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Antarctic Intermediate Water (AAIW) is an essential component of the Atlantic meridional overturning circula-
tion (AMOC) contributing to balance the southward flow of North Atlantic Deep Water (NADW). However, the
role of AAIW in Holocene abrupt climate changes remains poorly understood. Here we reconstruct changes in
the flow strength of AAIW based on a high temporal resolution paleocurrent record from the Southwest Atlantic.
Superimposed on a slight increase in AAIW strength at ~7 ka BP, a succession ofmillennial-scale AAIWvariations
is recognized in our paleocurrent records indicating a highly variable intermediate water circulation throughout
theHolocene. Althoughvariations in the strength andposition of the SouthernWesterliesWinds (SWW) are pro-
posed to greatly influence the formation and circulation of AAIW, we cannot confirm such a potential SWW-
AAIW linkage since our records of AAIW flow strength do not correlate to Holocene shifts of the SWW across
the Atlantic. However, our data shows a good correspondencewith abrupt variations in theAMOCwith enhanced
(reduced) northward advection of AAIW during periods of reduced (enhanced) NADW circulation. These results
provide evidence for a HoloceneAAIW-NADWsee-saw. Thus, although the exact forcingmechanism remains un-
resolved, we suggest that Holocene perturbations in AAIW exerted a significant impact on the AMOC.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In themodern ocean, Antarctic IntermediateWater (AAIW) is main-
ly formed in the Southeast Pacific and Southwest Atlantic (Piola and
Gordon, 1989) (Fig. 1A). Around the tip of South America intermediate
water is originated by subduction of cold and fresh Antarctic Surface
Water across the Antarctic Polar Front, and by contributions of Sub-Ant-
arctic ModeWater that originates fromdeepwinter convection north of
the Subantarctic Front (Garabato et al., 2009). AAIW is advected
through the Drake Passage with the Antarctic Circumpolar Current
and northward along the western slope of the Argentine Basin into
the adjacent South Atlantic subtropical gyre (Fig. 1A). Thereby, the in-
jection of cold and fresh AAIW into the South Atlantic subtropical gyre
is thought to have important implications for the Atlantic heat and sa-
linity budget, and hence can modulate the rate of North Atlantic Deep
Water (NADW) formation (Rintoul, 1991; Graham et al., 2011). The
AAIW that is modified to warm, salty varieties by air–sea fluxes and in-
terior mixing in the Atlantic is thus an important component of the
upper limb of the Atlantic meridional overturning circulation (AMOC)
usp.br (C.M. Chiessi),
(R. Henrich).
exerting a significant influence on the inter-hemispheric heat exchange
(Lumpkin and Speer, 2007) (Fig. 1).

Abrupt changes in the northward flow of AAIW associated with
AMOC reduction have been hypothesized for North Atlantic deglacial
cold periods, Heinrich Stadial 1 and Younger Dryas (Marchitto et al.,
1998; Zahn and Stüber, 2002; Rickaby and Elderfield, 2005; Came et
al., 2008; Pahnke et al., 2008; Thornalley et al., 2011; Xie et al., 2012;
Huang et al., 2014). However, controversy still persists as to whether
the northward flow of AAIW is waxing or waning during Heinrich
Stadial 1 and Younger Dryas.

The Holocene (11.7 ka BP to the present) has also been punctuated
by a series of sub-millennial-scale North Atlantic cold events (Bond et
al., 2001;Wanner et al., 2011a). Drift ice deposits recorded in North At-
lantic sediments led to the suggestion that a significant part of theHolo-
cene millennial-scale climate variability was driven by solar forcing,
with changes in NADW formation as a possible amplifying mechanism
that could contribute to their global imprint (Bond et al., 2001). High-
resolution Holocene sedimentary records from the subpolar North At-
lantic (Bianchi and McCave, 1999; Hall et al., 2004) indeed indicate a
highly variable flow of Iceland Scotland OverflowWater (ISOW) (a pre-
cursor watermass of NADW) throughout the Holocene. However, these
records do not provide an entirely consistent picture as times of reduced
ISOW flow do not coincide with peaks in IRD deposition (Wunsch,
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Fig. 1. A: Modern annual mean salinity (color shading) at 700 m water depth and schematic AAIW circulation (black arrows). The main AAIW source region is indicated by the yellow
ellipse, and the region of strong AAIW mixing by the green ellipse. Grey arrows mark the prevailing Southern Westerly Winds (SWW). B: Along-slope salinity (color shading) section
in the vicinity of the Mar del Plata Canyon (adapted from Voigt et al. (2013)). By crossing the Mar del Plata Canyon the suspended material of the AAIW nepheloid layer is released
into the canyon which results in rapid and continuous deposition of sediments in the canyon. The red star indicates the location of core GeoB13862-1 whose terrigenous sortable silt
fraction (10–63 μm) is used in this study to reconstruct paleo-variability of AAIW. C: Modern carbonate ion (CO3

2–) concentration in the Southwest Atlantic. The red star indicates the
location of core GeoB13832-2 ideally situated to monitor past changes of the interface between southern sourced waters (i.e., AAIW + UCDW) and northern sourced waters (i.e.,
NADW). AAIW – Antarctic Intermediate Water; NADW – North Atlantic Deep Water; UCDW – Upper Circumpolar Deep Water; LCDW – Lower Circumpolar Deep Water. Figures were
prepared using Ocean Data View (http://odv.awi.de).
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2000; Hall et al., 2004). Accordingly, there is still a clear need to deter-
mine the forcing mechanisms for abrupt Holocene changes in the
AMOC. Model simulations demonstrate that initial changes in AMOC
strength can be related to perturbations in AAIW, thus supporting the
hypothesis of a quasi-synchronous AAIW-NADW coupling under Holo-
cene boundary conditions (Graham et al., 2011). However, high tempo-
ral resolution climate archives that confirm a possible AAIW-NADW
linkage during the Holocene are sparse (Arz et al., 2001), rising a
major question: To what extent was the AMOC affected by past pertur-
bation in AAIW overturning circulation throughout the Holocene?

Here, we present a high temporal resolution Holocene paleocurrent
record of AAIW flow strength based on an unconventional site in the
Southwest Atlantic. Our data suggest millennial-scale changes in the
flow strength of AAIWwith a potential link to changes in NADW fluctu-
ations during the Holocene.

2. Regional setting

The Southwest Atlantic is a key location in the global ocean conveyor
belt (Fig. 1). Differentwatermasses formed in remote areas of theworld
flow across the Southwest Atlantic and generate a highly complex ver-
tical stratification structure. In the upper ocean, this structure is domi-
nated by the encounter of the southward flowing Brazil Current and
the northward flowing Malvinas (Falkland) Current that produces one
of the most energetic regions of the world ocean, the Brazil-Malvinas
Confluence (BMC) (Peterson and Stramma, 1991; Piola and Matano,
2001). In the deep ocean, the vertical stratification is dominated by con-
tributions from intermediate- and deep water masses including (from
top to bottom) Antarctic Intermediate Water (AAIW, ~500–1000 m),
Circumpolar Deep Water (CDW, ~1000–4000 m) and Antarctic Bottom
Water (AABW N 4000 m) (Stramma and England, 1999) (Fig. 1C). By
penetrating into CDW, North Atlantic Deep Water (NADW, 2000–
3000 m) vertically divides this water mass into two layers referred to
as the upper CDW (UCDW) and the lower CDW (LCDW).

In this region strong contour currents shape the continental margin
by eroding, transporting and depositing sediments. These currents gen-
erate various depositional and erosive features, which together are re-
ferred as a Contourite Depositional System (CDS) (Hernandez-Molina
et al., 2009). Sedimentation processeswithin the CDS are primarily con-
trolled by northward-flowing Antarctic watermasses, that on the upper
slope is dominated by AAIW (Hernandez-Molina et al., 2009; Preu et al.,
2013) (Fig. 2). The Mar del Plata Canyon at the continental margin off
northern Argentina intersects this CDS (Fig. 1B, 2B). The canyon does
not present an obvious connection to the shelf or an on-shore river sys-
tem (Krastel et al., 2011), and is therefore isolated from shelf-originated
down-slope processes (Voigt et al., 2013) (Fig. 2).

Measurements of high turbidity which are part of the world ocean
nepheloid layer composition database assembled by the Lamont-Doher-
ty Earth Observatory indicate a very pronounced AAIW nepheloid layer
(Voigt et al., 2013) (Fig. 2A). In addition, the OCCAM Global Ocean
Model (Gwilliam, 1996) show flow velocities of ~15–20 cm/s at
1000 m water depth. Directly beneath the high velocity core of AAIW,
toward the AAIW/UCDW interface, sediments from the nepheloid
layer deposit and accumulate leading to the formation of drift deposits
south of the Mar del Plata Canyon (Preu et al., 2013) (Fig. 2B). In con-
trast, modern sediments directly north of the canyon do not reflect
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Fig. 2.A: Turbidity depth profile (Lamont-Doherty EarthObservatory) south ofMar del Plata Canyon. Highvalues at intermediate depth suggest a very pronounced intermediate nepheloid
layer testifying the strong current activity in the depth range of AAIW. B: Morpho-sedimentary map of the NE Argentine margin (adapted from Preu et al., 2013 and Voigt et al. (2013))
shows that the Mar del Plata Canyon is incorporated into a Contourite Depositional System. Yellow-colored surfaces indicate the Ewing terrace that is located at the lower boundary of
AAIW. Voigt et al. (2013) argue that the presence of the Mar del Plata Canyon decreases the transport capacity of AAIW, in particular of its deepest portion that is associated with the
nepheloid layer, which in turn produces a significant change in the contourite deposition pattern around the canyon. Accordingly, drift deposits occur south of the Mar del Plata
Canyon, but are missing directly north of it. Surface sediment facies along the Ewing terrace were drawn after Bozzano et al. (2011). The red star indicates the location of core
GeoB13862-1, investigated in this study. AAIW – Antarctic Intermediate Water; UCDW – Upper Circumpolar Deep Water; NADW – North Atlantic Deep Water; LCDW – Lower
Circumpolar DeepWater; AABW – Antarctic Bottom Water.

Table 1
Location of sediment cores used in this study.

Cruise Core Latitude Longitude Water depth
(m)

Recovery
(cm)

M78/3a GeoB13832-2 37°57.07′ S 53°50.12′ W 2205 556
M78/3b GeoB13862-1 38°01.06′ S 53°44.42′ W 3588 1016
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such current-controlled sedimentation, but are characterized by
(hemi)pelagic sedimentation (Bozzano et al., 2011) (Fig. 2B). Hence, a
marked change in contourite drift construction occurs around the Mar
del Plata Canyon, which indicates a dramatic decrease of the flow
strength between the southern and northern sides of the canyon.
Voigt et al. (2013) thus argued that the canyon alters the circulation of
the northward-flowing AAIW, in particular its deepest portion associat-
edwith the nepheloid layerwhich primarily influences the depositional
pattern around the Mar del Plata Canyon (Preu et al., 2013), and pro-
posed that the canyon acts as a sink for enhanced accumulation of sed-
iments (Fig. 1B). Indeed, the deposits inside the canyon reveal sediment
characteristics similar to drift deposits. More precisely, the dominance
of the sortable silt fraction (10–63 μm) over other particle sizes in the
canyon (Voigt et al., 2013) indicates a response to hydrodynamic pro-
cesses (McCave et al., 1995) and strongly supports the hypothesis of
current-controlled sedimentation in the Mar del Plata Canyon. Accord-
ingly, sediments transported within AAIW were gradually released
into the canyon and produced a continuous ~750 cm long Holocene re-
cord, thereby providing a high temporal resolution climate archive suit-
able to study the paleo-AAIW variability throughout the Holocene
(Voigt et al., 2013; 2015). In this study we use grain-size parameters
(e.g., sortable silt paleo-current flow proxies) (McCave et al., 1995)
from the canyon sediments to infer past changes in AAIW flow speed
in the Southwest Atlantic.

We further applied theGlobigerina bulloides dissolution index (BDX),
which has been shown to precisely detect calcite dissolution within
deep-sea sediments (Henrich et al., 2004). In the modern ocean, the
core site investigated for BDX (i.e., GeoB13832-2) is situated at the in-
terface between southern (AAIW/UCDW) and northern sourced water
masses (NADW) (Fig. 1C). Because NADW is slightly supersaturated
with respect to calcite it allows good preservation of calcareous sedi-
ments. In contrast, the overlying AAIW/UCDW has a lower carbonate
ion concentration than NADW fostering dissolution of calcareous sedi-
ments (Fig. 1C). We use the BDX to determine vertical shifts of the
interface between AAIW/UCDW and NADW, and the relationship be-
tween these shifts and AAIW current strength.

3. Material and methods

We studied marine gravity cores GeoB13832-2 and GeoB13862-1
recovered in the Mar del Plata Canyon, Southwest Atlantic (Table 1)
(Figs. 1, 2). The cores were collected during RV Meteor cruise M78/3
(Krastel et al., 2012).

3.1. Age model

The 14C-based agemodel for both cores was previously published by
Voigt et al. (2013, 2015). The age model for the Holocene section of
GeoB13862-1 is based on seven Accelerator Mass Spectrometry (AMS)
14C dates determined on monospecific samples of the planktonic fora-
minifer Globorotalia inflata (N150 mm fraction). Stratigraphic correla-
tion between the core GeoB13862-1 and core GeoB13832-2 was based
on 14C ages and X-ray fluorescence (XRF) down-core records of Ca
and Fe (for details see Voigt et al. (2013), Fig. 3 shows age control points
for cores GeoB13862-1 (light grey circles) and GeoB13832-2 (dark grey
circles). The radiocarbon dates were calibrated with CALIB 6.0 software
(Stuiver and Reimer, 1993) applying the Marine09 calibration curve
(Reimer et al., 2009) and no ΔR. The age model was obtained by linear
interpolation between calibrated ages. Fig. 3 shows the age control
points used to produce the age models of both cores.



Fig. 3. Holocene paleocurrent records from the Southwest Atlantic. A: Percentage(SS) of
core GeoB13862-1. B: Mean(SS) of core GeoB13862-1. C: Globigerina bulloides dissolution
index (BDX) of core GeoB13832-2. D: Total organic carbon (TOC, wt%) of core
GeoB13832–2. E: Silt/clay ratio of core GeoB13862-1 (clay defines the fraction below
2 b μm). Age control points for cores GeoB13862-1 (light grey circles) and GeoB13832-2
(dark grey circles) are shown at the bottom of the panel (Voigt et al., 2013). A, B, D and
E were plotted with a five-point running average (black lines) on top of the original
data (grey lines), while C shows a linear regression.
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3.2. Sortable silt paleocurrent proxy

We applied sortable silt paleo-current flow proxies (i.e., sortable silt
mean size (mean(SS)) and percentage (percentage(SS)); (McCave et al.,
1995)) to reconstruct relative changes in intermediate-depth contour-
current strength, i.e., the AAIW flow strength. Both parameters refer to
the fraction of the sediment (i.e., terrigenous 10–63 μm) whose size
sorting varies in response to hydrodynamic processes, where higher
values reflect stronger near-bottom flow and vice versa (McCave et al.,
1995). Grain-size distributions of the terrigenous fraction were mea-
suredwith a LS 13320 Laser Diffraction Particle Size Analyzers, resulting
in 116 size classes from 0.04 to 2000 μm. Laser diffraction particle sizing
has been shown to yield high-precision data that accurately reflect even
small changes in the mixing proportion of sediments (Goossens, 2008;
Jonkers et al., 2009), although measurements might be biased due po-
tential particle shape effects (McCave et al., 2006). The technique is
thus well suited for paleoceanographic reconstructions. In order to iso-
late the terrigenous fraction (i.e., organic carbon-, carbonate-, and opal-
free), several pretreatment steps were undertaken as described in
Mulitza et al. (2008).
3.3. Globigerina bulloides dissolution index and total organic carbon

The determination of the BDX is based on scanning electron
microscope ultrastructural investigation of planktonic foraminifera
Globigerina bulloides (for methods, see Volbers and Henrich, 2002).
The amount of total organic carbon (TOC, wt%) in core GeoB13832-
2 was measured with a LECO CS-300 element analyzer to evaluate
dissolution generated by changes in the vertical flux of organic
carbon.
4. Results

4.1. Sortable silt paleocurrent proxy

Our paleocurrent record of GeoB13862-1 indicates the presence of a
highly variable AAIW flow throughout the Holocene (Fig. 3). The
mean(SS) varies between ~28 and 34 μm,while the percentage(SS) varies
from 52 to 75% (Fig. 3A,B). A pronounced minima in mean(SS) and
percentage(SS) occurs at around at ~7 ka BP, whereas both parameter
start to slightly increase after ~7 ka BP. Additionally, both paleocurrent
parameters show ahigh level of coherence and are clearly dominated by
a short-term variability, together with the silt/clay ratio (Fig. 3A,B,E).

4.2. Globigerina bulloides dissolution index and total organic carbon (TOC)

The BDX record is clearly dominated by a long-term trend over the
last 5.5 kyr as estimated by a linear regression. BDX values increase
from 1.9 at the mid- Holocene to 2.6; i.e., preservation reduces during
the late Holocene (Fig. 3C). The observed change in BDX appears not
to be related to the changes of TOC because of constant TOC concentra-
tions of ~1%.

5. Discussion

The mean(SS) and percentage(SS) have been argued to be proxies for
near-bottom paleocurrent strength, where higher values reflect stron-
ger near-bottomflow, and vice versa (McCave et al., 1995). Thequestion
whether the grain-size parameters in the Mar del Plata Canyon are re-
lated to the strength of circulationwithin the AAIW cell is of fundamen-
tal relevance for the interpretation of our mean(SS) and percentage(SS).
The depositional background of the canyon is very complex because of
the various flow and transport regimes of deep water masses along
the Argentine margin: Hence, changes in grain-size parameters could
reflect different sources of sediment associated with the distinct flow
regimes of northern- and southern sourced water masses and/or addi-
tional sediment supply by tidal current processes or down-canyon
transport processes (i.e. turbidites) may disturb or overprint the signal
of AAIW bottom current strength.

Although submarine canyons constitute an important and unique
setting for focusing tidal energy, it is questionable if tidal current
reworking can occur in submarine canyons without any obviously con-
nection to the shelf. Since theMardel Plata Canyon iswholly confined to
the continental slope, the area of the shelf-slope break remains still well
developed, and thus forms an important physiographic boundary of
tidal (bottom) currents (Shanmugam, 2003). Further, a study of the dy-
namics, dispersal, and accumulation of sediment deposits in theMar del
Plata canyon (Voigt et al., 2013) demonstrate that Holocene deposits in
the canyon indicate no systematic turbidite deposits, which exclude a
nearby source on the shelf and/or adjacent continent for the sediments
deposited in the canyon. Voigt et al. (2013) thus suggested that (lateral)
current-controlled transport appear to be the dominant process
influencing the sedimentation pattern in the canyon and argued that
the canyon alters the circulation of the northward-flowing AAIW. Par-
ticularly, the deepest portion of the AAIW associated with a nepheloid
layer induces a rapid and continuous deposition of terrigenous coarse-
siltmaterial (i.e., sortable silt).We propose that this layer is amajor con-
tributor to the sediments deposited in the canyon at remarkably high
sedimentation rates of ~150 cm/kyr during the Holocene. A significant
change in contourite drift construction that occurs along the Ewing ter-
race (Fig. 2B) further supports a possible interaction of the canyon with
the northward-flowing AAIW, which primarily influences drift deposi-
tion around the Mar. del Plata Canyon (Preu et al., 2013). Accordingly,
in such highly energetic current regions as the Southwest Atlantic,
where contour currents rework significant amounts of sediment, a sub-
marine canyon can potentially act as a sink for enhanced accumulation
of sediments, holding a great potential as a climate archive (Voigt et al.,
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2013, 2015). Thus, we consider the variation in mean(SS) and
percentage(SS) to be mainly controlled by variability in the intensity of
AAIW bottom current strength. Accordingly, higher mean(SS) and
percentage(SS) are considered to be evidence for stronger AAIW bottom
current strength and vice versa. Hence, our mean(ss) indicate an in-
crease in AAIW bottom current strength at ~7 ka, with weaker current
flow during the early/mid Holocene if compared to the late Holocene
(Fig. 3). Superimposed on the increase at ~7 ka BP, a succession of mil-
lennial-scale AAIW variations is recognized in our paleocurrent record
indicating a highly variable intermediate water circulation throughout
the Holocene (Fig. 3).

Variability in BDX is commonly associated with a changing corro-
siveness of the bottom water. The increase in AAIW bottom current
strength at ~7 ka BP is followed by a long-term decrease in calcite pres-
ervation at the depth of core GeoB13832-2 (i.e. ~2 km) (Fig. 3C). This
likely argues for a coupling, because only the geostrophic currents
should be capable of influencing both the physical flow and the geo-
chemical properties of deep waters. However, several processes as
such as exposure time at the sediment-water interface and/or pore-
water dissolution driven by organic can bias the BDX degradation
(Emerson and Archer, 1990; Jahnke and Craven, 1994). The exposure
time at the sediment-water interface was relatively short owing to the
high sedimentation rates in the Mar del Plata Canyon (Voigt et al.,
2013). Further, changes in the flux of organic matter that might have
overprinted the BDX can be neglected due to the relatively constant
TOC content in GeoB13832-2 (Fig. 3D). The change in BDX thus suggests
that calcite preservation varied significantly during the mid-to late Ho-
locene, which is most probably associated with a changing corrosive-
ness of the bottom water bathing core site GeoB13832-2. Thus, we
postulate that the reduced preservation of calcite reflects an increased
influence of more corrosive AAIW/UCDW at the expense of NADW at
this water depth most probably related to a slight deepening of the in-
terface between southern- and northern sourced waters from mid- to
late Holocene.
Fig. 4. Orbital to millennial-scale variability in the bottom current strength of AAIW
compared with other Holocene climate records. A: Mean(SS) of core NEAP4K (Hall et al.,
2004). B: Mean(SS) of core GeoB13862-1. C: Percentage(SS) of core GeoB138621. D:
Austral spring (September–November) mean insolation at 60°S, plotted as deviations
from present-day mean (Berger and Loutre, 1991; Renssen et al., 2005). E: Changes in
intermediate-water temperatures in the eastern equatorial Pacific at 600 to 900 m
(Rosenthal et al., 2013). F: TEX86-derived sea surface temperatures (SST) in the sub-
Antarctic Pacific (Shevenell et al., 2011) G: Ice volume corrected Globorotalia inflata δ18O
(δ18Oivc) record of GeoB13862-1 indicating meridional shift of the Brazil-Malvinas
Confluence (BMC) (Voigt et al., 2015). A, B, C, F and G were plotted with a five-point
running average (black lines) on top of the original data (grey lines). Note that plots E
and F have reversed y-axis.
5.1. Forcing of Holocene AAIW variability

Model studies propose that SWW would induce ocean cooling and
freshening by favoring the northward Ekman freshwater transport;
with increase AAIW renewal during periods of intensified SWW
(Ribbe, 2001; Saenko and Weaver, 2001) and/or poleward shifted
SWW (Oke and England, 2004). Hence, variations in the strength/posi-
tion of the SWW and associated ice-ocean freshwater fluxes are pro-
posed to greatly influence the formation and circulation of AAIW. So
far, there is surprisingly little systematic knowledge about sub-millen-
nial-scale variability of the SWW during the Holocene (Fletcher and
Moreno, 2012; Kilian and Lamy, 2012). However, evidence for temporal
and spatial evolution of the SSW across the South Atlantic comes from a
north-south transect of high-temporal resolution planktonic foraminif-
eral oxygen isotope records that reveal Holocenemigrations of the BMC
(Voigt et al., 2015), a highly sensitivity feature for changes in the
strength and position of the SWW (Sijp and England, 2008; Lumpkin
and Garzoli, 2011) (Fig. 4G). Because the SWW reconstruction from
Voigt et al. (2015) is based on the same sediment core as our
paleocurrent data (i.e. GeoB13862-1), we are in a unique position to ne-
glect possible age model uncertainties. The oxygen isotope record of
GeoB13862-1 shows high-amplitude (up to 2‰) sub-millennial-scale
changes throughout the Holocene, clearly indicating alternated phases
of Brazil Current andMalvinas (Falkland) Current influence as represen-
tative of sub-millennial-scale meridional shifts of the BMC. Accordingly,
Voigt et al. (2015) propose a gradual orbitally forced ~1–1.5° poleward
movement of the Atlantic SWW during the early to mid-Holocene until
~5 ka BP, and no discernible long-term trend afterwards. The data fur-
ther provide evidence for sub-millennial-scale changes in the latitudinal
position of the SWW of the order of 1°. However, the timing of SWW
change at ~5 ka BP is inconsistent with the abrupt changes in our
paleocurrent record at ~7 ka BP (Fig. 4B,C,G).

Hence, our data do not support a potential SWW-AAIW linkage as
suggested from climate model studies (Ribbe, 2001; Saenko and
Weaver, 2001; Oke and England, 2004). At least, we exclude the SWW
as a potential driver for Holocene changes in AAIW formation and circu-
lation in the western Atlantic sector of the Southern Ocean.

In general, on sub-millennial-scale timescales it is still difficult to as-
sess the exact forcing mechanisms behind changes in AAIW circulation
strength since Holocene reconstructions of the Southern Hemisphere
climate are controversial because the available records show strong re-
gional complexity (Mayewski et al., 2004; Wanner et al., 2011a). How-
ever, a considerable change in the seasonal and latitudinal distribution
of insolation characterized the period between ~7 ka BP and present-
day in the high-latitudes of the Southern Hemisphere (Berger and
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Loutre, 1991; Renssen et al., 2005) (Fig. 4D). The minor increase in
AAIW strength at ~7 ka might therefore be associated with a decrease
in austral winter-spring insolation at 60°S (Renssen et al., 2005)
which would lead to anomalously cold conditions in regions of AAIW
formation. The sensitivity of AAIW current strength to 60°S winter-
spring insolationmight be associatedwith enhancedwatermass forma-
tion in late austral winter and early spring when low air temperatures,
increased sea-air turbulent heat fluxes and variations in sea-ice extent
act to deepen the winter mixed layers as a result of enhanced convec-
tion in the formation region west of the Antarctic Peninsula (e.g.
Garabato et al., 2009). The similarity between changes in winter insola-
tion at 60°S and our paleocurrent records thus suggests a potential link
between AAIW bottom current strength and Southern Hemisphere cli-
mate changes (Fig. 4D).

The long-term increase in AAIW circulation correlates to Holocene
cooling (~2 °C) and freshening in the Southern Hemisphere recorded
in ice cores around Antarctica (Masson et al., 2000) that show a wide-
spread early Holocene thermal maximum (HTM) followed by cooler
and more glaciated conditions. The HTM and the subsequent cooling is
known from various terrestrial and marine records from the Southern
Hemisphere (Mayewski et al., 2004; Wanner et al., 2011b; Bostock et
al., 2013). Accordingly, variations in sea surface temperature records
from the southeast Pacific (Shevenell et al., 2011) (Fig. 4F) show a de-
creasing trend (2–4 °C) over the course of the Holocene indicating a
substantial Southern Ocean surface water cooling. Such upper ocean
cooling in theAAIWsource regionwould decrease the vertical stratifica-
tion leading to increased winter convection, formation rate volume of
AAIW (Sloyan and Rintoul, 2001).

Intermediate water temperature records between 600 and 900 m
from the eastern equatorial Pacific, a region partly influenced by
AAIW, indeed indicate an early Holocene warmth and subsequent
cooling at intermediate depths which suggest a direct response to
Southern Hemisphere climate changes (Rosenthal et al., 2013) (Fig.
4E). Rosenthal et al. (2013) show that water masses linked to Antarctic
intermediate waters were warmer by 1.5± 0.4 °C during the HTM than
over the late Holocene. The cooling trend at intermediate depths must
thereby have been largely compensated by freshening at the Southern
Hemisphere high-latitude AAIW source regions as the density of
AAIW remained relatively constant throughout the Holocene
(Rosenthal et al., 2013). Given that intermediate water temperature re-
cords are very sparse for theHolocene, the IWT records from the eastern
equatorial Pacific gives support for our suggestion that long-term Holo-
cene cooling in the high-latitude Southern Hemisphere might had an
impact on the circulation, renewal, and modification of AAIW (Sloyan
and Rintoul, 2001).

A change in AAIW renewal might be further indicated by the in-
creased influence of more corrosive AAIW/UCDW at the expense of
NADW at ~2 km (Fig. 3C) whichmost probably reflects a slight deepen-
ing of the interface between southern- and northern sourcewaters over
Fig. 5. Schematic vertical section of water mass distribution in the Southwest Atlantic during
expansion of the AAIW+ UCDW suggest a significant increase in AAIW volume transport a
AAIW – Antarctic Intermediate Water; NADW – North Atlantic DeepWater; UCDW – Upper C
last 5.5 kyr (Fig. 5). Considering no significant changes in intermediate
water density throughout theHolocene (as reconstructed in the eastern
equatorial Pacific (Rosenthal et al., 2013)), we assume that the expan-
sion and deepening of the lower limit of AAIW/UCDW indicates indeed
a significant increase in AAIW volume and possibly transport (Fig. 5).
That would suggest that the increase in AAIW volume is accompanied
by an increase in AAIW flux, thereby supporting a significant change
in AAIW circulation and renewal frommid-to late Holocenemost prob-
ably in response to the insolation-related Southern Hemispherewinter-
spring cooling trend. However, any conclusive statement concerning
perturbations in AAIW source regions remains speculative because our
paleocurrent record reflect changes in AAIW bottom current strength,
but not in AAIW temperature or salinity.

Thus, although there is agreement that perturbations in AAIW
strength are in someway associatedwith high-latitude Southern Hemi-
sphere climate change (Fig. 4), there is still not a consensus on the pre-
cise mechanism(s) causing AAIW variability. Further work is therefore
required to produce high resolution Holocene records at intermediate
water depths and to determine the role of SouthernHemisphere climate
changes in driving changes in the formation rate, characteristics and cir-
culation of AAIW.

5.2. Implication of Holocene AAIW variability

Today, the formation of NADW in the high latitudes of the North At-
lantic is fed by AAIW and, in part, by upper-thermoclinewater (Rintoul,
1991). AAIW supplies a large fraction of the northward flow required to
balance the southward export of NADW, and thus represents an active
player in the AMOC (Lumpkin and Speer, 2007). However, a potential
AAIW-NADW linkage during the Holocene is poorly understood due
to sparsity of accurately dated marine archives with sub-millennial-
scale resolution. By investigating a North Atlantic paleocurrent record
(NEAP15K), Bianchi and McCave (1999) reported Holocene oscillations
in the strength of the ISOW, that significantly contributes to the forma-
tion of NADW, thus suggesting short-term changes in the AMOC during
the Holocene. An even higher temporal resolution Holocene
paleocurrent record from the North Atlantic (NEAP4K) (Hall et al.,
2004) (Fig. 4A) allows the detection of extensive sub-millennial-scale
variability superimposed on the millennial-scale Holocene oscillations
in the strengths of the ISOW recorded in NEAP15K (Bianchi and
McCave, 1999). Interestingly, a comparison of the GeoB13862-1
mean(SS) with the NEAP4K mean(SS) record (Fig. 4A,B) highlights a
strong similarity not only in the longer-term trends as well as in some
of the key sub-millennial features of both records. The observed changes
in the bottom current strength of AAIW (Fig. 4B) are antiphased with
perturbations in NADW circulation (Fig. 4A): periods of increased
AAIW advection correlate with periods of reduced NADW bottom cur-
rent strength and vice versa. The most notable examples occur at ~
8.5–9.0, 8.0, 5.0, 3.5 and 2.5 ka BP. The inverse relationship between
(A) mid- and (B) late Holocene. The increase in AAIW strength and the deepening and
fter ~7 ka BP most probably related to cooling and freshening in AAIW source regions.
ircumpolar Deep Water.
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sub-millennial-scale variability in AAIW and in NADW flow intensity
provides strong evidence for an AAIW-NADWsee-saw operating during
the Holocene.

Model simulations demonstrate a pervasive link between the forma-
tion of AAIW and NADW for Holocene boundary conditions (Graham et
al., 2011), and highlight the possibility that initial changes in AMOC
strength can be related to perturbations in AAIW. Graham et al.
(2011) show that incursions of anomalously cold and fresh AAIW into
the upper water column of the North Atlantic can lead to a cooling
and freshening of the North Atlantic, thereby contributing to the reduc-
tion of NADW formation. The ventilation timescale for AAIW in the At-
lantic is 50–150 years (Holzer et al., 2010) supports the hypothesis of
a quasi-synchronous AAIW-NADW coupling. We therefore consider
that enhanced incursions of cool and fresh AAIW into the North Atlantic
could have had a weakening effect on the formation of NADW during
the Holocene. Thereby, incursions of cool and fresh AAIW into the
upper water column of the North Atlantic may have cooled and fresh-
ened the North Atlantic, contributing to the reduction of NADW forma-
tion. Accordingly, we suggest that relatively small perturbations in
AAIW circulation and renewal during theHolocene are efficiently trans-
ferred to the North Atlantic where they have significant effects on the
AMOC. The correspondence of sub-millennial-scale variability in South-
west- and North Atlantic paleocurrent records suggests a direct linkage
between intermediate water variability in the Southern Hemisphere
and AMOC variations. This implies that AAIW and North Atlantic deep
ocean fluctuations during the course of the Holocene appear to be es-
sentially synchronous which underscore the potential connection be-
tween the Southern Ocean and the North Atlantic in the absence of
large ice sheets.

6. Conclusions

Here we present a high temporal resolution Holocene paleocurrent
record from the Southwest Atlantic that documents a highly variable in-
termediate water circulation throughout the Holocene. Superimposed
on a slight increase in AAIW bottom current strength at ~7 ka BP, a suc-
cession of millennial-scale AAIW variations is recognized in our
paleocurrent record. Our data indicates that abruptly increased AAIW
northward advection was associated with periods of reduced NADW
strength and vice versa. The inverse relationship of millennial-scale
changes in the northward penetration of AAIW and NADW formation
provide strong evidence for a AAIW-NADW see-saw operating during
the Holocene. We therefore suggest that even small changes of AAIW
may cause substantial AMOC variations and therefore could be an addi-
tional source of climate variability. However, although a change in
AMOC in response to dynamical processes in the Southern Ocean
seems a possible scenario, it still relies on mostly indirect inferences.
Continuing research is therefore encouraged to evaluate Holocene his-
tory of the deep- and intermediate water circulation in the Atlantic
Ocean.
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