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been analyzed. The results show a high concentration of REEs in surface waters, in particular close to the mouth of
the Orinoco, and a middle-REE-enrichment that is strongest in the south and east of the study area suggesting
that fluvial inputs are the main sources rather than REEs supplied by Saharan dust. The surface waters close to
the Orinoco are heavy REE enriched compared to the potential fluvial sources, emphasizing the importance of
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Caribbean processes in the estuaries and the surface ocean that preferentially remove light- and middle-REEs. Relatively
Orinoco small heavy-REE enrichments in near-bottom water samples at the mouth of the Orinoco may be the result of
Gulf of Mexico preferential release of light REEs from river-transported sediments. The REE patterns of distinct subsurface
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Ocean circulation
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water masses are largely coherent across the Caribbean basin, suggesting that the lateral transport of preformed
compositions is not significantly influenced by vertical processes of scavenging and release. In particular, low Dy/
Er molar ratios are associated with Antarctic Intermediate Water and have most likely been advected into the
Caribbean from the Southern Ocean. In contrast, deep waters in the Caribbean are enriched in light and middle
REEs compared to incoming Upper North Atlantic Deep Water suggesting that release from sinking particles or
from sediments is an important source of these REEs in the deep ocean, in particular when deep water residence

times are long.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The rare earth elements (REEs) are a closely related group with sim-
ilar chemical behavior (Elderfield, 1988). Dissolved REEs in seawater are
supplied to the oceans from the continents but typically show a heavy-
REE (HREE) enriched pattern compared to the average continental crust
(De Baar et al, 1985; Elderfield and Greaves, 1982; Elderfield, 1988;
Klinkhammer et al., 1983; Taylor and McLennan, 1985). As REEs are
not considered to be biologically important, the seawater pattern has in-
stead been attributed to differing solid/solution partition coefficients
(Byrne and Kim, 1990). With the exception of Ce(IV) and Eu(lIl), the
REEs are trivalent and show an increasing tendency for complexation
as atomic number rises (Cantrell and Byrne, 1987; De Baar et al,
1991). Affinities can be predicted from experiments and show that
light-REEs (LREEs) are adsorbed to most surfaces, whereas HREEs are
more strongly complexed by ligands and thus preferentially stay in
solution (Byrne and Kim, 1990; Cantrell and Byrne, 1987). Much of
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the preferential removal of LREEs from river water entering the ocean
occurs at low salinities and may be driven by salt induced coagulation
of river-borne colloids (Elderfield et al, 1990; Goldstein and Jacobsen,
1988; Sholkovitz, 1976, 1992, 1993, 1995; Sholkovitz and Elderfield,
1988). There is also evidence for preferential release of HREEs at higher
salinities in estuaries, which would further increase the HREE enrich-
ment in seawater relative to the average composition of continental
rocks (Sholkovitz and Szymczak, 2000). Vertical processes in the
water column under full marine conditions, such as particle scavenging
and release, are also important in modifying the concentrations of REEs
relative to one another (Byrne and Kim, 1990; Elderfield and Greaves,
1982; Sholkovitz et al., 1994). Consistent with the residence time of
the light trivalent REEs on the order of several 100 years (e.g. Rempfer
et al, 2011) and a most likely even longer residence time of the heavy
REEs, a further important factor influencing the distribution of REE
compositions in seawater is lateral advection of pre-formed compo-
sitions, which has led to the suggestion that REE patterns can be used
as water mass tracers (German et al., 1995; Haley et al., 2014;
Molina-Kescher et al., 2014; Piepgras and Wasserburg, 1982; Zhang
and Nozaki, 1996).
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The Caribbean and the Gulf of Mexico (GOM) provide a unique
setting to examine the relative importance of vertical and horizontal
processes on the REE composition of seawater. The surface ocean in
the Caribbean is likely to have been strongly affected by inputs from
the Amazon, Orinoco and Magdalena Rivers, which together comprise
approximately 20% of the global fluvial discharge (Hu et al., 2004;
Miiller-Karger et al., 1989). Further inputs of REEs are expected from
the Mississippi River as well as from Saharan dust (Prospero and
Mayol-Bracero, 2013), similar to observations in the Southeast Atlantic
(Bayon et al,, 2004). Vigorous circulation channels large volumes of At-
lantic water through surface and intermediate depths in the Caribbean
(28 Sv, Johns et al., 2002), whereas turnover in the deep Caribbean is
limited by a maximum sill depth of ~1800 m and is very slow (0.2 Sv,
Fratantoni et al., 1997; Joyce et al., 1999; MacCready et al., 1999;
Stalcup et al., 1975; Sturges, 1975; Worthington, 1955). A companion
paper has shown that all of these factors, in particular additions and/
or exchange with the sediments, significantly alter the radiogenic
isotope composition of the REE Nd in deep waters of the Caribbean
(Osborne et al., 2014). Here we examine if and how the dissolved
REEs in seawater are transformed during passage through the Caribbean
and the GOM.

1.1. Hydrographic setting

The hydrography of the study area and sampling stations has been
presented in detail in Osborne et al. (2014). In brief, seawater channeled
through the Caribbean is an important part of the Western Boundary
Current, which forms the upper, northward-flowing limb of the Atlantic
Meridional Overturning Circulation (Schmitz and McCartney, 1993;
Schmitz and Richardson, 1991). The Caribbean, Loop and Florida
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Currents transport thermocline waters through the Caribbean and the
GOM into the Western North Atlantic (Fig. 1). Caribbean Water (CW,
0-80 m) is a mixture of Atlantic and Orinoco water, with seasonally
varying amounts of Amazon River water delivered via the Guyana
Current (Miiller-Karger et al., 1989). Subtropical Under Water (SUW)
originates in the tropical and subtropical Atlantic gyres and is
transported into the Caribbean via the Northern Equatorial Current
(Johns et al., 2002; Wiist, 1964). Eighteen Degree Water (EDW)
(Worthington, 1959, 1976) is present in the northern part of the Carib-
bean basin, having formed in the western North Atlantic subtropical
gyre (Forget et al., 2011), otherwise the water mass directly below
SUW is North Atlantic Central Water (NCW). Low salinity Antarctic
Intermediate Water (AAIW) is found between ~400 and 1000 m and
is more prominent in the southern and eastern parts of Caribbean
(Wiist, 1964). The deepest water entering the Caribbean is restricted
by the maximum depth of the sill connecting it to the Atlantic and
thus the deep Caribbean is filled with Upper North Atlantic Deep
Water (UNADW) to a depth of ~1800 m (Wiist, 1964).

2. Methods

Samples were taken during Meteor Cruise 78, Leg 1 in February and
March 2009 (Fig. 1). Surface water samples at Sites 226-3 and 249-1
were collected using an acid cleaned 20 L polycarbonate cylindrical
plastic vessel, deployed in the upper meters using a clean nylon/poly-
mer recovery tether. All other samples were collected in Niskin bottles
attached to the shipboard CTD-rosette. Approximately 20 L of seawater
was recovered at each sampling depth and was filtered through 0.45 um
Millipore® cellulose acetate filters and acidified to pH ~ 2 with double
distilled concentrated HCl within a few hours of collection. The samples
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Fig. 1. Location map. Sampling stations occupied during RV Meteor cruise M78/1 (red circles) and the BATS site (red star, Van de Flierdt et al,, 2012). Also shown are major rivers and
surface ocean currents, modified from Osborne et al. (2014) following Hellweger and Gordon (2002), Jouanno et al. (2008), Lumpkin and Garzoli (2005), Schott et al. (2002) and
Steph et al. (2006). NBC, North Brazil Coastal Current; NECC, Northern Equatorial Counter Current. The figure was produced using Ocean Data View (Schlitzer, 2011).



174 A.H. Osborne et al. / Marine Chemistry 177 (2015) 172-183

were stored in acid cleaned polyethylene bottles and the pH was re-
checked prior to measurement.

REE concentrations for all samples were determined using a seaFAST
online pre-concentration system (Elemental Scientific Inc., Nebraska,
USA) directly connected to an Agilent 7500ce ICP-MS at GEOMAR. All
samples were initially measured following the procedures detailed in
Hathorne et al. (2012). External reproducibility was monitored by
repeated measurements of the GEOTRACES inter calibration sample
BATS (15 m) (van de Flierdt et al., 2012) and was between 6 and 22%
(20), except for Sm which was 30% owing to a Sm blank originating
from the buffer solution during one of the measurement sessions
(Hathorne et al., 2012). Since the first measurements in 2011 significant
improvements have been made to the seaFAST technique and selected
samples were re-measured using two important modifications of the
original method, which also included measuring concentrations of Y to-
gether with the REEs. The main modifications of the method were the
use of an 8 mL sample loop, rather than 4.2 ml, and the preparation of
calibration standards with a mixed REE solution of a seawater-like com-
position in a natural seawater matrix. Trace metals, including the REEs,
were removed from this seawater matrix by FeOOH co-precipitation
and the REE concentrations in the resulting emptied seawater are indis-
tinguishable from 2% HNO3 blanks or 0.1% HCl. Although no shipboard
procedural blanks were taken during this cruise, comparable shipboard
blanks obtained during other cruises by our lab using very similar
methods were <0.16 pM for La and Ce and below detection for other
elements. The accuracy and precision of the analyses were assessed by

repeated analysis of GEOTRACES BATS reference seawater samples
(Table S1). The best 20 reproducibilities between 1 and 15% for all
REEs were obtained by time resolved analysis (TRA), a recent adaption
to the data collection that allows the elution peak to be sampled at the
highest frequency. Table S1 and Fig. S1 (Supplementary material)
shows that all three modifications of the method reproduce within
the uncertainties of the GEOTRACES inter-calibration values (van de
Flierdt et al, 2012).

3. Results

Results are presented in Supplementary Table S2 and in Figs. 2 and 3.
For those samples that were re-measured using the modified method
(Stations 162-1, 166-1, 200-2 and 236-1), the results from the TRA
method are reported here. All other results have been obtained using
the method of Hathorne et al. (2012).

Surface waters of the Caribbean and GOM stations (0-11 m) are
enriched in REEs compared to the sub-surface layer (~100-200 m), for
example La concentrations range from 17.3 to 21.7 pM around a mean
of 20.1 pM in the uppermost samples, decreasing to a range from 15.4
to 19.6 pM around a mean of 16.9 pM in the sub-surface concentration
minimum (Fig. 2). After an initial drop in the subsurface waters most
LREEs and middle-REEs (MREEs) increase again in concentration
below ~200-400 m to values similar to or, in the case of La, greater
than those of the surface waters (the average La concentration of sam-
ples between 500 and 1000 m water depth is 22.9 pM, with a range
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Fig. 2. REE profiles. Water column profiles of the REEs in all except the Orinoco plume stations. Also shown are the Y concentration profiles for those stations measured using the TRA

method. All concentrations are in pM.
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from 20.9 to 25.4 pM). Ce, in contrast, remains depleted below the
surface layer (surface sample Ce concentrations range from 11.7 to
21.2 pM around a mean of 15.7; between 500 and 1000 m water
depth Ce concentrations range from 4.3 to 13.9 pM around a mean
of 6.8 pM). The sample at 950 m from Station 200-2 in the Florida
Straits has significantly higher Ce concentrations than other samples
at similar depths and samples above and below in the same profile.
Despite repeat measurements confirming this high Ce concentra-
tion, this data point at Station 200-2, 950 m is considered suspect
and will not be discussed further. Whereas most LREEs and MREEs
show a moderate increase in concentration continuing into the
deep ocean (e.g. La concentrations below 1000 m water depth
range from 20.9 to 29.2 pM around a mean of 23.7 pM), the HREE
concentrations remain relatively constant below ~1000 m (e.g. Lu
concentrations below 1000 m water depth range from 0.8 to
1.0 pM around a mean of 0.9 pM). Station 200-2 in the Florida Strait
does not follow this general pattern and instead shows a subsurface
maximum in REE concentration at 140 m water depth. The hydro-
graphic profile at this station is also different from the Caribbean
sites and will be discussed in detail below.

REE concentrations at Station 249-1, closest to the mouth of the
Orinoco (Fig. 1), are two to three times higher than all other surface
water samples in this study (mean La concentration is 52.4 pM). Surface
seawater REE concentrations at nearby Stations 247-1 (La = 21.6 pM)
and 246-1 (La = 23.1 pM) are slightly elevated compared to the Carib-
bean stations and are also higher than the concentrations at 30 m and
50 m depth in the same profiles (La concentrations range from 15.5 to
19.5 pM around a mean of 17.4 pM).

Fig. 3 shows the REE patterns for each station normalized to Post-
Achaean Australian Shale (PAAS) (Taylor and McLennan, 1985) on
both linear and log scales. The amount of preferential Ce removal
relative to its lanthanide neighbors is displayed by the ‘Ce-anomaly’,
Ce/Ce*, defined as the PAAS normalized (Taylor and McLennan, 1985)
Ce concentration divided by the average of the PAAS normalized Pr
and Nd concentrations (Fig. 4). Lower Ce/Ce* values indicate a stronger
Ce removal relative to La and Pr. The Ce-anomaly is significantly less
pronounced in the surface waters of Orinoco Station 249-1 (Ce/Ce* is
0.7) than at all other surface water samples (Ce/Ce* ranges from 0.32
to 0.47 around a mean of 0.40).

Common to all REE patterns (Fig. 3) is a systematic enrichment from
Ce to Er, most pronounced in surface and sub-surface samples. There is a
large variability, however, in the abundances of the HREEs, which will
be discussed in more detail below.

4. Discussion
4.1. Surface water REE distribution

All surface water REE concentrations of this study are elevated com-
pared to the open Atlantic Ocean (BATS 15 m, van de Flierdt et al., 2012)
and the highest REE concentrations are found in the stations closest to
the Orinoco River mouth (249-1, 247-1 and 246-1, Figs. 1, 3 and 5). All
surface samples show the typical PAAS-normalized seawater REE pat-
tern of progressive enrichment with increasing atomic mass and peaks
at Er-Tm, similar to the BATS 15 m sample (van de Flierdt et al., 2012)
(Fig. 5a). However, normalizing the surface water samples to seawater
(BATS 2000 m, van de Flierdt et al., 2012) reveals a broad MREE-
enrichment that is most prominent in the surface waters near the
Orinoco mouth (Fig. 5b). A distinct MREE-enrichment is also clearly
present at Station 226-3, which is located in the coastal upwelling re-
gion of the southern Caribbean (Rueda-Roa and Muller-Karger, 2013),
and moderate MREE-enrichments are present at the other two stations
from the southeastern Caribbean (236-1 and 222-1). This spatial distri-
bution of the strongest MREE-enrichments supports an Orinoco/Ama-
zon source of REEs to the surface ocean. No dissolved REE data are
available for Orinoco River water itself but Orinoco sedimentary organic

matter has a broad MREE-enriched pattern (Freslon et al., 2014)
(Fig. 5a). Amazon River water is also MREE-enriched, with a distinct
peak in Gd (Goldstein and Jacobsen, 1988; Elderfield et al, 1990;
Sholkovitz, 1993) (Fig. 5a). The MREE-enrichment at Stations 247-1
and 246-1 near the Orinoco mouth is centered on Tb and is somewhat
different from the station nearest to the Orinoco (249-1), which
shows a broad, flat MREE-enrichment from Sm to Tb (Fig. 5b). Although
no Tb concentrations were measured for Amazon River water (Barroux
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Fig. 3. REE patterns. REE patterns for each station normalized to Post-Achaean Australian
Shale (PAAS) (Taylor and McLennan, 1985), plotted on both linear and log scales. The
BATS 15 m and BATS 2000 m compositions (van de Flierdt et al., 2012) are shown in
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et al., 2006; Elderfield et al., 1990; Gerard et al., 2003), the relatively ra-
diogenic Nd isotope composition of the surface waters at Stations 247-1
and 246-1 (~— 10 enq) compared to Station 249-1 (— 13.6 enq) (Fig. 6)
suggests the admixture of Amazon plume water (Osborne et al., 2014).
Future sampling of the Amazon River and Amazon plume will show
whether Tb is indeed enriched in this source.

Another potential source of REE to the surface Caribbean is Saharan
dust, which is delivered in large quantities to the Caribbean by the trade
winds resulting in monthly mean atmospheric dust concentrations of
up to 45 ug m~> (Prospero and Lamb, 2003). It has been shown that
dust can be a significant source of REEs in seawater (Bayon et al.,
2004). As Saharan dust also has a broad MREE-enrichment (Pourmand
et al., 2014) (Fig. 5a), which is released upon dissolution in seawater
(Greaves et al., 1994) (Fig. 7), it is not possible to distinguish between
the dust and fluvial sources on the basis of REE patterns alone. However,
evidence from the Nd isotopic compositions of surface waters in the
Caribbean, which range from —9.4 to — 11 enq (Fig. 6, Osborne et al.,
2014), supports a dominant supply of REEs to Caribbean surface waters
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Fig. 4. Ce/Ce*. Water column profiles of Ce/Ce* for all stations. Ce/Ce* is defined as PAAS
normalized (Taylor and McLennan, 1985) Ce concentration divided by average of the
PAAS normalized Pr and Nd concentrations.

via mixed Amazon/Orinoco River water transported by the Guyana
Current, as the Guyana Current has a more radiogenic Nd isotope
composition (~—10 &ng, Osborne et al., 2014) than Saharan dust
(—10 to —14.1, the majority of samples being less radiogenic than
—11, Pourmand et al,, 2014).

Finally, the Mississippi may be expected to contribute REEs to
the GOM and Florida Straits (Fig. 1). Mississippi River water has a
seawater-like REE pattern, which has been attributed to the formation
of stable carbonate complexes in the mildly alkaline river water
(Shiller, 2002). This means that it is difficult to distinguish REEs supplied
by the Mississippi from that already in surface seawater. However, the
relatively high HREE/LREE ratio of Mississippi water (Table S2, defined
as Ybn/Ndy, where y denotes normalization to PAAS, Taylor and
McLennan, 1985) may well contribute to the higher HREE/LREE
measured at Station 182-1 (4.85) close to the Mississippi mouth and
at Florida Straits Stations 194-13 (4.43) and 200-2 (3.96) compared to
the lower values of other Caribbean surface waters (3.15 to 3.80).

4.2. Removal and addition of REE close to the Orinoco River mouth

Plotting HREE/LREE versus MREE/MREE* (defined as average of Gdy
and Dyy/average of Yby and Ndy) emphasizes the clear distinction be-
tween potential REE sources and the surface water compositions, even
close to the Orinoco River mouth (Fig. 7). All potential sources have
HREE/LREE < 2 and MREE/MREE* between 1 and 2 (Barroux et al.,
2006; Elderfield et al., 1990; Freslon et al., 2014; Gerard et al., 2003;
Greaves et al., 1994; Pourmand et al., 2014), whereas the surface
water samples (colored symbols, Fig. 7) have HREE/LREE > 2 and
MREE/MREE* between 1 and 1.5. Most of the surface water samples
fall on a mixing line between the potential sources and the BATS 15 m
sample (van de Flierdt et al., 2012). There are, however, some excep-
tions, which will be discussed below.
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In HREE/LREE versus MREE/MREE* space (Fig. 7), our Orinoco River-
mouth samples from Station 249-1 (29.6 psu, Schonfeld et al., 2011)
plot close to the data of the Amazon plume (6 to 36 psu) from the Am-
azon River mouth transection of Sholkovitz (1993). Only those samples
with salinities < 1 in the Sholkovitz (1993) study are indistinguishable
from the field of the Amazon River water (Barroux et al., 2006;
Elderfield et al., 1990; Gerard et al., 2003) (Fig. 7). Orinoco River water
is rich in organic material and it has been suggested that organic mole-
cules are major carriers of REEs in the colloidal size fraction (e.g. Tang
and Johannesson, 2003; Pourret et al., 2007a, 2007b; Bau et al., 2013).
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Fig. 6. eng. Water column profiles of eng (with 2 sigma error) from samples obtained
during the same cruise (M78/1), and the salinity profile for Station 162-1 (Osborne
etal, 2014).

Further evidence is found when considering that the dissolved REE con-
centrations measured in river water depend strongly on the choice of
filtration or ultrafiltration pore size (Sholkovitz, 1995). For example,
samples of Connecticut River water, from which the colloids were re-
moved through ultrafiltration at <50 kD and <5 kD, are much more
HREE-enriched than samples only filtered at 0.22 pm (Sholkovitz,
1995). The salt induced coagulation of river-borne colloids is thought
to be the major process removing REEs from estuaries and occurs at
low salinities (Elderfield et al., 1990; Goldstein and Jacobsen, 1988;
Sholkovitz, 1976, 1992, 1993, 1995; Sholkovitz and Elderfield, 1988).
Therefore large-scale removal of organic colloids, which are enriched
in LREE and MREE (Bau et al.,, 2013; Haley et al, 2014; Pourret et al,
2007b), would contribute to the high HREE/LREE in Station 249-1
(Fig. 7).

Our data also suggest that additional processes involving the remov-
al and addition of REEs maybe be of local importance close to the Orino-
co River mouth. The surface samples at Stations 246-1 and 247-1 have
amongst the highest HREE/LREE ratios in the study area (4.81 to 4.85,
Fig. 7). As previously discussed, the relatively radiogenic Nd isotope
composition of these samples (~— 10 enq, Osborne et al., 2014, Fig. 6)
suggests the admixture of Amazon plume water. High particle density
and/or productivity may be responsible for the pronounced removal
of LREE from the dissolved load during advection of these surface
waters. Interestingly, the underlying waters at 30 and 50 m at the two
stations, which are already below the distinct halocline, have much
lower HREE/LREE ratios and also a much less radiogenic enq signature
(~—13, Osborne et al., 2014, Fig. 6). While the gnq signature would be
consistent with both an Atlantic seawater and an Orinoco River source
(Goldstein and Jacobsen, 1987; Huang et al., 2014; White et al., 1985),
the low HREE/LREE ratio indicates preferential release of LREEs from
riverine particles (Sholkovitz, 1995), or release of REEs from organic
matter (Freslon et al., 2014), and is thus more consistent with an Orino-
co source. This supports the idea that sediments deposited near river
mouths may supply LREEs to seawater (Sholkovitz, 1993; Sholkovitz
and Szymczak, 2000).
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In summary, surface water REE concentrations in the Caribbean-
GOM are higher than in the open Atlantic Ocean (BATS 15 m, van de
Flierdt et al., 2012) and show a MREE-enrichment which is strongest
in the south and east of the study area. This indicates that REE supply
to the surface ocean is dominated by inputs from the Amazon and, local-
ly, the Orinoco, consistent with the distribution of €ng compositions
(Osborne et al., 2014, Fig. 6). Relatively low HREE/LREE ratios in near-
bottom water samples at the mouth of the Orinoco may be the result
of preferential release of LREE from river-transported sediments.

4.3. Subsurface and intermediate water REE patterns

Below the surface waters, the REE concentration profiles (Fig. 2)
show nutrient-like behavior, with removal from the dissolved phase
in the upper water column and release at depth, in particular for the
LREEs. However, categorizing the seawater samples into different
water masses based on temperature and salinity (Osborne et al.,
2014) and plotting the REEs normalized to BATS 2000 m (van de
Flierdt et al,, 2012) (Fig. 8) reveals a large degree of consistency within
the subsurface and intermediate water masses. The REE patterns of
SUW, EDW and NCW at all stations have similar shapes characterized
by a small MREE enrichment and a progressive HREE depletion relative
to BATS 2000 m, and these patterns are consistent across the basin. The
small MREE enrichment hints at a contribution from either dust or the
fluvial input, however a better characterization of the incoming water

masses at each of these depths is required to assess whether this signal
was acquired within or outside of the study area. Despite the input of
REEs to the surface ocean, the underlying water masses are largely un-
affected during passage through the Caribbean itself. The Nd isotope
compositions of the same samples were shown to have Atlantic-like
surface and intermediate water eyg compositions in the Caribbean, con-
sistent with eyg behaving as a quasi-conservative water mass tracer
(Osborne et al., 2014, Fig. 6). Rapid transport of these water masses
through the basin with average current speeds of 30 to 40 cm s !
(Fratantoni, 2001), is likely to limit the interaction with REEs supplied
from the surface ocean and is probably mainly responsible for the con-
servative behavior of both REE patterns and eng.

One sub-surface water mass, however, does have a distinctly differ-
ent REE pattern. Samples taken from the relatively low salinity, high
oxygen waters between 50 and 150 m water depth at Stations 194-13
and 200-2, close to Florida, (Figs. 1 and S2) have elevated MREEs and
HREEs that are more similar to surface water concentrations (Fig. 2,
Table S2). At Station 200-2, this layer is located between SUW above
and EDW below. The distinct REE patterns (Fig. 8b), hydrographic
properties and relatively radiogenic eng compositions (Osborne et al.,
2014, Fig. 6) all point to these samples having a source different from
other sub-surface waters. The enq Signature is not consistent with the
admixture of Mississippi water (Goldstein et al., 1984; Osborne et al.,
2014) and the REE patterns are also not similar to those at near-
Mississippi Station 182-1 at any depth (not shown). The hydrographic
properties, however, are similar to those of subsurface waters entering
via the Windward Passage (Fig. 1) (Roemmich, 1981; Schmitz and
Richardson, 1991). Other studies have shown before that some distinct
REE patterns, such as Eu and Gd anomalies, can be traced laterally over
larger distances (e.g. Grenier et al., 2013). If the distinct REE pattern at
Stations 194-13 and 200-2 has indeed been transported laterally, either
a contribution from a distinct source with elevated MREE and HREE
concentrations must be responsible for this pattern, perhaps in the
Windward Passage itself, or these waters are derived from an area
with high particle fluxes and pronounced LREE removal.

4.4. The subsurface minimum Dy/Er ratio as a tracer for AAIW in the
Caribbean Sea and other areas of the global ocean

The REE patterns of samples taken within AAIW are similar across
the basin and the concentrations of Dy and Er in particular show very lit-
tle scatter (Fig. 8e). A distinct vertical minimum in the Dy/Er ratio coin-
cides with the depth of the local salinity minimum (Fig. 9). Although
most of the change in Dy/Er is close to the 20 uncertainty, the minimum
is clearly present at the same depths at all stations where AAIW is pres-
ent and we therefore conclude that this is a robust feature of the REE
compositions. This conclusion is supported by a statistical evaluation
of the Dy/Er ratio versus error and is presented in the Supplementary
material and Fig. S3. Zhang and Nozaki (1996) were the first to suggest
that ratios within the HREEs could be suitable as water mass tracers.
Once a water mass has acquired its HREE compositions, this may be pre-
served as a result of similarities in complexation efficiency of the HREEs
(Cantrell and Byrne, 1987), perhaps driven by similar covalences
(Tanaka et al., 2008), resulting in negligible alteration of the ratios be-
tween Dy, Ho, and Er during vertical processes of scavenging and release
(Zhang and Nozaki, 1996). We show here that the low Dy/Er ratio is an
advected feature, characteristic of AAIW.

The Dy/Er minimum is found in all basins influenced by AAIW. For
example, Zhang and Nozaki (1996) showed that Dy/Er ratios < 1 were
found between 500 and 1500 m in the southwest Pacific. Data from
more recent studies also show that the Dy/Er minimum can be identi-
fied in the Equatorial Pacific and in the Pacific sector of the Southern
Oceans (Grenier et al., 2013; Molina-Kescher et al., 2014). The Dy/Er
minimum is less pronounced in the southeast Atlantic (German et al,
1995) and in the southwest Indian Ocean (Bertram and Elderfield,
1993) compared with data in the South Pacific. This difference in signal
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possibly acquired during transport through the Windward Passage.

strength between basins in the Southern hemisphere may reflect basic
differences in the formation history of Pacific-type and Atlantic-type in-
termediate waters. The minimum Dy/Er is less pronounced in the North
Atlantic (Elderfield and Greaves, 1982; Pahnke et al., 2012; Sholkovitz
and Schneider, 1991, Greaves et al, 1991), consistent with progressive
mixing and erosion of the original core of AAIW. Furthermore, the Dy/
Er ratio in water masses of the North Atlantic is generally too high to
explain the Dy/Er minimum in the Caribbean samples supporting a
Southern Ocean source.

A global compilation of dissolved seawater Dy and Er data (Fig. 10a)
shows that some of the lowest seawater Dy/Er ratios are found in the
Southern Ocean (Fig. 10c, d). By following the geographical evolution
of the low Dy/Er ratios for all samples within the 27.2 and 27.4
isopycnals that bracket AAIW (Fig. 10b), the Dy/Er minimum can be

traced almost to the surface (Fig. 10c) in the area between the Subant-
arctic and Polar Front (Fig. 10a—c).

While the low Dy/Er ratios from our Caribbean samples can be
traced to the formation regions of AAIW, it is not clear how AAIW in-
herits its low Dy/Er ratio in the first place. A detailed investigation of
possible sources of low Dy/Er in AAIW is beyond the scope of this
study and we can only offer a tentative explanation here. AAIW is
formed by mixing of waters from three distinct sources: subtropical
waters flowing southwards towards the Subantarctic Front, Antarctic
Surface Waters (AASW) moving northwards to the polar front, and
some version of Upper Circumpolar Deep Water (UCDW) through sub-
surface mixing (see Carter et al., 2014). The Dy/Er ratio of subtropical
waters is clearly too high and cannot account for the low AAIW Dy/Er
signal (Fig. 10c, d). The dataset south of the polar front is too sparse to
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unambiguously determine the Dy/Er of AASW, but Fig. 10a-c indicates
that the few AASW samples available located south of the polar front
(upstream of AAIW from the perspective of the AASW end-member)
and with densities between 27.2 and 27.4 have Dy/Er ratios that are
greater than 1 (Fig. 10c). A few surface samples with low Dy/Er values
exist in the Southern Ocean (Fig. 10c), but it is not clear how these sur-
face waters would maintain their low Dy/Er signal during the north-
ward migration and evolution of AASW towards the polar front, as the
AASW samples just south of the polar front apparently have a higher
Dy/Er than AAIW. We emphasize though that this will need to be re-
evaluated as the Southern Ocean REE dataset grows. However, since
local lithogenic (dust, or rivers) or volcanic sources are negligible in
the formation regions of AAIW and are thus unlikely to be the source
of the local low Dy/Er ratio in AAIW, by elimination, subsurface mixing
with some form of UCDW ought to be the likely cause of the low Dy/Er
ratio in AAIW.

Pacific-type UCDW is different from Atlantic-type UCDW (Talley
et al,, 2011). In the Pacific, the water mass that is the equivalent to
UCDW in the Atlantic in terms of density is older and tainted by Pacific
Deep Water, while in the Atlantic UCDW is younger and contains a
greater fraction of Labrador Sea Water and NADW. The circulation of Pa-
cific Deep waters between 1500 and 3000 m is also more sluggish than
in the Atlantic (Talley, 2008) and Pacific Deep waters interact strongly
with some of the most intense hydrothermal ridges worldwide. This
combination of slow circulation and high venting results in the observed
accumulation of large primordial helium concentrations in the South
and Equatorial Pacific (Bianchi et al., 2010). This prominent primordial
helium signature is not observed in other basins (see Bianchi et al.,
2010 and references therein). The deep Pacific hydrothermal primordial
helium signal can be traced to the Southern Ocean, where it upwells.
The primordial isotopic helium signal quickly equilibrates with atmo-
spheric helium, however, such that the signature of primordial helium
does not persist in AAIW. There are, however, data from the plume of

the East Pacific Rise (EPR) showing systematically extremely low Dy/
Er ratios (Fig. 10c, d, Klinkhammer et al., 1983). Particulate samples
from the EPR hydrothermal pool conversely have relatively high Dy/Er
ratios (1.6 & 0.1, Sherrell et al.,, 1999). We consequently suggest that
processes related to the hydrothermal activity in the Equatorial and
South Pacific imprint a low Dy/Er signature to deep Pacific waters and
that this low Dy/Er ratio ultimately contributes to the low Dy/Er ratio
of AAIW; given more data, the Dy/Er ratio could become a valuable
geochemical tracer helping to understand the formation mechanisms
of AAIW.

We are not able to provide a mechanisms to explain how hydrother-
mal processes imprint a low Dy/Er on the deep waters of the South Pa-
cific, but our preliminary study suggest 1) that the Dy/Er is sensitive to
these processes, 2) that the deep low Dy/Er ratios likely forms in the
Equatorial and South Pacific, possibly because of the combination of
slow circulation with intense and temporally consistent venting there,
and 3) that the Dy/Er ratio shows promise as a tracer to evaluate the
contribution of subsurface mixing of UCDW for the formation of AAIW
and to help distinguish between Pacific-type AAIW and Atlantic-type
AAIW.

4.5. Accumulation of LREE and MREE in the deep Caribbean

Upper North Atlantic Deep Water can only enter the Caribbean via
the Anegada-Jungfern and Windward Passages (Johns et al., 2002),
where it overflows to fill the deep Caribbean to a depth of ~1800 m
(Wiist, 1964). The REE profiles (Fig. 8f) show that the increase in REE
concentration with depth is more pronounced for LREEs and MREEs
than for HREEs, confirming that the composition of UNADW is trans-
formed at depth within the Caribbean basin by the preferential release
of LREE and MREE. This is consistent with the findings of Osborne
et al. (2014), who showed that the isotopic composition of Nd in Carib-
bean deep waters is offset to more radiogenic values compared to the
incoming UNADW (Fig. 6). The offset was attributed to the long resi-
dence time of deep waters within the basin allowing the seawater Nd
isotope composition to shift towards that of the sediments and particles
within the Caribbean as Nd is added to the dissolved phase (Osborne
et al.,, 2014). The REE data presented here suggest that addition at
depth is also important for Pr, Sm, Eu and Gd, with concentrations
increasing by as much as 40%, if BATS 2000 m (van de Flierdt et al.,
2012) is taken to represent incoming UNADW. There is also some het-
erogeneity in the composition of the deepest waters. For example
there is a distinct Eu peak at 3487 m water depth in the Venezuela
Basin (Station 220-1&2) that is not present in the other deep samples.
Osborne et al. (2014) found that significant exchange of Nd with the
sediments was necessary in order to balance the isotopic composition
observed in the deep waters. Further deep, bottom and pore water
samples are required to investigate the rate of release and/or exchange
of REEs between sediment and seawater in order to better understand
the magnitude of the inputs originating from this source to the deep
Caribbean but also other areas of the ocean and how this may change
under different hydrographic conditions, for example in a more acidi-
fied ocean.

5. Conclusions

Surface seawater REE concentrations in the Caribbean and GOM are
elevated relative to the immediately underlying waters and are highest
in the region of the Orinoco River mouth. The spatial distribution of the
largest MREE-enrichments in the surface waters supports a dominant
contribution of REEs from the Amazon/Orinoco rather than from Saha-
ran dust. The REE composition of surface waters close to the Orinoco
is HREE-enriched compared to the likely composition of Orinoco River
water (Freslon et al., 2014). This is consistent with previous studies,
which found that rapid scavenging processes in the estuaries and the
surface ocean preferentially remove LREE and MREE from the dissolved
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phase. Preferential release of LREE from river-transported sediments
may be responsible for the low HREE/LREE ratios in near-bottom
water samples at the mouth of the Orinoco. Sub-surface and intermedi-
ate waters largely retain their REE patterns across the Caribbean and
GOM basins, suggesting that horizontal advection of REEs and their
patterns is more important than vertical processes of scavenging and re-
lease. In particular, AAIW has a distinctly low Dy/Er ratio, which appears
to have been transported laterally from the AAIW formation regions in
the Southern Ocean, although the origin of the low Dy/Er signal itself re-
quires further investigation. UNADW in the deep Caribbean is enriched
in LREE and MREE relative to the incoming waters by as much as 40%,
suggesting that the addition of these REEs at depth through release
from particles or sediments may be important for local and global REE
budgets.

Database linking

Table S2 will be available via the PANGAEA database (www.pangaea.
de) — further details tbc.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2015.03.013.
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