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[e.g., Wright et al





the Niskin bottles using
AcroPak500 filter cartridges
with 0.8/0.2 mm pore size
and were collected in acid-
cleaned PE bottles. The sam-
ples were acidified to a pH of
2 using distilled 6 N HCl and
were stored at 48C.



two seawater samples, one from Norwegian Sea Deep Water (NSDW) [Lacan and Jeandel





3.2.2. Comparison Between Seawater and Foraminifera REE Patterns
The REE patterns for core-top foraminifera are plotted together with the average seawater composition at





data, the model does not consider several authigenic minerals that might be important REE carriers, such as
clays [Tachikawa et al., 2013] and barite [Vance et al., 2004]; (ii) pH is a critical parameter in the model, but pH
values were not measured for the seawater samples used here and are based on estimates [Byrne, 2002]; (iii)
the model is based on sorption equilibrium between seawater and the solid phase [Byrne and Kim, 1990] and
does not consider kinetic processes such as Ce oxidation and the conversion of sorbent phases, such as the oxi-
dation of organic matter [Vance et al., 2004] or Fe sulfide minerals [Tachikawa et al., 2013]; and (iv) most impor-
tantly, the model assumes that only the free hydrated REE cation is adsorbed. Each of these four caveats
involves assumptions that significantly affect the slope of the empirical KD





Caribbean is less than 0.5 and decreases to �0.2 between 1000 and 3000 m water depth before becoming
slightly weaker (�0.3) below 4000 m depth (Figure 6e) [Osborne et al., 2015]. The entire seawater profile of
Station SO225 from the WEP has a strong Ce/Ce* anomaly (<0.2) (Figure 6f).

The Caribbean core-top Ce/Ce* anomalies at water depths above 1630 m are more scattered (0.27–1.10)
than the deeper core-top samples (0.21–0.42), with an overall trend toward weaker Ce/Ce* anomalies in the
shallowest samples (Figures 6e and 6f). Weaker Ce/Ce* anomalies in sediments of shallower settings a7 -1.8tcto





B€oning et al., 2004]. The Mn/Al ratios determined by XRF in the upper 15 cm of each MUC exhibit a narrow
range (0.029–0.031 for SO164-02-3 and 0.034–0.037 for SO164 03-3). The Mn/Al ratio in SO164 02-2 below
17 cm is more variable but remained equal to or greater than 0.028 (Figure 7). There is a sharp excursion







The Ce/Ce* anomaly at Site 1063 fluctuated between 1.0 and 1.6 prior to 12 ka and shifted sharply to <0.9
thereafter (Figure 8). Under suboxic conditions, solid Ce(IV) is reduced to soluble Ce(III) and is released into
the pore waters [Abbott et al., 2015; Elderfield and Sholkovitz, 1987; Haley et al., 2004]. A Ce/Ce* anomaly that
is equal to or greater than 1 is thus an indicator of suboxic or anoxic conditions. At Site 1063, the shift from



particulate organic matter, calcite and HFO significantly overestimates HREE/LREE and underestimates
MREE/MREE* compared to the signatures measured in core-top foraminifera. Although the scavenging
model used here is not able to determine which phase or phases in the foraminifera exactly contain the
REEs, the seawater REEs are consistently fractionated toward higher MREE/MREE* and lower HREE/LREE dur-
ing uptake by foraminifera and differences in the foraminifera HREE/LREE and MREE/MREE* ratios and Ce/
Ce* anomalies between the Caribbean and Pacific are in agreement with the seawater array (Figure 2).

A foraminiferal REE record of Site 1063 in the deep western Atlantic confirms the effects of suboxic condi-
tions on the Ce/Ce* anomaly, which was in excess of 1 during the Last Glacial Maximum and Termination I.
In this depositional setting, changes in HREE/LREE do not correspond to a major change in the bottom
water source region [B€ohm et al., 2015] but instead appear to be related to increased sedimentation rates
[Lippold et al., 2009] and changes in Fe-cycling in the sediment column. In contrast, analyses of subsurface
samples from well-oxygenated sites in the intermediate and deep Caribbean demonstrate that the REE
compositions of foraminifera are not modified during burial.

This study concludes that there is potential for the REE signatures of uncleaned foraminifera to be used as
proxies of large-scale changes in ocean circulation but cautions that fractionation of the REEs during uptake
by foraminifera and during early stages of diagenesis require further investigation. Provided that past redox
conditions at each site are known, HREE/LREE, MREE/MREE*, and Ce/Ce* can be a source of important infor-
mation about water mass provenance and mixing in the geological past.
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