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Abstract

Are the rare earth elements (REEs) in foraminifera a valuable proxy for use in paleoceanographic and climate change studies? In
order to investigate this, we attempted a comprehensive study of REEs in planktonic and benthic foraminifera. Several different
cleaning protocols were tested. Although the hydroxylamine used to clean all foraminifera in this study removes an unidentified
source of REE contamination, it seems to remobilize metal oxides that are otherwise unaffected in flow-through dissolution. The
calculated REE distribution coefficients, Kprgg)s, are between 100 and 500 for both planktonic and benthic foraminifera. These
Kps are high compared to other elements in biogenic calcite but can be explained through a general model of element incorporation
during foraminiferal calcification.

From data taken from eight core tops in the southeast Pacific, we conclude that the REEs in planktonic foraminifera are, indeed,
useful as a proxy for upper ocean water mass and mixed layer biogenic productivity. Alternatively, the REEs in benthic
foraminifera are useful as a proxy for carbon flux to the sea floor. These proxies should be robust down core unless the sediments
have undergone anoxic diagenesis, which stabilizes Fe carbonate thus overprinting the primary REE signature. However, it is clear
from REE distributions in foraminiferal tests if anoxic conditions have occurred.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is an increasing demand for a wider arsenal of
geochemical proxies to investigate paleoceanographic
and paleoclimatic change. This need is reflected in the
number of such investigations (e.g., [1-11]). With more
and better estimates of temporal and spatial changes in
oceanic characteristics, we should gain a better under-
standing of the ocean’s role in climate change. The
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challenge is to develop proxies of oceanic properties
that are both accurate and reliably preserved in the
geologic record of marine sediments.

Over twenty years ago the rare earth elements
(REEs) were recognized for having potential for paleo-
ceanographic studies [12] but two issues have hindered
their utilization. First, there was a lack of understanding
of the behavior of REEs in the diagenetic environment
(marine pore water), which precluded estimating alter-
ation of the primary foraminiferal signal. Second, the
cleaning procedures typically used to remove contam-
inant phases (e.g., [13]) were subject to the effects of
REE readsorption, a challenging characteristic of these
elements [14].
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These two issues have now been addressed [15,16],
which allows us to revisit the potential of making
paleoceanographic reconstructions based on REEs in
foraminiferal calcite. This process of establishing a
robust paleoproxy has two facets: First, the proxy
must be understood in light of the modern ocean and
subsequent diagenetic influences; second, the proxy
must be assessed over time in light of other paleocea-
nographic data (e.g., 6'*0; 6'°C). Both of these aspects
of proxy development are critical in that without one,
interpretations of the other are weakened. Hence, given
the importance of both these investigations to the future
of the potential proxy, it is important that each is treated
individually in a comprehensive way. Our goal here
was to determine if REEs reflect, in a predictable way,
paleoceanographically useful aspects of the biogeo-
chemistry of modern seawater and, if so, establish
whether this signal is reliably preserved down core.
That is, our aim was to fully investigate the “first
aspect” of proxy development, leaving the latter test
of the proxy over time for a future study. In addressing
this objective, we followed two lines of investigation: a
study of foraminifera in core tops recovered along the
southeast Pacific margin and a down core comparison
of REEs in foraminifera from oxic and anoxic sedimen-
tary (diagenetic) environments.

From the results presented here, we conclude that
REE:s in planktonic foraminifera do reflect water mass

characteristics, and will be useful as a proxy for sea
surface biologic productivity and for tracing upper
ocean circulation. Benthic foraminiferal REEs appear
to be a good proxy for carbon flux to the sea floor
(i.e., export production). These results can be mecha-
nistically explained from a current understanding of
REE behavior in the oceans and pore waters (e.g.,
[16,17]). However, we also show that intense diagen-
esis can overprint the primary planktonic or benthic
REE signals. Fortunately, such overprinting is easily
detected by its diagnostic REE characteristics and this
information too may be useful for paleoceanographic
interpretation.

2. Methods
2.1. Samples

Foraminifera were handpicked from the >125 um
size fraction of core top (<2 cm depth sections) sedi-
ment from multicores collected at § sites along the
Chile margin and at one site off Central California, all
archived at the Oregon State University Marine Geol-
ogy Core Repository (Fig. 1; Table 1). In addition,
down core samples were taken from 5 depth intervals
at Sta. 10 and 54MC. The number of foraminifera
obtained depended upon availability and size of the
individuals in each sample. We selected 10 to 15 shells
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Fig. 1. Site locations. Selected ocean currents and boundaries shown in gray. Box in right-map shows area enlarged in left-map.
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Table 1
Site descriptions
Site Latitude Longitude Depth Estimated primary productivity Bottom water oxygen
(m) (gem 2y ') (1M)
ME 00005A-06MC 46° 53.00 S 76° 36.00 W 3298 71 NDA" (185)°
ME 00005A-39MC 36° 10.03 S 73° 3428 W 510 201 63 (167)
ME 00005A-48MC 3273545 S 73 39.10 W 3920 120 NDA (170)
ME 00005A-50MC 23° 36.38 S 73° 3645 W 3396 100 160 (165)
ME 00005A-54MC 21° 21.56 S 81° 26.13 W 1323 72 104 (143)
ME 00005A-62MC 18 05.80 S 79° 02.40 W 2937 105 149 (154)
ME 00005A-64MC 17°02.12 S 78° 06.53 W 2930 139 150 (156)
ME 00005A-66MC 16° 07.61 S 77° 05.89 W 2575 213 150 (147)
Sta. 10 36° 06.11 N 122° 3523 W 3400 238 128 (76)

? Estimates from Antoine et al. [61,62].
® NDA = No data available.

¢ Data in parentheses is World Ocean Atlas data estimate [60]. The discrepancy of these estimates, compared to the measured values, precludes

using them in REE data interpretation.

of benthic foraminifera (mono-specific) and 20 to 30
shells of planktonic foraminifera (mono-specific where
possible). We attempted to choose the benthic species
Cibicidoides wuellerstorfi, Uvigerinidae peregrina and
Globobulimina affinis as representatives of epifaunal,
shallow infaunal and deep infaunal habitats, respective-
ly, at each site. This was, however, not always possible.
In particular, oxic sedimentary environments had too
few (if any) Globobulimina present, thus precluding
analyses of foraminifera from deep infaunal habitats
in oxic environments.

2.2. Sample preparation

It is often assumed that in order to evaluate the trace
element content of primary biogenic calcite it is neces-
sary to physically and chemically clean the foraminifera
shells, removing contaminant phases (e.g., [13,18]).
While the traditional cleaning methods face problems
of readsorption when cleaning for REEs [14], use of a
“flow-through” (FT) system has the potential for over-
coming, or at least minimizing, such problems [15].
Klinkhammer et al. [19] describe the FT-system used in
this study, in which the foraminifera are not physically
cleaned (i.e., no cracking, sonification or rinsing) and
are loaded directly into small dead-volume sample
“cartridges” (1 um mesh Teflon syringe filters) without
any pretreatment. Minor element distributions appear to
be more consistently replicated, less influenced by
contamination, and the primary calcite better separated
from contamination using this methodology [19]. How-
ever, because trace elements in foraminiferal calcite are
more sensitive to contamination than minor elements,
the influence of contaminant phases must be rigorously
evaluated, especially for REEs which tend to readsorb
[14].

Three different cleaning experiments were run, each
using a sample of planktonic foraminifera from the oxic
sediments of site 54MC: (1) only a DIW-rinse was done
(DIW was used as the “cleaning” solution); (2) cleaning
was done with hydroxylamine (HYDRX, at pH=~9), to
remove metal oxide phases; (3) cleaning was done with
diethylene triamine pentaacetic acid (DTPA, at
pH=~9), to remove a refractory phase that is probably
barite [20,15,21]. In order to determine the effective-
ness of each of these treatments individually in remov-
ing potential contaminant phases we did not apply
multiple cleaning steps. The results of these cleaning
experiments are summarized in Fig. 2.

In general, the La:Ca ratios are consistently low
(<0.1 umol:mol) at the onset of dissolution (in 4 mM
HNO5) and increase during more rapid dissolution at
the end of the experiment (in 10 mM HNO;). This
increase in La:Ca is ~4-fold for the DIW and DTPA-
cleaned sample but only ~2-fold for the HYDRX-
cleaned sample. Beyond this change (seen in each
experiment), the REE:Ca differed between all three
cleaning methods. These REE: Ca observations can be
compared to the Fe-, Mn- and Ba: Ca ratios from each
experiment; the latter are similar both throughout the
dissolution and in comparison to each other for both the
DIW- and DTPA-cleaned experiments, but are signifi-
cantly higher in the HYDRX-cleaned sample (note
logarithmic scale for Mn:Ca in Fig. 2).

We envision three possible explanations for these
REE and trace element behaviors observed during
flow-through dissolution: (1) The REEs are read-
sorbed back onto the calcite, even as the calcite
slowly dissolves in the weak acid; (2) the foraminif-
eral calcite itself is heterogenecous with respect to
REEs, but not for Fe, Mn or Ba; (3) there is a
REE-enriched (but Fe-, Mn-, Ba-depleted) contami-
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Fig. 2. Calcium and element:calcium ratios in the final step-wise dissolution phase of foraminifera from three cleaning experiments: (1)
hydroxylamine (HYDRX) cleaning; (2) diethylene triamine pentaacetic acid (DTPA) cleaning; (3) simple DIW-rinse. Nitric acid concentration,
during the dissolution (tubes 9 through 24) has a step-function, whereby the concentration is held constant at 4 mM (tube 1 through 18), then
increased to 10 mM (tube 19 through 26). Tubes 6 through 9 are collected during the system rinse: elemental concentrations are below detection in
these fractions. Leaching of clay was monitored by measuring Al, but remained insignificant throughout each experiment. A: Ca-concentration
indicating each experiment had similar general dissolution characteristics. B and C: La:Ca and Lu: Ca (lightest and heaviest REE: Ca, respectively)
measured during dissolution. The lowest REE : Ca ratios are seen in the HYDRX-cleaned experiment, suggesting that HYDRX removes a source of
REE contamination. D, E and F: Mn: Ca, Fe:Ca and Ba: Ca in each fraction collected. These element: Ca ratios may be affected most significantly
by the contaminant phases Mn-oxide, Fe-oxide and barite, respectively. The elevated ratios in the HYRX-cleaning experiment suggest Mn-oxides
are being remobilized, but not completely removed, by the HYDRX.

nant phase that is somewhat eroded by DIW and more
so by the HYDRX (Fig. 2).

To assess the first possibility, that the REEs are
readsorbing, we tested whether a simple readsorption
model (see Appendix) could reproduce the observations
shown in Fig. 2. For each experiment the model could

reproduce the REE: Ca dissolution variation quite well,
from a single REE: Ca ratio (considered the true signal)
and a defined set of “readsorption coefficients” (Fig. 3).
These coefficients prove to be remarkably high (up to
60% for the 4 mM HNOj; that follows cleaning). Al-
though in previous work [15] we saw no signs of
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Fig. 3. Model predicted (solid) and measured (open) REE patterns
from cleaning experiments. The gray envelopes around the measured
values indicate the range of REE values (normalized) found for each
experiment during the final dissolutions. In general, the HYDRX-
cleaned sample has the lowest REE concentrations measured, the
DTPA-cleaned sample has the highest. In all three experiments,
however, the REE pattern is “seawater-like.” The readsorption
model predictions are similar to the mean measured value, especially
for the HYDRX-cleaned experiment, suggesting that the mean value
is a good approximation for the original primary calcite REE:Ca
ratio.

readsorption, the current method dissolves foraminifer-
al shells much less aggressively (using 4 and 10 mM
HNO;5 versus 50 mM HNO3). It is most likely that in
this current method the pH within the system (especial-
ly in the 4 mM HNO3;) is not low enough to fully
prevent readsorption. This implies that the REEs can
adsorb with remarkable efficiency (particularly the

LREEs, which always have higher “readsorption
coefficients” than the HREEs), especially given that
the pH of these fractions was less than 7 in all fractions.
For paleoproxy purposes, the important point is that the
REE-dissolution profiles (Fig. 2) can be modeled with a
single REE : Ca ratio, which is similar to the Ca-weight-
ed-average pattern measured (Fig. 3), which suggests
that the variations in REE:Ca may be due to read-
sorption alone.

Another idea to explain the varying REE: Ca values
observed (Fig. 2) is that the calcite itself has heteroge-
neous REE: Ca. Foraminiferal calcite is heterogeneous
in many respects, both physically [22,23] and chemi-
cally [24-27], and it seems likely that REEs might be
heterogeneously distributed as well [15]. To judge
whether heterogeneity is more important than readsorp-
tion in creating the variable REE:Ca observed during
cach experiment, we ran an inorganic, homogenous
calcite (“Wiley” marble: a marble that is ~100% calcite
and homogenous optically, for §'0, for 6'*C and for
minor element:Ca ratios; [19]; unpublished results).
Again, the REE:Ca dissolution profile showed vari-
ability (not shown) that was possible to reproduce with
the readsorption model. This suggests that, even if the
shell is heterogeneous, readsorption is the dominant
reason for the variable REE:Ca observed through
time (Fig. 2).

While readsorption may explain the variation of
REE:Ca within each experiment, it does not nece-
ssarily explain the differences between the three clean-
ing methods. Although a REE-enriched contaminant
phase would seem the most likely explanation for
the overall differences in REE concentrations between
these cleaning experiments, the observations are not as
straightforward. That is, the REE:Ca content of the
“cleaned foraminifera” in these experiments follow the
trend: HYDRX <DIW <DTPA, whereas the Fe-, Mn-
and Ba:Ca ratios follow the trend: HYDRX>DIW=
DTPA (Fig. 2).

Our inference of the latter trend is that the HYDRX
remobilizes, but does not completely remove, metal-
oxide coatings, such that they become prone to mobi-
lization during the acid dissolution. If so, the REE
content can only be lowest after HYDRX-treatment if
(1) Mn-oxide has insignificant REE content [15,16,28],
and (2) HYDRX-cleaning removes another, undeter-
mined source of REEs.

By using increasingly dilute acids during the disso-
lution, the influence of barite is circumvented, as is
suggested by the similarity between the DIW- and
DTPA-cleaned experiments. That is, although barite
could be removed through the use of DTPA, barite is
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not prone to mobilization during dilute acid dissolution
(Fig. 2; [29,30]) even for DIW-cleaned shells. Like-
wise, clay cannot be a factor as we do not see Al in any
fraction measured (being chemically separated, as dis-
cussed in [19]), nor do the REE patterns (Fig. 3)
indicate clay contamination (flat patterns normalized
to the Post-Achaean Australian Shale-PAAS-compos-
ite; [31]).

Although more work needs to be done to resolve the
influence of contamination on foraminiferal REEs, it is
important to first establish that such an effort would be
profitable: that is, that there is potential of using REEs
as a paleoproxy. Such an evaluation follows, through
analyses of core top foraminiferal samples. We chose to
clean these samples with HYDRX, even with reserva-
tions about the apparent remobilization of metal-oxide
phases, because it can be argued that the lowest
REE:Ca ratios are likely to be the least potentially
contaminated, an argument that is not necessarily
valid or accurate, but widely accepted. As discussed
above, DTPA was not used as a cleaning step, because
our dissolution scheme does not appear to affect barite.

The cleaning procedure ultimately used for the sam-
ples reported in the Results section is outlined in Table
2 (for details of the FT cleaning system and reagents
used, see [15]). Discrete fractions were collected by the
fraction collector every 2 min (4 mL samples) and only
during the acid dissolution phase.

Table 2

Cleaning protocol

Time % Reagent at each time step” Event

(min)® 5y 10mM  DIW

HYDRX  HNO;

0.0 0 0 100

1.0 100 0 0 Cleaning

6.0 0 0 100

10.0 0 0 100

10.1¢ 0 50 50 System rinse

12.0 0 50 50

15.0 0 0 100

17.0¢ 0 0 100 Sample rinse

20.0 0 0 100

21.0 0 40 60 “Weak acid” sample
dissolution

30.0 0 40 60

31.0 0 100 0 “Strong acid” sample
dissolution

47.0 0 100 0

48.0 0 0 100 Reset system

? A constant gradient was generated between each programmed
time step.

° Flow rate is 2 mL/min throughout the cleaning and dissolution.

¢ Valve switch bypassing sample.

4 Valve switch return flow to sample.

2.3. Mass spectrometry

The fractions collected were measured on a VG
Axiom High Resolution Inductively Coupled Plasma
Mass Spectrometer (HR-ICP-MS) at the Keck Colla-
boratory at Oregon State University. The REEs and Ba
were analyzed at low resolution (400 RP) to optimize
detection sensitivity and measure significant counts-
per-second (CPS) on each of the trace-abundant REE
isotopes. This is not ideal since the REEs are prone to
molecular interferences in the ICP-MS. To reduce this
problem, oxide formation was kept to a minimum by
adjusting torch position and gas flows in the plasma
(typically <5% of CeO formation as seen at 156 Gd
compared to 140 Ce). The isotopes 46 and 48 Ca, 186
27 Al, 55 Mn and 56 Fe were analyzed at high resolu-
tion (7000 RP) to either reduce the ion beam (in the
case of Ca and Al) or for resolution purposes (for Fe
and Mn). No internal standard was used, as this in-
creased the potential for contamination of the already
weak REE signal. Instead, several (4 to 10) replicates of
2000- to 4000-fold dilute PPREE and SCREE
(“Paradise Portal REE”; “Spring Creek REE”) standards
were measured over the course of each analytical run to
verify the standard curve consistency. These PPREE
and SCREE standards are diluted mine-waste contam-
inated river waters (see [32] and [33]), and their repli-
cated analyses indicate that typical accuracy is ~5% for
these analytes.

3. Results

3.1. Distribution coefficients of the REEs in foraminif-
eral calcite

Published REE:Ca in foraminiferal calcite predict
apparent distribution coefficients (Kps) that may seem
unreasonably high, suggesting that the samples are
contaminated [6,12,34]. This has been the source of
significant consternation over the applicability of a
REE paleoproxy, as such an inference would compro-
mise the validity of core top and down core data.
Therefore, the REE Kps in foraminifera warrant brief
discussion.

The substrate composition used for the K calcula-
tion is critical (surface seawater for planktonic forami-
nifera; overlying bottom water for epifaunal benthic
foraminifera; pore water for infaunal benthic foraminif-
era). Fortunately, the calculation done here uses the
REE concentrations in overlying and pore water mea-
sured in the same core from which the benthic forami-
nifera were obtained (64MC; Table 3). Unfortunately,
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Table 3
Distribution coefficients of REE in foraminiferal calcite
REE:Ca® La Ce Pr  Nd Sm Eu Gd Tb Dy Ho Er Tm® Yb Lu
Foraminifera model result®
N. dutertrei (planktonic) 0.86 0.34 0.16 0.65 0.12 0.04 0.17 0.03 021 0.04 0.14 0.04 0.12 0.02
Cibicidoides (epifaunal benthic)  0.99 0.74 0.19 0.69 0.17 0.05 020 0.02 028 0.05 020 0.06 0.16 0.02
Uvigerinidae (infaunal benthic)  4.49 2.71 0.84 3.66 0.63 022 0.83 0.14 097 020 0.66 0.19 0.62 0.09
Surface water
AJAX 474 1.09 0.54 NA 0.79  0.15 0.04 024 NA 0.29 NA 0.28 NA 023  0.04
TPS 47: 39-1°¢ 1.76 0.59 NA 122 0.23 0.06 0.34 NA 0.39 NA 0.35 NA 0.31 0.05
64MC"
Overlying water 4.84 0.89 0.64 274 041 0.15 0.57 0.11 0.89 0.22 0.87 0.12 1.04 0.18
Pore water (0.21 cm depth) 12.2 2,67 234 9.08 2.11 0.60 3.00 0.55 4.15 093 337 062 4.70 1.00
Kpt
N. dutertrei (AJAX) 790 630 - 820 830 1010 680 - 730 - 480 - 535 535
N. dutertrei (TPS 47: 39-1) 490 580 - 535 530 650 490 - 530 - 390 - 400 350
Cibicidoides (overlying water) 205 830 295 250 420 310 345 215 315 220 230 470 150 120
Upvigerinidae (pore water) 370 1020 360 405 300 370 280 250 235 215 195 310 130 95

* Foraminiferal data in pmol:mol units; seawater and pore water data in nmol:mol units, assuming 10.46 mmol/L Ca for all seawater and pore

water.

® The foraminiferal Tm data are suspect, probably due to inter-REE molecular interferences in the ICP-MS.

¢ Foraminifera from core top (0-2 cm section) of 64MC multicore.

4 Average 0-200 m depth water samples from German et al. [35].

¢ Average 0200 m depth water samples from Piepgras and Jacobsen [37].

 From Haley et al. [16].
& Kp values rounded to nearest 5.

there are few surface seawater REE data, especially in
the southeastern Pacific. Exacerbating this, the uncer-
tainties associated with aeolian input and short upper
ocean residence times make comparison of planktonic
foraminiferal REEs to any water mass other than the
one from which the calcite precipitated prone to errors.
However, in light of the precisions we are concerned
with in making these Kp calculations, an approximate
surface seawater REE composition should be accept-
able. In Table 3, we offer two possible candidates (Fig.
1): (1) surface water from the southern Atlantic (AJAX
data from [35]), that might be similar to 64MC provid-
ed that both sites reflect upwelling of Antarctic Inter-
mediate Water (AAIW), and; (2) Northern Pacific
surface water, probably a poor choice as these data
should reflect North Pacific Intermediate Water
(NPIC; [36]; REE data from site TPS 47: 39-1 of [37]).

As shown in Table 3, the REE K, is estimated to be
~100 to ~500 (excluding Ce). Considering the potential
errors in making these calculations, we argue that these
Kp values are accurate. The consistency of the Kps (1)
across the REE series, and (2) considering the dramatic
differences in REE content of the water in which these
foraminifera live, supports these Kp estimates. For
example, pore water REEs are typically an order-of-
magnitude more concentrated than surface water REEs
but the Kps calculated are similar. Kp(Ce) is anoma-
lously high, which may be an artifact but could equally

well result from Ce being in a different redox state
compared to the other REEs.

These estimates of Kp are contrary to those of
Pomies et al. [6] (from Nd isotopes), but consistent
with previous REE observations [15] and the Nd-iso-
topic data of Vance and Burton [38,39]. Nonetheless, if
these Kp values are accurate, it follows that the fora-
minifera preferentially incorporate REE relative to Ca
into their shells! Since there is no currently known
biologic requirement for REEs, this preference seems
unlikely. However, there are other possible explanations
for such high Kps. For example, Palmer [12] argued
that the solubility product of REE carbonates plays a
role in establishing high Kps. Alternatively, Lakshtanov
and Stipp [40] have measured Kp(Eu) >700 for inor-
ganically precipitated calcite, which they attribute to the
ability of Eu to fit into the calcite lattice as a true solid
solution.

We suggest that the relatively high concentration of
REEs in foraminiferal calcite is a consequence of the
organic chemistry of calcite precipitation. Our specula-
tion is that REEs, which are known to have great
affinity to organic matter [e.g., 28,41-47], preferential-
ly bind to the proteins used by the foraminifera to
acquire calcium ions to build their shells [48]. Thus,
there are elevated levels of REE associated with these
biomolecular agents of calcification (relative to REE
and Ca in seawater), and the shell is made with an
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“anomalously” high REE content. In this scenario, the
relative enrichment of any ion in the calcite will depend
on both the concentration of the ion in seawater and the
binding efficiency of that ion with the protein.
Although we cannot test this hypothesis, Fig. 4
attempts to show that it is not unreasonable. Fig. 4
shows that the Kps of trace elements, minor elements
and even calcium (Kp=1) are positively correlated with
the stability constant of that ion, for three amines (a
primary amine and two tertiary amines), for which there
are published K, and Kp data. Estimates for these
values are from the compilations of Lea [49] and Mar-
tell and Smith [50]. Regardless of the mechanism, we
consider that the observed Kps, up to ~500, are accu-
rate. Assuming this is correct, we now present the core
top sampling results that are used to determine if, and
how, the REEs might serve as a useful paleoproxy.

3.2. Core top samples

The core top foraminiferal REE:Ca data are pre-
sented in Table 4 and shown in Fig. 5. The data are
grouped according to living habitat: planktonics in the
upper water column; Cibicidoides at the sediment—
water interface (epifaunal); Uvigerinidae just below
the sediment—water interface (shallow infaunal); Glo-
bobulimina and Bulimina deeper in the sediments (deep
infaunal). Although there is currently some debate over
the exact habitats of these foraminifera [51], these
divisions are used here to reflect the foraminifera’s
apparent preference for a given diagenetic environment.

3.0
REE

2.0
1.0 Cd
Mn
%3) 0.0 o
o Sr, Ba

<& Aspartic acid

-2.0 Q  Nitilitriacetic acid | Li
0 pTra
3.0
¢ O 0O Mg
-4.0
0 5 10 15 20 25
logKgab.

Fig. 4. Kp versus log K. for three amines. The positive relationship
shown suggests that metal complexation with proteins might explain
the high apparent Kps observed from foraminiferal shell analyses.
The fact that Mg does not fit with these trends may indicate that Mg
incorporation into foraminiferal calcite is more strictly regulated
during biomineralization than other elements. Data are from Lea
[49] and Martell and Smith [50].

That is, “deep benthic” species may be found shallow in
a core having high organic carbon content that reaches
anoxic conditions at a shallow depth. Likewise, “deep
benthic” species may not be found at all in cores that
remain oxic throughout their depth.

3.2.1. Planktonics

Except at Sta. 10, the planktonics show a shale-
normalized pattern similar to typical seawater (Fig. 5;
Table 4): i.e., HREE>LREE, with a pronounced neg-
ative “Ce anomaly” [17,52]. Only the sample from Sta.
10 shows signs of a middle REE (MREE) enrichment
relative to a linear trend from the LREEs to HREEs
(MREE*=1.59; HREE: LREE=~1). Sta. 10 is also the
most overall REE-enriched, although 06MC is nearly as
concentrated. 66MC and 54MC samples have the least
REE abundance and share similar patterns, although the
HREEs at 54MC are higher than those at 66MC (Fig.
5). In fact, 54MC has the steepest sloped pattern of all
these sites, with a HREE:LREE of 6.08. 64MC and
48MC are similar in both pattern and abundance of
REEs, as are 62MC with 50MC. The “Ce anomaly”
of all these samples, except Sta. 10, 66MC and 06MC,
ranges between ~0.25 to ~0.35. These three exceptions
have higher “Ce anomalies” between 0.5 and 0.6. There
do not appear to be any trend, either in concentration or
pattern, dependent on species or mixed species.

3.2.2. Cibicidoides (epifaunal)

Although the abundance of REEs in the Cibici-
doides samples is distinct (66MC>64MC, 50MC>
54MC), the patterns are all fairly similar (Fig. 5):
they are all seawater-like, although the slope (HREE:L-
REE) is greatest at SOMC (4.27), followed by 66MC
(3.18), 64MC and 50MC (2.59 and 2.36; Table 4).
None of the Cibicidoides show signs of MREE enrich-
ment (MREE*<1.2 for all), and the “Ce anomaly” is
similar to the planktonic counterpart at each site. The
Cibicidoides “Ce anomalies” here are between ~0.2 and
~0.3 for all sites, except 66MC where the “Ce anomaly”
is ~0.6.

3.2.3. Uvigerinidae (shallow infaunal)

The Uvigerindae can be split into three types: Sta.
10 and 06MC show a distinct “MREE-bulge” type
pattern (MREE*>1.2); 39MC has a flat pattern
(HREE:LREE=~1; MREE*=1.28; Ce*>~1); and the
other samples are more similar to a seawater-type pat-
tern (Fig. 5; Table 4). For these latter sites, the
HREE:LREE, MREE* have similar values to the
planktonics and Cibicidoides samples, although the
“Ce anomalies” tend to be slightly higher (between
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Table 4
REE:Ca in core top samples
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Species® Core La® Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm® Yb Lu HREE! MREE*® Ce*f
LREE
Mixed planktonic Sta. 10 3.31 3.63 0.85 3.84 0.69 020 0.72 0.11 0.62 0.03 0.24 0.0/ 026 0.00 099 159 0.50
G. menardii/G. umida 66MC 027 027 0.05 022 0.04 0.01 0.06 0.01 0.10 0.01 0.05 0.00 0.05 0.01 330  0.99 0.53
N. dutertrei 64MC 093 042 0.18 0.76 0.12 0.06 0.18 0.03 0.23 0.04 0.14 0.05 0.14 0.02 272  1.06 0.24
G. sacculifer 62MC 2.05 1.07 037 1.61 027 0.09 039 0.06 0.45 0.09 031 0.08 031 0.05 288  1.06 0.28
G. sacculifer 54MC 028 0.16 0.05 0.20 0.04 0.01 0.06 0.01 0.09 0.02 0.08 0.03 0.08 0.01 6.08  0.72 0.33
N. dutertrei 50MC 1.62 099 037 1.60 0.28 0.11 037 0.06 0.42 0.09 027 0.05 025 0.04 2.43  1.13 0.29
Mixed planktonic 48MC  1.01 057 027 1.10 022 0.08 024 0.04 027 0.05 0.15 0.04 0.12 0.01 1.79  1.25 0.25
Mixed planktonic 06MC 279 3.70 0.72 3.05 0.57 0.13 0.54 0.08 0.68 0.11 0.37 0./1 034 0.01 1.75  1.05 0.60
Cibicidoides 66MC 220 2.50 0.43 1.88 0.32 0.10 0.48 0.08 0.70 0.12 0.44 BD’ 0.35 0.05 3.18  1.03 0.59
Cibicidoides 64MC 1.08 0.66 022 0.89 0.15 0.08 021 0.03 0.32 0.05 0.19 BD 0.13 0.02 259  1.09 0.31
Cibicidoides 54MC 044 0.17 0.07 033 0.06 0.02 0.08 0.01 0.11 0.03 0.09 0.02 0.09 0.02 427  0.84 0.22
Cibicidoides 50MC 141 0.66 029 121 023 0.08 0.28 0.05 0.33 0.06 0.20 0.04 0.19 0.02 236  1.18 0.23
Uvigerinidae Sta. 10 6.34 1035 1.75 6.95 1.35 033 136 021 1.17 0.19 0.54 0.09 043 0.05 1.00 154 0.71
Uvigerinidae 66MC 127 142 028 1.13 0.16 0.06 023 0.04 032 0.06 021 0.05 022 0.03 283 091 0.55
Uvigerinidae 64MC 1.17 075 023 0.98 0.16 0.06 022 0.04 026 0.05 0.18 0.05 0.18 0.02 272  1.05 0.33
Uvigerinidae 54MC 089 0.68 0.15 0.66 0.10 0.04 0.14 0.02 0.21 0.05 0.16 0.04 0.17 0.03 3.81  0.77 0.42
Uvigerinidae 50MC 1.64 0.69 038 1.65 029 0.09 0.36 0.06 0.43 0.08 027 0.06 027 0.04 245  1.09 0.20
Uvigerinidae 39MC 249 814 0.77 293 053 0.12 050 0.07 0.49 0.07 024 0.05 0.19 0.02 1.03  1.28 1.34
Uvigerinidae 06MC 527 9.13 150 579 1.14 031 1.14 0.18 1.15 020 0.60 0.11 049 0.05 134 132 0.74
Globobulimina Sta. 10 8.77 16.50 239 9.66 1.84 0.49 1.83 028 1.57 025 0.71 0.1 055 0.06 094 156 0.83
Globobulimina 39MC 126 550 0.43 190 027 BD 027 0.02 0.45 0.00 0.10 0.10 0.15 BD 098  0.89 1.69
Bulimina 39MC 0.60 3.53 0.17 1.00 BD BD 0.11 BD 031 BD 0.02 0.06 0.10 BD 104 051 2.52

* All samples from sediment sections 0 to 1 or 2 cm core depth.
® Values are REE:Ca in pmol:mol.

¢ Tm is suspect, probably due to inter-REE molecular interference in the ICP-MS.

9 HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd: Ca.

¢ MREE* is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
f Ce* is defined by 2(Ce:Ca)/(La:Ca+Pr:Ca), when all values are shale normalized.

~0.3 and ~0.6). Overall, the concentrations of REEs in
these sample are similar to the Cibicidoides, except the
“MREE bulged” samples, which are 2- to 4-times more
concentrated.

3.2.4. Globobulimina and Bulimina (deep infaunal)

These deeper dwelling foraminifera were found at
just two sites: Sta. 10 and 39MC. Both of these
sites are shallow and lie under highly productive
surface seawater (Table 1). The REEs, however,
are different between these sites (Fig. 5; Table 4);
Sta. 10 has a distinct “MREE bulge” type pattern
with high REE concentrations, whereas both species
at 39MC show low REE concentrations and have
flat patterns. The “Ce anomaly” is indistinct for all
of these samples.

3.3. Down core samples
The purpose of developing any paleoproxy is to be

able to make measurements down core, in order to
infer oceanographic and climatic changes over time.

The better a paleoproxy is understood, the more
confidence can be imparted to those interpretations.
A crucial aspect of this understanding is knowledge
of any diagenetic changes that might influence the
primary foraminiferal REE signal. Therefore, it is
important to measure REEs in down core samples
with the express goal of determining the impact of
diagenesis or alteration. Although it is perhaps unsa-
tisfying from a paleoceanographic standpoint, we feel
it is unwise to make any paleoceanographic inferences
until any potential diagenetic affects are understood.

With this in mind, 5 intervals were sampled from the
top ~25 cm of two multicores: 54MC and Sta. 10.
These two sites represent “end-members” in that
54MC is the most “open ocean” site (deep water, car-
bonate-rich sediments, with relatively low surface pro-
ductivity and moderate bottom water oxygen; Table 1);
and Sta. 10 represents a “margin” site (shallow near
shore, clay-rich, with high surface productivity and
suboxic bottom water; Table 1); these differences
should be reflected in the diagenetic environments at
these sites. Pore water data [16] delimit the diagenetic
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Fig. 5. Core top foraminiferal REE patterns. Grouped into typical living habitat (see text for details).

processes that influence REEs at these two sites. The
foraminiferal data are listed in Tables 5 and 6 and
shown in Fig. 6.

3.3.1. 54MC

This site is expected to have little diagenetic poten-
tial, being under an area of low surface productivity and
having oxic pore waters (Table 1). The REE pore water
profiles should be similar to the oxic sites of [16]; that
is, with REE maxima at the sediment—water interface,
generated from the remineralization of particulate or-
ganic carbon (POC).

REE patterns at 54MC all demonstrate a typical
seawater form (Fig. 6), with remarkable consistency
down core when comparing intra- and inter-species
patterns. The HREE:LREE of the planktonics is be-
tween ~5.5 and ~6, slightly higher than the Cibici-
doides (~4 to ~4.5) and the Uvigerindae (~3.5 to ~4).
None of the patterns show signs of a MREE enrichment
(MREE*<1 for all samples), and the “Ce anomaly” is
between ~0.2 and ~0.4 for all the samples. For every
core depth, the Uvigerindae are more REE-concentrat-
ed than the Cibicidoides and both of these are more
concentrated than the planktonics (Fig. 6).
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54MC down core REE: Ca ratios
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Species Depth(cm) La® Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmP Yb Lu HREE® MREE*! Ce**
LREE
G. sacculifer (unclean) 0-2 0.51 0.29 0.10 0.41 0.08 0.03 0.13 0.03 0.18 0.05 0.16 0.03 0.17 0.03 6.01 0.83 0.30
G. sacculifer (unclean) 5-7 0.35 0.19 0.07 0.30 0.06 0.02 0.10 0.02 0.13 0.04 0.12 0.02 0.13 0.02 6.20 0.80 0.28
G. sacculifer (unclean) 10-12 0.39 0.27 0.08 0.37 0.09 0.03 0.12 0.02 0.17 0.04 0.14 0.03 0.15 0.03 5.86 0.88 0.34
G. sacculifer (unclean) 15-17 0.39 0.31 0.09 0.39 0.09 0.03 0.13 0.02 0.17 0.04 0.12 0.02 0.14 0.02 5.06 0.99 0.37
G. sacculifer (unclean) 19-21 0.50 0.37 0.11 0.49 0.13 0.04 0.16 0.03 0.21 0.05 0.14 0.02 0.15 0.02 4.55 1.06 0.36
G. sacculifer 0-2 0.28 0.16 0.05 0.20 0.04 0.01 0.06 0.01 0.09 0.02 0.08 0.03 0.08 0.01 6.08 0.72 0.33
G. sacculifer 5-7 0.32 0.18 0.05 0.24 0.04 0.01 0.07 0.01 0.11 0.02 0.09 0.02 0.09 0.01 5.92 0.72 0.31
G. sacculifer 10-12 0.24 0.13 0.04 0.18 0.03 0.01 0.05 0.01 0.08 0.02 0.07 0.02 0.07 0.01 6.08 0.71 0.32
G. sacculifer 15-17 0.26 0.18 0.05 0.21 0.04 0.01 0.06 0.01 0.11 0.02 0.08 0.02 0.09 0.01 6.04 0.74 0.37
G. sacculifer 19-21 0.26 0.19 0.05 0.22 0.05 0.01 0.06 0.01 0.10 0.02 0.08 0.02 0.08 0.01 5.42 0.84 0.40
Cibicidoides 0-2 0.44 0.17 0.07 0.33 0.06 0.02 0.08 0.01 0.11 0.03 0.09 0.02 0.09 0.02 4.27 0.84 0.22
Cibicidoides 5-7 0.74 0.29 0.12 0.52 0.09 0.03 0.14 0.02 0.18 0.04 0.14 0.02 0.14 0.03 4.09 0.90 0.22
Cibicidoides 10-12 0.52 0.25 0.09 0.38 0.07 0.02 0.10 0.02 0.14 0.03 0.11 0.02 0.11 0.02 4.24 0.87 0.26
Cibicidoides 15-17 0.70 0.35 0.12 0.49 0.09 0.03 0.14 0.02 0.18 0.04 0.14 0.02 0.14 0.02 4.19 0.89 0.28
Cibicidoides 19-21 0.72 0.39 0.12 0.50 0.09 0.03 0.15 0.02 0.19 0.04 0.15 0.02 0.14 0.02 4.43 0.89 0.30
Upvigerinidae 0-2 0.89 0.68 0.15 0.66 0.10 0.04 0.14 0.02 0.21 0.05 0.16 0.04 0.17 0.03 3.81 0.77 0.42
Uvigerinidae 5-7 0.79 0.47 0.13 0.60 0.10 0.04 0.13 0.02 0.20 0.05 0.16 0.03 0.16 0.02 4.12 0.80 0.33
Upvigerinidae 10-12 1.13 0.75 0.20 0.82 0.14 0.06 0.19 0.03 0.28 0.06 0.22 0.04 0.22 0.03 4.06 0.78 0.36
Uvigerinidae 15-17 0.93 0.54 0.16 0.65 0.12 0.04 0.14 0.02 0.23 0.05 0.17 0.03 0.18 0.03 3.91 0.74 0.32
Upvigerinidae 19-21 0.92 0.52 0.17 0.65 0.12 0.04 0.15 0.03 0.25 0.05 0.19 0.03 0.18 0.03 3.97 0.79 0.30

? Values are REE: Ca in pmol:mol.
° Tm is suspect, probably due to inter-REE molecular interference in the ICP-MS.

¢ HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd:Ca.

9 MREE* is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
¢ Ce* is defined by 2(Ce:Ca)/(La:Ca+Pr:Ca), when all values are shale normalized.

Because the diagenetic environment at 54MC is
oxic, these foraminiferal shells are potentially coated
with metal oxides. If Mn-oxides are not carriers of
REEs (as discussed previously; [16]), any “metal

Table 6

Sta. 10 down core REE: Ca ratios

oxide” influences on the REEs must be related to Fe-
oxide cycling. To determine if the differences between
HYDRX-cleaned and DIW-cleaned foraminifera de-
scribed previously (Fig. 2) was consistent down core,

Species Depth(cm) La® Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm°® Yb Lu HREE® MREE*® Ce*®
LREE
Mixed planktonic ~ 0-1 331 3.63 0.85 3.84 0.69 020 0.72 0.11 0.62 0.03 0.24 0.0/ 026 0.00 0.99  1.59 0.50
Mixed planktonic ~ 5-7 539 17.60 1.74 7.09 137 037 137 023 131 022 0.67 0.2] 047 0.09 1.16 153 1.30
Mixed planktonic ~ 8-10 13.43 3627 3.64 14.81 3.05 0.78 321 0.52 2.93 0.51 138 0./8 1.04 0.14 1.18  1.64 1.19
Mixed planktonic 20-22 7.97 19.03 222 8.64 1.87 054 1.97 036 2.13 038 1.11 0.17 095 0.13 1.70 146 1.04
Mixed planktonic 24-26 2373 67.80 7.72 31.77 6.63 1.67 591 1.05 7.02 1.11 3.68 0.50 2.98 037 1.53 128 1.14
Uvigerinidae 0-1 6.34 1035 1.75 6.95 135 033 1.36 021 1.17 0.19 0.54 0.09 0.43 0.05 1.00 154 0.71
Uvigerinidae 5-7 8.08 18.86 2.32 921 1.81 043 1.67 026 1.45 024 0.67 0.09 0.46 0.06 088  1.56 1.00
Uvigerinidae 8-10 1545 37.96 4.42 17.16 3.41 0.84 337 0.54 2.97 048 129 0.I6 091 0.12 091  1.65 1.05
Uvigerinidae 20-22 7.07 16.18 1.98 7.62 151 039 1.61 027 1.57 027 0.75 0.10 0.57 0.07 123 156 0.99
Uvigerinidae 24-26 558 12.69 1.54 620 122 032 1.34 022 127 023 0.64 0.09 052 0.07 135 151 0.99
Globobulimina 0-1 8.77 16.50 2.39 9.66 1.84 0.49 1.83 028 1.57 025 0.71 0.1 0.55 0.06 094 156 0.83
Globobulimina 5-7 6.23 1630 1.75 694 136 033 1.31 021 1.11 0.19 0.54 0.07 038 0.05 095 156 1.13
Globobulimina 8-10 6.38 15.69 1.72 6.77 133 033 1.34 021 1.18 020 0.52 0.07 037 0.05 0.94 165 1.09
Globobulimina ~ 20-22 424 986 121 459 092 024 098 0.17 0.96 0.17 0.47 0.06 036 0.05 128 153 1.00
Globobulimina ~ 24-26 295 6.89 0.78 3.18 0.60 0.16 0.66 0.11 0.65 0.12 034 0.05 028 0.04 141 143 1.05

* Values are REE:Ca in umol:mol.
° Tm is suspect, probably due to inter-REE molecular interference in the ICP-MS.

¢ HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd:Ca.

9 MREE* is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
¢ Ce* is defined by 2(Ce:Ca)/(La:Ca+Pr:Ca), when all values are shale normalized.
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Fig. 6. Down core REE patterns. 54MC G. sacculifers (cleaned: empty O; uncleaned: filled @); Cibicidoides (<) and Uvigerinidae (O0) shown on
left. Sta. 10 mixed planktonic (O); Uvigerinidae (O) and Globobulimina (A) shown on right. The mixed planktonic at 24-26 cm depth for Sta. 10

plots on the additional y-axis.

we ran a set of DIW-cleaned planktonics down core at
this site. Again, and consistently, we found that the
DIW-cleaned samples had higher REE:Ca ratios than
those cleaned with HYDRX (Fig. 6). The patterns,
however, are similar between each HYDRX-DIW-
cleaned pair. The average HREE:LREE (5.5) of all
the DIW-cleaned down core samples is similar to that
of the HYDRX-cleaned samples (5.9), as are the “Ce
anomalies” (0.33 average DIW-cleaned; 0.35 average
HYDRX-cleaned; Table 5). Apart from the overall con-
centrations, the only possible difference is the MREE

enrichment, which is more than 20% higher in the DIW-
cleaned samples (0.91 DIW-cleaned average; 0.75
HYDRX-cleaned average). These observations allude
to Fe-oxide contamination, but also imply that this
contaminant phase has REEs virtually identical in pat-
tern to the shell itself, and is probably a phase that forms
coevally with calcification of the shell.

3.3.2. Sta. 10
The REE patterns of all the foraminifera, at every
depth at Sta. 10 have a “MREE 352 bulge” type pattern
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(Fig. 6). This suggests that under such intense diage-
netic environments the primary foraminiferal REEs are
overprinted by the pore water signal [16]. Indeed, the
HREE:LREE, MREE* and Ce* values are similar
between all the samples (~0.9 to 1.7, ~1.3 to 1.6 and
>0.5, respectively). However, although the patterns are
similar, the fact that REE concentrations are not equal is
important for the REE paleoproxy. This is best demon-
strated through comparison of the different foraminif-
eral REE concentrations to the REE pore water profiles
at this site, as follows. The planktonic samples show
increasing REE: Ca to the 8-10 cm sample; the 20-22
cm sample is slightly less concentrated; and the 24-26
cm sample is most concentrated (about an order-of-
magnitude greater than the 0-2 cm sample; Table 6).
The shallow infaunal Uvigerindae increase in REE
concentration to the 8—10 cm sample and then REE
concentrations decrease further down core. The deep
infaunal Globobuliminae decrease in REE concentra-
tion with increasing depth (Table 6). These trends can
be contrasted to the pore water REE profiles at Sta. 10,
which show maxima at ~3 cm that diffuse to a sink at
~8 cm [16]. These pore water REE maxima are driven
by Fe-oxide reduction, which occurs at the same depths
[16] and is the source for the contaminant REEs mea-
sured on the foraminifera at Sta. 10. However, being
anoxic, the contaminant phase cannot be Fe-oxide (or
Mn-oxide, which is reduced prior to Fe in the diage-
netic sequence; [53]). The fact that the contaminant
phase dissolves readily in a stream of dilute acid,
simultaneously with foraminiferal dissolution, suggests
that the contaminant phase is rather mobile. As dis-
cussed previously, barite is unlikely the contaminant
phase (i.e., it is immobile in a stream of weak acid
[29,30]). Moreover, any environmental readsorption
process is unlikely because we would expect to see
similar down core REE: Ca trends for all three forami-
niferal types if this were the case. Iron carbonate (sid-
erite) seems to be the most likely source of the
overprint. Siderite contamination is consistent with
the fact that Fe:Ca measured in these samples is con-
sistently high (>50 pmol:mol, and often above 100
pmol:mol). Furthermore, because the REE:Ca in the
Globobulimina decrease constantly down core (Table
6) suggests that these shells are not prone to siderite
contamination in the upper ~25 cm. That is, the Glo-
bobulimina shells “escape” diagenesis and might still
hold promise as a paleoproxy.

In summary, these data indicate that the REE paleo-
proxy is applicable within oxic sedimentary environ-
ments, but not in sediments that have undergone anoxic
diagenesis. Of course, if the diagnostic “MREE bulge”

pattern is seen down core, especially in planktonic
foraminifera, it can be assumed that those sediments
have undergone anoxic conditions at some point in
time, an observation that, in itself, could be useful for
paleoceanographers (e.g., as an indicator of ocean an-
oxic events).

4. Discussion

Our main goal here is to evaluate the utility of the
REEs as a paleoproxy. For this reason, this discussion
will focus on the core top samples and how the REEs
relate to paleoceanographically important parameters in
the modern ocean. The down core sampling scheme
was intended not for paleoceanographic purposes, but
as a test of the influence of diagenesis, and, as dis-
cussed previously, we will not use these data to make
any attempts at paleoceanographic reconstructions.

4.1. Core top samples

Two types of foraminifera were analyzed here:
planktonics and benthics. These types reflect different
life habitats and thus have different potential uses as
paleoproxies. In all cases, Sta. 10 data will not be
discussed, because the samples were apparently diage-
netically altered (see Results section).

4.1.1. Planktonic foraminifera paleoproxy

The REEs in planktonic foraminifera were expected,
a priori to have two possible uses as a paleoproxy: (1)
The REE pattern was expected to reflect upper water
column circulation, because of the relatively short res-
idence time of REEs (<1000 y steady state whole ocean
estimate; [17,33,41,42,52,54]), and the dominance of
river/aeolian input to the upper water column ([54-57]).
(2) The “Ce anomaly” has been hypothesized to reflect
the oxygen content of seawater (higher O, content
corresponding to higher “Ce anomaly;” e.g., [52], al-
though this was foreseen as being more difficult to
interpret [33,58,59]).

To avoid bias in light of these a priori notions, these
REE data were compared to a more general compilation
of a number of oceanic variables taken from World
Ocean Atlas (WOA) [60] from grid points as close to
the sites as possible (Tin s Tpoc; salinity; density;
chlorophyll; nitrate; phosphate; silica; oxygen; Apparent
Oxygen Utilization (AOU); and carbonate ion concen-
tration). Satellite-based primary productivity estimates
from the databases of Antoine et al. [61,62] were also
compared to the REE data, again with grid points as close
as possible to our sites. Cross-correlation matrices of
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these data, as well as the latitude, longitude, La:Ca,
HREE:LREE and Ce* of the samples were made for
each of four depths: the sea surface; the mixed layer
depth; the shallowest pycnocline; and the maximum
pycnocline (the latter two to account for seasonal pyc-
noclines). These four depths represent the upper water
column in which the planktonic foraminifera may live.
The resulting correlation matrices were used to isolate
the water column features best statistically correlated to
the REE data. The closest fits are shown in Fig. 7.

These analyses indicate that two REE parameters
will be useful paleoceanographic proxies (Fig. 7):

1. The La:Ca (the “REE concentration”) of planktonic
foraminifera are anticorrelated with annual primary
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production estimates (of course, oxygen, AOU and
primary productivity are highly correlated in the
subsurface waters analyzed, as discussed later).

2. The HREE:LREE of planktonic foraminifera corre-
lates to water mass and good correlations were found
with latitude, temperature, salinity and density (all of
which are correlated in that they reflect “water
mass”).

The exception in both cases is the G. sacculifer
samples from 54MC (Fig. 7). In terms of the first
paleoproxy, this anomalous 54MC G. sacculifer sample
might indicate that these foraminifera were not living in
the same water mass as the other sites. That is, the sites
66MC, 64MC, 62MC, 50MC and 48MC represent a
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Fig. 7. Planktonic REE paleoproxy relationships. These relationships define the uses of the REE paleoproxy. 54MC appears as a flier in both cases
(see text). Left-panel: La:Ca correlates well to primary production (from [61]). Right-panel: HREE: LREE (PAAS-normalized; [31]) correlates to
water mass (shown as latitude), pointing towards use as a tracer of circulation. Gray arrows indicate evolution pathways of HREE : LREE predicted.
Bottom-panel: schematic representation of the mechanics of the planktonic REE paleoproxy in the modern ocean. The shading intensity mirrors the
evolution of the HREE : LREEpa 55 as a function of flow north (if reflecting the Peru Current) or flow south (if reflecting the Gunther Undercurrent).
The arrow size reflects annual primary production from [61]. These two REE proxies are mutually exclusive: for example, productivity at 48MC
and 64MC are similar, thus the La:Ca are similar, but the HREE: LREEpa a5 differ, reflecting difference in location of these two sites.
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north—south transect near the coastal upwelling region,
reflecting source water upwelled from the Gunther
undercurrent (Fig. 1) as it progresses southward. This
undercurrent, and the associated coastal upwelling,
ceases around 42° S [63], and site 06MC is in an area
of downwelling. Therefore, the data from 06MC should
not continue the trend defined by the other sites, and,
indeed, it has a HREE:LREE very similar to that of
48MC. 54MC, on the other hand, is more likely outside
the influence of coastal upwelling and its source waters
are most likely upwelling Antarctic Intermediate Water
(AAIW). In fact, a Kp calculation using the 54MC
planktonic foraminifera sample and the surface water
data of German et al. [35] produces a flat-pattern of Kps
across the series that range from ~150 to ~350 (similar
to the benthic range), consistent with 54MC water
being similar to AAIW.

The suggestion that HREE : LREE traces water mass
evolution appears to be robust, from the arguments
made above. A problem specific to the idea that these
HREE : LREE data are tracing the Gunther undercurrent
is that upwelling is restricted to a fairly narrow coastal
zone along Chile [63], which might pose difficulties for
interpreting the data from 50MC (and even 48MC) in
this way. However, the HREE:LREE trend (Fig. 7)
may, alternatively, be tracking the Peru Current north-
wards. This latter interpretation carries different impli-
cations, but does not change the general conclusion that
the HREE:LREE in planktonic foraminifera can be
used as a proxy of water mass.

The second planktonic REE proxy we suggest is that
the REE concentrations reflect upper ocean biologic
productivity. In this case, the 54MC data are more
problematic. A possible explanation for this discrepancy
is that La: Ca is a function of more than the one variable,
just as oxygen isotopes are a function of both tempera-
ture and ice volume. Alternatively, the 54MC sample
may simply not reflect modern seawater, due to the slow
sedimentation rate at this site (1-5 cm/kyr; [64]). The
measured oxygen-isotopic value of these samples
(6"0=0.17%0ppp +/—0.01) suggests that this core
top sample might reflect a mixture of Holocene forami-
nifera (with 6'*0=~—0.5%0ppg) and Last Glacial Max-
imum foraminifera (with 6'*0=~1.0%0ppp).

Beyond the anomalous behavior of 54MC, the gen-
eral relationships described above are satisfying be-
cause they agree with our predictions of the use of a
REE paleoproxy, described now (Fig. 7). The overall
REE pattern evolves with water mass age, (reflected in
the HREE : LREE of the foraminifera), due to the short
residence times and riverine/aeolian source of REEs to
the surface oceans. Even as the pattern evolves, the

amount of REE incorporated into the foraminiferal
shells reflects surface ocean “biologic activity”
(reflected in the La: Ca). Following recent observations,
it is becoming clear that REEs are, to a great extent,
controlled by organic carbon dynamics (see K discus-
sion above, and [16,17,43-47,64]). (Indeed, the “Ce
anomaly” is not likely a function of varying Ce — in a
stable Ce(IV) solid state — but of La and Pr changes
driven by organic processes [33,65].) Therefore, the
lower La:Ca in regions of higher primary production
would be due to the rapid removal of the REEs onto
sinking particles, which will constitute a greater output
flux under regions of high biological activity.

4.1.2. Benthic foraminifera paleoproxy

As a paleoproxy, the REEs in benthic foraminifera
are far more straightforward. The REEs increase dra-
matically across the sediment-water interface, driven
by remineralization of organic carbon that has survived
water column degradation [16]. Because of this, the
differences in REE content between the shallow infau-
nal Uvigerinidae and the epifaunal Cibicidoides should
reflect organic carbon flux to the sea floor, as the results
indicate (Fig. 8).

Of course, surface seawater productivity is unlikely
to be the cardinal variable for this paleoproxy as
suggested in Fig. 8. More exactly, it is the carbon
flux at the sediment—water interface that controls this
REE cipicidoides : REE tvigeriniaae  relationship.  Because
these sites all have depth >1000 m and bottom
water oxygen >100 uM, the extent of water column
remineralization is likely comparable [66]. Therefore,
the seafloor flux of organic carbon should mirror
surface seawater productivity. However, for future

2.50

B

3

g, 66MC

E .00

£
=
o 1.50 4
~ 64MC

3 100 54MC

= somc @

3

S 050 o}
55
=

0.00 . .
0 100 200 300

Annual Surface Productivity (gCm-2y-1)

Fig. 8. The mean and standard deviation (error bars) of all 13
epifaunal : infaunal REE-ratios at the four sites plotted against surface
ocean productivity (from [61]).
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paleoproxy application, a more rigorous assessment of
how water column remineralization factors in needs to
be done (perhaps even through use of the planktonic
foraminiferal REE signal).

Finally, we have three values for REEs in deep-
infaunal benthic foraminifera from coretop samples
(Table 4). Although too few samples to delimit paleo-
proxy potential, two observations are noteworthy: first,
there is obviously a dynamic signal in these forami-
nifera (Fig. 5). Indeed, finding the cause of the sur-
prisingly low REE:Ca in the 39MC samples, a deeply
anoxic site, may help explain the low Nd concentra-
tions found in foraminifera from Mediterranean sapor-
opels [21]. Second, the fact that the REE:Ca ratio in
these foraminiferal shells does not reflect the down
core trends of the planktonic and shallow infaunal
foraminifera (at Sta. 10) suggests that this signal is
primary, and potentially worth further investigation as
a paleoproxy.

5. Conclusions

The goal of this work was to determine the utility of
the rare earth elements in foraminiferal calcite as a
paleoproxy. These results show that planktonic and
benthic foraminiferal REEs can be used for reconstruct-
ing surface water circulation and productivity, and or-
ganic carbon flux to the seafloor, respectively. Thus, the
REE paleoproxy of these oceanographically important
variables will prove greatly beneficial for paleoceano-
graphic studies.

Beyond these conclusions, we have made several
important observations and speculations about REEs
and foraminifera. These are:

* Flow-through cleaning and dissolution can success-
fully isolate primary foraminiferal calcite, although it
has yet to be determined if siderite can be isolated
from calcite in this system. Furthermore, although
DTPA-cleaning is not necessary due to the non-
aggressive FT dissolution protocols, it appears that
HYDRX-cleaning removes a source of contaminant
REEs. However, the use of HYDRX-cleaning must
be tempered by the fact that it remobilizes metal-
oxides that are otherwise immobile with a simple
DIW-rinse of the sample.
A simple readsorption model is used to demonstrate
that readsorption is an important property of REEs
and should be taken into consideration during any
laboratory process involving REEs.
* The distribution coefficients of REEs in foraminif-
eral calcite are between 100 and 500. Although

higher than any other Kp yet found in foraminiferal
calcite, such high Kps should be considered reason-
able, as suggested by our proposed biochemical
mechanism.

Intense diagenetic environments preclude the use of
a REE paleoproxy, although such conditions will be
clear in any paleo-record and thus can be recognized.
This observation itself could lend itself to paleocea-
nographic interpretations.
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Appendix A. Readsorption model

The readsorption model is described as follows:

For each time slice (n; equivalent to the fraction
collected) and each REE (m), a value of REE, ,, is
made using the following equation:

REE(n—l m)
REE,,, = _ C
(n,m) {( [Ca}(nfl) x [ a](n)
REE(,_1 .
1 [T ) o Ca, x REX
[Ca](n—l)

* (n—1) when n=1 is an “initial guess” of REE (m)
(i.e., REE(,). This is the solution for the primary
REE signal in the foraminifera. Initially, this is set at
1 for all REE ) in these runs);

* [Ca]=total amount of calcium left as a solid
(undissolved);

» Ca=concentration of calcium measured at a given
time slice, such that 3,Ca=[Ca],, and;

* RFX="readsorption factor;” a value between 0 and
1, where 1=100% readsorption. For the data mod-
eled, RF1 (the readsorption factor assigned to the

where:
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weak acid) averaged ~0.4 (40%), RF2 (the readsorp-
tion factor assigned to the strong acid) averaged
~0.05 (5%).

Simultaneously, the REE : Ca model ratio is made for
each time slice using the equation:

{REE(/x—l.m)/[Ca]n—l x Ca, X (1 — RFX)}
REE: Ca(, ) = Ca ’

The model then iterates on the initial value of
REE g ,,,) 20 times, which is usually more than sufficient
to reach a stable result. Each iteration corrects the
REE(q,) through half the difference of the model pre-
dicted REE: Ca and the measured REE: Ca of the frac-
tion collected that had the highest measured calcium
concentration. This value was used as a goal for the
model because it represents both a large signal for
detection (i.e., highest measurement confidence) and a
point in the dissolution where readsorption is least
likely.
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