009;Marino et al, 2013 Simon et al 2013Martinez-Garcia et.al014] led to the
warming of surface waters over site MD02-2588 (Figure 4e) and enhanced the stration of the uppermost
ocean. Diatoms responded to the weakened mixing and the decreased nutrient supply in the soath&gulhas
Plateau by reducing their total production during MIS9, MIS7, MIS5, and MIS1. Shifts in the specigsosition

of the diatom assemblage (Figures 313d) support our interpretation of nutrient and hydrographic changes.
Fragilariopsis dolioluend accompanying species of the tropical/subtropical group (see section 4) tend to
dominate the diatom community of low- to middle-latitude ocean waters during periods of productivity
collapse following the shutdown of nutrient entrainment and the onset of strattation (review inRomero

and Armand[2010]). The low biosiliceous productivity during MIS9, MIS7, MIS5, and MIS1 might have been
additionally determined by a smaller Si supply to surface waters overlying the southern AgulR&geau.
Substantial consumption of Si by diatoms and radiolarians thriving south of the PF during interglacials
[Brzezinski et al2002Matsumoto et al 2002 Abelmann et al 2006] was possibly a consequence of interglacial
retreats of winter sea ice cover in Antarctic&rsonde et 312003Crosta et al 2004] and the decreased eolian
supply of nutrients to the Southern Ocean/South AtlantidMortlock et al, 1991Kumar et al, 1995Kohfeld et al
2005]. Alternatively, a less efient Si utilization by diatoms north of the PRJhase et a) 2003] might have
occurred. Since the species-specicomposition of the tropical/subtropical assemblage at site MD02-2588
barely varied among interglacials throughout the last 350 kyr, the scenario of ir@ént Si utilization seems
therefore less plausible.

Superimposed on the glacial-interglacial pattern of variability, suborbital-scale variations of alkenone
concentration and SST (Figures 4d and 4e) and the simultaneous occurrence of both main diatom groups
suggest that the STF and associated water masses migrated back and forth over site MD02-2588 on millennial
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timescales. Independent of the orbital-scale pattern of latitudinal migrations of the STF, the millennial and
submillennial variations of its average location translated into rapid variations of salinity and SST features of
the uppermost waters overlying site MD02-2588. In their reconstruction of late Pleistocene Agulhas leakage
record at site MD02-2588ylarino et al [2013] recognized prominent millennial-scale variations of the
foraminera-based Mg/Ca temperature signal for the interval 265 kyr. Since surface waters north of the
Agulhas Return Current have their origins in the subtropical gyre of the Indian Oce@woifdon et al, 1992;
Sloyan and RintouR001], the millennial-scale of variability of the STF latitudinal migrations also suggests
short timescale contractions of subtropical gyreSijp and England2008;De Deckker et gl2012Simon et al,
2013] and the buildup of heat from the return ow that could not escape to the AtlanticCaley et al 2012].

6.3. The Last Four Terminations in the Southern Agulhas Plateau: Southern Versus Northern
Hemisphere Forcing

A closer look at the last four terminations of the MD02-2588 record allows a better understagadif the
processes and mechanisms behind variations of diatom productivity and SST variations that occurnueidgl
glacial-interglacial transitions in the southern Agulhas Plateau. On the basis of our multipatemapproach
(Figure 5), we infer that each of TIV to Tl displayed a largely similar pattern of events regardingemit
availability, water temperature, and water masses dynamics. Diatom production and SST, howexézd
strongly close to the begin and during Terminations.

A striking feature common to all last four glacial culminations at site MD02-2588 is the goeakch between high
total diatom values and high percentages of RShaetocerof~igures 5a and 5b) with the enhanced dust values of
the EPICA record (Figure 5c). This match seems to berger during T1 (highest total diatom concentrations
matches strongest dust input). Assuming a mechanisligk between bioavailable Fe fertilization and diatom
production [Hutchins and Brulandl998;Takeda 1998] in the southern Agulhas Plateau, we speculate that the
substantial diatom increase toward the end of MIS2 was the rapid response of diatoms to strong ine@eds
atmospheric dust/bioavailable Fe input into the low-ldtide South Atlantic (see also section 6.1). Although dust
deposition depends on wind patterns and intensity, ssenging of dust particles by precipitation and the
extension of dust source aread/ahowald et al, 1999], the lower eolian input into the Southern Ocean/South
Atlantic during TIV, TIII, and TII (Figure S¢phfeld et al 2005] is proposed as one of the main causes of lower
diatom production due to lessened Fe bioavailabijitin surface waters of the southern Agulhas Plateau.

SinceF. kerguelensis eurythermal (313°C and, hence, below the SST values f glacial-interglacial transitions

at site MD02-2588), we argue that its increased contribution during terminations (Figure 5f) represents
a transport rather than an in situ production signal. Considered to be endemic to Southern Ocean wste

F. kerguelensidominates the diatom assemblage of the open ocean zone south of the PF and reaches up to
80% of the total assemblage preserved in surface sediments between the winter sea ice edge and the SAF
(see section 4)Crosta et al 2005, and references therein]. The good match between the rapid increases of
F. kerguelensiand warmings recorded in the VostokD record (Figures 5e and 5f) suggests pulses of northward
transport of southern originated watersBianchi and Gersond@002] reported signi cant hydrographic
changes south of the PF by the latest MIS6: SST warmed and, relativestmitdern position, the PF shifted
southward by 3° to 5° of latitude. Theaithward retreat of the Antarctica vinter sea ice cover, the breakup of
extensive ice shelves, and the SST warming south of therBsulted in dramatic changes of the environmental
conditions north of the PF at the timeBianchi and Gersond2002]. These events, related to the impact of
high-latitude summer insolation Bianchi and Gersond2002], led to meltwater spikes at the beginning of TI,
which might have triggered highF. kerguelensiproduction south of the PF followed by enhanced northward
transport of its valves.

Compared to low Si:N ratios of RShaetocerogSmetacek1985], the high Si:N (approximately-8) of

F. kerguelensisanslates into thick, resistant valves whose Si deposition rates are not slowed by low Fe availability
[Hutchins and Brulandl998;Takeda 1998]. In contrast to the high organic matter supplied by Rhaetoceros
[Smetacek1999;Abelmann et a| 2006], the amount of accumulated organic matter (Figure 4c) provided by
well-silici ed frustules ofF kerguelensiat site MD02-2588 was almost negligible. The selective removal of Si from
surface waters during glacial culminations occurred Wiut diatoms reaching bloom proportions (such as during

full glacials) and resulted in gradual Si depletionlegive to N and P over site MD02-2588. As a consequence

of the larger availability of N and P, phytoplankton populations in surface waters over site MD02-2588 shifted
into a more calcareous-dominated community toward early interglacials.
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Figure 5. Comparison of paleoclimate and paleoceanographic records from the Souhtern Ocean and the southern Agulhas Plateau for Terminations IV to | (vertical
grey shadings). Records include (a) total diatom concentration (valveé,gblack line, MD02-2588), (b) RBaetocerofelative abundance, %, blue line, MD02-2588),

(c) EPICA dust record (h m 2, black line) Lambert et al, 2008], (d) alkenone-based SST (°C, light orange line, MD02-2588), (e) V@stekord (wt %, purple line)

[Petit et al, 1999], and (f) pelagic Southern Ocean diatoms (SOD, relative abundance, %, black line, MD02-2588). Reference: T = terminations.

Two common features of the SST record for the transition from glacial conclusions into TIV to Tl are major
millennial-scale oscillations and a rapid warming, which lasted each less than 6000 years (Figure 5d). A similar
amplitude of Mg-Ca-reconstructed SST increases at site MD02-2588 during Tlll and TIl has been recorded
[Marino et al, 2013]. The high temporal resolution of our SST record allows for a detailed comparison with
Antarctic ice core climate records. Temperatuagnplitudes across TIV to Tl are higher in the VostdR record
(which records air temperatre changes over AntarcticaHetit et al, 1999]) than in our alkenone-derived SST
(Figures 5d and 5e). Except during TIV, the rise of Stafited earlier at site MD02-2588 than in the Vostob
record. This discrepancy is interpreted to be indicative of strong glacial coolings of Actia air in connection

with increased thermal isolation due to Bhanced circum-Antactic circulation [Cortese et al2007]. The leads

of the MD02-2588 SST record over the Vostok record, already known from low, middle, and high latitudes
[Cortese et al2007, and references therein], suggest that the early warming of the uppermost surface waters
overlying site MD02-2588 before any considerable Arctic) ice volume change occurred and support the
scenario of a Northern Hemisphere lead in the generati of the SST signal in the southern Agulhas Plateau.

7. Conclusions

Our multiparameter approach suggests that the latitudinal migration of the South Atlantic/Southern Ocean
fronts and the resulting latitudinal shifts in nutrient availability play a decisive role in the pattern of variations
of diatom and bulk content in the southern Agulhas Plateau. The good match between high biosiliceous
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productivity, winter Antarctic sea ice cover, and dust/Fe input suggests that the leakage of preformed Si and
dust-induced Fe fertilization actively drove Si uptake by diatoms over site MD02-2588 during the past 350 kyr.
The high sensitivity of the biological pump to Fe fertilization has important implications for the coupling
between atmospheric dust ux and diatom paleoproductivity in front zones of the midlatitude world ocean.

The high contribution of spores ofChaetoceroduring MIS2MIS4 and MIS6 is a compelling evidence for
substantially northward migration of the STF and the associated SASW. The N-S migsatittihe Southern
Ocean/South Atlantic fronts inuenced diatom productivity by transporting Si closer to site MD02-28.
Moderate contributions of tropical/subtropical thtoms during glacials suggest that equatorward
displacements of the STF did not entirely obstruthe leakage from Indian Ocean waters into the
Indian-Atlantic Ocean gateway.

Glacial culminations (the interval previous to each termination) at site MD02-2588 were characterized by
moderate (TIV to Il) to high (TI) diatom productivity, low SST, and weak stcatiion of the uppermost water
column. The rapid increase df kerguelensiat site MD02-2588 during the last four terminations represents a
transport signal of Antarctic origin and contributed less to opal and organic matter content. The lead of the
alkenone-based SST at site MD02-2588 during TIII, 1l, and | over Antarctic air temperatures (Vostok record)
points to the warming of surface waters of the southern Agulhas Plateau before changes in Antarctic ice
sheets occurred.

Our multiparameter approach shows that the transfer mechanisms of orbital- and suborbital-scale climate
variations in the southern Agulhas Plateau during the p850 kyr were mixed: glacial rises of diatom productivity
were mainly Southern Hemisphere driven by inputs of dtiFe (atmosphere) and Si (hydrography), while SST
variations (climate) were mainly driven by the Northern Hemisphere.
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