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In o rd e r  to  ob tain  a  b e tte r  know ledge o f p ast oceanograph ic  variability  offshore so u th ern  Chile, th is  study 
reapp ra ises th e  changes in  th e  sources o f n u trien ts  over th e  la st 25 ka based  on  a  de ta iled  com parison  o f p rev i
ously  pub lished  n itro g en  iso tope and  m icrofossil records (dinoflagellate cysts, coccoliths a nd  d ia tom s) from  ODP 
Site 1233 (41°S). O ur findings su p p o rt th e  m a in  conclusions o f M artinez e t  al. (2006) in  th e  sense th a t  b o th  the  
Suban tarctic  Surface W ate r an d  th e  G un ther U ndercu rren t a re  po ten tia l sources for th e  reco rded  late Q uaternary  
sed im en ta ry  615N signatu res a t  Site 1233, w ith  variable con tribu tions o f b o th  sources d u rin g  d ifferen t tim e 
periods. This study  ind icates th a t  Suban tarctic  Surface W ate r form s th e  m a in  source for n u trien ts  du ring  the  
la st glacial m ax im u m  (2 5 -1 8 .6  cal ka  BP), th e  first p a rt o f th e  deglacia tion  (18 .6 -15 .7  cal ka  BP) an d  the  
H olocene (9.8 cal ka BP u n til p resen t) . An increased  con tribu tion  o f E quatorial Subsurface W ate r as a  source o f 
n u trien ts  to  th e  ph o tic  zone offshore sou th ern  Chile is observed  b e tw een  14.4 an d  9.8 cal ka BP, w hich  is indic
ative  for upw elling  cond itions a t  least a fter 13.2 cal ka  BP as ind ica ted  by  th e  m icrofossil data.

© 2013 U niversity  o f W ash ing ton . Published  by  Elsevier Inc. All rights reserved.

Introduction

Nitrogen (N), and m ainly nitrate, is one of the  m ain elem ents 
regulating m arine biological productivity variations in nu trien t lim ited 
environm ents such as the  low- and m id-latitude oceans (e.g., Hebbeln 
e t al., 2000, 2002; M ohtadi and Hebbeln, 2004; Sarm iento e t al., 2004; 
Pisias e t al., 2006; Romero e t al., 2006; M ohtadi e t al., 2008; Verleye 
and Louwye, 2010a; Saavedra-Pellitero e t al., 2011). At present, n itrate 
is no t com pletely consum ed in the  Southern Ocean w here  th e  uptake 
is lim ited by o th er factors such as light and the  absence of 
m icronutrients (m ainly iron) (e.g., Mitchell e t al., 1991). This results in 
a C02 efflux from  the  ocean to the  atm osphere. Recent studies indicate 
th a t the  n u trien t load of th e  Antarctic Circumpolar C urrent (ACC) during 
th e  last glacial m axim um  w as lower th an  today as a result o f a 30% in
crease in n u trien t consum ption by phytoplankton in the  Southern 
Ocean (Robinson e t al., 2005), w hich should have lim ited the  release 
o f C02 (e.g., Sigman and Boyle, 2000). Nitrate is ultim ately rem oved 
from  the m arine ecosystem  by m icrobial denitrification w hich occurs 
in oxygen-poor sedim ents and in suboxic (<5 pM 0 2) w ater colum ns 
of the  open-ocean oxygen m inim um  zones, housed in the  eastern  
(sub)tropical North and South Pacific and the  Arabian Sea. Besides the
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regulation of biological production, nitrate  rem oval in oxygen m inim um  
zones also directly impacts global clim ate by the  reduction of n itrate 
into th e  greenhouse gas nitrous oxide (N 20 ) ,  w hich has a trem endous 
global w arm ing potential.

During the  phytoplankton assim ilation and the  microbial denitrifica
tion, th e  lighter ( 14N ) isotope preferentially undergoes reaction. As the  
initial nitrate  supply is progressively consum ed, the  15N /14N of the  
rem aining nitrate  increases w hich leads to a related increase in th e  N 
isotopic ratio o f the  organic m atter itself. In th e  Subantarctic Zone, for 
instance, the  nutrients are supplied th rough  northw ard  lateral advec- 
tion from the  Antarctic Zone and are progressively consum ed (Altabet 
and François, 1994; Sigman e t al., 1999) causing a steep n o rth -so u th  
nitrate  gradient from - 2 0  uM a t the  Subantarctic Front to - 4  uM at 
the  Subtropical Front (Garcia e t al., 2010a). This equatorw ard decrease 
in nitrate  availability is accom panied by an increase in th e  N isotope 
ratio 8 15N (S 15N =  [ ( 15N /14Nsample) / ( 15N /14Nreference) -  1] X 1000,
w ith th e  atm ospheric N 2 as the  universal reference) o f th e  n itrate  pool 
and o f th e  organic m atter produced by phytoplankton. W hen the  
surface nutrients are com pletely consum ed, sedim entary ô15N is a 
reflection of the  isotopic com position o f th e  n itrate  delivered to  the  
surface waters.

In this study, w e first com pare th e  sedim entary nitrogen isotope re
cord (2 5 -0  cal ka BP) (M artinez e t al., 2006) from  ODP Site 1233 (41°S; 
offshore southern  Chile) w ith  high-resolution dinoflagellate cyst assem 
blage data from Verleye and Louwye (2010a), w ith  additional microfos
sil records from Mix e t al. (2003) and Saavedra-Pellitero e t al. (2011 ) in

0033-5894/$ -  see front m a tte r  © 2013 University o f W ashington. Published by Elsevier Inc. All rights reserved. 
http://dx.doi.O rg/l 0.1016/j.yqres.2013.07.002

Please cite this article as: Verleye, T.J., e t al., Changes in th e  source of nutrients associated w ith oceanographic dynam ics offshore southern  Chile
(41°S) over th e  last 25,000 years, Q uaternary Research (2013), http://dx.doi.Org/10.1016/j.yqres.2013.07.002

http://www.elsevier.com/locate/yqres
mailto:thomas.verleye@vliz.be
http://dx.doi.Org/l
http://dx.doi.Org/10.1016/j.yqres.2013.07.002


ARTICLE IN PRESS
T.J. Verleye et al. /  Quaternary Research xxx (2013) xxx-xxx2

order to give a be tte r constrained in terpreta tion  o f th e  nu trien t source 
changes off southern  Chile since the  last glaciation. A com parison w ith 
sedim entary nitrogen isotope records from  cores located north  and 
south o f our study area (GeoB7139-2 (30°S), De Pol-Holz e t al., 2006; 
El 1-2 (54°S), Robinson e t al., 2005) gives additional insights into the  
tw o m ain w ater m ass end-m em bers feeding th e  Southern Chile margin.

ODP Site 1233 is located a t the southern m argin of the South Pacific 
eastern boundary current, which is one of the world's m ost productive 
m arine environm ents (Berger e t al., 1987) (Fig. la ) , and is strongly 
influenced by both high- and low-latitude biogeochemical processes. 
The eastern tropical South Pacific houses a large region of water-colum n 
denitrification that accounts for approxim ately 15% of the total N removal 
from the  ocean and distributes 15N-enriched w ater tow ard the  south and 
w est in the Pacific (M artinez e t al., 2006; Robinson e t al., 2007; Kienast 
e t al., 2008; Robinson e t al., 2009; Martinez and Robinson, 2010) while 
less 15N-enriched surface w aters are adverted from the Southern Ocean 
(Fig. le). Martinez e t al. (2006) suggested that the  sedim entary ô15N at 
ODP Site 1233 reflects the isotopic composition of the nitrate delivered 
to the region. Therefore, the  recorded ô15N values and nitrate concentra
tions a t Site 1233 depend on the oceanographic dynamics in the source 
areas and the regional/local oceanographic changes such as upwelling, 
stratification and the  position o f the  Subtropical Front. This dynamical 
process regulates the contribution o f both the  Subantarctic Surface 
W ater (SASW) and the  Gunther Undercurrent (GUC) in influencing at 
once the ô15N signature and nitrate availability a t Site 1233.

The microfossil data m akes a valuable contribution in validating that 
an increasing influence o f SASW lowers nitrate  concentrations and 
m ight also lower th e  ô15N signature, while a greater GUC contribution 
likely has the  opposite effect. A com parison w ith  late Q uaternary

nitrogen isotope records derived from  cores north  and south o f the  
study area is therefore crucial. In this respect, th e  record o f core El 1-2 
(54°S) can be in terpreted  as a Subantarctic end-m em ber and can be 
indicative for the  influence of SASW at Site 1233.

M artinez e t al. (2006) suggested th a t high ô15N values be tw een  19 
and 10 cal ka BP reflected a stronger lateral advection o f heavy n itrates 
from  the  m ore northerly  denitrification zones offshore o f Peru and 
northern  Chile, while lower isotopic com positions during th e  Holocene 
and th e  last glacial m axim um  w ere assum ed to be largely controlled by 
Southern Ocean dynamics. A b e tte r understand ing  o f past local oceano
graphic variability, as obtained by microfossil analyses, can provide 
m ore detailed inform ation about the  source area o f the  recorded 
sedim entary organic m atter ô15N a t Site 1233.

Regional setting

Surface circulation in th e  SE Pacific offshore Chile is dom inated  by 
th e  equatorw ard flowing Peru-Chile Current, originating betw een  
40°S and 45°S as a northern  branch of the  ACC (Boltovskoy, 1976; 
Strub e t al., 1998) (Fig. la ) . North o f 35°S, the  Peru-Chile Counter 
Current divides the  northw ard-flow ing Peru-Chile C urrent into a coast
al and oceanic branch, w hich tu rns off to  th e  w est close to th e  equator to 
form  th e  South Equatorial Current (Fig. la ) . The ACC, in turn, is a high- 
nu trien t low-chlorophyll area, in w hich biological productivity is lim it
ed by the  absence of m icronutrients, such as iron (De Baar e t al., 1995; 
Boyd e t al., 2000,2001 ; Hutchins e t al., 2001 ). The high river discharges 
associated w ith hyper-hum id conditions o f onshore southern  Chile 
result in an  increase o f iron availability in th e  coastal surface w aters, 
w hich in tu rn  increases prim ary productivity (e.g., Iriarte e t al., 2007).
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Figure 1. Oceanography of the SE Pacific, (a) Surface currents in the SE Pacific and the location of ODP Site 1233 and other cores (GeoB7139-2, El 1-2); (b) vertical profile of the main cur
rents in the upper 1500 m  of the SE Pacific between 32°S and 53 °S and their salinity characteristics; (c) oxygen concentrations in the upper 1500 m  in a vertical profile along a transect in 
the SE Pacific between 14°S and 51°S. Abbreviations: AAIW, Antarctic Intermediate Water; ACC, Antarctic Circumpolar Current; CHC, Cape Horn Current; ESSW, Equatorial Subsurface 
Water; EUC, Equatorial Undercurrent; GUC, Gunther Undercurrent; PCC, Peru-Chile Current; PCCc, coastal branch of Peru-Chile Current; PCCo, oceanic branch of the Peru-Chile Current; 
PCCC, Peru-Chile Counter Current; PDW, Pacific Deep Water; PFZ, Polar Frontal Zone; SAF, Subantarctic Front; SAMW, Subantarctic Mode Water; SASW, Subantarctic Surface Water; SAZ, 
Subantarctic Zone; SEC, South Equatorial Current; STF, Subtropical Front; STSW, Subtropical Surface Water; SIZ, Subtropical Zone.
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The availability o f bo th  m acro- and m icronutrients elevates productivity 
offshore southern  Chile above th a t o f the  upw elling-dom inated parts 
offshore cen tral/north  Chile (Hebbeln e t al., 2000).

The ACC is bounded to the  north  by the  Subtropical Front, separating 
th e  northern  ACC w aters (Subantarctic Surface W ater; SASW) from the 
w arm , nutrien t-dep leted  Subtropical Surface W ater (STSW) (Figs. la  
and b). Just south of the  Subtropical Front, subduction o f the  less saline 
and colder SASW (-3 4  psu) undernea th  th e  m ore saline STSW 
(34.5 psu) results in the  form ation o f the  Eastern South Pacific In term e
diate W ater, which, w hen  farther north, is characterized as a shallow, 
thin-salinity  m inim um  layer betw een  th e  STSW and the  Equatorial 
Subsurface W ater (ESSW) (Tsuchiya and Talley, 1998; Schneider e t  al„ 
2003) (Fig. lb ).

The Peru-Chile Current and Eastern South Pacific Interm ediate 
W ater are underlain by the  oxygen-poor and nutrient-rich  GUC (100- 
300 m  w ater depth), w hich originates from  th e  eastw ard-flow ing Equa
torial U ndercurrent (also called th e  Cromwell Current) (Cromwell, 
1953) (Figs. l a  and b). The GUC transports ESSW from  the tropics to 
w ard 48°S (Fonseca, 1989) and forms th e  source for th e  upw elled w a
ters north  o f 40°S (Morales e t al„ 1996). The GUC currently  carries 
oxygen-poor w ater bearing n itrate  w ith  a high ô15N signature polew ard 
(Fig. le ) . The GUC, in turn, is underlain by the  relatively low-saline and 
oxygen-rich Subantarctic Mode W ater and Antarctic Interm ediate 
W ater, w hich are vertically located be tw een  300 and 1200 m  w ater 
d ep th  (Tsuchiya and Talley, 1996; Strub e t al„ 1998; Tsuchiya and 
Talley, 1998). Into the  deep ocean, the  Pacific Deep W ater is a slow, 
southw ard-flow ing cu rren t betw een  -1 2 0 0  and -3 4 0 0  m  w ater 
depth, w hich is in the  deepest parts underlain  by the  oxygen-rich n o rth 
w ard flowing Antarctic Bottom W ater (Ingle e t al„ 1980; Shaffer e t al„ 
1995; Garcia e t al„ 2010b) (Fig. lb ) .

Material and methods

ODP Site 1233

The ODP Site 1233 is located 40 km  offshore southern Chile (41°0.01' 
S, 74°26.99'W) in a small fore-arc basin on the  upper continental slope at 
838 m  w ater depth  (Mix e t al„ 2003). Exceptionally high sedim entation 
rates betw een 1 and 3 m  ka-1  are recorded during the late Quaternary 
and favor the good preservation of organic-, siliceous- and CaC03-walled 
microfossils in the m arine sediments. The lithology of the  studied interval 
o f ODP 1233 is dom inated by hom ogenous olive-brown clayey silts, w ith 
a m inor am ount o f well-preserved biogenic com ponents (Mix e t al„ 
2003). The age m odel has been previously published by Lamy e t al. 
(2004), Kaiser e t al. (2005) and Lamy et al. (2007), and is based on 27 
14C Accelerator Mass Spectrom eter (AMS) control points on m ixed plank
tonic forminifera samples in the  upper 39.5 m  (25 cal ka BP), and is 
converted to calendar years taking into account a reservoir age of 
400 years. This age m odel was also applied to the  ô15N record of 
Martinez e t al. (2006), which was initially based on 17 14C AMS control 
points and did not include the update o f Lamy et al. (2007).

Microfossils and isotopic analyses

W e refer to Mix e t al. (2003) (diatom s), Verleye and Louwye 
(2010a) (dinoflagellate cysts) and Saavedra-Pellitero e t al. (2011) 
(coccolithophores) for th e  palynological preparation procedures o f the 
phytoplankton groups discussed herein. The potential occurrence of 
syn- and post-depositional processes redistributing sedim ents on  the 
seafloor m ay alter m ass accum ulation rates o f sedim entary com ponents 
(François e t al., 2004), and m ade us decide to study microfossils in con
centrations g 1 w ithout correcting for sedim ent accum ulation rates. 
Specifications about th e  isotopic analyses o f ô15N are described in detail 
by Robinson e t al. (2005), De Pol-Holz e t al. (2006) and M artinez e t al. 
(2006) for cores El 1-2, GeoB7139-2 and ODP 1233, respectively (Fig. 2).
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F igure 2 .615N records o f cores GeoB7139-2, located in  the  SE Pacific (30°S) (De Pol-Holz 
e t  al., 2006); ODP 1233, located in the  SE Pacific (41°S) (M artinez e t a l , 2006); E l l-2 , 
located in the  southern  p a r t o f the  Subantarctic Zone (Robinson e t a l, 2005).

Chronology o f  cores GeoB7139-2 and El 1 -2

Similar as for core ODP 1233 ,14C AMS dates o f core GeoB7139-2 w ere 
m easured on tests o f mixed planktonic foraminifera and corrected for a 
m ean ocean reservoir age of 400 years (Mohtadi and Hebbeln, 2004). 
The age m odel for core E ll-2 was derived by Ninnemann and Charles 
(1997), through correlation o f the ô180  stratigraphy (N. pachyderma) to 
that o f the well-dated, high-resolution core RC11-83.

Results and discussion

Nitrate source switching offshore o f southern Chile

Sedim entary ô15N signatures can result from  a variety  o f processes 
such as th e  variable supply of land-derived organic m aterial, th e  degree 
of n itrate  consum ption (phytoplankton, microbial) changes in the  
source of n itrate and /or its isotopic composition, and the  preservation 
of th e  isotopic signature. M artinez e t al. (2006) excluded a significant 
influence of terrestrial organic m atter a t Site 1233 based on low C/N 
ratios (m ean =  6.85), close to th e  Redfield ratio (carbon/nitrogen/ 
phosphorus) o f m arine particles, and heavy ô15N values (>9%o). 
Furtherm ore, th e  com plete o r alm ost com plete consum ption of n itrate 
along the  southern  Chile m argin suggests th a t the  sedim entary ô15N off
shore o f southern  Chile (41 °S) essentially reflects th e  isotopic com posi
tion o f th e  n itrate  delivered to th e  region (M artinez e t al., 2006) (Fig. 2). 
Both the  high sedim entation rate and the  good preservation o f organic 
m atter on m argins imply th a t sedim entary ô15N accurately records the  
ô15N o f sinking organic m atter (Altabet e t  al., 1999).

According to Martinez e t al. (2006), an am algam  of high- and low- 
latitude processes influences the late Quaternary ODP 1233 ô15N record 
(Fig. 2). Martinez e t al. (2006) proposed th a t advected nitrates originating 
from the  denitrification zones in offshore Peru and central/northern Chile 
dom inate the ô15N record for the  period betw een 19 and 10 cal ka BP,
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except during the Antarctic Cold Reversal (ACR) period. However, the 
ô15N increase in SE Pacific records located offshore o f central Chile (De 
Pol-Holz e t al., 2006 [30°S]; Robinson e t al., 2007 [36°S]; Mohtadi e t al., 
2008 [36°S]) lags behind the  increase a t Site 1233 by -1 .7  ka, and is 
suggestive o f an additional influence betw een 19 and 17 cal ka BP. 
Combining the ô15N and environm entally sensitive phytoplankton 
records (mainly dinoflagellate cysts) can increase our understanding of 
past oceanographic variability in offshore southern Chile, and m ay there
fore further elucidate the source regions of the  adverted sedim entary 
ô15N signatures a t Site 1233.

The last glaciation

The last glaciation is characterized by high relative abundances (7 0 - 
85%) o f Brigantedinium  spp. (Fig. 3c). This dinoflagellate cyst species 
presently  show s a gradual increase in relative abundances in a sou th 
w ard direction across the  Subantarctic Zone (Esper and Zonneveld, 
2002). This points to a m ore equatorw ard  position of the  ACC during 
the  last glacial m axim um. The sedim entary ô15N signature is consistent 
w ith this in terpreta tion  and points to a cross-frontal northw ard  advec- 
tion o f SASW tow ard  Site 1233, m eaning th a t productivity w as fuelled 
prim arily by nutrients advected from the  Southern Ocean (Fig. 3a). 
The polew ard undercurrents, such as th e  GUC, are suggested to be 
w eaker during th e  last glaciation (Kienast e t al., 2002) and possibly lim
ited a subsurface southw ard transport o f low er ô15N w aters as far as 
41 °S. Furtherm ore, the  onshore blowing w esterly  w inds prevented 
upwelling a t Site 1233 during the  last glaciation, w hich w ould h inder 
the  upw ard  transport o f GUC w ater into the  photic zone (Verleye and 
Louwye, 2010a; Verleye e t al., 2011).

The initial ô15N rise a t Site 1233 occurs a t 21.3 cal ka BP and seems 
to correspond w ith  th e  increasing 15N/14N-ratio a t core site El 1-2 
recorded betw een  22.1 and 19.6 cal ka BP (Fig. 2). This increase corre
sponds w ith  th e  first decrease in relative abundances o f Brigantedinium 
spp. a t 21.4 cal ka BP, as recorded offshore o f Chile a t 41°S (Fig. 3c). A 
decrease in relative abundances o f this species has been in terpreted  as 
a polew ard shift o f the  ACC and its related circum polar frontal system s 
(Verleye and Louwye, 2010a), consistent w ith th e  inference based on 
the  N isotopes th a t th e  nutrients overlying the  site are still prim arily 
advected from the  Southern Ocean.

Deglaciation (phase 1 ) and the ACR

An accelerated increase o f ô15N values a t Site 1233 occurred ju s t after 
18.7 cal ka BP, corresponding well w ith th e  accelerated decrease in 
Brigantedinium spp. a t 18.6 cal ka BP (Figs. 3a and c). The decrease in 
Brigantedinium spp. is consistent w ith  the  inferred polew ard shift of 
the  ACC (e.g., Lamy e t al., 2004; Kaiser e t al., 2005; Verleye and 
Louwye, 2010a). Such a shift implies th a t Site 1233 will be oceanograph
ically relocated tow ard th e  northernm ost zone o f the  Subantarctic Zone. 
The increase in ô15N a t Site 1233 m ay be due to  this relocation. The ô15N 
increase in m ore equatorw ard sites along th e  South American m argin 
(De Pol-Holz e t al., 2006 [30°S]; Robinson e t al., 2007 [36°S]; Mohtadi 
e t al., 2008 [36°S]), started m uch later than  a t Site 1233: -1 7  cal ka BP, 
or -1 .7  ka later com pared to the  accelerated increase a t Site 1233 
(Fig. 2), implying th a t the  increase was not transm itted  by the  GUC. In
stead, the  increase in ô15N is likely related to Site 1233's position along 
the  n itrate gradient in th e  Subantarctic. Despite the  overall decrease in 
consum ption in th e  El 1-2 record, the  Chile m argin was being bathed 
in w aters bearing a high ô15N signal due to enhanced draw dow n in 
the  overlying w aters related to th e  shift in th e  site's position relative to 
the  overlying n itrate  field (Robinson e t al., 2005). The surface w aters 
w ere still prim arily sourced from th e  Southern Ocean at this time.

The ô15N increase a t Site 1233 lasts until 17.2 cal ka BP. W e assum e 
th a t the  ô15N increase until 17.2 cal ka BP is prim arily controlled by 
Southern Ocean dynamics, w hich agrees w ith  th e  high abundances of 
Brigantedinium spp. (Fig. 3c), and puts the  Subtropical Front north  o f
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Figure 3. Paleoceanographic records from ODP Site 1233 in the SE Pacific, (a) 615N record 
(M artinez e t a t, 2006) ; (b) relative abundances of heterotrophic dinoflagellate cysts (Verleye 
and Louwye, 2010a); (c) relative abundances of Brigantedinium spp. (Verleye and Louwye, 
2010a); (d) relative abundances of Echinidinium aculeatum (Verleye and Louwye, 2010a); 
(e) high resolution iron contents and iron contents a t the respective depths o f dinoflagellate 
cyst analyses (cps) ofGeoB3313-l ( =  Site 1233) (Lamy e t al., 2001); (f) absolute and relative 
abundances of Operculodinium centrocarpum (Verleye and Louwye, 2010a).

41 °S. The fairly constan t and high num bers o f hetero trophs (95%) 
point to a direct and undisturbed influence of SASW at Site 1233 until 
a t least 15.7 cal ka BP (Fig. 3b). The sharp ô15N increase o f 6%„ as 
observed betw een 17 and 16 cal ka BP in the  northern  cores (30°S; 
36°S), ascribed to  an  intensification and southw ard propagation o f the  
oxygen m inim um  zone offshore central Chile (De Pol-Holz e t al., 2006, 
2007; M ohtadi e t al., 2008), is not observed a t Site 1233. This indicates 
th a t if isotopically enriched n itrate was carried southw ard by the  GUC, 
it was no t upwelled, assimilated, and converted to organic N by phyto
plankton in significant am ounts (Figs. 2 and 3a). This is supported  by 
th e  low  relative abundances o f upw elling-associated dinoflagellate 
cysts, i.e. Echinidinium aculeatum  (Fig. 3d).

During the  ACR period, th e  latitudinal shifts o f the  Subtropical Front 
are likely restricted to the  area around 41 °S (Verleye and Louwye,
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2010a). This is based on th e  very high absolute and relative abundances 
o f Operculodinium centrocarpum, an autotrophic dinoflagellate cyst spe
cies often observed in th e  vicinity o f th e  Subtropical Front (in th e  sou th
ern  part o f  th e  Subtropical Zone) (M arret e t al., 2001; Esper and 
Zonneveld, 2002) (Fig. 3f). This species m ay adap t be tte r to changing 
conditions th an  o ther dinoflagellate cysts and is able to cope w ith  ex
trem e seasonality (e.g., Dale, 1983). The ACR period has therefore 
been in terpreted  as being unstable likely associated w ith  th e  vicinity 
o f th e  Subtropical Front (Verleye and Louwye, 2010a), in w hich o ther 
nanoplankton such as diatom s and coccolithophores seem  unable to 
thrive in large quantities as supported  by their low concentrations 
(Fig. 4). This allows O. centrocarpum  to take up th e  rem aining nutrients 
and to bloom  (Fig. 3f). A fast southw ard m igration of th e  westerlies 
during th e  first phase o f th e  deglaciation tow ard  41 °S w as also 
suggested by M cculloch e t al. (2000), w ho assum ed th a t they  reached 
a position sim ilar as today around 14.3 cal ka BP.

The ô15N record show s a prom inent decline during th e  ACR period, 
sim ilar to  the  observed changes in th e  north  (GeoB7139-2; de 
Pol-Holz e t al., 2006) (Fig. 2). The low er ô15N values a t 41°S are th e re 
fore m ore likely transported  from the north  and supplied into the 
surface by deep m ixing ascribed to th e  westerlies. The w esterlies w ere 
probably m ore intensely associated w ith  a steep latitudinal SST gradient 
due to  a m ore intense Hadley Cell activity (Thom pson e t al., 1998) and 
an  extension o f the  Antarctic sea ice (Bianchi and Gersonde, 2004; 
Naish e t al., 2009). An intensification o f th e  w esterly  w ind belt is also 
supported  by Bertrand e t al. (2008), w ho observed a particular w et 
phase a t Lago Puyehue (40°S) betw een  15 and 13 cal ka BP. However, 
it should be noted th a t there  is still uncertain ty  about th e  oceanographic 
and th e  atm ospheric responses a t 41 °S w ith  respect to th e  ACR period.
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Figure 4. ODP 1233 microfossil records, (a) Coccolithophores g (Saavedra-Pellitero 
e t a l ,  2011); (b) low -resoluhon diatom  record (Mix e t a l ,  2003); (c) dinoflagellate cysts 
g (Verleye and  Louwye, 2010a).

Deglaciation (phase 2 ) and the Holocene

The second phase o f th e  deglaciation and th e  Holocene climatic 
optim um  (13-9 .8  cal ka BP) is characterized by a southw ard expansion 
or an  intensification of suboxia and denitrification in th e  SE Pacific (De 
Pol-Holz e t al., 2006; Robinson e t al., 2007; M ohtadi e t al., 2008) 
(Fig. 2), a signal th a t is laterally advected to th e  south  a t subsurface 
dep th  and recorded up to 41°S (Fig. 2). This tim e interval is character
ized by an  increase (up to 4%) of th e  dinoflagellate cyst E. aculeatum  
(Fig. 2). A core-top study in the  SE Pacific dem onstra ted  th a t this species 
is related to highly productive regions and /or upw elling regions, while 
relative abundances from 3% to 9% w ere exclusively observed in active 
upw elling cells (Verleye and Louwye, 2010b). The occurrence o f u p 
welling be tw een  13 and 9.8 cal ka BP is also supported  by an  increase 
in th e  abundances o f th e  coccolithophore Gephyrocapsa oceanica as 
dem onstra ted  by Saavedra-Pellitero e t al. (2011). A farther southw ard 
shift o f th e  ACC and associated w esterly  w ind belt thus allowed upw ell
ing a t 41 °S during the  austral sum m er and enabled the  assim ilation of 
GUC 15N-enriched n itrate (Fig. 2).

A fast drop in ô15N a t 41 °S com pared to  the  record a t 30°S occurred 
betw een  9.8 and 7 cal ka BP and m ight be caused by an  equatorw ard 
shift o f the  ACC, according to  th e  dinocyst record (Figs. 2, 3c, d and f). 
This increases the  advection of isotopically lower surface w aters origi
nating from th e  Subantarctic Zone w here  nu trien t utilization was low 
com pared to th e  last glacial m axim um  (Robinson e t al., 2005). Higher 
relative abundances o f 0. centrocarpum  also support a northw ard  shift 
o f th e  Subtropical Front tow ard 41 °S (Fig. 3f). Decreasing relative ab u n 
dances o f £  aculeatum  suggest th a t upw elling w as prevented during 
this tim e period and obstructed the  upw ard  transport o f the  isotopically 
enriched polew ard-flow ing ESSW (GUC) (Fig. 2). Upwelling m ay have 
been hindered by an  intensification of th e  onshore blowing w esterlies 
ascribed to a steepening of the  m eridional SST gradients. The latter 
results from  an increase in sea-ice extension from  ~9 cal ka BP onw ards 
(Bianchi e t  al., 2004), contem poraneous w ith  th e  dom inance o f La Nifia- 
like conditions (until 7 cal ka BP) (Moy e t al., 2002), w hich strengthen 
the  SE Pacific anticyclone.

The ô15N record differs considerably betw een  ODP 1233 and 
GeoB7139-2 after 7 cal ka BP (Fig. 2). The diverging trends betw een 
both records tow ard the  late Holocene suggest a dom inant influence 
from the  Southern Ocean on Site 1233. Overall, the  low er N isotope 
ratio during th e  Holocene, w hen  com pared to th e  last glacial m axim um, 
is similar to th e  record a t El 1-2 (Fig. 2). The recorded isotope values in 
sedim entary organic m atter during th e  m id- to  early Holocene seem, 
however, also to be partially controlled by th e  subtropical SE Pacific, 
superim posed on  the  Southern Ocean influences. During the  last 7 ka, 
£  aculeatum  fluctuates betw een  0.5% and 2.5%, w ith highest relative 
abundances during periods o f low er rainfall, as indicated by the  
GeoB3313-l ( =  Site 1233) iron record o f Lamy e t al. (2001) (Figs. 3d 
and e). Those periods are characterized by a w eakening or a m ore 
southw ard position of the  northern  m argin o f th e  westerlies, and m ay 
thus enable seasonal upw elling a t 41 °S as indicated by £  aculeatum.

A strong relative increase o f Brigantedinium  spp. from  -30%  to -60% 
(Fig. 3c) and a contem poraneous decrease o f Echinidinium spp. from 
-50% to -24%  (Verleye and Louwye, 2010a) during th e  last 1 ka point 
to an increasing influence of the  SASW and an absence o f upwelling 
during this tim e period. The decrease in ô15N during the  last 2 ka is 
consistent w ith  an  accelerated northw ard  shift o f th e  ACC and is in 
agreem ent w ith  the  findings o f M ohtadi e t al. (2007) (Fig. 3a).

Conclusions

The knowledge of past oceanographic changes as derived from 
microfossils has proven to contribute significantly to  the  detailed re in 
terpreta tion  o f th e  ODP Site 1233 sedim entary ô15N record, and enabled 
a m ore precise tim ing of th e  periods characterized by different oceano
graphic conditions. It has been  dem onstra ted  th a t both the  SASW and
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the  GUC are a potential source for th e  recorded sedim entary ô15N signa
tures a t Site 1233 during the  last 25 ka, w ith  variable contributions of 
both sources during different tim e periods. Changes in the  source of ni
trates are related to  regional/local oceanographic changes w hich in tu rn  
are controlled by latitudinal shifts o f the  ACC and the  southern  w esterly  
w ind belt. The combination o f geochemical and microfossil data dem on
strated th a t the SASW forms the  dom inant source during the  last glacial 
maximum, the  first phase o f the  deglaciation until a t least 15.7 cal ka BP, 
and the  Holocene (9.8 cal ka BP to present). Periodical seasonal upwell
ing during the Holocene dry periods, however, resulted in an increase in 
the contribution of ESSW as dem onstrated by this study. The multiproxy 
approach dem onstrated th a t the latter was the  main nutrient source 
during the  upwelling-dom inated periods, i.e., the  last phase o f the dégla
ciation and the  Holocene climatic optim um  (13-9.8 cal ka BP). The isoto
pically heavy nitrates from the  ESSW could possibly be transported 
upw ards during the ACR period by deep mixing, ascribed to an intensifi
cation of the westerlies.
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