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As part of the return flow of the Atlantic overturning circulation, Antarctic Intermediate Water (AAIW) 
redistributes heat, salt, CO2 and nutrients from the Southern Ocean to the tropical Atlantic and thus plays 
a key role in ocean–atmosphere exchange. It feeds (sub)tropical upwelling linking high and low latitude 
ocean biogeochemistry but the dynamics of AAIW during the last deglaciation remain poorly constrained. 
We present new multi-decadal benthic foraminiferal Cd/Ca and stable carbon isotope (δ13C) records 
from tropical W-Atlantic sediment cores indicating abrupt deglacial nutrient enrichment of AAIW as a 
consequence of enhanced deglacial Southern Ocean upwelling intensity. This is the first clear evidence 
from the intermediate depth tropical 
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Fig. 1. Location of study sites, cadmium and phosphate concentration of different Atlantic water masses: Left: Bathymetric chart of the Atlantic Ocean with locations of the 
sediment cores studied here (red dot, identifiers in the right side profiles). Reference records of previous studies are depicted by black dots (Böhm et al., 2015; McManus et 
al., 2004 (ODP 1063); Meckler et al., 2013 (ODP 658); Xie et al., 2014 (VM12-107); Huang et al., 2014 (KNR197-3-46CDH); Anderson et al., 2009 (TN057-13-4PC)). Dashed 
lines show cadmium and phosphate sections (yellow = Cd; black = P). Right: S–N-trending cadmium- (top, data from GEOTRACES; Mawji et al., 2015) and phosphate-profile 
(bottom, data from WOA; Boyer et al., 2013) with locations of proxy records, placed at the according water depths. Major Atlantic water masses can be differentiated by their 
phosphate and cadmium concentrations (AAIW = Antarctic Intermediate Water; NADW = North Atlantic Deepwater; GNAIW = Glacial North Atlantic Intermediate Water; 
AABW = Antarctic Bottom Water). Figures were created using Ocean Data View (Schlitzer, 2015). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
ters at intermediate depth (Came et al., 2003, 2008; Xie et al., 
2012) that may even have resulted in the absence of AAIW dur-
ing these periods (Huang et al., 2014; Howe et al., 2016). Recent 
data also indicate that northern sourced waters continuously in-
fluenced mid-depth waters in the SW-Atlantic and that the AMOC 
may not have collapsed completely (e.g. Lund et al., 2015). At the 
same time a postulated short-term breakdown of SO stratification 
may have led to increased AAIW ventilation during northern hemi-
sphere cooling events (Burke and Robinson, 2012).

To reconstruct past changes in intermediate and deep Atlantic 
circulation patterns benthic foraminiferal Cd/Ca has been used 
routinely as a proxy for seawater cadmium concentrations. Sea-
water cadmium concentrations (Cdw) are closely correlated with 
phosphate concentrations. Prior work has demonstrated that ben-
thic foraminifera incorporate Cd as a function of Cdw. Hence, 
the Cd content of fossil calcitic 
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core MD99-2198 we used the established, previously published age 
model (Pahnke et al., 2008).

2.2. Cd/Ca measurements

A minimum of 10 tests of the endobenthic foraminiferal species 
Uvigerina spp. (315–400 µm size fraction), the most abundant 
benthic species in sediment cores M78/1-235-1 and MD99-2198, 
were cleaned with reductive and oxidative reagents following es-
tablished techniques (Boyle and Rosenthal, 1996; Rosenthal et 
al., 1997). Several studies showed that the endobenthic species 
Uvigerina spp. can be used to reliably reconstruct Cdw of an-
cient water masses (e.g. Boyle, 1988; Zahn and Stüber, 2002;
Bryan and Marchitto, 2010). To improve the efficiency of the Cd/Ca 
analyses, a novel technique using an Elemental Scientific “seaFAST” 
pre-concentration system coupled to an Agilent 7500ce ICP-MS 
was adapted from a method for seawater trace metal analyses 
(Hathorne et al., 2012). This method is well suited for small sam-
ple sizes as all the Cd contained in the 2.5 ml sample loop and 
loaded onto the preconcentration column is measured during time 
resolved analysis of the elution peak. While the Cd and  a� Tf
1mn
 hileand andandandandandanda� Tf
1mn
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Fig. 3. Intermediate water mass evolution of the tropical E- and W-Atlantic compared to N- and S-Atlantic circulation records for the last glacial termination. A) Oxygen 
isotope record of the Greenland NGRIP ice core (NGRIP Dating Group, 2006) as reference reflecting the northern hemisphere climate signal. B) Pa/Th (blue) and εNd (purple) 
records of N-Atlantic sediment core ODP Site 1063 (Böhm et al., 2015 and references therein) indicating N-Atlantic overturning strength. C) Ln(Si/Al) (light blue) of tropical 
E-Atlantic sediment core ODP Site 658 (Meckler et al., 2013) showing changes in diatom productivity. D) εNd reconstructions from the Bonaire Basin (pink, Xie et al., 2014, 
1079 m) and the Demarara Rise, off Brazil (brown, Huang et al., 2014, 947 m). Shaded area indicates modern εNd signature of AAIW in the tropical W-Atlantic (Osborne 
et al., 2014). E) Stable carbon isotopes (δ13C, red) of core M78/1-235-1 (this 
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Fig. 4. Evolution of intermediate water depth nutrient levels as reflected by com-
bined Cdw and δ13C signatures. Modern and suggested glacial water mass signa-
tures indicated by ellipses (Curry and Oppo, 2005; Marchitto and Broecker, 2006;
Mawji et al., 2015). Time series data separated for distinct time
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circulated at shallower depths (e.g. Sigman et al., 2010; Ferrari 
et al., 2014). Due to the extended Antarctic sea ice cover, the 
deep overturning cell was  
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