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Abstract

This thesis describes the development of a rare earth element (REE) proxy for

paleoceanographic studies of climate change. This work was done in three stages with

the goal: (1) To develop a cleaning method that overcomes the problems of REE

readsorption; (2) To measure pore water REEs for evaluation of diagenesis, and for

comparison to benthic foraminiferal REE:Ca; and (3) To evaluate the REE:Ca of

cleaned planktonic and benthic foraminifera as a potential paleoproxy.

In developing a novel flow-through method for cleaning foraminiferal calcite

for the REE:Ca paleoproxy measurements, it was found that REE contamination is

primarily due to a "refractory" phase and not Mn-oxides. Moreover, these

contaminants can be removed and primary foraminiferal calcite isolated, although this

calcite is shown to be more heterogeneous than previously thought.

The first analyses of marine pore water REE concentrations shown here,

illuminate several new features of REE biogeochemistry. The flux of REE from

marginal sediments is similar to riverine input fluxes, suggesting the residence time of
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REEs is far less than currently thought. Furthermore, these data indicate that marine

REEs are dominantly controlled by dissolved and particulate organic carbon and iron

oxides. This is reflected in both the concentration and pattern of RE.Es measured in

pore water. Finally, contrary to some prior conclusions, Ce was found to be only

indirectly associated to the oxygen content of water. A REE biogeochemical model is

presented which accounts for water column and pore water REE distributions.

Finally, the REE:Ca measured in planktonic foraminifera are shown to be a

proxy for water mass and potentially for surface ocean biologic activity. Benthic

foraminifera REE:Ca are also found to be a proxy for carbon flux to the sea floor. In

both cases, these REE proxies are negated if the sediments have undergone intense

diagenesis, although, if this has occurred, it is obvious from the REEs measured.
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1. INTRODUCTION

1.1. OVERVIEW

Climate change has been documented at all different spatial and temporal

scales, from sub-decadal ENSO cycles that affect the eastern Pacific, to 100 kyr orbital

forcing of global glaciations. These climatic oscillations are natural phenomenons that

are only now beginning to be understood. However, anthropogenic influences have

now reached global impact, as has been shown in observations of ozone (e.g., Penkett

et al., 1994) and carbon dioxide (e.g., Homlen, 1992) to name only two examples.

With only rudimentary understanding of the natural system of climate change, it is not

known how the climate system will react to this "new" anthropogenic forcing. That is,

our ability to predict future climate change is only as good as our understanding of the

system that drives it. Although studies of modern climate dynamics are crucial,

ultimately the only way to understand climate change is through past records. Beyond

the limited set of historical data, reconstructions of past climates depends on natural

records, and many inventive sources of paleoclimatic data have been found in

terrestrial, lacustrian and marine environments (e.g., Bradley, 1994).

In the oceans, a widely recognized source for paleoceanographic data are

calcite shells (tests) of foraminifera. These are cosmopolitan microscopic protozoans

that boast both planktonic and benthic species and have a geologic record spanning

hundreds of millions of years. These features make foraminifera ideal for

paleoceanographic studies, which, in turn, have been used extensively for



paleoceanographic reconstructions. For example, arguably the most

important advance in paleoclimatic research was the development of oxygen isotopic

records measured in foraminiferal calcite (e.g. Emiliani, 1957; Emiliani and Mayeda,

1961). This was a critical advance in paleoclimatic studies, because this isotopic

composition reflects (is a proxy for) ice volume and sea temperature, two key features

of global climate change.

In light of the success of oxygen isotopes, it was predicted that other isotopic

(e.g. '3C) and elemental (e.g., Cd, Ba) compositions in foraminiferal shells might also

be proxies for other oceanic characteristics (such as productivity, nutrients, alkalinity)

that could better constrain the biogeochemistry of past oceans (e.g., Broecker and

Peng, 1982; Hester and Boyle, 1982; Lea and Boyle 1993). In turn, because the

oceans are an essential part of the climatic system (e.g., for poleward transfer of heat

or as a source/sink term in the carbon cycle), these proxy records would provide

further insight into climate change. As the ability to measure trace level isotopic and

elemental compositions continues to improve, so does interest in being able to use the

compositions of foraminiferal shells as proxies of oceanic properties.

The assumptions that must be rigorously tested before using any such

paleoproxy for climate change research are that the isotopic or elemental signal is

dependably recorded in the foraminiferal shell (the "primary" signal), in a predictable,

if empirical, way. Furthermore, this primary signal must also be recoverable in

foraminiferal calcite that has been buried in sediments that have undergone diagenesis.

If these assumptions are proven true, down-core measurement of these isotopes and
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elements can be considered a proxy for contemporary seawater

biogeochemistry and can be used to interpret changes in the ocean and climate over

time. To test this principle, it is vital to have a thorough understanding of the modern

marine biogeochemistry of the isotope or trace element concerned.

With over 40 years of active research on the subject (e.g., Goldberg et al.,

1963), it would seem that the rare earth elements (REEs) would have all the necessary

attributes to be an enormously useful proxy: they are a chemically coherent series of

elements which fractionates within the series during biogeochemical processes; they

are well characterized in the water column; they can be chemically modeled; they can

be accurately and sensitively measured with modem instrumentation. Furthermore, at

the onset of this work, the REEs were believed to have potential as a tracer of water

mass and oxygen content (e.g., Wright et al., 1987; German and Elderfield, 1990;

Bertram and Elderfield, 1993; Nozaki et al., 1999; German et al., 1995). Such a tracer

would be very useful in studies that range from determining the effects of preformed

nutrients and gas exchange on &3C, to better constraining the interplay between

diagenesis and production factors in sediment-carbon preservation. The work

represented by this thesis is an attempt to develop such a REE paleoproxy.

1.2. GENERAL BACKGROUND TO RARE EARTH ELEMENTS IN

THE MARINE ENVIRONMENT

At the onset of this work, in 1998, much was known about REEs in geological

materials and seawater (e.g. Klinkhammer et al., 1983; Elderfield, 1988; Piepgras and



Jacobsen, 1992; Schijf and De Baar, 1995; Byrne and Sholkovitz, 1996).

This section outlines the general knowledge of that time, although the results shown

later in this thesis have since modified a few critical details.

In general, individual lanthanide, or rare earth elements (from 57La to 71Lu) act

chemically in a similar manner. However, due to the orbital ("lanthanide")

contraction across the series (filling of the shielded 4f-orbital), they fractionate slightly

from each other, as demonstrated by REE "patterns" (see Byrne and Sholkovitz, 1996

for review). These patterns show measured REE concentrations normalized to another

reference set of REE concentrations, in order to remove the cosmic abundance effect.

In seawater, REEs are usually normalized to a shale standard (e.g., PAAS; Nance and

Taylor, 1976). Moreover, the series is often split into "light REEs" (LREEs), "middle

REEs" (MREEs) and "heavy REEs" (HREEs), although the exact definition of each

group varies somewhat.

In seawater, REEs are all dilute (pM, 1O'2mol/L levels) and all show a

"nutrient-like" water column profile that is remarkably similar to silica (e.g.,

Elderfield, 1988), especially the HREEs, which are more "bowed" than the MREEs or

LREEs (Klinkhammer et al., 1983). In general, this type of profile suggests that the

REEs are fairly reactive in the marine environment. Indeed, a number of water

colunm studies have concluded that HREEs tend to form complexes with Dissolved

Organic Carbon (DOC), while LREEs tend to be "scavenged" by particles, especially

metal (Fe and Mn) oxides, or POC (e.g., Sholkovitz et al., 1994). Consequently, REEs

have relatively short residence time (t) in seawater (<1 O3yr, and THREE>tLREE;



Goldberg et al., 1963). Because of their short residence time, and the fact that

the dominant source of REEs to seawater is riverine input (e.g. Byrne and Sholkovitz,

1996), different water masses have different REE patterns. Therefore, these patterns

are useful as water mass tracers in the modern ocean (e.g. German et aL, 1995; Zhang

and Nozaki, 1996; Nozaki et al., 1999). This feature leads to the idea of using REEs

as a way to fingerprint ancient water masses and trace ancient ocean circulation.

An additional and important aspect of REE chemistry is the observation that

seawater redox conditions are correlated to cerium concentration anomalies (see Byrne

and Sholkovitz, 1996 for review). Essentially, cerium tends to form the insoluble

oxidized Ce (IV) state in the pE-pH range of oxic seawater and is removed from

solution more efficiently. When compared to the other REEs, this anomalous

behavior is very evident, and is generally quantified through the relationship defined

as the cerium anomaly (Ce*):

2 x ([CeIN) / (where N means shale-normalized)Ce* =

/([La]N + [Pr]N)

Essentially, oxic waters are observed to have low anomalies (<1), whereas

anoxic brines have high anomalies (>1). In addition, the anomalies measured in oxic

seawater are seen to correlate strongly with dissolved oxygen content in the water

column (Nozaki et al., 1999). This correlation provided the impetus to investigate the

use of the Ce-anomaly as a proxy for oxygen. Chapters 3 and 4 will discuss the

complications of this goal.



As a paleoproxy in a calcite matrix, REEs have suitable ionic radii

(around 1 A) for ready substitution into the 6-fold coordination of foraminiferal calcite,

making this phase a favorable carrier for REEs (Lakshtanov and Stipp, 2004).

1.3. DEVELOPMENT OF A REE PALEOPROXY

Appreciating the potential, many previous paleoceanographic studies have

attempted to use the REEs as a paleoproxy in various non-calcite phases (e.g.,

Elderfield et al., 1981; Palmer, 1985; Wright et al., 1987; Bau and Möller, 1993).

More recently, coral aragonite has been investigated as a REE paleoproxy (Fallon et

al., 2002; Akagi et al., 2004; Wynham et al., 2004). However, attempts thus far to use

foraminiferal calcite have been limited by contamination issues (Palmer, 1985, Palmer

and Elderfield, 1986). In these earlier studies, the REE:Ca ratio measured in

foraminifera was seen as being too high, implying that the signal being measured was

an artifact of contamination and not the primary REE : Ca of the foraminifera (Palmer,

1985; Palmer and Elderfield, 1986). This conclusion was reached for several reasons:

First, the REE content of metal-oxides (crusts and nodules) are known to be high (e.g.,

Piper, 1974), such that, if the foraminiferal shells had an oxide coating, the REE:Ca

ratio measured would be artificially high. Second, a characteristic of REEs is that they

tend to adsorb onto solid phases (Sholkovitz, 1989), meaning that even if the

foraminifera were cleaned (in a centrifuge vial; e.g., Boyle, 1981) the REEs from the

contaminant phase would readsorb back onto the shell (even though the contaminant

itself has been removed). The effect in terms of REEs would be that they remain
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contaminated. Third, there were no published marine pore water data. The

lack of marine pore water data meant that the influences of diagenesis could only be

speculated upon. This is partially the reason Palmer (1985), and Palmer and Elderfield

(1986) concluded that REEs measured from foraminiferal calcite were derived from

metal-oxide contamination. To compound this situation, a simple test of

contamination, comparing planktonic to benthic foraminifera, could not be done

because marine pore waters had not yet been measured. In other words, knowledge of

REEs in the oceans was incomplete, making REE paleoproxy development

impossible. The dearth of published foraminiferal REE data from 1985/1986 until the

present reflects a pessimistic outlook for a REE paleoproxy, because of both the lack

of pore water data and the lack of a method for ridding the foraminifera of

contamination-derived REEs.

Obviously, the development of a REE proxy was contingent upon further

research in two areas: The first was to develop a method for removing contaminant

phases from foraminiferal calcite, in order to solve the problem of contaminant REEs

readsorbing back onto the "cleaned" foraminiferal calcite. The second was to

determine the behavior of REEs in pore water. These pore water data could then be

used to evaluate the effects of processes associated with burial (diagenesis) and to

compare with benthic foraminiferal REE:Ca ratios. Overcoming these challenges is

the subject of the next three chapters of this thesis. It represents the majority of work

necessary to "ground-truth" a REE paleoproxy.



The final chapter presents REE:Ca data measured from cleaned

planktonic and benthic foraminifera. These data are compared to both seawater and

pore water, in order to make the first assessments of a foraminiferal REE paleoproxy.

1.4. SAMPLES AND STRATEGIES

The majority of this thesis will focus on samples taken from two eastern

Pacific regions: The California margin offshore of Monterey, and along the Chile-

Peru margin (Fig. 1.1). Both regions are eastern boundaries, and, as a result, their

circulation can be broadly characterized as follows: The dominant surface currents are

the broad eastern boundary currents (California Current and Peru Current) that

transport water from high to low latitude offshore of the shelf, and a zone of poleward

countercurrents, undercurrents and upwelling near-shore along shelf (Pickard and

Emery, 1990 for review; Toggweiler et al, 1991). Other important, but less well

established nuances in surface circulation are debated, but will not be discussed here

(e.g. Joimson et al., 1980; Strub et al., 1998 for review).

Below the upper ocean, the southeastern Pacific has a distinctive well-

oxygenated intermediate water sourced from high latitudes that can be traced north of

30°S in this study region (Antarctic Intermediate Water (AAIW); Pickard and Emery,

1990; Shaffer et al., 1995). Deeper still, (>2500 m) Pacific Deep and Bottom water

is found throughout the Pacific, and is remarkably homogeneous (Pickard and Emery,

1990).



Due to upwelling, these eastern boundary coastal sites are typically

characterized by high surface productivity, often resulting in low oxygen in the bottom

waters at these sites. What is unique to these southeast Pacific sites is that the

intrusion of oxygenated intermediate water (i.e., AAIW) creates sea-floor conditions

that are well oxygenated, even though they have high carbon input flux, resulting from

the high surface productivity. Through sampling at these sites, it is possible to isolate

the two often mechanistically linked variables: surface productivity and bottom water

oxygen.

With this in mind, and considering the expectations we had for a REE

paleoproxy, the southeastern Pacific multicores collected from the 1997 GENESIS

cruise (on the R/V Roger Revelle) were ideal (Fig. 1.1). Eight of these multicore

sediments were used to extract the foraminiferal samples studied in Chapter 5.

The first pore water profile we measured was from the GENESIS core 64MC.

However, we quickly realized that more types of supporting biogeochemical data

(than those available at 64MC) were necessary to correctly interpret the REE

dynamics in pore water. For this reason, we chose to measure the pore water from the

three California margin sites, where a plethora of other biogeochemical data already

existed. Fortunately, once understood, REE biogeochemistry is quite predictable in

pore water, which allowed us to extrapolate our California margin results for

interpretation of the GENESIS multicore foraminifera data.
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2.1. ABSTRACT

A novel flow-through method for cleaning and dissolving foraminiferal shells

is presented. Using automated chromatographic equipment, the system chemically

removes contaminant phases from the shells. The cleaned calcite is then dissolved in a

stream of weak acid for minor and trace element analyses. The system operates at

elevated temperature (80°C) and pressures (850-900 psi) and is extremely

reproducible. This method has several advantages compared to traditional batch

method cleaning done in centrifuge vials. The most important of these is that nothing

is lost from the flow-through system, permitting complete monitoring of and greater

insight into the effects of cleaning and dissolution. Development of this method

revealed that it is necessary to remove two contaminant phases from the shells: an

oxide coating phase that is rich in Mn, Cd and Mg, and a refractory phase that is rich

in Ba and the rare earth elements (REEs). This cleaning is accomplished through the

use of basic hydroxylamine and basic diethylene triamine pentaacetic acid solutions,

respectively. Time-resolved analysis of shell dissolution demonstrates that Orbulina

shells are composed of high-Sr and low-Sr calcite types. Other minor (e.g., Mg) and

trace (e.g., Cd, REEs, Ba) elements show the same distribution during dissolution as

Sr. In Orbulina shells, the high-Sr (high-Mg) calcite always dissolves first, similar to

observations of natural dissolution in the ocean. Consequently, this flow-through

system may provide a simple solution to dissolution problems in proxy work. Further,

since flow-through can provide several measurements of elemental composition for



17

each calcite type, the method allows for true statistical evaluation of

homogeneity during growth of the shell. Most significant, this flow-through method

fully cleans calcite and provides information about the calcite and contaminant phases

and thus should prove to be valuable in advancing geochemical proxies as tools for

paleoceanographic investigations.

2.2. INTRODUCTION

The use of geochemical proxies as tools for investigating paleoceanographic

and paleoclimatic changes is increasing. Fundamental to this area of research is the

concept that minor and trace element concentrations recorded in foraminiferal tests

reflect the contemporary seawater chemistry. These elemental concentrations,

normalized to calcium, can be measured in down-core samples and used to interpret

changes in the ocean and climate systems over time. A few examples are Cd:Ca as a

proxy for phosphate (e.g., Hester and Boyle, 1982; Boyle and Keigwin, 1987; Boyle,

1988; Delaney, 1990; Frew and Hunter, 1992; De Baar et al., 1994; Rosenthal et al.,

1997; Martin and Lea, 1998; Elderfield and Rickaby, 2000); Mg:Ca as a proxy for

temperature (Nurnberg et al., 1996; Hastings et al., 1998; Toyufuku et al., 2000;

Elderfield and Ganssen, 2000; Lear et al., 2000); Ba:Ca as a proxy of silica and

alkalinity (Lea and Boyle, 1993; Lea, 1993); V:Ca as a proxy of redox conditions of

the surface sediments (Hastings et al., 1996); and U:Ca as a proxy of oceanic uranium

or carbonate concentration (Russell et al., 1994, Russell, pers. comm.).
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A major hindrance to the use of these proxies is that the

foraminiferal calcite is prone to contamination by phases added post-mortem (Boyle,

1981). These processes can alter the original element:calcite ratio of the calcite,

which, in turn, can render the ratio measured inaccurate. Therefore, potential

contaminants must be cleaned from the calcite.

Traditionally, foraminifera have been cleaned in polyethylene centrifuge vials,

as a "batch" method (Boyle, 1981; Boyle and Keigwin, 1985; Hastings et al., 1996).

This method basically involves soaking the shells in reagents then siphoning the

chemical cleaning reagents off during each step of cleaning. In the final step, the

foraminifera are dissolved through the addition of acid to the vial.

Although this has been the only established method for cleaning foraminifera,

the batch cleaning method has significant drawbacks. The process is time- and labor-

intensive, complicated by the fact that the final cleanliness is limited by the analyst's

experience. Also, the foraminifera are dissolved in only one step, thereby disallowing

the opportunity for multiple measurements of a single sample. Given these

limitations, some improvements to batch cleaning seemed warranted. However, the

major impetus for developing this method was the notion REEs tend to readsorb, and,

although batch cleaning removes the contaminant phase initially, the REEs would

readsorb onto the remaining "cleaned" calcite (Sholkovitz, 1989). As a result, the

final REE:Ca ratios obtained by batch cleaning do not necessarily reflect lattice-bound

calcite.
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In order to overcome the problem of REE readsorption and other

problems associated with batch cleaning, a novel "flow-through" cleaning method has

been developed. This method makes use of automated chromatographic techniques,

and the system described is readily built from available chromatographic components.

In overview, the system pumps a continuous flow of cleaning reagents (eluates) over

the sample, after which weak acid is applied, dissolving the sample for measurement.

The benefits of this method are reproducibility, complete enclosure (reducing potential

for blanks), controlled dissolution with time, and the potential for continuous

observation during cleaning and dissolution of the sample. Further, the system cannot

approach equilibrium, as is possible in batch methods, but remains in steady state.

Therefore, sample size and degree of contamination are not an issue in this method, as

it may be in the batch method. Finally, because the flow is continuous, any

contaminant REEs are removed from the sample before they can readsorb, thus

eliminating this problem.

The primary goal of this paper is to present a novel method for cleaning

foraminiferal calcite. However, because the flow-through method is the first to

establish the opportunity for continuous analyses, not only of the final dissolution but

of every cleaning stage, a few key observations are significant. One key finding is that

REEs have proven to be highly concentrated in the refractory contaminant phases,

rather than in the coating phases as previously thought (Palmer, 1985; Palmer and

Elderfield, 1986). Another key finding is that there is chemically more than one type

of calcite in cleaned samples. Although this has been observed previously (e.g.,
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Bender et al., 1975; McCorkle et al., 1995; Brown and Elderfield, 1996), the

flow-through method presented here offers the potential for greater insight into this

feature of foraminiferal calcite, and may, in the future, readily solve the dissolution

problems associated with Mg:Ca paleotemperature estimates (Lohmann, 1995;

McCorkle et al., 1995).

2.3. THE METHOD

Development of the method described in this paper required a large number of

foraminiferal shells from the same core sample in order to be able to compare results

between stages of development. For this reason, a core was chosen that had very

abundant, large and well preserved foraminifera. All the foraminiferal data presented

here are, unless otherwise specified, l 1.5mg samples of Orbulina from the Caribbean

Core TT9108-1GC (1 1°39.83N, 79°35.52W, 2540m water depth; see Hastings et al.,

1998). The samples herein are from a core depth of 185-190 cm ("uncorrected depth,"

P39.4 kyr age). A deeper core sample was chosen in order to build confidence that

contaminant phases would have the chance to precipitate. The large sample size was

chosen for two reasons: First, the nature of contaminant phases would be easier to

ascertain, and second, the signal-to-noise ratio would be higher with larger samples,

especially for measuring REEs on the quadrupole ICP-MS.

2.3.1. System Description

The basic concept for flow-through cleaning is simply to run the cleaning

reagents over the sample as is done in chromatography. Similar to chromatography,
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flow-through cleaning would be possible by using a gravity column and by

manually adding reagent. However, more control of the physical conditions and better

reproducibility are gained using automated chromatographic equipment. The system

described herein was assembled using mainly Dionex chromatographic equipment

which is readily available.

Although the idea of flow-through cleaning is straightforward, it has been

found to require modifications for practical reasons. As a result, the plumbing of the

system is slightly more complex than a single line, as is implied above. A schematic

of the system is shown in Figure 2.1, and is described in terms of a flow passing

through five components, starting with the eluant reservoirs and moving downstream.

The cleaning reagents (eluants El -E4) are pumped from individual reservoirs

by an Advanced Gradient Pump (AGP) at constant flow rates. Together with the

Proportioning Valve (PV), the Dionex AGP module can be programmed to control the

composition, flow rate and, as a corollary, the pressure of the eluate that flows through

the system. Programming these parameters is straightforward and can be readily

adjusted as needed. Importantly, once a program has been proven, the system will

repeat it accurately and consistently. This is an important feature of the method

because it allows for very controlled dissolution as discussed later. The program that

has been developed is listed in Table 2.1. The pressure of the eluate, measured at the

AGP, is between 850 and 900 psi. This pressure is expected to be slightly less at the

sample because the system is open-ended, and some pressure will be lost.
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Figure 2.1. Schematic of the flow through system. Flow generally
follows from top to bottom of the diagram. Eluants:
El: 0.5 M Hydroxylamine (pH>9); HYDRX
E2: 1 mM Diethylene Triamine Pentaacetic Acid (pH>9); DTPA
E3: 0.5 M HNO3; W.A.
E4: Deionized water; DIW
ES: 2 M HNO3, spiked with Be, In, Re
PV: Proportioning Valve; AGP: Advanced Gradient Pump; SL:
Standard Loop; SC: Sample Column; sd-A -B: sample column loop;
MC: Mixing column; SP: Sample Pump.
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Table 2.1. Timed sequence of events programmed into the Dionex AGP.
ee text ior aetaiis on tne sequence or events.

El: 0.5 M Hydroxylamine (pH>9) E2: 1 mM DTPA (pH>9)
E3: 1 M Nitric Acid E4: Deionized water

Flow
%E1 %E2 %E3 %E4 VS V6 Rate Event

(mm) (mL/min)
Oxide coating phase

0.0 100 0 0 0 0 0 4.0
removal

6.0 100 0 0 0 0 0 4.0

6.1 0 100 0 0 0 0 4.0 Refractory phase removal

12.0 0 100 0 0 0 0 4.0

12.1 0 0 100 0 1 0 4.0 System rinse

15.0 0 0 100 0 1 0 4.0

15.1 0 0 0 100 1 0 4.0

17.5 0 0 0 100 0 0 4.0 Sample rinse

20.0 0 0 0 100 0 0 4.0

20.1 0 0 10 90 0 0 4.0 Sample dissolution

Final DlWrinse, stop
0 0 40

The eluate then passes through a heater set at 80°C, as this has been shown to

be the optimal temperature for cleaning (Palmer, 1985). Multiple measurements over

15 minutes duration demonstrate that the eluate temperature is constantly within 2° of

80°C. This signifies that the eluate has reached equilibrium temperature and therefore

will not vary during or between cleaning runs the warmed, high-pressure eluate then

flows into the Sample Column (SC). After passing over the foraminiferal sample, the
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resulting eluant continues to flow downstream. Thus, the sample is exposed

to a constant flow of reagent.

Next the eluate passes from the sample column into a mixing tee, where the

eluate mixes with a flow of 2 M HNO3 that has been spiked with beryllium, indium

and rhenium. This step serves two purposes: First, the high pH eluate is acidified,

preventing adsorption of elements to the walls of the system, and second, the Be, In

and Re are used as internal standards (Falkner et al., 1994) during continuous analyses

by the ICP-MS (for details, see Table 2.2). The spiked acid solution (eluant E5) is

pumped into the tee from a separate reservoir via a Sample Pump (SP) set to flow at 2

mi/mm. Complete mixing is assured through use of a braided mixing line, and the pH

level of the eluate after acidification is always found to be less than 2.

After acidification and addition of internal standards, the eluate is split, using

another tee. This is done to allow real-time continuous analyses by the ICP-MS, while

still collecting discrete samples with a fraction collector for post-run measurements.

Using different tubing sizes on each downstream arm of the tee, the eluate flow rates

are set at 4 mi/mm to the fraction collector and 2 ml/min to the ICP-MS. The fraction

collector is set to collect 2.8 ml samples every 42 seconds.
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Table 2.2. ICP-MS characteristics. Typical Instrument settings, operating
conditions. Two instruments were used during the development of this method, as
listed above.

VG Plasma Quad PQ2+ VG Excell
Instrument Quadrupole ICP-MS Quadrupole ICP-MS
Sample and skimmer

Nickel Nickelcones_______________________
Sample flow rate 0.6 ml min' 0.6 ml mm-i
Argon flow rates
Plasmagas 13.Omlmin' 13.Omlmin'
Auxiliary 0.80 ml min1 0.77 ml min1
Nebulization 0.80 ml min1 1.00 ml min1
RFPower 1350W

Data acquisition
Peak hopping Peak hopping

Dwell time
10 ms 10 ms

Sweeps per reading
120 120

Channels per mass
3

3

3

3
Replicates per sample

Time Resolved Analysis Time Resolved Analysis
(TRA) (TRA)

Dwell time
N/A 100 ms/mass

Time per sweep N/A 7.2 s

Cooling temperatures
Interface 15°C Interface 15°C

Spray chamber 5°C Spray chamber 3°C

The basic description of the system mechanics presented above are made

slightly more complex through addition of valves. Valves 5 (V5) and 6 (V6) each

have important, but different, purposes in this system. V5 is used in every run, as its

purpose is to allow the system to be rinsed. As mentioned previously, the high pH

cleaning reagents tend to allow adsorption of elements onto the walls of the system,

resulting in a blank problem which develops over time. To overcome this, a rinsing

step has been added to the method. With VS in the OFF position, the sample column

loop (sd-A to -B) is isolated from the flow of eluate. In this position, strong acid is
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flushed through the system and it rinses the whole system except for the

sample column ioop. Valve 5 then switches to the ON position, and deionized water

(DIW) is pumped through the sample column ioop. Acid caimot be used in this

rinsing, as the foraminifera in the sample column would dissolve; the DIW is

sufficient as a rinsing agent. Both valves automatically switch position as part of the

program (Table 2.1). V6 is used only when continuous analyses by the ICP-MS are

desired, as it simply allows for injection of standard solutions into the system to

generate standard curves (Falkner et al., 1994).

2.3.2. System Operation

Hand-picked foraminiferal shells of a single species are cleaned in four basic

stages. In order, these are: (1) physically cleaning the sample (done externally to the

system described); (2) chemically cleaning the sample; (3) rinsing the sample and

system; and (4) dissolving the sample for elemental analyses of the cleaned

foraminiferal calcite.

The first step in cleaning shells for flow-through or batch method is the

removal of clays and other adhering detritus. Thus far, the only readily apparent

method for accomplishing this is by physically cracking open the shells and sonicating

off the clays. As a consequence, this stage remains time consuming. The flow-

through method does, however, due to its predilection for automation, greatly reduce

the man-hours spent chemically cleaning samples.

Large (>3 50 um) Orbulina shells were chosen for development of this flow-

through cleaning method because of their size and ease of picking. The shells are
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cracked open by being "milled" through a 125 urn sieve and collected in a

63 urn sieve. The fragments are then sonicated for 40 minutes in both deionized water

(DIW) and ethanol, with DIW rinses following both initial "milling" and both

sonication steps. After this, the foraminiferal shell fragments are checked visually

under a microscope to verify that sonication and rinsing have removed the adhering

clays and detritus and that the samples are completely fragmented. The sample is then

dried at 50°C in an oven and re-weighed. This physical cleaning results in a 30 to

40% weight loss from the original foraminiferal sample. These fragments are then

loaded by pouring them directly into a sample column (4mm polypropylene syringe

filter, with 1.0 tm pore sized PTFE filter material (Whatman; Cat. No. 6784-0410)).

Once loaded, the sample can be cleaned and dissolved without ever being removed

from the sample column.

Once the sample is in line with the system, three programmed stages are set

into operation: (1) chemically cleaning the sample; (2) rinsing the system and the

sample; and (3) dissolving the cleaned sample for analyses.

It is necessary to chemically clean the sample in order to remove contaminant

phases that cannot be removed through physical cleaning. A classic example of a

contaminant phase is the oxide coating, post-depositionally precipitated onto the

foraminiferal shell. These coatings are known to be rich in certain metals such as

manganese and cadmium (Boyle, 1981; Boyle and Keigwin, 1985; Boyle and

Keigwin, 1987). As will be discussed in detail later, it is also important to chemically

clean for another "refractory" phase, which is rich in REEs.



The first step of the chemical cleaning procedure entails removal of the

oxide coatings. This is accomplished in a solution of 0.5 M hydroxylamine, brought

up to pH 9 with ammonium hydroxide (Eluant El; see Table 2.3 for details). In batch

methods, coatings are removed by soaking the sample in basic solutions of hydrazine

(Boyle, 1981). However, by using hydroxylamine instead of hydrazine, it is necessary

to use fairly concentrated hydroxylamine, because it is less effective at higher pHs (E.

Boyle, pers. comm.). As described later, this new method allows the cleaning process

to be monitored, as shown in Figure 2.2. As cleaning proceeds, manganese

concentrations decrease exponentially in the eluate (Figure 2) as predicted, if the

sample is being cleaned of oxide coatings.

The next step in the chemical cleaning procedure is removal of the "refractory"

phases. This is accomplished in a solution of 1 mM Diethylene Triamine Pentaacetic

Acid (DTPA), brought up to pH 9 with ammonium hydroxide (Eluant E2; see Table

2.3 for details). Lea and Boyle (1993) first used this reagent to clean foraminiferal

calcite with respect to barium contamination. However, the flow-through work

accomplished here has found that the REEs, which act in a manner similar to barium

in many ways, are also enriched in this "refractory" phase.
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Figure 2.2. Comparison of element:calcium ratios measured in eluate fractions
collected from two flow-through cleaning procedures. The left column
represents a procedure that only cleans for oxide coatings using hydroxylamine
(HYDRX). The right column represents a procedure that cleans for the oxide
coating and a "refractory" phase, through use of DTPA (see text). The
exponential shape of Mn:Ca during the HYDRX reflects removal of the
"coating" phase. With removal of only the "coating" phase, the La:Ca in the
dissolved foraminifera (in the Weak Acid, W.A., stage), shows a tendency to
increase (shown by gray symbols in left colunm). With removal of both the
"coating" and "refractory" phases, the La:Ca in the dissolved foraminifera show
distinct "plateaus" corresponding to similar features for Sr; Mg/Ca (Fig. 2.7;
shown by gray symbols in right column). These data suggest that REEs are
highly enriched in the "refractory" phase, versus the "coating" phase as
previously thought.
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The removal of the "refractory" phase is difficult to represent

because the elemental concentrations in the eluate are generally below given detection

limits, due to significant matrix problems associated with measuring a solution of

DTPA in the mass spectrometer. The best evidence that an important contaminant

phase is removed is seen in the difference in the REE:Ca ratios of the dissolved

foraminifera of samples that have and have not been cleaned for the "refractory" phase

(Figure 2.2). This will be discussed in detail in the results section. Otherwise, the best

direct observation that removal of a contaminant phase is occurring is in the fractions

collected during the start of the DTPA step and the start of the rinsing steps (Figure

2.3). In both cases, a spike of Ba is observed, indicating removal of a Ba-rich phase.

Also, the Time Resolve Analyses (TRA) data shows that barium concentrations are

very high during this stage of cleaning, as would be expected for removal of such a

phase. As shown, there is not a simple exponential decrease in the Ba:Ca curve like

the Mn:Ca curve described above. This is because barium (and the REEs) most

readily adsorb onto surfaces in high pH solutions. Therefore, as the refractory phase is

removed, these metals adsorb onto the system walls. This mandates the need for a

rinsing stage in the system operation.



TABLE 2.3. Reagent characteristics.
BLANKS / DETECTION LIMITS3

REAGENT PREPARATION pH PURITY1
MATRIX

Ca Sr Mn Ba LaEFFECTS2
(ppm) (ppb) (ppb) (ppb) (ppt)______________________

HYDRX
__________________________
34.76 g NH4OH.HC1

______________
Reagent grade

____________

1.36/ 1.41/ 1.38/ 3.78/ 9.01/0.5 M Hydroxylamine + 800.0 ml Milli-Q water 18.2 MQ 80- 90%
0.053 0.35 0.67 4.21 3.45(Mallinckrodt(5258)) +200.Om14NNH4OI-1 >9 Ltd

DTPA4
1 mM diethylene 0.39 g DTPA 97%

1.33/ 4.90/ 0.9 1/ 79.63/ 70.70/Triamine Pentaacetic + 993.0 ml Milli-Q water 4 18.2 MQ 90- 100%
0.091 2.07 12.15 128.53 91.01Acid + 7.0 ml 4N NH404 >9 Ltd

(Aldrich (D9,390-2))
967.7 ml MiIli-Q water 18.2 MQ 1.295/ 0.75/ 0.10/ 1.68/ 8.44/

0.5 M Nitric Acid + 32.3 ml 15.5N Qd HNO3 <3 Qd
95 100%

0.0 16 0.05 0.04 0.70 2.75
Neutralization! 1.6 ml 10 ppm In
Spike Solution5 1.6 ml 10 ppm Re

(Included in blanks/detection limits of reagentsIn, Re, Be standard 3.2 ml 10 ppm Be
listed above)solution in a 2M +1607.7 ml Milli-Q water

nitric acid solution. +385.9 ml 15.SN Qd HNO3 <3 Qd

1. Qd = Quartz distilled; Ltd = Low temperature distilled (i.e., the ammonium hydroxide solution (NH4OH) is cleaned by low
temperature distillation in a sealed container using reagent grade ammonium hydroxide and Milli-Q water). The nitric acid
is quartz distilled (Qd) from reagent grade nitric acid.

2. Matrix effects represents the loss of sensitivity of the ICP-MS resulting from running the reagent. This is a qualitative
measure given by the percent amount of indium (in CPS) compared to the weak acid (W.A.) solution. The weak acid
solution (0.5 M I-1NO3) is nearly optimal running solution for the ICP-MS.

3. X/Y; where X = Average blank of >320 individual measurements of each solution, Y = detection limit of element in the
solution (= 3 x standard deviation of >320 measurements).

4. Due to the slow dissolution of the DTPA powder in water, this solution is made on a warm hot plate.
5. Internal standard solutions are diluted from SPECPURE ICP standard solutions.

-a
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While high pH solutions reduce dissolution of the calcitic

foraminifera sample during cleaning, they also promote adsorption of certain elements

onto surfaces. The method overcomes contamination by adsorbed elements by rinsing

the system thoroughly before dissolving the sample. Rinsing takes place in two

separate stages: First, the system is rinsed with 0.5 M J-1NO3 (Eluant E3) with V5 in

the OFF position to prevent dissolution of the sample. Second, the sample is rinsed

with deionized water (DIW; Eluant E4) with V5 in the ON position. The need for this

rinsing can be seen in Figure 2.3; it is best demonstrated with barium, which readily

adsorbs at high pH. After an initial spike, the concentrations in the rinsing eluant drop

below detection limits. This indicates that the system and the sample, after the DIW

rinse, are clean and ready for the dissolution phase of the procedure. A final note

regarding cleaning and rinsing is that the DTPA step, even at high pH, remains quite

corrosive to calcite. Cleaning with DTPA was found to be necessary for measurement

of Ba (Lea and Boyle, 1993) and the REEs (see Results section). To avoid

uimecessary loss of calcite, this cleaning step should be kept as short as possible while

fully cleaning the sample, to the point of exclusion if there is no observed benefit (e.g.,

for measurement of Mg:Ca ratios).

Finally, the cleaned sample is dissolved using 0.1 M HNO3. This is done by

programming the gradient pump to mix the 0.5 M I-fl'.103 (E3) and the DIW (E4) in a

1:5 proportion. The dilution process demonstrates the ease with which experimental

parameters can be adjusted as conditions require. For example, preliminary results
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(not shown) demonstrate that the calcite of different foraminiferal species

dissolves at different rates, which is what is observed with dissolution in the ocean.

After dissolution, the sample column is discarded. Plans are underway to

automate the column system for multiple samples using a 6-position valve.

60

46

36

24

12

40

30

20

10

CLEANING RINSES DISS.
WfDRX DTPA I S.A. 'DIW 'W.A.

333
I I I I

Time of Leach (a)
Figure 2.3. Phase removal during cleaning. S.A. = Strong Acid; W.A. = Weak
Acid; DIW = Deionized water. TRA of the total cleaning, rinsing and
dissolution of a foraminiferal sample. Ba frame also shows Ba measured in
fractions collected (bold line with square symbols). The "coating" phase is
removed in the first stage of cleaning, demonstrated by the Mn curve. The
"refractory" phase is removed in the second stage of cleaning, demonstrated by
the loss of Ba. The large Ba spikes during the rinsing stages reflect the
tendency of this element to adsorb onto the system walls. Because the eluate
has no detectable concentrations prior to the dissolution stage, the system and
sample are thought to be cleaned. These data were collected in real time as the
procedure ran, demonstrating a key feature of the flow-through system: the
ability to completely monitor cleaning and dissolution.
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2.3.3. System Observations

Before results are discussed, there are three important observations that should

be made about this system and the method described. They are (1) that two cleaning

steps are sufficient; (2) that this system is in steady state; and (3) that complete

monitoring of the process is possible.

Similar to the principles used in batch method cleaning, as few reagents as

necessary are used to clean the foraminifera thoroughly. The foraminifera are

generally determined to be clean when there is no change in the ratios measured upon

dissolution (e.g., Hastings et al., 1998; Martinet al., 1999). For example, flow-

through cleaning programs initially included a final hydrogen peroxide cleaning stage.

Eventually, however, it was found that there was no difference between these final

dissolved elemental ratios and those that did not include an H202 stage. As a result,

the H202 stage was eliminated from the final procedure. This does not mean that the

H202 would not be useful for other samples, or for other elements (not investigated

herein). For example, H202 may well be necessary for plankton tow or cultured

samples. The ability to investigate, then include or exclude reagents with the flow-

through method is easily accomplished, as the system is very adaptable.

Because the system is flow-through, the sample is always in contact with

"fresh" reagent such that the resulting reactions occur at steady state. In batch

methods, even after considering the large reagent-to-sample volume ratio, the

reactions taking place tend to approach equilibrium. This is not the case in flow-

through. Cleaning by flow-through is more efficient and the method is unaffected by
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differences in sample size or extent of sample contamination, provided that

the amount of reaction time is sufficiently long. This can be illustrated by the

similarity in the amount of time it takes to dissolve sample sizes that differ by an order

of magnitude (Figure 2.4). As a result, the amount of time given to each cleaning

stage errs on the side of being "too long." The benefit of being in steady state is that

cleaning and dissolution are predictable and regulated to a high degree of accuracy,

regardless of variability between samples.
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Figure 2.4. TRA of eluate directly from the cleaning system into the ICP-MS,
during the final dissolution stage of the procedure for four separate samples of
different sizes. Although the samples vary an order of magnitude in size, they
all dissolve in the same window of time. This provides evidence that the
system is in steady state. Therefore, variability in sample size and extent of
contamination are not issues in flow-through cleaning and dissolution.
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A major feature of this method is that nothing is lost. That is, the

eluates from the cleaning, rinsing and dissolution stages can be measured and the

whole procedure can be monitored. In batch methods, these results are much more

difficult and impractical to attain. (Although much valuable insight was gained in the

attempts made by Bender et al., 1975; Lea and Boyle, 1993; and Brown and

Elderfield, 1996, these studies report data only from the final dissolved foraminifera

after partial dissolution.) The ability to monitor the whole process has been significant

in the development of this system, allowing direct observation of the effectiveness of

the cleaning process, which can then be adjusted as required. In fact, the ability to

monitor and change the system is ideal. Constant flow in the system provides

temporal information during the cleaning, rinsing and dissolution process. It is then

the user's option as to what temporal resolution is desired. In the development of this

procedure, the typical resolution was a sample every 0.7 minutes, the time for

collection of one fraction. At the highest resolution, the eluate flow can be directed

into the ICP-MS, where TRA software allows measurements of elements at

millisecond time scales (see example in Figure 2.3). At the other end of the spectrum,

the whole cleaning and rinsing process may be unmonitored and only the dissolution

stage collected. In fact, for routine work this latter option may be preferable for two

reasons. First, injecting large amounts of cleaning reagent into an ICP-MS is

undesirable, as these reagents constitute a very poor matrix for measurement in the

ICP-MS. Second, the trade-off for these high-resolution analyses is that the elements

of interest must be sufficiently concentrated for detection by the ICP-MS. Therefore,



37

minor elements, such as magnesium or strontium, may be readily measured

using TRA, but trace elements, such as the REEs, may not be sufficiently concentrated

in the eluate flow for TRA detectability.

2.4. RESULTS

Because the flow-through system allows the whole procedure to be monitored

over time, greater insight into the cleaning process is gained. Some of these results

follow from previous work; other results have been unexpected and may prove to be

crucial in future paleoceanographic studies. This paper focuses on results that

demonstrate the features of this new method. However, some results pertaining to the

nature of the chemistry of Orbulina shells will be discussed in a cursory manner, in

order to highlight features of foraminiferal calcite this new method may be able to

expose.

As shown in the previous section, thorough cleaning of foraminiferal calcite

requires a two-stage chemical cleaning process to remove two distinctly different

contaminant phases. These phases are the "coating phase," a highly recognized metal

oxide coating that forms on the shells (e.g., Boyle, 1981), and the "refractory phase," a

less understood phase that is seldom targeted in batch cleaning methods (Lea and

Boyle, 1993). These two phases are enriched with minor and trace elements in

differing proportions (few examples are demonstrated in Figure 2.5). "Coating" phase

elements, those enriched in the oxides, include manganese, cadmium and magnesium.

"Refractory" phase elements, those enriched in the refractory phase, include barium
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Figure 2.5. Complete analyses of total cleaning and dissolution of a
foraminiferal sample. TRA on the minor elements (Sr and Mg) is possible in
real-time, at the same time discrete fractions are collected for post-run analyses
of trace elements. Minor and trace element contamination falls into three
categories, corresponding to the phase enriched in the element. The "coating"
phase is enriched in Mg and Cd, as well as Mn. This phase is a relatively
insignificant source of REE contamination compared to the "refractory" phase.
Other elements, such as Pb (not shown) are found in both contaminant phases.

and the REEs. There are other elements, such as lead, that are enriched in both

phases.

Because the coating is thought to be a ferromanganese oxide, it is not

surprising that Mn is enriched in this phase. This allows the use of Mn as a "phase

indicator" for the coating phase, and the manganese spike at the start of cleaning
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indicates that the oxide coating is being removed (Figs. 2.2; 2.3; 2.5). In

future developments of this system, it is conceivable that trace elements may be

measured during the coating phase removal and the trace elements from this phase will

be isolated through use of the Mn phase indicator.

Similar to Mn, cadmium enrichment in the oxide coating is well documented

(e.g., Boyle and Keigwin, 1987; Martin and Lea, l998)(Figure 2.5). Unlike Mn and

Cd, however, magnesium enrichment in the oxide coating has been the subject of

some debate (e.g., Hastings et al., 1996; Elderfield and Ganssen, 2000). These flow-

through data support the view that there is a significant Mg enrichment in the coating

phase (Figure 2.5), which indicates that measuring accurate Mg:Ca ratios in

foraminiferal calcite requires cleaning for the coating phase at the very least.

On the other hand, contrary to previous results suggesting that the REEs are

enriched in the "coating" phase (Palmer, 1985; Palmer and Elderfield, 1986), flow-

through results demonstrate that this phase is only a minor contributor to REE

contamination. By far the most REE-enriched phase is the "refractory" phase. This is

shown in two ways. First, there is a spike of PEE in the eluate as the DTPA cleaning

stage begins (Figure 2.5). Because there is no pH change at this time, this REE spike

cannot be attributed to rinsing of adsorbed REEs from the coating. Second, the

REE:Ca values measured in dissolving foraminifera that have not been cleaned for the

refractory phase have been found to increase (bottom-left panel in Figure 2.2). To

explain this trend away as readsorption (Sholkovitz, 1989) would require the REEs to

readsorb onto the dissolving foraminiferal shells in a 4 ml/min flow of acid. Instead,



these data seem to indicate a mixing curve between a lower REE:Ca phase

(the readily dissolved foraminifera), and a high REE:Ca phase (the more resistant

"refractory" phase). The fact that the REE:Ca in the dissolved foraminifera that have

been cleaned for the refractory phase are constant (bottom-right panel in Figure 2.2)

indicates that there is a refractory phase contamination problem, whereas there is no

obvious way to reconcile readsorption with these data.

Finally, the REE patterns (Figure 6) clearly show the importance of removing

the refractory phase. When the refractory phase is not removed, the patterns in

fractions of the dissolved foraminifera, although resembling a seawater pattern (e.g.,

Elderfield and Greaves, 1982; Elderfield, 1988; Piepgras and Jacobsen, 1992), are

significantly different from one another (top panel in Figure 2.6). On the other hand,

when cleaned for the refractory phase, the REE patterns measured in fractions of

dissolved foraminifera both resemble sea-water and are tightly clustered in two groups

(bottom panel in Figure 2.6). The potential importance of these two groups will be

discussed next.



A most important

feature of this flow-through

system, as alluded to above, is

that the cleaned sample is not

dissolved in one aliquot.

Therefore, whereas batch-

method cleaning allows only

one measurement to a given

sample, flow-through allows

multiple analyses of the

foraminifera as it dissolves

over time. That is why the

strength of the dissolution

acid is crucial. A dissolution

period lasting as long as

possible is key to multiple

analyses for a given sample,

but enough material must be

dissolved per unit of time in

order to measure the minor or

trace elements in the eluant.

In some of the earlier
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experiments, the acid strength was far too strong, dissolving the foraminifera

too quickly. However, when the acid strength was adjusted, the need for tight control

over the dissolution of the sample became apparent. This is because foraminiferal

calcite is not homogenous, even with respect to minor elements such as strontium, as

shown in Figure 2.7 and pointed out by previous investigations (e.g., Lorens et al.,

1977; Brown and Elderfield, 1996; Jha and Elderfield, 2000). The Sr:Ca ratio in

Orbulina, for example, appears to be comprised of discrete high-Sr and low-Sr types

(also implied in Lobmann's 1995 model)(Figure 2.7). Other elements such as Mg,

Mn, REEs, follow this pattern, as discussed above for the REEs (Figure 2.2; Figure

2.6). The chemically distinct Sr "plateaus" in Orbulina shells do not reflect the

variability in calcium loss during dissolution (Figure 2.7); thus, the plateaus must be a

robust feature of the calcite of this species, and not an artifact. Further evidence

suggest this is true: (1) all the data presented in Figure 2.7 are well above detection

limits (Table 2.3), (2) the REE patterns associated with both types of calcite resemble

seawater and not a "blank" pattern for the weak acid reagent (enriched in the light

REEs). The interpretation of these plateaus will be discussed later. High-Sr calcite

accounts for the majority of the sample (>60%) and always dissolves first (Figure

2.7)(McCorkle et al., 1995; Brown and Elderfield, 1996). However, if the dissolution

acid is too strong the plateaus are lost, resulting in an intermediate, element:calcium

ratio equivalent to the weighted average ratio. In this case, the ratio closely resembles

that obtained by batch method dissolution. For example, the weighted averages of the

Sr:Ca and Mg:Ca (weighted by mass of calcium in that fraction) are given in Table 4
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and shown in Figure 2.7. While convenient for comparing to batch method

results, this weighted average is problematic for paleoceanographic applications, as

discussed subsequently.
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Figure 2.7. Fractions collected during the dissolution stage of the flow-
through procedure. The dissolution of the sample is shown by the Ca
concentration measured in the eluant fractions, which decrease as the sample
dissolves away. Unlike the variability in the Ca concentrations, Sr:Ca and
Mg:Ca values measured in the fractions appear to have two distinct
"plateaus. These "plateaus' only become apparent with slow dissolution
and measurement, afforded by the flow-through system. The "plateaus" are
apparent in all other minor and trace elements, and may be a significant
feature of foraminiferal calcite (see text).



2.5. DISCUSSION

Several observations have been made about the shell chemistry of Orbulina.

This paper was not intended to be a detailed study of shell chemistry, but an

introduction and verification of a new method in paleoceanography. As such, it will

be recognized there is a great deal of development work left to be done with respect to

understanding foraminiferal shell chemistry. For example, preliminary results from

flow-through have shown distinct differences in different foraminiferal species

apparently related to their ecology. Rather, the main objective of this work is to

develop a standardized method of thoroughly cleaning foraminifera for use in

paleoceanographic studies. In this regard, the main question must be: Are the

foraminifera totally cleaned at the end of this procedure? The observation that trace

element:calcium ratios reach the same "plateaus" as minor elements is a strong

indication that they are, in fact, clean (Figure 2.2; Figure 2.7). Further support for this

conclusion is seen from the tight grouping of the REE patterns in both the high and

low Sr calcites, which both demonstrate typical seawater patterns (Figure 2.6).

Finally, the element:calcium ratios in the dissolved foraminifera obtained from this

flow-through process are similar to the values obtained in batch methods (e.g., Bender

et al., 1975; Boyle, 1981; Palmer, 1985; Lea and Boyle, 1993; Martin et al., 1999;

Table 4).



Table 2.4. Comparison of flow-through results with batch-cleaned results
Typical Lea et al. (1999), Palmer (1985), Element:Calcium ratios for Orbulina
Planktonic Orbulina bulk foraminifera measured with flow-through
Range1 dissolution

Cultured Core Tops2 "non- "lattice" "High-Sr" "Low-Sr" Weighted
detrital" Calcite Calcite Average3

Sr:Ca (mmo!:mol) 1.2 1.6 1.21 1.40 1.64 1.70 - 1.26 0.58 1.17
Mg:Ca(mmol:mol) 0.5-5 5.89-13.85 3.17-7.55 6.57 2.96 6.12
La:Ca(tmo1:mo1) <1 - 1.26 0.124 0.68 0.28 0.53
a. Range from Lea (1999).
b. From references cited in Lea et al., 1999: Bender et al., 1975; Delaney et al., 1985; Rosenthal and Boyle, 1993; and Russell

et al., 1994.
c. Weighed averages were done by weighing the "high-Sr" and "low-Sr" calcite ratios by the amount of calcium measured in

those fractions. The "high-Sr" calcite accounted for 87.5% of the total calcium presented in Figure 7. The "low-Sr" calcite
accounted for 12.5% of the total calcium presented in Figure 7. See text for details.

LJ



Unfortunately, a comparison of results from batch methods may not

be a good test of flow-through cleaning, for two reasons. First, in some cases the

cleaning done previously in batch methods has been incomplete; an example of this is

the lack of a cleaning stage to remove the refractory phase when cleaning for REEs.

Second, a complication arises from the presence of more than one type of calcite in the

cleaned foraminiferal shells, i.e., the high-Sr calcite and the low-Sr calcite (Figure

2.7). Batch dissolution does not differentiate elemental ratios associated with different

calcite types.

Because the contaminant phases as seen in flow-through cleaning appear to be

almost devoid of Sr (Figure 2.5), and because of the ease of measurement of this

minor element, Sr is considered the "phase indicator" for calcite. Therefore, although

all other elements appear to change concentration in the calcite concurrently with the

transition of the high- to low-Sr calcite, it is easiest to determine this change using Sr.

This is important because high-Sr calcite, which comprises the bulk of the Orbulina

foraminiferal sample, dissolves more readily (Figure 2.7)(Lorens et al., 1977;

McCorkle et al., 1995; Brown and Elderfield, 1996). Direct observation from the

flow-through method that this calcite is more likely to dissolve first may be the key in

resolving problems associated with natural oceanic dissolution, which occurs above

the lysocline for some species (e.g., Lorens et al., 1977; McCorkle et al., 1995; Brown

and Elderfield, 1996).

The most pressing dissolution problem is the use of Mg:Ca ratios as a

paleothermometer. In batch methods, the cleaned foraminifera represent a weighted
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average of high-Sr calcite Mg:Ca and low-Sr calcite Mg:Ca values. Natural

dissolution of the more susceptible high-Sr (high-Mg) calcite will alter the final

weighted average of Mg:Ca in the foraminiferal sample and will result in inaccurate

temperature estimates. The flow-through dissolution method can be used to determine

the Mg:Ca ratios of all calcite fractions, improving estimates of paleotemperature.

This issue is probably important for other paleotracers, such as the REEs, which show

distinct patterns between the high- and low-Sr calcites. In the extreme case, this

uncertainty might extend to carbon and oxygen isotopes (Lohmann, 1995).

It must be emphasized that the foraminifera used in the development of this

system have been Orbulina, a rarely used species in paleoproxy studies. In order to

fully understand what the differences in calcite may reflect it will be necessary to

investigate the shells of other species from core tops, plankton tows and culturing

experiments (e.g., Mashiotta et al., 1997; Lea et al., 1999).

As a preliminary step in this direction, the gradual dissolution of G. sacculfer,

a species more common in paleoceanographic studies, is shown in Figure 2.8. These

data are presented here to demonstrate that the calcite of many foraminiferal species,

not just Orbulina, is complex. A complete discussion of these and other data will be

presented elsewhere, as the intention of this paper was simply to present the flow-

through method and the results found during its development. However, in this

regard, several points should be made from the data presented in Figure 2.8. First, the

similarity of the element:calcium ratios given



Figure 2.8. Four repeat analyses of a split sample of G. saccul?fer from Caribbean
Core TT9108-1GC (185-190cm depth). Sample sizes were: 2.9 mg, 2.1 mg, 2.6 mg
and 4.1 mg. Only final dissolution stage is shown as TRA data. Box A bounds the
data used to calculate the element:calcium ratios. Box B bounds the time for total
dissolution of the sample-splits. Although the total dissolution lasts -600 s, the
amount of data available for calculating element:calcium ratios is limited to -420 s.
This is because the concentration on the isotopes of both minor and trace elements
falls below detection limits (presented in Table 2.2). More data may be acquired from
the total dissolution through measurement of fractions collected on a higher-resolution
ICP-MS (not done).
Upper Panel: Element:Calcium ratios. A five-point average was done for the TRA
data from each of the four sample-splits, to remove higher frequency instrument noise.
The average and standard deviation of this smoothed data for all four sample-splits is
plotted for the following elements: Mg:Ca and Sr:Ca (two isotopes for each are
shown), Mn:Ca and La:Ca. The weighted average (W.ave) of each is given as a
dashed line.
Lower Panel: Calcium profiles. The five-point average was done for the TRA data of
both 43Ca and 48Ca. The concentrations determined by the two isotopes agree very
well. The pattern and timing of dissolution is similar for all four sample-splits.
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Figure 2.8. Four repeat analyses of a split sample of G. sacculfer from
Caribbean Core TT9 108-1 GC (185-190cm depth).
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with multiple isotopes (25Mg, 26Mg, 43Ca, 48Ca, 86Sr, 87Sr) demonstrate that a

changing signal caused by matrix changes (i.e., decreasing calcium) is not a significant

problem in TRA measurements. Second, the system provides very reproducible

results when applied to duplicate samples. The element:calcium ratios shown

represent the average (bold line) and the standard deviation (thin lines) of four splits of

the same sample (G. sacculifers from TT9 108-1 GC, 185 190 cm depth, averaging

2.9 mg each; Table 2.5). Third, the weighted average Mg:Ca value calculated from

the flow-through experiment agrees well with those found by Hastings et al. (1998),

for batch cleaned and dissolved G. sacculfer from this core and depth (Table 2.5).

However, only flow-through gives a complete picture of the variability that makes up

the weighted average and sorts the calcite by its susceptibility. This information is

crucial when shells undergo partial dissolution post-mortem.



Table 2.5. Values from data nresented in Figure 2.8.

25Mg/43Ca 26Mgt3Ca 55MnI43Ca 6Sr/43Ca 87Srt3Ca '39LaJ43Ca

(mmol:mol) (mmol:mol) (tmol :mol) (mmol :mol) (mmol :mol) (tmol:mo1)
Weighted average 3.57 3.58 506.80 1.22 1.23 1.22
Minimum value measured 3.41 3.43 447.78 1.18 1.18 1.07
Maximum value measured 3.66 3.68 573.02 1.31 1.34 1.58
Hastings et al. (1998) 3.34, 3.50 - - - -

StandardDeviations (%)
Average 4.8 4.8 6.1 4.4 4.9 8.1
Minimum 2.1 2.0 1.2 0.9 0.8 2.8
Maximum 6.9 10.0 12.2 8.2 9.7 15.8
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2.6. CONCLUSIONS

A novel method for flow-through cleaning has been presented. This flow-

through method has many advantages over traditional batch methods and has produced

results that were heretofore unknown. In fact, some of these results were made

possible only through the use of the flow-through method.

Most importantly, the system efficiently cleans foraminiferal samples for use

in paleoceanographic studies. Other key aspects of the system are as follows:

1. The system is in steady state, due to constant replenishment of "fresh"

reagent over the sample. As a result, differences in extent of contamination

between samples are no longer variables, as in batch methods.

2. The system is automated and fully enclosed. This reduces contamination

and potential problems associated with differences in cleaning efficiencies

among laboratories, as the same procedure could be reproduced

consistently everywhere at the same operating conditions.

3. The system is highly flexible, permitting effective investigation and

incorporation of changes in cleaning methods as they are discovered. In

fact, this may become an important feature if it is found that foraminiferal

calcite is as chemically variable as this and other studies suggest (e.g.,

Bender et al., 1975; Brown and Elderfield, 1996; Tha and Elderfield, 2000).

4. Continuous analyses of the total cleaning and dissolution procedures are

possible because nothing is lost from this system. Such a feature has
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proved invaluable in development of this cleaning procedure and

it will likely become much more important with improvements in TRA and

other ICP-MS technologies.

5. Cleaning the refractory phase is crucial for certain elements, such as the

REEs. Cleaning for the oxide phase is equally important for other

elements, such as Cd and Mg.

6. The slow dissolution in the flow-through method permits multiple

measurements of a single sample, as opposed to the single measurement

obtained from batch dissolution. This feature allows for the assignment of

error bars on paleotemperatures from Mg:Ca ratios, for example.

7. The fact that the flow-through cleaned foraminifera are dissolved over time

(versus all at once in the batch method), has produced the result that the

Orbulina foraminifera shell is composed of two types of calcite: one with

high-Sr and one with low-Sr. Although Sr is used as the "phase indicator,"

other minor and trace elements act similarly. The reason for this should be

investigated further, as it may be crucial for future paleotracer work with

all species of foraminifera.

Although the system is ready for use now, there are a few immediate

improvements which should be made. Other innovations will undoubtedly follow

with time and more experience with the system. Current improvements needed are:

1. Optimal dissolution acid strength for the foraminiferal species types should

be determined. This ought to balance the need for measurable
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concentrations of minor and trace elements with the desire for as

many measurements as possible of a given sample.

2. The use of hydrazine as a cleaning reagent for the oxide coatings should be

investigated. Because this reagent may be more efficient than

hydroxylamine, it may prove to save time and reagent spent on cleaning.

3. The system should be re-plumbed to accommodate multiple sample

columns. In this way, it can be programmed to clean several samples in

one run.

In summary, the flow-through system described herein will be beneficial in the

growing field of proxy work in paleoceanography with respect to:

1. accuracy, reliability and reproducibility of cleaning;

2. high resolution down-core investigations requiring large numbers of

cleaned samples; and,

3. recent concerns about foraminiferal calcite heterogeneity, and what this

implies about the effect of partial dissolution on the sea floor.
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3.1. ABSTRACT

A new IC-ICP-MS method is presented for measuring individual REEs in

small volume (5 mL) seawater samples, with the goal of measuring pore water REEs.

The method is shown to be accurate and reproducible for small volumes of a seawater

reference standard within the determined precisions. The method has reasonable yield

(75%), and, more importantly, is shown to not internally fractionate individual REEs.

After describing the method, data from bottom, overlying and interfacial pore waters

from 4 sites (3 California margin, 1 Chile margin) are presented. These data show that

there is a REE flux from sediments into bottom water. This flux ranges from 1O1 tto

1 08 mol cm2ky' at these sites and is, therefore, on the same order as riverine input to

the oceans. Benthic chamber samples support these flux estimates.

When pore water and benthic chamber water are normalized to PAAS, the

REE patterns can be characterized using three descriptors: the magnitude of the Ce

anomaly (always negative), a "MREE bulge" and "HREE enrichment." However,

when normalized to bottom water, LREE> HREE and there is a significant positive

Ce anomaly. These features generally support current understanding: that the REEs in

the ocean are strongly influenced by organically-driven processes. A key proviso is

that the fluctuations in the Ce anomaly should be considered to be the net result of

changes in dissolved La and Pr, and not mainly a function of Ce oxidation.



3.2. INTRODUCTION

The Rare Earth Elements (REEs) are the longest continuous series of naturally

occurring elements. Although their behaviors in the ocean are generally the same, due

to the lanthanide contraction of their ionic radii, they fractionate slightly from each

other in chemical processes. In addition to this, cerium and europium are anomalous

in that they have redox chemistries in the environmental pe-pH range. Because of

these unique characteristics, the REEs are potentially powerful tracers of chemical

processes (e.g., Elderfield, 1988 and Byrne and Sholkovitz, 1996 for review). Much

use has been made of this tracer function in all types of settings, from research on high

temperature geothermal fluid processes (e.g., Ruhlin and Owen, 1986; Olivarez and

Owen, 1989; Sherrell et al., 1999) to tracing water masses in the oceans (e.g. Bertram

and Elderfield, 1993; Nozaki et at., 1999; Lacan and Jeandel, 2001).

One of the first studies of REEs in the marine environment was conducted in

1963 by Goldberg and colleagues who estimated REE oceanic residence times to be

on the order of 100-1000 years (Goldberg et al., 1963). Subsequent to this, the budget

of the REEs in the oceans has been more completely investigated. Important advances

in this regard include elucidation of the complex chemistries that occur at river-ocean

boundaries which control the dominant riverine-input term (e.g., Goldstein and

Jacobsen, 1987; Elderfield et al., 1990; Sholkovitz 1993; Sholkovitz et al., 2000), and

the finding that hydrothermal activity in the deep ocean is a net sink, not source, for

the REEs (Klinkhammer et al., 1983; German et al., 1990; Mitra et al., 1993).

However, an important understudied piece of the geochemical cycle of REEs has been
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their behavior in pore water (Piper, 1974; Elderfield and Sholkovitz, 1987;

Sholkovitz et al., 1989), mainly because such measurements have proven to be

analytically challenging. This paper presents a new method for REE analyses that

addresses this issue, by making possible routine REE analyses in low volume, low

concentration samples. The scheme utilizes the benefits of chromatography for

complete REE separation, along with the benefits of ICP-MS sensitivity in direct, real-

time analyses.

Any method to analyze REEs in pore water must be effective at the picomolar

levels found in sea water. The low-level situation is made more difficult by the fact

that collecting good samples of the sediment-water interface requires a small diameter

(-1O cm) multi-core sampling device (Barnett et al., 1984; McManus et al., 1997).

This diameter translates to small volumes when pore water is extracted at a reasonable

sample interval (0.5 cm) down core. Thus the method must be capable of measuring

these low concentrations in small volume samples.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is the preferred

technique for measuring REEs because of its high sensitivity (e.g., Kawabata et al.,

1991; Möller et al., 1992). However, direct measurement of sea water without dilution

is not possible because of the high amounts of dissolved salts. Nor is dilution alone

sufficient because the REEs are prone to isobaric interferences from oxides, both of

barium and other REEs (Greaves et al., 1989). For example, there is no Gd isotope

that is free from potential isobaric interference. Compounding this problem is the fact

that Ba is orders of magnitude more concentrated than the REEs in seawater, making it
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impossible to eliminate interference through dilution and simultaneously be

able to measure REE levels.

One possible solution to the problems of low concentration and isobaric

interference is preconcentration; for example, using Fe(OH)3 to scavenge the REEs

(Greaves et al., 1989; Klinkhammer et al., 1994). These techniques are

straightforward if done with care and, given enough time and analytical skill, they are

usually successful in removing possible isobaric contaminant elements, such as Ba.

However, such procedures require removal of the carrier from the concentrated REE-

solution in order to reduce signal suppression from salt loading to acceptable levels

(Falkner et al., 1995). Moreover, one-step preconcentration does not solve the

problem of inter-REE isobaric interferences. For example, if Nd is more concentrated

than Tb, NdO interference may be a serious problem for accurate Tb measurement.

To overcome problems related with both isobaric interferences and high carrier

concentrations, ion chromatography (IC) is sometimes used in conjunction with

preconcentration. The method developed for this work takes IC one-step further by

using several columns to "clean-up" samples directly through (1) removing salts that

would cause suppression or interferences (e.g., Na or Ba); (2) preconcentrating the

REEs into a matrix more amenable to ICP-MS and (3) separating the REEs from each

other, thus overcoming all isobaric interference problems and potentially facilitating

isotopic analyses (Perna et al., 2002).

Most of the developmental work was done on a sample of Antarctic Bottom

Water (AABW) from the Bransfield Strait that served as the calibration standard. A



completely different type of sample, low pH mine runoff water, was also

used to demonstrate validity of the method in a more general sense. Once developed,

the method was used to analyze a suite of pore waters, bottom waters and benthic

chamber samples. This paper concludes by using these results to make a preliminary

estimate of the relative importance of benthic regeneration in the cycles of the REEs.

3.3. EXPERIMENTAL METHODS

The instrumentation behind our method is a coupled JC-ICP-MS system

(Kawabata et al., 1991; Perna et al., 2002). Although it is not the first of its kind,

significant effort was made to tailor the system to overcome the challenges that these

particular samples pose. That is, our goal was not to produce a better method for

measuring REEs in seawater, but to design a method suitable for measuring small

volume pore waters, with the a priori assumption that they have REE levels similar to

seawater.

We considered incorporating isotope dilution (ID) teclmiques into the method

but decided against this approach for a number of reasons. Unlike previous REE

procedures for seawater, this method separates the series into individual elements.

This being the case, any ID spike would need to contain enriched isotopes of each of

the 14 elements to be completely effective. Developing such a spike would not be

possible because 4 of the elements (Pr, Tb, Ho and Tm) are mono-isotopic. This

problem notwithstanding, it would be extremely difficult to produce a spike with even

10 isotopes that did not significantly contaminate the low-level (picomolar), low-
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volume (<10 mL) samples that are the focus of this research. In addition,

while ID facilitates high precision, accuracy is not assured unless the resulting ratio is

near the geometric mean of the natural and spike ratios (Klinkhammer and Chan,

1990). This requirement often entails respiking and rerunning sample replicates after

the approximate concentration is determined. While not normally a problem for

seawater samples, reanalysis would not be possible in this case because of the limited

volume and unique character of most pore water samples. Also, as shown later, the

REE pattern of pore water is quite variable, thus ruling out the normal practice of

using the same mixed spike for all samples. For these reasons, ID proved to be

impractical for this application. Instead, we chose to work at natural isotopic levels

and directed our efforts into minimizing blanks, maximizing recovery, and testing

results against a diverse group of standards.

3.3.1. Instruments

3.3.1.1. Ion Chromatograph

The front-end of the analytical system is a Dionex DX 500 high performance

liquid chromatograph (HPLC) composed of two interfaced GP5O gradient pumps and

a LC2O chromatography enclosure that houses the column select valves, the

chromatographic columns and the sample loop. A schematic of the plumbing is

shown in Fig. 3.1. The IC is designed to serve two purposes: removal of salts and

separation of the individual REEs from other transition metals and from each other.

Salt removal is necessary in order to reduce matrix problems associated with (1) signal

suppression in the ICP-MS resulting from the high total dissolved solids (TDS) from
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Figure 3.1. Schematic of the modified Dionex IC used for this work.

the major elements in sea water and (2) interferences from molecular species that form

in the plasma (e.g., the seawater BaO signal which would overwhelm the seawater Gd

signal). The REEs are isolated from other transition elements for similar reasons. In

particular, Fe may be high enough in reducing pore waters to cause measurement

difficulties.

The IC part of the method is based on the Dionex REE separation technique

(Technical Note 27) for digested rock samples (Dionex, 1992; Perna et al., 2002).

Several crucial modifications were made to optimize the system in order to
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accommodate the very different nature of the sample types (rocks versus

seawater), and for detection with ICP-MS versus the colometric method used by

Dionex. The most important of the modifications were changes in eluant

compositions. These changes were made in order to reduce REE backgrounds in the

reagents (i.e., to reduce system blanks) and to reduce TDS in the plasma, especially

from the reagents used in color generation.

The basic procedure follows: a pneumatic syringe (Pharm- System IHR,

Ergonomic Products & Design Inc.) is used to inject sample into a 5 mL loop. A

minimum of 7 mL is injected to ensure complete flushing. Once injected,

chromatography begins and proceeds automatically as part of a timed sequence

outlined in Table 3.1. First, the sample is buffered with ammonium acetate and loaded

onto a MetPac CC-i column (Dionex P/N 042156). This column is designed to retain

transition elements and elute the alkali and alkaline-earth metals to waste through use

of more ammonium acetate (p1-I 5.4± 0.1, Dionex P/N 033440). The transition

elements and the REEs are then eluted off the column with 2M nitric acid (Dionex P/N

033442) and onto the lonPac TMC-1 trace metal concentrator column (Dionex P/N

049000). Because a higher metal-retention is achieved with lower acid concentration,

the eluate stream from the MetPac CC-i column to the lonPac TMC- 1 column is

diluted on-line with Q-H20, using the sample pump.

In the next step, the TMC- 1 column is flushed with ammonium nitrate of pH

3.5 ±0.3 to convert the column to a more basic form and to allow loading of the metals



Table 3.1: Timed sequence of events programmed into Dionex. (For eluant descriptions, see Table 3.2)
GP5O "L" GP5O "R"2

TIME %ELUANT' VALVES FLOW %ELUANT VALVES EVENT
m1n) B C D V Col (mL/min)

EVENT
A B C D V Col

INIT 100 I A 3.0 Start EXP 50 50 I A Start EXP
0.0 100 3.0 Inject Sample Condition CS5A
2.5 100 L B 2.0 Load to MetPac CC-i
7.0 100 I A 3.0 Start alkali elution
9.0 100 1.2 End alkali elution
9.1 100 B 1.2 Load to TMC-1 50 50 L Load to TMC-1
14.0 100 1.2 Load to TMC-i
14.1 100 A 4.0 Rinse out lines
14.5 100 L 1.5 Start TMC-1 conversion
16.4 100 2.0
17.4 100 3.0
18.4 100 1.0 End TMC-i conversion 50 50
18.5 100 I 3.0 Start clean MetPac CC-i 100 I Start elute LREEs
20.4 100 3.0 End clean MetPac CC-i
20.5 100 3.0 Condition MetPac CC-1
21.4 100 End elute LREEs
21.5 100 Start eluant spacer
22.4 100 0.0 Stop EXP 100 End eluant spacer
25.4 75 15 10 Elute MREEs
33.4 55 15 30 Elute (M)HREEs
33.5 100 Start Fe-rinse
42.5 100 End Fe-rinse
42.6 50 50 Stop EXP

1. Eluant reservoir "A" is not used on the GP5O"L" module
2. Eluant flow on the GP5O"R' is set at 1.0 mL/min for all steps
Boxed times indicate when both GP5O "L" and GP5O "R" are in series.



onto the CS5A Analytical Column for REE separation. This elution

sequence differs from the original method (TN27) in that it eliminates a wash with an

ethanol/HC1 solution (originally used to remove aluminum and other maj or transitions

found at high concentrations in rock samples). Such a step was deemed unnecessary

because these metals are orders of magnitude less concentrated in pore waters than in

rocks. Furthermore, we found that deleting this step reduces the procedural blank

without affecting the separations.

With the TMC-1 column buffered to pH 3.5, the transitions are complexed off

the TMC-1 column with 2M oxalic acid (pH 3.5). The individual REEs are then

separated from each other through a gradient mixture of oxalic acid and diglycolic

acid. These steps are listed, along with the actual programming to accomplish them,

in Table 3.1.

As outlined above, the major alterations made to the original method (TN27)

are in eluant compositions. Although the function of each reagent remains the same,

the chemical composition is different. The compositions of the eluants we used are

listed in Table 3.2. As mentioned above, the ethanol /HC1 eluant used to remove

several highly concentrated transition metals (in rocks) from the TMC- 1 column, has

been eliminated. Fe, the key exception, can only be removed through use of PDCA.

In the TN27 method, Fe removal was done prior to REE separation; however, this step

was found to add significant blanks to the subsequent REE signal. In order to avoid

this blank, we changed the sequence so that the PDCA step would take place after the

REE elutionlseparation. The PDCA step was not completely eliminated because iron



Table 3.2: Eluants used in system.
Reagent Gradient Pump Preparation pH Purpose Column(s) used

Module and Label with
2.OM Ammonium GP5OL "A" Dionex (P/N 033440) 5.5 ± Buffer acidic sample, elute MetPac CC-i
Acetate 0.1 alkalis and alkali earths

1 .OM Nitric Acid GP5OL "B" Dionex (PIN 033442) 1 Elute transitions (include. MetPac CC-I
RE Es) (TMC- 1)

0.lM Ammonium GP5OL "C" Dionex (PIN 033445) 3.5 ± Buffer pH of TMC-1 column TMC-1
0.3

Q-H20 GP5OR "A" Quartz Distilled MilIi-Q H20 - Eluant spacing, dilution TMC-1, CS5A
6mM PDCA GP5OR "B" In Order: 3.5 ± Clean column of iron CS5A (TMC-l)

1.8mL4MNH4OH' 0.3
800mL Qdst H2O
I g Pyridine-2,6-dicarboxylic acid
(PDCA) (Dionex PIN 039671)
bring up to 1 L with Qdst

2.OM Oxalic Acid GP5OR "C" 25g Oxalic acid (Fisher A219-500) 3.5 ± Elute REEs (see text for details) CS5A (TMC-l)
800mL Q-H2O 0.3
7lmL 4M NH4OH1
Bring up to 1 L with Qdst

2.OM Diglycolc GP5OR "D" 25g Diglycolic Acid (Aldrich 110-99-6) 3.5 ± Elute REEs (see text for details) CS5A (TMC-l)
Acid 800mL Q-H20 0.3

7lmL 4M NH4OH1
Bring up to 1 L with Qdst

1. Ultra-pure NH4OH was made by low temperature distillation of reagent grade NH4OH (Mallinckrodt AR 3256) intoQ-
H20 at OSU. The purified NH4OH is consistently 4M, but the final solutions are always verified to be of correct pH before
use.
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can reach significant concentrations in pore waters and high iron

concentrations in the CS5A column will interfere with complete REE separation.

And, although this effect was only seen after running artificial solutions with orders of

magnitude more iron than would be expected for pore water, including a PDCA rinse

in the revised sequence prevents possible build-up of iron in the columns over time.

Another major modification of TN27 was the elimination of LiOH from all

eluants. The use of significant amounts of LiOH causes problems in ICP-MS

analyses, due to salt loading. However, the proper pHs and ionic strengths were still

essential in order for the column chemistry to work properly. To accomplish this, we

used ultra pure NH4OH, which can be made cleaner and is less problematic in the

plasma of the ICP-MS. Significant effort was made to optimize the eluant

concentration, pH, ionic strength and timings in order to reach an acceptable and

reproducible elution scheme using these revised reagents. We also found that the

columns must be thoroughly cleaned and conditioned between sample runs.

3.3.1.2. Inductively Coupled Plasma Mass Spectrometer

The Dionex IC is put directly in line with a VG ExCell quadrupole inductively

coupled plasma mass spectrometer. The running conditions of the ICP-MS are

detailed in Table 3.3.

A splitting tee is used downstream from the analytical column of the Dionex

system, in order to mix in an internal standard solution (Fig. 3.1). This solution (100

ppt In and Re) is pumped to the tee via a peristaltic pump; it constantly mixes into the

analytical stream. As a result, the flow into the ICP-MS is fairly high (1 mL/min from
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the GP5OR added to O.6 mL/min from the peristaltic pump), thus

necessitating use of a larger gauge peristaltic pump tubing to drain the spray chamber

of the ICP-MS. To avoid unnecessary input chelation reagents to the ICP-MS, a

manual valve is placed downstream from the mixing tee. When in the "off' position, a

stream of 1% HNO3 is pumped to the ICP-MS via the peristaltic pump. When in the

"on" position, this acid flows to waste (Fig. 3.1).

A Teflon® BR parallel injection nebulizer (Burgener Research Inc., Ontario,

Canada) is used, because the chelation reagents (especially the oxalic acid solution)

have been found to be too viscous for a quartz glass concentric nebulizer. That is, the

wetting properties of the glass and the viscosity of the oxalic acid solution resulted in a

slowing of the flow through the tip of the concentric nebulizer. When this happened,

the reagent would bottleneck in the nebulizer until it reached a threshold, at which

time the flow through the nebulizer dropped rapidly and all signal was lost. This

could be seen best in the slow, then rapid, build-up of nebulizer gas back pressure.

The use of the non-wetting Teflon® parallel stream nebulizer overcame these

problems (see Table 3.3 for details on the higher nebulizer gas flow pressure necessary

to run with this nebulizer).

Time Resolved Analyses (TRA) software was used to measure the REE

counts-per-second (cps) during chelation. Measurements were rapid enough to cycle

through all the masses selected and still measure more than 20 points per peak in the

chromatograph. The timings used in the TRA are outlined in Table 3.3. This software
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also facilitated reduction of the data to concentrations. The following four

steps were made in order to reduce the data (after Falkner et al., 1995):

1. The peaks of each REE isotope were selected using a uniform integration time

of 50 sec;

2. An integration window for each REE isotope was applied to the internal

standard data;

3. The internal standard integrated counts-per-second (icps) were used to

normalize the icps of the corresponding REE isotope for each sample and

standard (both In and Re were used for each REE by applying a linear mass-

weighting to the internal standard corrections on the REEs);

4. These "corrected" icps data were then converted to concentration data through

use of standard solutions run in exactly the same manner as the samples.

An example of the data obtained from a single sample, with the integration

windows used, is shown in Fig. 3.2. A standard sequence (all made with a 1% I-ll'J03

matrix) and a known reference solution (a seawater matrix; see following

Standardization Section) were run before and after each set of samples.
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Table 3.3: ICP-MS Characteristics and Settinus
VG Excell quadrupole ICP-MS using TRA' software
Sample cone Nickel
Skimmer cone Nickel
Sample flow rate 1.5mL min'
Argon flow rates
Cool 13.OmL min'
Auxiliary l.2OmL min'
Nebulization 1.25mL min'
Nebuli zer2
Ar regulator pressure 56 60psi
Back-pressure 3.Smbar
RFPower 1250W
Pressure
Expansion chamber 1.9mbar
Analyzer 1.5 x lO6mbar
Data Acquisition
Dwell time lOOms/mass
Time per sweep l6lOms (14 REEs, In, Re)
Cooling temperatures
Interface 15°C
Spray chamber 3°C
1. Time Resolved Analysis
2. BR Mira Mist Nebulizer: Teflon® parallel path
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Figure 3.2. Example of a typical chromatograph. This is a 10 ppt REE standard
run, showing the IRA results for all the REE isotopes measured, along with the 2
internal standards (In and Re).
a: the box around the peak is the integration window used.
b: the boxes in the internal standards are the integration windows used to correct
that respective REE isotope.
C: as shown, the blanks (especially the LREEs) are high (up to loppt) in the
diglycolic acid.
d: this small peak is actually the 1WSm peak. This illustrates how each REE is
treated individually in this method, and how future isotopic work may benefit from
this method.
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3.3.2. Standardization and Accuracies

3.3.2.1. NBP95R1O seawater

A sample of sea water was chosen as a low concentration reference standard.

This reference (NBP95RIO) is an unfiltered 6 L sample acidified to pH<2 with 6 N

quartz-distilled HC1, taken from 1300 m depth in the Bransfield Strait in the Southern

Ocean (62°46'S; 59°24'W). This reference sample was run after each standard

sequence, at the very beginning and end of each sample set. Fifteen replicates of

NBP95R1O were run over three days (i.e., with complete system shutdown between

each set). The results are listed in Table 3.4.

The seawater

patterns of NBP95R1O runs

are shown in Fig. 3.3,

normalized to PAAS (after

Nance and Taylor, 1976).

Fig. 3.3 shows the pattern

of each of the 15 runs

along with their average

and standard deviations

(see Table 3.4). The

average concentrations are

used to define the
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Figure 3.3. The average and individual runs of 15
replicates of the seawater reference standard
NBP95R1 0. The error bars on the average indicate
the precision of this method, for seawater samples
that fall on the low end of the range for pore waters.



77

NBP95R1O reference seawater and the 1c standard deviations define the

precisions of the method for each REE at seawater levels (Table 3.4).

The REE concentrations and average pattern of NBP95R1O reference water are

typical for a mid-depth open ocean sample. They are also similar to the Southern

Ocean samples of German etal. (1995), especially their modeled AABW end-member

(Table 3.5, Fig. 3.4). This result is oceanographically consistent, as deep water in the

Bransfield Strait might be expected to be a component of AABW (Wilson et al.,

1999). It also supports the idea that REE patterns can be used to trace and model

800
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500

o o 400
c

. 300

200

100

Average NBP95RIO
* from Fig.3 with

error envelope ()

Standard Additions
(filled are within error)

O Model Predicted AABW"

Average of
Fe-preconcentrated

0 L_I I

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

REE

Figure 3.4. The average of 15 NBP95R1O reference seawater runs are shown, with
the envelope of the precision of measurement. Most results from standard
additions fall within the envelope, supporting an accuracy within the given
precisions. Eu, Tb and Tm are outside the given errors, probably as a result of the
extremely low natural abundance of these elements in seawater and also
compounded with the nature of standard additions. Predicted AABW from German
et al. (1995) is shown for comparison. Fe-preconcentrated results all fall within
envelope of precision of measurement, except Yb, which is <0.1 pmolkg outside
this envelope.



Table 3.4. Results of 15 replicate samples of NBP95R1O seawater reference standard (concentrations in pmol/kg)

Replicate

La Ce
-

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1 61.6 22.4 9.39 39.5 6.23 2.06 8.89 1.43 10.15 2.60 8.45 1.28 8.22 1.48

2 61.6 27.1 8.62 38.4 6.42 1.78 9.87 1.50 9.76 2.79 7.90 1.21 8.27 1.53

3 74.3 44.4 9.54 40.7 8.35 2.56 8.95 1.38 12.18 3.04 8.20 1.36 9.01 1.61

4 68.0 29.3 10.61 42.2 6.71 2.39 9.83 1.39 10.12 2.45 8.02 1.09 9.00 1.35

5 55.1 22.3 6.88 35.6 5.69 1.36 8.46 0.93 9.40 2.25 7.04 1.04 7.29 1.17

6 48.5 21.3 6.71 32.7 6.22 2.05 8.48 1.52 8.36 2.65 7.12 1.34 7.60 1.86

7 47.3 20.4 6.94 31.4 4.79 1.16 6.91 0.72 7.54 2.29 6.85 1.00 8.13 1.18

8 50.2 16.9 6.12 29.4 5.05 0.86 7.10 0.87 8.11 1.99 7.35 0.82 7.56 1.26

9 44.0 13.9 5.75 31.3 5.90 1.11 7.87 0.88 7.35 1.94 6.36 0.88 7.33 1.14

10 54.6 17.7 7.68 31.8 7.25 1.93 7.66 1.56 8.66 2.60 8.89 1.55 8.34 1.79

11 50.4 17.3 7.82 33.2 6.25 2.17 7.83 1.70 9.74 2.58 8.39 1.53 8.47 1.92

12 58.7 19.6 9.15 27.0 6.53 1.50 7.22 1.18 9.78 2.31 8.35 1.02 8.20 1.32

13 48.7 18.7 7.65 30.4 5.83 1.11 6.55 1.07 8.10 2.46 8.75 1.14 7.95 1.48

14 59.9 26.4 7.94 28.7 7.13 2.15 8.59 1.75 11.41 2.66 8.67 1.59 8.32 1.71

15 57.1 20.4 6.86 34.4 6.38 1.83 6.90 1.31 8.32 2.43 8.17 1.18 8.29 1.41

mean 56.0 22.5 7.84 33.8 6.31 1.74 8.07 1.28 9.27 2.47 7.90 1.20 8.13 1.48

b standard dev. 8.3 7.3 1.38 4.60 0.87 0.52 1.05 0.32 1.38 0.29 0.77 0.24 0.52 0.25

%SD. 15 32 18 14 14 30 13 25 15 12 10 20 6 17

%SDlOppt(nz=15)' 6 5 5 4 6 6 4 6 5 5 6 5 6 4
1. These values are the lo standard deviations of the counts-per-second (raw) data from the ICP-MS.

00
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water masses (Elderfield and Greaves, 1982; Piepgras and Jacobsen, 1992;

Schijf and de Baar, 1995; Nozaki et al., 1999).

The counting statistics (i.e., using the time-ICPS data) of 15 runs of a 10 ppt

standard solution suggest that the reproducibility of the method is 5% (Table 3.4).

Although this value represents the potential precision, the NBP95R1 0 replicates

suggest that the method is somewhat less precise in practice (i.e., 17% is standard

deviation for seawater; Table 3.4). This probably reflects (1) the effects of the

seawater matrix on the column chemistry, (2) the ability to measure an isotope of an

element and (3) the seawater concentration of each element. For this reason, the

reproducibilities of the REEs in the NBP95R1 0 reference standard are used to define

the precisions of measurement for individual REEs at seawater level (Table 3.4). As

will be shown later, these precisions at seawater levels are adequate for pore water

work.

A standard additions experiment was done to test the accuracy of the values

reported above for the NBP95R1O seawater reference. To sub-samples of the

reference seawater were added 1, 5 and 10 ppt of standard REE solution. Minute

volumes of higher concentration REE standard solution were added, in order to keep

the matrix close to seawater. These spiked solutions were then run through the

standard procedure and the results plotted using a best-fit line to determine the

intercept. To avoid undue bias of the highest concentration data, a weighting was

applied to the best-fit (least-squares) line. Unfortunately, this weighting was done

using an iterative program that requires defining error limits on both the slope and



Table 3.5: Results of other determinations of NBP95R 10 seawater reference standard (concentrations in pmollkg)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fepreconcentrations

1

2
3

1510
1490
1370

896
810
737

238
217
199

933
867
878

189
172
155

68.3
57.7
43.0

234
244
209

51.3
43.3
31.2

271
257
252

79.6
68.2
59.2

225
207
205

48.9
42.5
29.2

212
209
199

58.4
47.0
38.8

mean
lq
"Corrected" mean'
"Corrected" std.dev.'

1455

54
51.0
1.9

814
94

28.5
3.3

218
20

7.65
0.7

893
52

31.3
1.8

172

24
6.03
0.8

56.3
2.0
1.98
0.07

229
12

8.04
0.4

41.9
2.0
1.47
0.07

260
4

9.11
0.2

69.0
3.0

2.42
0.10

212
7

7.45
0.2

40.2
2.1

1.41
0.07

207
8

7.25
0.3

48.0
2.1

1.68
0.07

StandardAddition
Intercept conc.
r2 value of fit

58.2
0.93

23.2
0.94

8.68
0.99

39.6
0.79

6.76
0.99

1.14
1.00

7.48
0.99

0.93
0.99

9.40
0.99

2.22
1.00

8.06
0.99

0.85
0.99

7.71
0.99

1.66
0.99

From German et al. (1995)
"AABW"

I

54 12 38 7.1 1.8 8.8 9.7 8.4 8.5 1.4

Mean of IC-ICP-MS2
I

56.0 22.5 7.84 33.8 6.31 1.74 8.07 1.28 9.27 2.47 7.90 1.20 8.13 1.48
1. "Corrected" mean = measured values divided by preconcentration factor (28.5; see text for details).
2. Data from Table 3.4, shown here for reference.
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intercept values, which precludes knowing the accuracy of the final result.

In spite of this, the REE values for NBP95RI 0 determined by this technique are given

in Table 3.5 and shown in Fig. 3.4.

A further test of accuracy was done using the classic Fe-preconcentration

method (Greaves et al., 1994; Klinkhammer et al., 1994). In these experiments the

REEs from 100 mL of NBP95R1O seawater were preconcentrated into 3 mL of 1%

I-1NO3, a 28.5-fold preconcentration (done via Fe precipitation and scavenging, with

subsequent REE isolation using gravity column ion chromatography; Greaves et aL,

1994; Klinkhammer et al., 1994). These samples were then run on a VG Axiom high-

resolution single collector magnetic sector ICP-MS (HR-ICP-MS), at 7000

resolution. The high resolution overcame the problems of molecular ion interferences,

especially for the MREEs. The values for NBP95R1O determined in this way are

listed in Table 3.5 and shown in Fig. 3.4.

The patterns from standard additions to NBP95R1O, the Fe-preconcentration

technique, together with the average pattern of the 15 individual runs, are listed on

Table 3.5 and shown in Fig. 3.4. The pattern from standard additions is within the

precision of the method, with the exception of Eu, Tb and Tm. We attribute these

offsets to regression uncertainties associated with the extremely low natural

concentrations of these elements in seawater. The patterns from the Fe-

preconcentration technique are all within the precision of the IC-ICP-MS method

except for Yb, which is outside errors by <0.1 pmol/kg. These problems

notwithstanding, the predominant similarity of the results gives us confidence that,



overall, the method yields accurate results within the determined precisions

(Tables 3.4 and 3.5).

3.3.2.2. USGS mine runoff waters

USGS samples PPREE and SCREE (from Paradise Portal, Animas River

Basin, Co. and Spring Creek, northern Ca.; Verplanck et al., 1999) are two

"environmental" REE standard solutions. These standards were taken from rivers that

are heavily contaminated by mine waste, and thus highly concentrated with REEs and

other metals. Two features of these standards make them appealing for testing both

the accuracy and precision of the method presented here: (1) They have a REE pattern

dramatically different from seawater and thus their analyses can be used to verify

whether this method artificially fractionates the REEs. (2) The REE concentrations

are well known and the published values represent a multi-institutional effort.

Two aliquots (PPREE bottles #16 and #95, SCREE bottles #97 and #176) of

each of these two solutions were run through our procedure. The aliquots were diluted

1000-fold with doubly-distilled 1% HNO3 to make them the same order of

concentration as seawater (50 p.L to 50 mL; 5 mL of this 50 mL diluted solution was

run). Results from these analyses are listed in Table 3.6 and shown in Fig. 3.5.

The overall comparison of our results to published values for these standards is

favorable. Although our PPREE values appear to be slightly offset, the consistency of

the offset suggests that these sub-samples were not diluted accurately enough

(reasonably difficult with a 1000-fold dilution). In summary, the favorable

comparison of these results to published data, in samples with a completely different



Table 3.6: Comparison of USGS samples ("MPV" are the reported values, in ppb concentrations as reported by Verplanck et
al. (1999)

Element La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
PPREE1 "MPV" 80.4 161.2 21.2 92.3 20.3 5.95 23.8 3.65 22 4.43 11.9 1.48 8.2 1.12

"MAD"2 5.9 7.7 1.3 5.7 1.5 0.48 1.7 0.33 0.7 0.09 0.4 0.05 0.13 0.03
PPREEbottle#16 79.2 159.3 18.3 86.5 20.2 5.79 21.2 3.32 20 4.22 10.9 1.46 7.6 1.23
PPREEbottle#95 77.2 163.9 18.8 77.3 18.2 5.27 20.7 3.30 20 3.89 10.7 1.44 7.6 0.97
SCREE1 "MPV" 9.85 24.6 4.29 22.1 6.71 1.47 8.21 1.34 8.1 1.61 4.35 0.582 3.39 0.452

"MAD" 0.73 2.2 0.28 0.9 0.31 0.07 0.65 0.07 0.34 0.06 0.21 0.023 0.17 0.014
SCREEbottle#97 9.35 22.9 3.79 18.4 6.56 1.38 7.95 1.21 7.7 1.52 4.29 0.559 3.22 0.438
SCREEbottle#176 10.18 25.1 4.07 20.1 7.05 1.66 9.16 1.21 7.8 1.73 4.72 0.585 3.47 0.476
"MPV" = Most Probable Value
"MAD" = Mean Absolute Deviation

00
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Figure 3.5. The results of running a completely different water type
through the method; in this case, the USGS standard waters PPREE and
SCREE (two "replicates" each an individual bottle were analyzed).
The very different matrix of these samples (compared to seawater), and the
similarity of the results to the published values suggest the method is
accurate and that it does not internally fractionate the REEs. Here, "MPV"
is the "Most Probable Value" and "MAD" is the "Mean Average
Deviation" (Verplanck et al., 1999). The concentrations are given in ppb,
because this is the unit reported in the original publication.

matrix to seawater, indicates that the IC-ICP-MS method described here does not

internally fractionate the REEs, and further corroborates the accuracy of this method.

3.3.3. Yields

The nature of our procedure made it difficult to accurately determine yields.

For yields to be calculated, the icps from a known mass of REEs must be compared to

the icps of the same mass of REEs not run through the system. However, because we
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calculated icps from an integrated peak in the chromatograph, this

comparison was difficult to make.

To best address this problem, two approaches were taken to estimate yields:

(1) The icps from the chromatograph were compared to the icps from 5 mLs of

the same solution taken into the ICP-MS directly with a probe and peristaltic pump.

The inherent problems with this approach are (a) the low cps obtained from measuring

this dilute solution (i.e., 10 ppt) directly and (b) the interference of the REEs with each

other (e.g., there is no "clean" isotope of Gd unaffected by other REE-oxides).

(2) The eluate from running 10 ppt REE standard solution through the IC was

collected in tubes and measured on a VG Axiom high-resolution single collector

magnetic sector ICP-MS (HR-ICP-MS). For practical reasons, the LREEs were

sampled in a single aliquot over a 2-minute period and the MREEs and HREEs were

collected as another aliquot over a 6-minute period. Higher resolution sampling was

not practical (see the integration windows of the internal standards in Fig. 3.2).

Aliquots were collected in Teflon® beakers, dried and brought up to 5 mL with 1%

T-1NO3. The diluent could then be measured in a consistent way as a 5 mL sample of

the original standard solution (i.e., by measuring a consistent fraction of the solution).

The sensitivity of the HR-ICP-MS was more than sufficient to detect the REEs in

these solutions, if run at lower resolution. However, the problem with this approach

was that, as can be seen in Fig. 3.2, the diglycolic acid solution was not clean with

respect to the LREEs. Although the timing is such in the standard procedure that this

does not affect the TRA analyses of the LREEs, this contamination can potentially



affect MREEs and HREEs through oxide formation. Under normal

operation of this method, this contamination is minimized by selecting to integrate

only 50 sec of data (the peak only). In doing so, the ratio of the signal to the oxide

noise is maximized. However, in this yield experiment where we collected 6 mL of

sample, the potential for contamination from LREE oxides was increased

significantly.

Even with these limitations, the two approaches used to determine yield gave

fairly consistent results. Using icps data as the measure, the average yield from

Approach 1 (integration of 5 mL of REE injected into the quadrupole ICP-MS) was

69% and for Approach 2 (collection of eluate off the IC and measurement on the high-

resolution ICP-MS) it was 81%. These are average yields for all the REEs and there is

no trend in either method across the series, thus supporting our previous claim that this

method does not fractionate the REEs.

We are confident that the average yield that we found using these two

completely different approaches (75%) can be taken as the average yield of the

method. In view of the fact that this 75% is the net efficiency of a three in-series

column system, each column can be considered to have a 91% recovery efficiency,

which seems reasonable.

While this yield is not as high as reported from single-column IC methods

(e.g., Möller et al., 1992), it is more important for accuracy that the REEs are not

fractionated; i.e., that the standards are proportionate and the resulting concentrations

of the samples are accurate. The fact that the 10 ppt standards, blanks, NBP96R1 0



standard sea waters and USGS waters give consistent results, with no

evidence of fractionation internal to the method, gives us confidence that the

accuracies of the method at seawater levels are within the precisions, as determined

from seawater reference standard replicates (if not better, as shown by 10 ppt standard

solution replicates; Table 3.4).

3.4. RESULTS

The application of this method has enabled us to determine the nature of the

flux of REEs between bottom water and pore water. As discussed in the introduction,

the pore water REE flux has been a major underdeveloped term in the global REE

cycle. Our method provides a means to make the first real estimation of this term,

showing whether the flux is in or out of deep-sea sediments and by what magnitude.

In this regard, the method allows measurement of samples that can be used to estimate

this flux term in two different ways: (1) By calculation of flux from measurements of

concentration gradients at the sediment-water interface, and (2) by measurement of

flux directly via benthic chamber samples. Without our method, both of these sample

types would be effectively immeasurable because they are of such low volume and

concentration and have a complex matrix.

We measured bottom water, overlying water and uppermost pore waters from

four sites: three sites from the California margin and one from the Chile margin. The

data are given in Table 3.7 and shown in Fig. 3.6. The bottom waters were all



Table 3.7. REE data from bottom water, overlying water and pore water
Sample1 Porosity Element (pmolfkg)

BSF2 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(cm) (%)
)8-49-01(BW3) -1000 42.0 2.56 3.96 22.1 3.76 1.29 5.08 0.96 6.93 1.93 7.31 1.09 7.00 1.46
)8-51-0W4 0 53.5 33.8 5.79 26.2 4.42 0.36 5.43 0.66 7.26 1.73 8.14 0.59 5.06 0.91
)8-51-OW (re-run) 0 46.5 14.6 6.51 34.0 5.18 1.16 6.07 0.90 7.41 1.96 6.96 0.94 6.30 1.09
)8-51-01 0.21 90.3 270 450 52.8 217 41.9 8.75 44.9 6.22 38.5 7.15 24.7 3.02 18.4 2.59

)9-S4NB(BW) -50 34.7 10.86 4.73 19.6 3.15 0.56 6.05 0.44 6.36 1.56 5.45 0.57 5.18 0.64
)9-54-NB(BW;re-run) -50 26.2 7.16 4.93 25.0 3.97 0.98 4.89 0.70 6.47 1.66 6.25 0.74 5.03 1.00
9-57-OW 0 64.8 25.3 6.54 33.3 6.90 1.07 8.23 1.01 10.7 2.96 11.4 1.17 10.3 1.77
9-57-01 0.21 906 187 247 28.8 147 27.6 6.02 32.2 4.88 28.4 6.94 22.8 3.42 25.7 4.68
9-57-02 0.69 906 179 217 32.7 144 28.9 6.70 35.2 5.57 36.1 8.30 30.5 4.40 29.5 5.20

10-62-Ola(BW) -1000 48.3 3.94 4.56 20.1 4.44 0.02 5.70 0.59 7.30 1.87 7.81 0.82 5.94 1.18

10-62-Ola (BW; re-run) -1000 43.5 1.88 4.81 23.8 3.85 0.71 5.34 0.65 6.57 1.93 6.81 1.03 6.52 1.18
10-69-OW 0 228 71.1 37.7 144 32.2 8.18 40.0 5.22 37.0 8.58 27.1 3.46 26.7 3.73
10-69-01 0.21 89.1 431 412 93.9 378 82.2 20.7 78.6 14.1 95.2 18.2 62.7 8.62 55.2 9.44

4C64-NB(BW) -50 46.7 3.38 6.26 24.3 4.65 1.72 6.50 1.07 8.41 2.45 8.55 1.33 9.11 1.92
4C64-OWc 0 51.2 9.44 6.75 29.0 4.35 1.63 6.05 1.13 9.38 2.35 9.20 1.32 11.01 1.86
ñC64-08-1A 0.21 956 129 28.2 24.8 96.1 22.3 6.39 31.8 5.87 44.0 9.82 35.6 6.52 49.8 10.63

Station number is given in start of sample name. Site descriptions (BWO = Bottom Water oxygen):
Sta. 8: 35°26.24N,121°26.98W, 800m deep, BWO=14.4 .tM; Sta.9: 35°33.93N,122°03.38W, 1600m deep, BWO=54.2 1iM;
Sta.10: 36°06.1 1N,122°35.23W, 3400m deep, BWO=127.6 .tM; MC64: 17°02.12S,78°06.53W, 2930m deep, BW0150 .tM.
Depth of sample is given as cm Below Sea Floor. E.g. Niskin bottle samples from Stas. 8 and 10 are lOm above seafloor.
BW = Bottom water
OW = Overlying water
When italicized, values of replicates outside error. This happened for 2 isotopes in one replicate sample, and is probably the
result of a temporary instability in the ICP-MS.
When italicized, value of porosity not measured but estimated. Tortuosity set at 50% for all sites.
Eu in this sample is a flyer, and was not used in any calculations.



sampled via Niskin bottle 10 m off the sea floor (<1 m off the sea floor,

attached to the benthic lander, in the Sta. 9 sample). The overlying water was captured

in the core tube over the sediments. Pore water was isolated by centrifugation of

sediment from the upper <0.5 cm (i.e., the "fluff' layer) as soon as possible after the

cores arrived on deck (typically <1 hr). In all cases, the water was filtered (O.45tm)

and acidified to pH 2 with quartz-distilled HC1 soon after isolation. The bottom water

sample volumes were large (>100 mL); the overlying water between 10 mL and 100

mL and the pore water <10 mL. These sampling procedures follow those of McManus

et al. (1997). Benthic chamber samples from one site (Sta. 9) were measured,

following the sampling protocols outlined in Berelson and Hammond (1986) and

Hammond et al. (1996). Oxygen was monitored continuously in this chamber using a

pulsed oxygen electrode (Langdon, 1984). Bottom water oxygen at Sta. 9 is >50 iM

and the fluid within the chamber did not go anoxic during the incubation. The REE

data are shown in Fig. 3.7.

In general, the bottom water REE concentrations and patterns are typical of

other published results for similar depths and locations. These data are

oceanographically consistent (Fig. 3.6), showing the typical HREE enrichment and a

pronounced "Ce anomaly." Bottom water levels at Sta. 8, Sta. 9 and Sta. 10 are all

within error of each other. The slight differences between the Sta. 8 and Sta. 10

samples (both taken from lOm off the seafloor) and the sample at Sta. 9 may reflect

the fact that this latter sample was taken from a Niskin bottle on the benthic lander



Figure 3.6. Bottom water, overlying water and pore water REE results for stas. 8, 9
and 10 (California margin) and MC64 (Chile margin), normalized to PAAS. Error
bars for each REE are given at the top of each panel (note the scale changes in each
panel). While errors on 5 mL of seawater are not as good as other published methods
developed for greater volumes, the errors are reasonable at the levels of pore waters,
the main focus of this development work, as shown in the bottom panel. The grayed
patterns in the lower two panels show representative bottom water patterns as shown
in the top panel (shown for reference).
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Figure 3.6. Bottom water, overlying water and pore water REE results for
stas.8, 9 and 10 (California margin) and MC64 (Chile margin), normalized to
PAAS.
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Figure 3.7. Benthic chamber sample results for sta.9 (California margin).
Top panel: Shows only the La concentrations in the chamber. The other
REEs follow a similar evolution. The open symbols show all the data
measured; the filled symbols show the data that were used to calculate a
flux; the bracketed symbols are thought to be spurious. The LC/E%t values
used to calculate flux are derived from the lines shown.
Middle panel: The patterns of the chamber samples, normalized to PAAS.
Concentrations increase for all the REEs over time in the chambers;
however, the general pattern remains similar in this normalization scheme.
Lower panel: The patterns of the chamber samples (excluding the spurious
samples indicated in the top panel), normalized to bottom water. This
normalization makes the LREE>HREE enrichment over time more
obvious, as well as clearly showing the massive enrichment of Ce with
time in the chamber.
The lower two panels show concentrations in pM, because the calculation
of concentration from benthic chamber samples requires volume units.
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itself and thus was sampled nearer the seafloor. The fact that Stas. 8 and 10

are so similar provides convincing evidence that these data accurately reflect bottom

water in this region. The bottom water of site MC64 is enriched in HREEs, relative to

the Californian margin samples. The overlying waters (taken from the multicores) are

generally similar to the bottom waters (Fig. 3.6). They all show the HREE enrichment

and the "Ce anomaly" characteristic of subsurface seawater samples; however, they

are more concentrated (typically 1 to 3-fold) for all the REEs (Table 3.7). The

overlying water from Sta. 10 is exceptional, being much more concentrated (3 to 25-

fold) and having a very different pattern than the bottom water. This may indicate that

the core was disturbed prior to sampling mixing interfacial pore water into the sample.

Pore waters, on the other hand, are more concentrated than bottom waters or

overlying waters (up to 175-fold; Table 3.7; Fig. 3.6) taken from the same sites. The

pore water patterns are best characterized using three descriptors: (1) the "Ce

anomaly" (defined as Ce/Ce* = (2x{Ce]N)/([La]N+[PrJN); e.g., De Baar et al., 1983),

describing the nature of the "V" between La and Pr; (2) a "MREE bulge," describing

an enrichment of the MREEs (Johannesson and Zhou, 1999); and (3) a "HREE

enrichment," describing the extent to which the I-TREEs are enriched (with the caveat

that this enrichment increases with atomic weight, so that it is not just "more HREEs,"

but "Lu>Yb>Tm..."). Quantification of these descriptors is possible, but will be done

in a future work as the focus of this paper is to present a new method, and demonstrate

its use by making the first open ocean estimates of benthic REE fluxes. However,



because the data presented are novel, they warrant some qualitative

description and discussion.

Sta.8 is basically flat, with a small negative ("V-down") "Ce anomaly", a slight

MREE bulge and basically no HREE enrichment (Fig. 3.6). Sta. 9 also has a similar

flat pattern, a "Ce anomaly" and MREE bulge, but a slightly more significant HREE

enrichment. Sta. 10 has greater REE concentrations in general than the other two

stations, a significant negative "Ce anomaly" and a large MREE bulge, which may or

may not mask some HREE enrichment. Site MC64 also shows a significant negative

"Ce anomaly" but is otherwise dominated by HREE enrichment.

As a general point, REEs in pore waters are more concentrated than in

seawater (by an order-of-magnitude on average), making their measurement all that

more reliable. Furthermore, it is immediately seen from these data that the direction

of the REE flux should be from the pore water into the bottom water and that

sediments are a source of REEs into the ocean over a wide range of redox conditions

(see Table 3.7 for bottom water oxygen values). This result will be quantified later in

the Discussion and compared to observations made from the benthic chamber. If

fluxes determined from the pore water-bottom water concentrations are robust, the

benthic chamber samples should show a consistent flux out of the sediments.

Perhaps a more instructive manipulation is not to normalize pore and bottom

water REE concentrations to PAAS (Fig. 3.6) but to normalize to the bottom water

concentrations as done in Sholkovitz et al. (1989). These normalizations are shown in

Fig. 3.8. If the pore water REEs increase proportionately under this normalization
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technique, the resulting patterns should be simply flat and >1. Because the

overlying water patterns, normalized to bottom water, are basically flat at unity (top

panel Fig. 3.8), overlying water can be considered virtually undifferentiated from

bottom water. The obvious exception is Sta. 10, where the REEs are much more

concentrated. If not simply due to core disturbance prior to sampling, this suggests

that the fluxes out of the sediments at Sta. 10 are large enough to significantly affect

overlying water. The exception at all sites, as indicated, is that Ce is more

concentrated in overlying water than in bottom water. The slight departure of Eu at

Sta. 10 is also intriguing. If not an artifact of the low Eu values in bottom water, it

may reflect Eu redox chemistry taking place. This result seems consistent in the sense

that Sta. 10 is the most reducing. This observation would also support the work in the

Amazon fan by MacRae et al. (1992), but this needs to be substantiated with

additional data.

Pore waters, normalized to bottom water, are quite different (Fig. 3.8, bottom

panel). The three California margin sites have a trend of decreasing abundance from

the LREEs (excluding La and Ce) to the HREEs (the trend being most obvious at Sta.

8 and least obvious at Sta. 9). The Chile margin site has a very flat pattern, with

perhaps slightly elevated HREEs over the LREEs. However, the most striking feature

at all sites is, the Ce-spike. Ce in interfacial pore water is obviously much more

concentrated than in bottom water. Apparently, the Ce oxidized in the water column

is recycled during the early stages of diagenesis; this will be developed further in the

Discussion.



REE evolution in the benthic chamber from Sta. 9 is shown in Fig.

3.7. In general, REE concentrations increase in the chamber with increasing time,

which is consistent with

pore water and bottom

water results. These

fluxes will be quantified

in the Discussion.

REE patterns in

the benthic chamber are

shown in the bottom two

panels of Fig. 3.7,

normalized to PAAS

and bottom water

(Because significant

change had already

occurred by the first

sampling time in the

chamber experiment, 0.5

hrs, the bottom water

from a Niskin bottle was

used as "time zero" for

normalization). PAAS
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Figure 3.8. The overlying water and pore water sample
patterns normalized to bottom water.
Top panel: The overlying water at three of the sites is
generally indistinguishable from the corresponding
bottom water (shown in gray). The overlying water at
sta. 10 is enriched with respect to bottom water, with the
LREE>HREE. The most obvious exception to this is
the Ce enrichment at all the sites.
Bottom panel: The pore waters generally show a
LREE>HREE enrichment over bottom water, with the
exception of MC64 which has an almost flat pattern.
The most striking feature of the pore water patterns at all
sites is the massive Ce enrichment over bottom water
(09-57-01 and 09-57-02 are replicates).
Eu at sta. 10 was normalized using only the bottom water
value from the re-run sample (10-62-01 a BW; re-run;
Table 3.7)
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normalization shows that the typical seawater "Ce anomaly" is maintained

over time in the chambers. It is otherwise difficult to determine, with this

normalization technique, whether there are differences among the LREE versus

MREE versus HREE evolutions in the chambers, because all the REEs appear to

increase similarly. However, when the chamber samples are normalized to bottom

water, as shown in the bottom panel, certain features become clear: (1) The dominant

feature is the positive Ce-spike, demonstrating that Ce is massively enriched in the

chamber samples, in contrast to the depleted Ce found in seawater; and (2) the LREEs

are more enriched than the MREEs which, in turn, are more abundant than the HREEs.

This is the opposite trend found in seawater, implying that, although not visibly clear

in the PAAS-normalized patterns (Fig. 3.7), the chamber REE patterns are "flattening"

as well as increasing in REE concentration when compared to bottom water. This

bottom water-normalized pattern is also seen in the pore waters samples. One final

observation not investigated here is that there are spikes seen at Eu and Tb. Although

speculation can be made for redox conditions driving a change in Eu (as would be the

case for Ce), it is difficult to explain the Tb spike. Whether or not these features are

robust will be determined in later work.

3.5. DISCUSSION

The discussion of the data presented here will focus on estimating pore water

REE fluxes at these sites, which is the goal of this work. We will only briefly describe

how we believe these data fit into current understanding of REE geochemistry in the



oceans, and leave a more comprehensive interpretation of the processes that

may drive the changes in pore water REEs to a separate publication.

3.5.1. Pore water flux

Qualitatively, sediments are a source of REEs to the oceans, as described

above. The actual flux is now quantified through two methods: (1) from the bottom

waterpore water concentration gradients, and (2) from the benthic chamber

measurements.

3.5.1.1. From pore water gradients

The REE flux is calculated using Fick' s First Law of Diffusion:

FLUXREE =

where D is the diffusion coefficient (from Li and Gregory, 1974; all REEs

assumed to be equal to La; corrected for temperature (linear extrapolation to 2°C),

porosity and tortuosity; see Table 3.6 for values); and AC/Ax is the concentration

gradient between interfacial pore water and bottom water (Table 3.7). The resulting

calculated fluxes are given in Table 3.8.

3.5.1.2. From benthic chamber experiment

Fluxes were determined from the benthic chamber using the equation:

AC1
FLUXREE

At ZBC

where ZBC and AC/At are determined from the "good" data of the chamber

samples. The AC/At slope is chosen somewhat arbitrarily, based on an understanding



of the complexities of the benthic chamber experiment. Therefore, for Sta.

9, the first three samples are thought to be "good." Applying these caveats, fluxes

calculated from the benthic chamber are given in Table 3.8.

The results listed in Table 3.8 support three important implications: (1) The

pattern of the REE fluxes is similar between the pore water flux calculation and the

benthic chamber measurement. This indicates that the diffusion coefficients of the

REEs are similar, thus the fluxes calculated from pore water data should be fairly

accurate. (2) The two methods produce similar fluxes, especially considering the

disparate sampling approaches and the potential errors propagated through the

calculations. This is an important oceanographic validation of the analytical method

and (3) The fluxes of REEs into the ocean range from 101 to 108 mol cm2ky'

Several observations can be made from the flux estimates. First, it appears that the

LREE flux is greater (in proportion to the bottom water it is fluxing into) than the

MREE and HREE flux by orders-of-magnitude. Not only are individual REE fluxes

extremely variable at a given site, they differ from site to site on similar (orders-of-

magnitude) scales (again, the potential reasons for this will be addressed in a

subsequent publication). When these pore water fluxes are used to estimate a total

flux into the oceans (Table 3.8), they are comparable to the flux from riverine

dissolved load input (Elderfield and Sholkovitz, 1987; Goldstein and Jacobsen, 1987;

Elderfield et al., 1990). In fact, the estimates of benthic flux falls within the range of

riverine dissolved load flux for all the REEs. This result has significant implications

for the residence times of REEs in the oceans. Specifically, the residence times of the
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REEs could potentially be half what they are currently estimated to be

(Goldberg et al., 1963; Elderfield and Greaves, 1982; Elderfield and Sholkovitz, 1987;

Bertram and Elderfield, 1993). Of course, this postulate represents a massive

extrapolation from the limited data presented here. That is, although these sites

embody a wide range of bottom water oxygen (14 to 150 jiM 02), they are all similar

in that they underlie highly productive coastal waters, and this imposes a limitation on

global applicability. Nevertheless, it is clear from even this limited data set that there

is a potentially significant input term of REEs from pore waters and that the residence

times of REEs in the oceans should be re-evaluated.

With respect to the general patterns of the pore water flux (Fig. 3.6, Fig. 3.7),

two observations need to be accounted for: (1) the higher LREE flux relative to the

MREEs and HREEs, and (2) the anomalously large Ce flux. We will now attempt to

do so in a brief discussion of these features, with respect to current understanding of

REE geochemistry.



Table 3.8: REE fluxes from pore waters
Station

La Ce Pr Nd Sm
Element Flux (nmol cm2ky)

Eu Gd Tb Dy Ho Er Tm Yb Lu
V1064 PW' 8.8 2.7 2.0 7.7 1.9 0.5 2.7 0.5 3.8 0.8 2.9 0.6 4.4 0.9
Sta8 PW 23.3 45.8 5.0 19.9 3.9 0.8 4.1 0.5 3.2 0.5 1.8 0.2 1.2 0.1
Sta9
Sta9

PW
BC2

3.4
2.6

5.0
4.8

0.6
0.5

2.8
2.1

0.6
0.3

0.1 0.6 0.1
0.1 0.3 0.04

0.6
0.2

0.1
0.04

0.5
0.1

0.1
0.02

0.5
0.1

0.1
0.02

StalO PW 38.9 41.3 9.0 36.0 7.9 2.1 7.4 1.4 8.9 1.6 5.6 0.8 4.9 0.8

Total Flux to Ocean (Gmol ky)
ore waters and Benthic chamber3

mm 9.5 9.6
max 693.0 1255.0

FUverine Flux4

28.2 57.3

1.7
138.6

7.4
513.5

42.9

1.1
83.0

10.0

0.3 0.9 0.2
25.4 101.3 13.8

2.4 9.7

0.8
75.6

7.2

0.1
18.5

0.4
33.0

3.8

0.1
8.4

0.4
45.0

3.3

0.1
6.8

0.5
1. PW = Pore Water flux calculation
2. BC = Benthic Chamber flux calculation
3. Area of ocean floor = 3.6x10'8cm2

4. Global River Dissolved Load Mass Flux = 4.24x1019 g y1; Ave. river concentrations from Goldstein and Jacobsen,
1987; Elderfield et al., 1990.

Bolded values are the REEs with the highest and lowest fluxes at each site.



102

3.5.2. Synopsis

These pore water analyses, although very preliminary, offer much insight into

REE chemistry in the ocean. While the observations from this work support, for the

most part, current paradigms for the behavior of REEs in sea water, some re-

evaluation seems to be in order.

3.5.2.1. REE chemistry in seawater (excluding Ce)

HREEs form stronger dissolved complexes than LREEs; or, conversely,

LREEs are more tightly bound to particulates (Hoyle et al., 1983; Byrne and Kim,

1990; German et al., 1991; Bertram and Elderfield, 1993). This is seen in the trends of

stability constants for both "organic"-complexes (Bingler et al., 1989; Byrne and Kim,

1990; Stanley and Byrne, 1990), as well as most other inorganic complexes (e.g.,

Goldberg et al., 1963; Wood, 1990; Lee and Byrne, 1992; Millero, 1992; Schijfet al.,

1995). These tendencies determine the residence times of the REEs in the water

column (Sholkovitz et al., 1994). That is, the LREEs have shorter residence times

than HREEs (Goldberg et al., 1963; Elderfield and Greaves, 1982; Bertram and

Elderfield, 1993; Byrne and Sholkovitz, 1996), which have relatively high

concentrations in deep water (e.g., De Baar et al., 1983; Murphy and Dymond, 1984;

Bertram and Elderfield, 1993).

Unlike for inorganic complexation, the trend in "organic" complexation is

consistent with theories of particulate scavenging (Elderfield and Greaves, 1982; De

Baar et al., 1983; Hoyle et al., 1983; Murphy and Dymond, 1984; German etal., 1991;

Bertram and Elderfield, 1993; Byrne and Sholkovitz, 1996), in that both "organic"
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complexation and Fe-Mn hydroxide precipitation are biologically mediated

(Froelich et al., 1979; Hoyle et al., 1983; Sholkovitz et al., 1994). In this sense, the

creation of Fe-Mn hydroxides as well as the "scavenging" of the REEs are both

controlled by organic carbon dynamics (Elderfield and Greaves, 1982; Elderfield,

1988; Moffett, 1990; Sholkovitz etal., 1994; Alibo and Nozaki, 1999).

The importance of organically-driven processes in controlling REE

distributions is immediately evident in pore water. The most obvious manifestation of

this is that the LREEs > HREEs in pore water relative to bottom water (Fig. 3.7). This

fractionation supports the notion that the sediments see a larger LREE input (Schijf et

al., 1995); i.e., there is a faster steady state input of LREEs with the particulate

coatings. Further, it would be expected that as these coatings break down during the

earliest stages of sediment diagenesis, the LREEs would be liberated and flux out to a

greater extent than the HREEs. This behavior would be seen as lower relative fluxes

of I-TREES out of the sediment, and this is precisely what we observe (Table 3.7).

Moreover, this is also what is predicted for, and observed in the benthic chamber

experiment (Fig. 3.7).

Patterns of pore waters (Fig. 3.6) also support this view. That is, there are

characteristic patterns of(1) "HREE enrichment" (e.g., MC64), which reflect a simple

system dominated by the direct interaction of particulate coatings and (2) the "MREE

bulge" (e.g. Sta. 8), which reflects REE input from Fe-Mn hydroxide dissolving at

deeper, more reducing depths. This is not surprising, as the "MREE bulge" has been
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associated with Fe-Mn hydroxides in other work (e.g., Palmer and

Elderfield, 1986; Johannesson and Zhou, 1999).

In summary, the REE patterns for interstitial pore water reported here are

consistent with what we understand about the behavior of these elements in the water

column, and they also reflect regeneration processes deeper in the sediment (Elderfield

and Sholkovitz, 1987; Sholkovitz et al., 1989). The exact nature of this deeper

regeneration is outside the scope of this report and will be discussed in a subsequent

paper.

3.5.2.2. Ce chemistry in seawater

That Ce undergoes redox changes is obvious from its deviant distribution

compared to the other REEs (e.g., Piper, 1974; Elderfield, 1988; German and

Elderfield, 1990 for reviews). This anomalous behavior is explained by the fact that,

unlike La or Pr, Ce can be oxidized to the less soluble IV oxidation state. The one

proviso to this argument is the observation that there does not appear to be any

detectable trend in Ce concentration with depth, even though oxygen increases (e.g.

Klinkhammer et al., 1983; Alibo and Nozaki, 1999). In other words, the vertical

profile of Ce is very much like Mn (Klinkhammer and Bender, 1980): it decreases

rapidly at the base of the mixed layer but does not appear to change significantly

below this depth. It could be that systematic variations do occur, but they are below

our ability to detect, or it could be for another reason: namely, that all Ce oxidation

occurs in the subsurface layer of the water colunm (Moffett, 1990; Sholkovitz and
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Schneider, 1991) and then remains in a solid oxidized phase without any

consequential water column alteration until burial in sediments.

Our pore water data support this latter idea, namely that Ce oxidation occurs

mostly in the shallow water column and then remains particulate until undergoing

reduction during early diagenesis. An implication of this is that oxidized Ce is fairly

resistant and is only reduced at extremely low oxygen levels (De Baar et al., 1983;

Bau, 1999). This regeneration drives the observed benthic flux into bottom water,

and, although this flux is relatively large (Fig. 3.7, Fig. 3.8), there is usually still a

deficiency of Ce relative to La and Pr in interfacial pore waters and overlying waters

(Fig. 3.6, Fig. 3.7).

One important collective implication of our observations is that the "Ce

anomaly" is more complicated than typically depicted (Tachikawa et al., 1999). To

date, it has been considered that it is the odd redox nature of Ce that makes the

anomaly and thus that the "Ce anomaly" is redox-sensitive. However, our results

indicate that changes in La and Pr create the "Ce anomaly" of deep water and that this

feature is not directly related to oxygen level. This can been seen more clearly by

considering the definition of the "Ce anomaly":

CeAnomaly = Ce!
(2 x [CeIN)/

/Ce * /([a1N + [Pr]N)

where Ce* is the concentration that Ce "should" have, as interpolated from La-

Pr concentrations.
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The hypothesis presented above argues that changes in Ce*, the

denominator, drive changes in the "Ce anomaly," and not changes in Ce. This is

consistent with the trend in the "Ce anomaly" with water column depth seen by many

researchers. Both La and Pr have "nutrient-like" water column profiles, as opposed to

Ce which is constant with depth. Therefore, the hypothesis presented here, wherein

changes in La and Pr drive changes in the "Ce anomaly," better explains the

correlation between oxygen and the "Ce anomaly" with depth (a similar argument was

made by Tachikawa and colleagues (1999)). However, it also means that the "Ce

anomaly" is not directly correlated to oxygen, because La and Pr do not have redox

chemistries. The real links to oxygen may be through (1) the availability of organic

ligands as a function of POC/DOC degradation and remineralization or (2) in strongly

anoxic conditions, where Ce is recycled. Although the potential remains to use the

"Ce anomaly" as a tracer of oxygen, how this actually functions may be more complex

than previously thought. Nevertheless, it may be that the apparent stability of Ce as

compared to the dynamic behavior of the other REEs may give the "Ce anomaly"

more potential as a tracer.

The pore water results presented as part of this study support the "null Ce"

hypothesis (Fig. 3.6). The bottom water to pore water changes in Ce, as a percent of

the changes in the predicted Ce* (see above definition), are 1.4%, 9.3%, 6.4% and

5.7% (at MC64, Sta. 8, Sta. 9 and Sta. 10, respectively). In other words, the change in

Ce is only a minor fraction of the change in Ce*. The net result is that, while oxygen

levels in bottom water (and, by inference, pore water) range from oxic to sub-oxic at
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these sites (14 to 150 jiM; Table 3.6) Ce concentrations are consistently

depleted. Therefore, the changes in the "Ce anomaly" (always negative) are driven by

changes in Ce* or, in other words, changes in La and Pr.

3.6. CONCLUSIONS

The primary objective of this paper was to describe a new method for the

analyses of REEs in small seawater samples, using coupled IC and quadrupole ICP-

MS. The automated, multi-column IC method described here separates all 14 REEs as

individual elements from 5 mL seawater samples, with reasonable blanks and

insignificant inter-series fractionation. Eluent from the IC is fed directly into the ICP-

MS, and chromatographs are produced using the time-resolved analyses.

Concentrations developed using this tandem are reproducible up to the ±5% level

based on duplicates and calibration standards.

A set of oceanographic samples was run as a test of the method and to

elucidate the behavior of these elements at the sediment-water interface. REE levels

in samples of bottom water, overlying water, pore water and benthic chamber water

developed from this method gave us our first estimates of benthic flux. We found that

sediments at the sites studied are a source of dissolved REEs to the ocean, ranging

from 1011 to 1 0 mol cm2ky'; fluxes on the order of riverine input. In essence, this

input, if extrapolation to apply to continental margins globally is imagined, could

translate to residence times of the REEs in the ocean that are substantially less than

previously thought.
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Our preliminary pore water results support the major features of

REE chemistry in the oceans as we know them. However, one key re-evaluation is

recommended: that the "Ce-anomaly" no longer be considered simply the result of

redox chemistry of Ce, but that more emphasis be placed on interactions between

organic carbon and La and Pr.
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4.1. ABSTRACT

The rare earth elements (REEs) were measured in pore waters of the upper 25

cm of sediment from one site off Peru and three sites on the California margin. The

pore water REE concentrations are higher than sea water and show systematic down

core variations in both concentration and normalized pattern. From these analyses and

from comparison to other chemical species measured (dissolved Fe, Mn, Ba, oxygen,

nitrate, phosphate), it is suggested that pore water REEs can be grouped into three

categories: those that are from an Fe-source, those that are from a POC-source, and

cerium oxide. REEs from the Fe-source appear where anoxia is reached; they have a

distinctive "middle-REE (MREE) enriched" pattern. The concentrations in this source

are so elevated that they dominate REE trends in the Fe-oxide reduction zone. The net

result of flux from the POC-source is relative enrichment of heavy-REEs (HREE5)

over light-REEs (LREEs), reflecting remineralizing POC and complexation with

DOC. A common "linear" REE pattern, seen in both oxic and anoxic sediments, is

associated with this POC-source, as well as a "HREE enriched" pattern that is seen in

surficial sediments at the Peru site. Overall, the pore water results indicate that Mn-

oxides are not an important carrier of REEs in the oceans.

A REE biogeochemical model is presented which attempts to reconcile REE

behavior in the water and sediment columns of the oceans. The model proposes that

POC, Fe-oxide and Ce-oxide sources can explain the REE concentration profiles and

relative abundance patterns in environments ranging from oxic sea water to anoxic
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pore water. The model is also consistent with our observation that the "Ce-

anomaly" of pore water does not exceed unity under any redox condition.

4.2. INTRODUCTION

Rare earth elements (REEs) are important because their geochemical properties

enable them to be powerful tracers of chemical processes. There are many examples

of this applicability in the marine environment ranging from studies of estuaries, to

ocean circulation, to hydrothermal processes (e.g., Klinkhammer et al., 1983; Hoyle

et al., 1984; Ruhlin and Owen, 1986; Olivarez and Owen, 1989; Elderfield et al.,

1990; Bertram and Elderfield, 1993; Sholkovitz, 1993, German et al., 1995; Sherrell et

al., 1999; Nozaki et al., 1999; Lacan and Jeandel, 2001).

Historically, measuring pore water REEs has been hindered by analytical

difficulties, resulting in a paucity of data (Piper, 1974; Elderfield and Sholkovitz,

1987; Sholkovitz et al., 1989; Sholkovitz et al., 1992). Nevertheless, we were able to

measure all of the REEs (except Pm) in the pore waters of the upper 25 cm at four

sites by using a coupled Jon Chromatography-Inductively Coupled Plasma-Mass

Specrometry (IC-ICP-MS) technique (Haley and Klinkhammer, 2003). The four

sediment cores used in this study represent oxic to anoxic sedimentary environments.

The results of this work reveal that REE concentrations exhibit a large dynamic range

in pore water, the trends of which are interpreted to reflect (1) the remineralization of

organic coatings ("POC"), and (2) the reduction of Fe- and Ce-oxides. Fe-oxide
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reduction is restricted to reducing sedimentary environments but dominates

the pore water REE distributions whenever it occurs.

4.3. MATERIALS AND METHODS

4.3.1. Sampling

Samples were collected at three California margin sites (Stas. 8, 9 and 10) and

one site from the Nazca Ridge off Peru (MC64; See the Appendix for details). The

three California sites represent a depth transect across the margin where bottom water

ranges from suboxic (Stas. 8 and 9) to oxic (Sta. 10; see McManus et al. (2003) for

details). These sites underlie highly productive near-shore surface water (>400 gCm

2yf' from SEAWifs estimates; Behrenfeld et al., 1991). The sediments of the

California margin sites are typical of near-shore margins having high terrigenous and

organic content (Jahnke et al., 1997). The Peru core was taken at a site with oxic

bottom water underlying a region of productive surface water (270 gCm2yf' from

SEA Wifs estimates; Bebrenfeld et al., 1991). The sediments of this site are pelagic

nanno-fossils (Shipboard scientific party, 2002).

Sediments were collected using a multicorer, which preserves the sediment-

water interface (Barnett et al., 1984), and allows collection of pristine water directly

overlying the sediments ("overlying water"). Moreover, Niskin samplers attached to

the frame of the multicorer, and thus positioned -50 cm above the sediment-water

interface, allow for the collection of bottom water. Cores were sectioned under an

inert atmosphere (glove bag) at ambient temperatures (4°C) <1 hr after retrieval.
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After centrifugation, the supernatant was filtered (0.4 j.im) in a glove bag

and subsequently acidified to pH 2 with ultra pure HC1.

4.3.2. Analyses

4.3.2.1. REEs

REEs in 5-mL bottom water, overlying water and pore water aliquots were

measured, using a coupled IC-ICP-MS system (Haley and Klinkhammer, 2003). This

technique is accurate within the precisions determined: I r values ranging from 4 to

6% for REE standards at seawater concentrations. As will be shown, REEs are more

concentrated in pore waters, which increases our confidence in the accuracy of these

measurements.

4.3.2.2. Other Species

Dissolved oxygen was determined using a microelectrode (Microelectrodes,

mc); nitrate and phosphate were analyzed using standard techniques (e.g., Grasshoff et

al., 1999) and adapted for a segmented-flow auto-analyzer. Pore water dissolved Mn

and Fe were analyzed using ICP-AES or flow injection analysis with on-line

preconcentration and spectrophotometric detection (Resing and Motti, 1992; Measures

et al., 1995).

4.4. RESULTS

The pore water results are presented in the Appendix. These data are shown as

profiles (Fig. 4.1) and as PAAS-normalized REE patterns (Fig. 4.2). Because the

presence of dissolved Fe is shown to significantly affect the REE signal in pore water,
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both profiles and patterns are presented as two pairs: (1) cores with no

dissolved Fe present and (2) cores with dissolved Fe present. Finally, the data are

generally arranged and presented in order of increasing complexity.

4.4.1. Pore water profiles

Although all 14 REEs were measured, for practical reasons only three REE

profiles are shown in Fig. 4.1. These are La and Lu, the lightest and heaviest REEs,

and Ce, which may be expected to behave differently from the other REEs in pore

water because it does so in the water column (see Byrne and Sholkovitz, 1996 for

review). The profiles of the other REEs mirror those of La and Lu. Other chemical

species measured, dependent on availability of remaining sample volume, are shown

together in a separate panel (Fig. 4.1). The curves in Fig. 4.1 are meant as a guide to

our interpretation of the data and are not mathematically derived best-fit lines. These

interpretations are based on both the profiles and the REE patterns.

4.4.1.1. Cores with no dissolved Fe present

4.4.1.1.]. Sta. 9

The two cores with undetectable dissolved Fe (Sta. 9 and MC64) have pore

water REE concentrations that are generally lower than the cores with dissolved Fe

present (note change in scale for Fig. 4.1). Of the cores with no dissolved Fe present,

Sta. 9 displays the simplest profiles. In this core, REEs show a subsurface maximum

and, below this maximum the profiles are consistent with downward diffusion toward

an undetermined sink. These down core changes are of similar relative magnitude for

the LREEs (including Ce) and the HREEs.
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Figure 4.1. Pore water profiles of select REEs (La, Ce, Lu) and other chemical
species. For all plots, y-axis is depth (in cm), x-axis is concentration (various molar
levels). The top panel shows the cores with no dissolved Fe present (Stas. 9 and
MC64) and the bottom panel shows the cores with dissolved Fe present (Stas. 10 and
Sta. 8). (Note difference in concentration scales between the two panels.) From left to
right on each level is shown: La, Ce, Lu and other species measured. X error bars on
the REEs represent sediment sampling intervals and Y error bars on the REEs are
defined in Haley and Klinkhammer (2003). A gray line shows the sediment-water
interface across all the plots. Dashed lines represent our interpretation of the data and
are not mathematically derived fit-lines. The open symbols of Ce for MC64 show the
data on the secondary (expanded) scale.
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The apparent similarity of the REE and Ba profiles may indicate

that either barium phases directly influence the REEs or that they are interrelated in

another way. On the other hand, dissolved Mn appears at -10 cm depth at Sta. 9, but

this has no noticeable effect on pore water REEs, a first indication that Mn-oxides are

not significant REE-carriers.

4.4.1.1.2. MC64

REE profiles at this site show a shallow maximum, more pronounced for the

HREEs than the LREEs, and a deeper maximum of relatively equivalent magnitude

for all of the REEs (Fig. 4.1). Separating these two maxima is a sink, defined by at

least three sampling depths and four sample replicates. As at Sta. 9, the REEs deeper

in the core appear to diffuse downwards to an undetermined sink.

Ce shows these same down core trends, but with a smaller dynamic range.

While the similarity of the Ce profile to that of the other LREEs strongly suggests that

the Ce data for this core are robust, the --1 5-cm deep Ce value appears to be

anomalous and reproducible, but not mirrored by the other REEs. Sampling artifacts

associated with carbonate sediments could be responsible for the generally smaller

range in Ce. And, although we feel these Ce data are accurate, sampling artifacts have

been documented for other redox sensitive elements in carbonate-rich cores, therefore

they cannot be ruled out here; uranium is perhaps the best example (Toole et al.,

1984).

Dissolved Fe, Mn and Ba were not measured at this site. However, the

presence of oxygen and nitrate indicates that dissolved Fe would not be found in these
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samples (Froelich et al., 1979). Trends in pore water silica differ from

those for the REEs, supporting the suggestion that the similarity in water column

profiles of the LREEs and Si (Elderfield, 1988; Bertram and Elderfield, 1993; Byrne

and Sholkovitz, 1996) are more coincidental than indicative of a direct chemical link

(Klinkhammer et al., 1983; Sholkovitz et al., 1994). The erratic nature of dissolved

phosphate at depths roughly coincident with the shallow REE sink zone may signify

that phosphate phases have some influence over REEs in pore water (Jonasson et al.,

1985; Bingler and Byrne, 1989; Byrne and Kim, 1993; Grandjean-Lecuyer et al.,

1993; Byrne et al., 1996; Liu et al., 1997). However, more data would be required to

say anything concrete about this association.

4.4.1.2. Cores with dissolved Fe present

4.4.1.2.1. Sta. 10

In the two sites at which dissolved Fe was detected in the pore water, the REEs

are much more concentrated (note scale change in Fig. 4.1), suggesting that Fe-oxides

are a significant carrier of REEs. Sta. 10 REEs show a shallow subsurface maximum

and a deeper sink, both features being of similar relative magnitude for all the REEs.

Below the sink, REE concentrations generally increase with depth, a trend more

pronounced for the HREEs than the LREEs. Ce behaves like the other LREEs.

Dissolved Fe, Mn and Ba are detectable at Sta. 10. Of these, the most

influential with respect to the REEs appears to be Fe. Inflections in the profile

indicate that dissolved Fe is being produced between 2 to 7 cm depth and diffusing or

being removed below this depth (Fig. 4.1). The production zone of dissolved Fe thus
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matches well with peak concentrations in the REEs, which is consistent

with the contention that iron oxides are a major carrier of REEs. On the other hand,

the presence of dissolved Mn at Sta. 10, as well as Sta. 9 (where the REE profiles are

much different; Fig. 4.1), corroborates the suggestion made earlier that Mn-oxides are

not significant carriers of REEs.

In Sta. 10, as in Sta. 9, the Ba and REE profiles seem alike. However, looking

in detail, the peak in dissolved Ba is shallower at Sta. 10 (by 2 to 3 cm).

Nonetheless, there is some indication that the maximum concavity of the Ba-profile

(i.e., the point of greatest Ba removal) is coincident with the depth at which the REEs

drop to their subsurface minimum (-7 to 8 cm depth). These coincident changes are

consistent with a barium-phase (probably barite) precipitating at this depth and taking

up dissolved REEs.

4.4.1.2.2. Sta. 8

Sta. 8 has the most complex REE profiles (Fig. 4.1). There is both a

subsurface source and sink for REEs in the upper 6 cm of the core, similar to Sta. 10.

Unlike Sta. 10, there is also a second deeper maximum in the core. The relative

magnitudes of these features are the same for all the REEs and, as at Sta. 10, Ce at Sta.

8 is similar to the other LREEs.

As at Sta. 10, the presence of dissolved Fe at Sta. 8 is concurrent with

increased REE concentrations. In detail, the shallow peak in the REEs matches well

with the maximum upward flux of dissolved Fe (between 1 and 4 cm depth),

concordant with the idea that dissolving Fe-oxides are the source for the REEs.
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Furthermore, at Sta. 8, the dissolved Fe profile between 11 to 19 cm depth

is convex downward, indicative of continued production deeper in the core. It follows

from these observations that Fe-production might be the cause for the higher REE

concentrations at depth in Sta. 8 compared to Sta. 10, where the profile is indicative of

consumption deeper in the core (Fig. 4.1). The absence of dissolved Mn at Sta. 8,

together with the presence of dissolved Mn at Stas. 9 and 10, lead us to conclude that

Mn-oxides are not important REE carriers.

The dissolved Ba profile at Sta. 8 is similar to that at Sta. 10, but the REE

profiles of these sites are quite different. Nevertheless, the depth of the Ba maximum

matches well with the shallow REE peak in Sta. 8, and perhaps more interesting is a

correlation found between the depths of the concave inflection in the Ba profile ( 5

cm) and the REE minimum. The coincidence of these features supports our previous

suggestion that barium precipitation may be a REE sink.

4.4.2. Patterns

As a coherent group of elements, the REEs offer the potential to investigate

biogeochemical processes by exploiting information contained in the entire suite of

elements, i.e., the so-called REE patterns. For the sites studied here, it is possible to

sort the patterns in each core into distinct groups that we believe are characteristic for

the recurring processes that make up early diagenesis.

Following the arguments put forward by McLennan (1994), we will not

interpret these patterns with respect to the "tetrad effect" (e.g., Masuda and Ikeuchi,

1979; Ohta and Kawabe, 2000). Regardless of the normalization used, our data do not
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Figure 4.2. Pore water REE patterns. For all plots y-axis is PAAS-normalized REE
concentration; x-axis is REE. (PAAS values after Nance and Taylor, 1976. They are
listed below). The left panel shows the patterns in cores where dissolved Fe is not
present (Stas.9 and MC64); the right panel shows the patterns in cores where dissolved
Fe is present (Stas. 10 and Sta. 8; note change in y-axis scale). Each plot shows all the
data for that core in gray. SpecjfIc data, shown in black, represents those data from
the sample depths (in cm) indicated in each panel; where BM = Bottom water; OW =
Overlying water; AOD = All other depths. Three pattern types are seen: "Linear"
(bottom panels Stas. 9, MC64 and Sta. 10); "HREE enriched" (middle panel MC64);
"MREE bulge" (middle panels Stas. 10 and 8). See text for details.
PAAS values used (pmoles kg'): La: 273.6; Ce: 570.9; Pr: 63.2; Nd: 221.9; Sm: 35.2;
Eu: 7.2; Gd: 29.9; Tb: 4.5; Dy: 27.1; Ho: 6.1; Er: 17.3; Tm: 2.4; Yb: 15.4; Lu: 2.5.
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indicate a noticeable influence on REE patterns resulting from increased

stabilities of the quarter-, half-, three-quarter- or full f-shell configurations.

Fig. 4.2 shows the PAAS-normalized REE concentration patterns for each

core, in which panel level generally reflects sediment depth. Bottom water and

overlying water patterns for each of the four sites are highlighted in the upper panels

of Fig. 4.2. At all sites, bottom water patterns were typical of deeper seawater: i.e.,

low REE concentrations, with HREEs> LREEs, and a distinct "Ce-anomaly" (used

qualitatively throughout this section to describe the "V" defined by La, Ce and Pr).

The overlying water in all sites but one (Sta. 10) were similar to bottom water. At Sta.

10, the overlying water was enriched relative to bottom water, which is probably the

result of disturbance to the sediment-water interface during sampling.

4.4.2.1. Cores with no dissolved Fe present

4.4.2.1.1. Sta. 9

The patterns at all depths in this core are mono-typical, being enriched over

seawater in a linear fashion from Ce to Lu (Fig. 4.2). For this reason, we term this

pattern type "linear." Although there is a slight "Ce-anomaly," the overall trend of

increasing LREE concentrations is consistent with this being the result of relatively

enriched La, rather than depleted Ce (Fig. 4.2).

4.4.2.1.2. MC64

Patterns of samples from the shallow maximum (0.21 to 1.88 cm depth; Fig.

4.1) are shown in the middle panel of Fig. 4.2. The LREEs are only slightly enriched

while the HREEs are greatly enriched over seawater, an enrichment that increases with
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atomic mass, so that Lu>Yb>Tm... The result is a "HREE enriched"

pattern. The "Ce-anomaly" is distinct in these samples, because of the relative

enrichments of La and Pr versus the static behavior of Ce.

Below the shallow maximum (>1.88 cm depth; Fig. 4.1), the patterns are

similar to those seen in Sta. 9, with a linear enrichment of HREEs over LREEs (Fig.

4.2). Importantly, unlike Sta. 9, the "Ce-anomaly" is still pronounced in these

samples. While we put this forward as a real and important observation, we do so

with prudence because, as described previously, sampling of this carbonate core at

reduced pressure may have affected Ce, and thus the "Ce-anomaly" should be

interpreted with care.

4.4.2.2. Cores with dissolved Fe present

As mentioned above, the REEs are more enriched with dissolved Fe present

and this augmentation imparts a distinctive "MREE bulge" type pattern on the pore

waters. This pattern type has been shown to be associated with adsorption of REEs by

Fe-oxides in previous studies (Palmer and Elderfield, 1986; Johanriesson and Zhou,

1999; Sherrell et al., 1999).

4. 4. 2. 2. 1. Sta. 10

The pore water patterns of the REE subsurface peak (from 0 to 6 cm deep)

are shown in the middle panel (Fig. 4.2). These patterns all show a "MREE bulge." A

distinct "Ce-anomaly" is seen in only one sample. The patterns from deeper in this

core have, similar to Sta. 9, what we term a "linear" type pattern, with a minor "Ce-

anomaly" probably due more to enriched La rather than to depleted Ce.
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4.4.2.2.2. Sta. 8

The middle panel of Fig. 4.2 shows the patterns at all depths in this core,

except for depths of 0.21, 0.63, 5.33 and 6.33 cm. Apart from these four depth

intervals, the pore waters of this core all show a "MREE bulge" (Fig. 4.2), supporting

our previous suggestion that high REE concentrations at depth are driven by deeper

production of dissolved Fe. Again, this interpretation fits with such a deeper REE

maximum not being seen at Sta. 10 where we suggest dissolved Fe is being consumed,

rather than produced, deeper in the core. The "Ce-anomaly" associated with samples

having a "MREE bulge" type pattern is negligible.

The patterns from 0.21, 0.63, 5.33 and 6.33 cm depths are shown in the bottom

panel (Fig. 4.2). These samples are taken from just above and just below the shallow

REE maximum (Fig. 4.1). The two shallow samples (0.21 and 0.63 cm) probably

reflect simple diffusion out of the sediments, while the two deeper samples (5.33 and

6.33 cm) are consistent with a sink at this interval. These pore water patterns are

remarkably flat; the one sample (6.33 cm) shows a slight "MREE bulge," probably

representing a transitional distribution created by diffusion between these two pattern

types. We now interpret these profiles and patterns in terms of early diagenetic

processes, employing our understanding of general REE behaviors seen in the water

column.
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4.5. DISCUSSION

4.5.1. Pore water REEs in general

We have categorized pore water REE patterns into three types, illustrated in

Fig. 3 (in which each "type" pattern is a composite average from all four cores where

that pattern is seen). The bottom water pattern (again, averaged from all four sites) is

shown for reference. These "type patterns" serve to elucidate the processes that

control the REEs in pore waters. An important observation that comes from this work

is that these pattern "types" are distinctive (Fig. 4.3), seen repeatedly (Fig. 4.2), and

related to simple and predictable biogeochemical processes, as will be discussed

below. Consequently, we believe these "type patterns" may be broadly applicable for

fingerprinting early diagenetic processes: This is a feature that could benefit studies

ranging from carbon cycling to climate change.

4.5.1.1. The Linear pattern, POC and Mn-oxides

The "linear" pattern is the most common type seen in these pore waters,

describing a constant, but moderate increase in the PAAS-normalized REEs across the

series (Fig. 4.3). This pattern type was seen throughout Sta. 9 and at depth in both Sta.

10 and MC64, the latter two being sites with and without dissolved Fe present (Fig.

4.2). Therefore, this pattern may be considered common in pore waters of most

diagenetic environments, or at least those represented by this study. As discussed

below, we believe this pattern type represents REEs released from the degradation of

organic matter (simplistically termed "POC" in this paper), coupled with the

increasing tendency of the REEs across the series to complex with DOC produced
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during the degradation process (e.g., Goldberg et al., 1963; Byrne and Sholkovitz,

1996).

Currently, it is thought that dissolved REEs in the ocean are dominantly
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complexed (with increasing efficiency across the series) with carbonate species (e.g.
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Turner et al., 1981; Cantrell and Byrne, 1987; Byrne and Kim, 1990;

Stanley and Byrne, 1990; Wood, 1990; Millero, 1992; Lee and Byrne, 1992; Byrne

and Sholkovitz, 1996), and that the "reactive" solid phase REEs (i.e., not terrigenous)

are dominantly in particulate "coatings" composed of Mn- or Fe-Mn-oxides and/or

organic matter (De Baar et al., 1988; Stanley and Byrne, 1990; Byrne and Kim, 1990;

Koeppenkastrop and De Carlo, 1992; Sholkovitz, 1992; Sholkovitz et al., 1992;

Sholkovitz et al., 1994; Schijfet al., 1995; Bau et al., 1996; Byrne and Sholkovitz,

1996; Tachikawa et al., 1999; Arraes-Mescoffet al., 2001). However, after examining

our pore water REEs, we assert that, more exactly, Fe-oxides and "organic matter"

coatings are the dominant carriers of REEs and that Mn-oxides do not play a

significant part in REE cycling.

The clear importance of Fe-oxides on REE distributions in anoxic pore water

will be discussed later (section 4.1.3; also see Elderfield et al., 1981; Koeppenkastrop

and De Carlo, 1992; Bau, 1999; Sherrell et al., 1999). However, as shown in this

work, there must also be a source for REEs in oxic and suboxic pore waters where

dissolved Fe is not present (see MC64 and Sta. 9 in Fig. 4.1). One frequently ascribed

source for REEs in suboxic environments is Mn-oxide, because (1) REEs are enriched

in readily leachable coatings (Sholkovitz et al., 1994) and (2) the water column

behavior of REEs, especially Ce, appear to mirror that of Mn (Moffett, 1990, 1994;

German et al., 1991; Sholkovitz, 1992). This similar behavior of dissolved Mn and Ce

is most notable in anoxic basins because these two elements have similar redox

chemistries (German et al., 1991; De Carlo and Green, 2002). However, this work
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shows that in pore water there is no increase in REE concentrations

associated with dissolved Mn production, an observation we believe is direct evidence

that Mn-oxides do not carry significant quantities REEs (Fig. 4.1). This is the same

conclusion reached by Sholkovitz and colleagues (1992) in their study of REEs in the

seasonally anoxic Chesapeake Bay, and corroborates direct observations from

leaching experiments which show that REEs are not released when Mn-oxides

dissolve (Haley and Klinkhammer, 2002). Furthermore, REEs should not be expected

to substitute into the Mn-oxides lattice, because the ionic radius and charge of Mn is

dissimilar to that of the REEs (Goldberg et al., 1963).

Instead of Mn-oxides, we believe that POC is the primary REE source in oxic

and suboxic pore water. Although this idea is certainly not new (Goldberg et al.,

1963; Elderfield and Greaves, 1982; Murphy and Dymond, 1984; Byrne and Kim,

1990; Stanley and Byrne, 1990; De Baar etal., 1991; Sholkovitz, 1992; Schijfet al,

1995; Arraes-Mescoffet al., 2001), we think a POC source for REEs is more

important than currently envisioned. The following general observations from our

pore water results support this contention.

A POC source would be expected to largely degrade and release REEs near the

surface of oxic sediments, as is seen at MC64 and Sta. 9. On the other hand, in anoxic

sediments more POC would survive to greater depths in the sediment column; the

"linear" pattern may therefore be seen at depth, which is exactly what we observe at

Sta. 10 (Figs. 4.1 and 4.2). What is more, this ubiquity of the "linear" pattern in both

oxic/suboxic and anoxic sedimentary environments (MC64, Stas. 9 and 10) is
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consistent only with a POC source. Finally, POC remineralization and

coincident DOC formation would be expected to produce the "linear" pattern observed

in these cores, an idea we develop in the discussion of our general REE model (section

4.4).

4.5.1.2. HREE enrichment and POC dynamics

At MC64, most of the down core samples have a "linear" pattern (Figs. 4.2 and

4.3). However, this site also has, in the shallow maximum (-1 to 3 cm), a distinctly

different "HREE enriched" pattern (Figs. 4.2 and 4.3). We speculate that this pattern

also results from the degradation of a POC source, but we also recognize that

increased relative HREE complexation by carbonate anions may have the same effect.

A POC source for the "HREE enriched" pattern is consistent with this pattern

being seen in the well oxygenated "fluff layer" of MC64 (Figs. 4.1 and 4.2). The

pattern itself may simply reflect the continuation of water column processes into these

sediments, as will be developed later. Furthermore, the REE profiles of MC64 are

reminiscent of Cu profiles seen in oxic sediments (Klinkhammer et al., 1982; Sawlan

and Murray, 1983; Shaw et al., 1990). In general, the fact that the REE profiles from

MC64 look so much like Cu, which is known to be completely associated with organic

matter (Klinkhammer et al., 1982), supports our contention that POC plays a key role

in REE recycling. This idea corroborates studies by Byrne and Kim (1990) who have

shown a strong positive correlation between Cu and REE complexation with organic

ligands in laboratory experiments. In fact, the complexation constants (particularly the
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non-logarithmed values) they calculate for four REEs are suggestive of a

trend similar to the "HREE enriched" pattern seen in this work (Fig. 4.3).

We believe this "HREE enriched" pattern is missing in the pore water of Sta. 9

(Fig. 4.2) because this POC source is consumed in the water column over the

California margin. Sediments at neither MC64 nor Sta. 9 reach anoxia (i.e., dissolved

Fe is absent at both sites), making them generally similar. However, oxygen

penetration depth at MC64 is deep (> 6 cm; Fig. 4.1), whereas oxygen penetration at

Sta. 9 is shallow, as indicated by dissolved Mn production at -9 cm depth (Froelich et

al., 1979), consistent with the typically <3 cm oxygen penetration depths found in

Central California margin sediments (Reimers et al., 1992). In other words, although

both cores are oxic to sub-oxic, it seems clear that the rate of carbon remineralization

is markedly slower at MC64 compared to Sta. 9. Such differences are to be expected,

based on two independent data sets. Firstly, the sedimentation rate at MC64 is

between 0.5 and 2 cm kyf' with low organic carbon input (Shipboard Scientific Party,

2002) whereas at Sta. 9 it is 2 cm kyf' (for this depth; Reimers et al., 1992), with

higher organic carbon input. Secondly, the empirically derived function of Suess

(1980) predicts that the POC flux at Sta. 9 is 2 to 3-times higher than that at MC64.

An alternative reason for the "HREE enriched" pattern may be found in

increased complexation with carbonate ion assuming that the carbonate-rich MC64

sediments provide more abundant free carbonate ion species. However, this scenario

would not easily explain why this pattern is restricted to only the very surface of the

sediments (Figs. 4.1 and 4.2).
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4.5.1.3. MREE bulge and Fe-oxides

The "MREE bulge" pattern is far more conspicuous than the other pattern

types. The coincidence of pore water showing this pattern with the zone of greatest

dissolved Fe production (Fig. 4.1) strongly suggests that dissolution of a surficial,

REE-enriched solid Fe-phase is the source of these REEs. This conclusion seems

robust because this pattern type has been found to be associated with Fe in previous

studies (Palmer and Elderfield, 1986; Johannesson and Zhou, 1999; Sherrell et al.,

1999). An Fe-oxide source for REEs is also consistent with the well-known ability of

Fe-oxides to efficiently scavenge water column REEs (Klinkhammer et al., 1983;

German et al., 1990; Sherrell et al., 1999).

These results highlight how important it is to make a clear distinction between

the relative importance of Fe-oxides and Mn-oxides. Although Fe and Mn are often

seen together, as "mixed oxides," the interaction of trace metals with these phases

needs to be considered discretely (Elderfield et al., 1981; Koeppenkastrop and De

Carlo, 1992; Sholkovitz et al., 1992), especially in marine sediments where their free

energies effectively separate their cycling (Froelich et al., 1979).

As a final point, there is some evidence that points to a phosphatic source for

the "MREE bulge" in rivers (e.g. Hannigan and Sholkovitz, 2001). However, the lack

of a "MREE bulge" at MC64, where dissolved phosphate is shown to be produced

(Fig. 4.1), argues that this is not the case in pore waters.
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4.5.1.4. Sediment REE-sinks

The nature of REE sinks in these cores is more enigmatic. In "oxic" cores

(Sta. 9 and MC64) there is a deep (>30 cm) sink for REEs, but determination of this

phase falls outside the limits of our dataset. On the other hand, at MC64 we suggest

that there is also a shallow subsurface sink (-2-3 cm), based on both the profiles and

patterns. The erratic nature of phosphate at these depths may indicate that there may

be precipitating phosphate phases present. It has been suggested that these phases

have some degree of influence over the REEs (Jonasson et al., 1985; Shaw and

Wasserburg, 1985a and b; Bingler and Byrne, 1989; Byrne and Kim, 1993; Grandjean-

Lecuyer et al., 1993; Byrne et al., 1996; Liu et al, 1997). In addition, there is the well-

known ability of fluorapatite to take up these REEs (Piper, 1974; Wright et al., 1987;

Shaw and Wasserburg, 1985a and b; Martin and Haley, 2000).

In "reducing" cores, sink terms are as noteworthy as source terms (Fig. 4.1).

For example, at Sta. 10, the REEs produced from the reduction of Fe-oxides are just as

rapidly consumed below this zone. It may be that precipitation of reduced Fe-phases

(e.g., siderite) may re-incorporate the REEs that their oxidized counterparts just

released (Klinkhammer, 1980). However, a lack of curvature in the dissolved Fe

profile (which would be indicative of significant reduced-Fe phase precipitation) at the

depths of rapid REE removal does not seem to support this notion. Of course, we

must bear in mind that the great disparity between REE and Fe concentrations may

make this comparison fallacious.
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Another potential sink is barite (Guichard et al., 1979; Martin et al.,

1995; Haley and Klinkhammer, 2002). The Ba profiles in the anoxic cores (Stas. 8

and 10) show a significant inflection at the same depths at which the REEs drop in

concentration (4 to 6 cm; Fig. 4.1). Although sulfate data is not available for these

cores, a barite REE-sink seems plausible given that near-interfacial pore fluids along

the California continental margin are supersaturated with respect to barite (McManus

et al., 1998). This mechanism would also explain the occurrence of a REE sink

centered at 5 cm depth at Sta. 8, even as dissolved Fe and REE production continues

throughout this core (Fig. 4.1). As is clear from the preceding discussion, further

resolution of REE sinks will require more pore water and solid-phase work in other

diagenetic environments.

4.5.2. REE ratios

Oftentimes, REE data are expressed in terms of shale-normalized ratios: e.g.,

HREE:LREE, HREE:MREE or MREE:LREE. Such normalization is an efficient way

to demonstrate processes that fractionate REEs, because these manipulations remove

the foremost influence of concentration changes among samples. This approach turns

out to be particularly effective for pore water because REE magnitudes differ greatly

between sites and down core.

We show pore water HREE:LREE profiles in Fig. 4.4A, depicting the ratio

between the heaviest and lightest four REEs (including Ce; see the Appendix). The

gray region represents the general trend of the three California margin sites. These

ratios fall rapidly from an elevated value in bottom water to near unity at the sediment-
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water interface, then increase slightly with depth down core. That is, in the

California margin, the overall slope of the REE pattern changes from strongly inclined

in bottom water to near flat in surface sediments. Below this, the REE pattern slope

begins to increase slightly down core. A similar trend was seen by Sholkovitz and

coworkers (1992) for the pore waters of the Chesapeake Bay.

We interpret these trends as follows: Bottom water has high HREE:LREE

values (-4 to 6; Fig.4.4) due to greater I-TREEs complexation compared to the LREEs,

which tend to associate with POC and are thus input into the sediments at a higher

rate. In sediments, POC is remineralized and LREEs are released (Fig. 1), becoming

relatively equivalent to the HREEs and making the patterns "flat" (Figs. 4.4A). This

mechanism is POC-driven and creates the widespread "linear" pattern seen in suboxic

sediments (Sta. 9), anoxic sediments (Sta. 10) and at depth in oxic sediments (MC64).

At MC64, the HREE:LREE profile is different. Although the bottom water

HREE:LREE value is comparable, this ratio increases at the sediment-water interface,

before beginning to coincide with the other sites as depth increases (Fig. 4.4A). As

discussed previously, we favor the idea that the difference in the HREE:LREE profile

at MC64 reflects a difference in carbon remineralization dynamics at this site

compared to the California margin sites. We favor a mechanism wherein water

colunm processes continue into the uppermost sediments at MC64. In this scenario,

the high HREE:LREE values seen at MC64 (Fig. 4.4A) reflect preferential HREE

complexation with DOC coupled with the tendency of LREEs to adsorb onto POC;

this is analogous to compressing the lower portions of a typical water column profile
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into the sedimentary "fluff layer." The critical factor of this mechanism is

that POC is not completely remineralized in the "fluff layer" at MC64 (because of the

slower remineralization rates a at this site), so that the LREEs continue to be adsorbed

onto POC and not released to the pore water.

A crude characterization of pattern "shape" is provided by the MREE:MREE*

manipulation (Fig. 4.4B). Similar to the "Ce-anomaly" calculation (discussed in

Section 4.3), MREE:MREE* is the difference between the measured average value of

the four MREEs versus the value they "should" have in a linear trend between the four

LREEs to the four HREEs (excluding Sm and Ho). This calculation is one way to

quantify the extent of convexity of the patterns: the greater MREE:MREE*, the more

convex-upward the pattern.

The "anoxic" sites (Stas. 8 and 10) show the same trend in MREE:MREE*:

Their patterns reach a maximum "convexity" at the sediment-water interface and then

become more linear with depth (Fig. 4.4B). This trend shows clearly the influence of

the "MREE bulge," derived from an Fe source. In the absence of dissolved Fe, the

Sta. 9 samples have minimal curvature throughout the sediment column, which is

another way of showing that these samples have a "linear" type of pattern (Figs. 4.2

and 4.3). Only MC64 samples show "concave" patterns. As discussed above, we feel

that this concavity results from differences in POC remineralization at MC64;

differences that allow water column processes to continue into the "fluff layer" at this

site.



4.5.3. Ce and the "Ce-anomaly"

The Ce-anomaly is defined as the measured shale-normalized Ce value over

the value that Ce "would" have in a linear extrapolation between shale-normalized

values of La and Pr (Ce/Ce*(2.[Ce]N)!([LaIN+[Pr]N)). Because Ce has redox

chemistry in the pc-pH range of seawater and La and Pr do not, the value of the Ce-

anomaly is thought to be indicative of redox state (see Elderfield, 1988; Byrne and

Sholkovitz (1996) for review).

The most striking feature of Fig. 4.4C is the similarity in the trends of the "Ce-

anomaly" down core, for all sites except MC64. The three California margin sites

show the "Ce anomaly" rapidly increasing to near unity and thereafter remaining

constant at unity down core (Fig. 4.4C). That the "Ce-anomaly" goes to unity very

rapidly but does not exceed it is essential to the understanding of REE geochemistry.

In a general sense, this trend indicates that at the sediment-water interface of oxygen-

poor cores Ce is rapidly and completely regenerated relative to the neighboring

LREEs. In the patterns (Fig. 4.2), this is manifest as a weak or absent "V" between

La, Ce and Pr, which appears to occur irrespective of diagenetic environment (as seen

in Stas. 8, 9 and 10). On the other hand, MC64 shows a gradually increasing "Ce-

anomaly" down core, but remaining less than one. As discussed below, this

observation is consistent with slower remineralization rates at this site. We interpret

these trends in terms of our hypothetical REE model (illustrated in Fig. 4.5), which

attempts to synthesize our pore water and general water column observations.



4.5.4. REE Model

Consider a simple situation in which REE input to the oceans (dissolved

riverine input) has a shale-like pattern, so that LaN CeN PrN LUN (for sake of

simplicity, we are not considering the potential for larger estuarine fractionations on

the dissolved riverine input surface ocean water (e.g., Hoyle et al., 1984; Sholkovitz,

1992, 1993; Sholkovitz and Szymczak, 2000). Moffett (1990, 1994) has shown that

Ce is rapidly oxidized in oxic surface sea water to Ce-oxide. Therefore, Ce undergoes

a step-wise decrease in surface seawater (not illustrated in Fig. 4.5 for simplicity).

Because dissolved Ce has a "scavenged" profile, it can be argued that Ce equilibrium

is reached quickly in surface water (Moffett, 1990; Alibo and Nozaki, 1999). This

"scavenged" profile thus contrasts sharply with the rest of the REEs, which increase

with depth in the water column in a "nutrient-like" fashion (Fig. 4.5; e.g.,

Klinkhammer et al., 1983). At first, it might seem reasonable to suppose that the

apparent discrepancy between Ce and the other REEs in the water column would be

compensated for in the sediments. In this case, the negative "Ce-anomaly" of the

water column would transfer to a positive "Ce-anomaly" in the sediments, but this is

not seen (Fig. 4.4C). In light of this and other aspects of REE behavior revealed by

our pore water observations, we present the following general REE cycling model

(Fig. 4.5).

In this model, POC is a significant carrier of REEs and has a pattern that is

virtually the inverse of typical seawater (Fig. 4.5), similar to the patterns observed in



Figure 4.5. REE model for pore water. The following features are
illustrated, generally from left to right: An idealized water column! sediment column
is shown (note scale is different), with redox conditions indicated on the left. The
locations of dissolved Mn and Fe production in pore water are indicated (following
Froelich et al., 1979). Idealized profiles of ("normalized") La, Lu and Ce are shown
for both the water column and pore waters. Note there is no scale for the profiles
because the changes in the water column REEs are smaller than those in pore water.
However, the values shown for the increase in each La, Ce and Lu at the sediment-
water interface are the real ranges calculated from the data in the Appendix. The
"shapes" in the middle of the figure represent a schematic of marine particulates, with
a core of inert material (e.g., terrigenous material), surrounded by a "reactive" coating
composed of organic matter, discrete Fe-oxides, Ce-oxides and Mn-oxides (the last
phase not shown). The shading intensity of the phases comprising the "particulates"
reflects phase-robustness (except for the shale pattern of inert materials that does not
play a role in this model). To the right of these "particulates" the net particle-
dissolved flux is indicated by arrows for each of the LREEs, MREEs, HREEs and Ce
(seawater fluxes adapted from Sholkovitz et al., 1994).
In the surface ocean, POC is formed and Ce oxidizes (both biologically mediated).
Fe-oxide formation is minimal and the resulting pattern is LREE>MREE>HREE
(indicated by the inset pattern to the left of the "particulates"). With depth in the water
column, this POC degrades, creating the "nutrient-like" profiles in seawater. The
HREEs are more pronounced than the LREEs due to greater complexation and
residence time and this creates the well-known sea water pattern (even though the flux
from POC is opposite this pattern). Fe-oxides precipitating in the water column
efficiently scavenge REEs (and especially the MREEs; resulting in the pattern inset to
the left of the "particulates"). In upper-most pore waters, any POC surviving the
water column is consumed. The "POC penetration depth" into the sediments will be a
function of sedimentation rate, sediment redox condition and both quality and quantity
of POC input to the sediments. When dissolved oxygen reaches a threshold (probably
<10 tM), Ce-oxide is reduced. This threshold also occurs in the surficial sediments of
the model depicted (as demonstrated by the coincident increase in Ce and other
REEs). Under more reducing conditions Mn-oxides degrade (with no impact on the
REEs), and finally anoxia is achieved, as indicated by Fe production in the pore water.
When the Fe-oxides are reduced, they release the abundant REEs they scavenged.
These processes create the REE patterns seen in the water column and pore waters,
which are shown in the 4 panels to the far right of the figure. Each panel shows, with
a solid gray line, the typical pattern for the water mass defined (there are is no y-scale
in these schematics). The black portion of each line indicates where La, Ce and Pr are,
illustrative of the "Ce anomaly." The arrows indicate the HREE:LREE difference for
the pattern shown by the solid gray line. The bottom 3 panels also show, with a dotted
line, the pattern from the panel above, to indicate the changes that take place with
depth. These patterns are taken from Fig. 3 but, again, there are no y-scales. The
model is described in detail in the text.
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"coatings" by Sholkovitz and colleagues (1994) and Alibo and Nozaki

(1999). The positive Ce-anomaly in this POC mélange is the result of incorporation of

discrete solid Ce-oxide grains. Although this Ce-oxide is formed through biologically

mediated oxidation (Moffett, 1990; De Carlo and Green, 2002), it is physically

differentiated from the other REEs (Fig. 4.5) and from POC. In other words, we

support the second of Moffett' s (1990) postulates: "But it is not clear if this similarity

arises because of Ce oxidation on Mn oxides or because the distributions of both

elements are controlled by a common process."

At depth in the water column, some POC breaks down, releasing the REEs

generating the characteristic "nutrient-like" profiles known for REEs in seawater.

Although the flux from remineralization of POC is LREE > HREE (as depicted in Fig.

4.5), LREEs re-associate with POC and HREEs are complexed and held in solution

(see the model of Sholkovitz and colleagues, 1994). Therefore, bottom water

HREE:LREE values are typically high (Fig. 4.4). As discussed earlier, Fe-oxides in

the water column scavenge REEs, but mainly the MREEs. These behaviors all

contrast sharply with that of Ce, which remains in the solid phase in the oxic water

colunm (Alibo and Nozaki, 1999).

In surface sediments, the POC that survived water column remineralization is

consumed, releasing LREEs> MREEs> HREEs. The observed increases in pore

water REEs are consistent with such a flux; pore water La increases 3 to 24-fold,

versus Lu, which increases 3 to 13 fold at these sites (Fig. 4.5). As a result, patterns

tend to "flatten" in the uppermost pore waters (as demonstrated by the HREE:LREE
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values shown in Fig. 4.4A; a feature also observed by Sholkovitz and

collaborators (1992) in the Chesapeake Bay). In this model, it is this complete

remineralization of POC that creates the "linear" pattern seen in these pore waters

(Figs. 4.2 and 4.3). Therefore, this model would suggest that a fraction of POC

remains in the "fluff layer" of MC64, where the "HREE enriched" pattern is seen.

Below -.4 cm depth in this core, the pore water of MC64 shows the "linear" pattern,

which, in this model, signifies most POC is remineralized.

This model serves to explain why the "Ce anomaly" in California margin pore

waters goes quickly to unity but does not exceed it (Fig. 4.4C). At the sediment water

interface, POC remineralizes, releasing REEs, as described above (Fig. 4.5). This

causes the interfacial maximum in the REEs, except in the case of Ce (best observed

in the cores when dissolved Fe is not present). The much larger (15 to 1250-fold)

relative increase in Ce at the interface of suboxic sites (Fig. 4.5) is driven by the

reduction of the distinct Ce-oxide phase described previously. Because this Ce input

to pore water represents the integration of the (roughly) matching dissolved riverine

REE-input to the surface ocean, it is, by definition, (roughly) equivalent to the other

LREEs. This explains why the "Ce anomaly" does not exceed one and why it goes to

unity near the interface of all the California margin sites (Fig. 4.4C). In addition, the

observations that Ce regains relative equivalence to the other REEs and that the

HREE:LREE values all return to near-unity at the sediment-water interface (Fig. 4.4A)

indicate that Ce is in a reduced (III) state in these cores (for Stas. 8, 9 and 10; MC64



150

will be discussed shortly). That Ce is in the trivalent state serves to explain

why the down core trends in Ce are identical to the other LREEs (Figs. 4.1 and 4.5).

At greater depths in the sediments, anoxia is reached. When this happens, Fe-

oxides are reduced, releasing abundant REEs with a "MREE bulge" type pattern (Figs.

4.3 and 4.5). In sediments where anoxia is reached at the sediment-water interface

(e.g., Stas. 8 and 10), this process dominates the REE signature of the pore water.

As suggested earlier, this model can also account for the "Ce-anomaly" data at

MC64. This site is the most oxygenated; extrapolation of the oxygen pore water

profile might suggest the core has >10 1iM 02 at 25 cm depth (as discussed above).

This being the case, our model would predict that Ce remains as Ce-oxide at MC64.

In other words, although POC is being remineralized, there is sufficient oxygen to

stabilize the oxidized Ce-oxide. This concept would explain why the "Ce anomaly"

survives to depth in these sediments and also implies that the oxygen threshold for Ce-

oxide reduction is <10 tM, a threshold reached near the sediment-water interface at

the California margin sites (consistent with oxygen penetration depths found by

Reimers and colleagues, 1992).

We would like to make one final, important comment on the "Ce anomaly."

Although redox conditions control Ce chemistry in sea water and pore water, we

believe the use of manipulations to quantify the "Ce anomaly" should be treated with

great care (also see German and Elderfield, 1990) because, as clearly shown by our

observations and those of others (e.g., De Baar et al., 1991; Schijfet al., 1995), La and

Pr have very dynamic chemistries that do not relate directly to oxygen. However, as
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discussed in Haley and Klinkhammer (2003), we feel, if carefully

reevaluated, the more complex relationship of Ce to the other REEs may eventually

prove to be a powerful tool for studies of ocean processes.

4.6. CONCLUSIONS

The pore water data from cores representing oxic to anoxic sediments show

remarkable consistency and a surprising degree of simplicity, considering the

differences in chemistry of these environments. The REEs seen in this work are

interpreted to be derived from three sources: (1) POC, (2) Fe-oxides and (3) Ce-oxide.

The hypothetical model presented can account for water column and pore water REE

distributions using these three source terms as summarized below.

In oxic to suboxic sedimentary environments, REEs are sourced from

remineralizing POC (organic coatings). In our hypothetical model, REEs (except Ce)

leave surface seawater dominantly via this phase and most of this POC degrades in the

water column resulting in "nutrient-like" water column profiles (especially

pronounced for the HREEs, which, when compared to the LREEs, have a longer

residence time due to an increased tendency to form complexes). The fraction of POC

that reaches the sediment remineralizes, driving a rapid increase in REE

concentrations and this creates a "linear" pattern at the sediment-water interface and a

return of REE-ratio parameters to near unity ("Ce-anomaly," HREE:LREE and

MREE:MREE* values). Below this maximum, the REEs diffuse down core to an

undetermined sink. Under certain circumstances, the sediment interface may also
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have (1) a "HREE enriched" pattern, (2) amplified HREE:LREE ratios and

(3) a concave "pattern shape." These REE features are suggested to be the result of

differences in POC remineralization in the "fluff layer" of oxidizing cores, as might be

expected from a "labile" POC source, or episodic POC input, or slower carbon burial

rates. Alternatively, increased carbonate ion complexation may come into play.

In anoxic sediments, reduction of solid Fe-oxides releases abundant REEs,

with the distinctive "MREE bulge" type of pattern. This Fe-source is dominant where

it occurs. The REEs generated from this source produce a flux into bottom water and

to a deeper sink that we speculate, from coincident inflections in the Ba pore water

profile, may be barite. Depending on the depth range of Fe reduction, pore water

REEs may or may not become enriched down core below this sink.

Unlike the other REEs, Ce has a conservative seawater profile because it is

immediately oxidized to a discrete Ce-oxide solid phase in sub-surface waters

(Moffett, 1990). In sediments, Ce-oxide appears to be stable in pore water with >-i0

l.LM oxygen. As described in the model presented, where this threshold is reached, Ce-

oxide is reduced and the Ce(III) produced behaves just like the other trivalent REEs.

However, because the inferred POC source for the other LREEs is generally

completely remineralized by the time oxygen reaches -1 0 jiM, Ce is never

"anomalously" more concentrated than La or Pr: That is, the "Ce anomaly" never

exceeds unity.

In general, the fact that REEs in the pore water of marine sediments have a

large dynamic range in concentration and show distinct patterns under different
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conditions is encouraging for future studies that utilize the REEs as a

biogeochemical tracer. In this respect, the REEs should be useful for investigations

ranging from the global carbon cycle to climate change.
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4.9. APPENDIX: DATA REPORTED

Sta.8

depth
(cm)

La Ce Pr Nd Sm Eu

REE (pM)

Gd Tb Dy Ho Er Tm Yb Lu

REE ratios'
-IREE2MREE3
LREE MREE*

Ce
Ce*

Other Species
Fe Mn Ba

(.tM) (.tM) (i.M)
-5 40.8 2.49 3.85 21.5 3.66 1.25 4.93 0.93 6.73 1.88 7.09 1.06 6.79 1.42 5.98 0.73 0.04 - - -

0 51.9 32.8 5.62 25.4 4.29 0.35 5.28 0.64 7.05 1.68 7.91 0.57 4.91 0.88 3.03 0.69 0.41 - - -

0(rpt4) 45.2 14.2 6.32 33.0 5.03 1.13 5.89 0.88 7.20 1.90 6.76 0.91 6.12 1.05 3.62 0.80 0.19 b.d.5 b.d. -

0.21 262.2 437.4 51.2 210.3 40.7 8.50 43.6 6.04 37.4 6.94 24.0 2.93 17.9 2.52 1.37 1.30 0.87 b.d. b.d. 145.0
0.63 314.7 567.6 63.7 274.7 53.4 10.2 56.6 8.10 53.7 10.3 30.1 3.32 24.0 3.23 1.36 1.37 0.92 b.d. b.d. 170.6
1.33 1060.7 1994.1 230.4 926.0 179.8 40.1 170.7 25.3 142.8 29.8 81.3 11.2 63.9 10.2 1.16 1.35 0.93 6.20 b.d. 197.9
2.33 1040.2 1971.4 239.7 998.6 177.0 40.2 166.7 25.5 166.0 32.2 88.3 11.1 71.8 11.0 1.21 1.34 0.91 28.1 b.d. 257.0
3.33 1063.0 2169.1 239.4 986.6 186.7 45.0 181.5 26.9 161.6 29.9 89.6 12.4 66.9 10.0 1.18 1.40 0.99 45.0 b.d. 238.9
4.33 6650.6612834.51161.03660.9 95.9 22.8 93.1 15.1 82.0 16.4 44.1 5.74 38.1 6.20 - - - 42.8 b.d. 215.8
5.33 311.7 664.0 69.9 266.3 49.8 10.8 50.3 7.65 46.2 10.4 29.5 3.17 22.1 2.91 1.22 1.29 1.04 48.9 b.d. 200.4
6.33 494.6 951.6 105.2 581.1 96.7 22.6 87.1 14.1 86.7 17.1 44.3 6.33 39.4 5.75 1.30 1.39 0.96 56.7 b.d. 211.6
7.83 767.1 1468.7 201.3 763.5 162.3 36.1 155.9 23.8 135.5 26.1 79.4 9.96 59.8 9.93 1.38 1.43 0.86 59.4 b.d. 207.0
9.83 754.0 1411.6 171.4 694.0 136.5 31.3 125.9 17.7 118.8 22.6 63.1 8.66 52.5 8.45 1.27 1.34 0.90 67.0 b.d. 202.2
11.83 817.0 1534.6 208.8 812.9 163.6 35.8 158.4 23.0 144.1 30.6 77.9 11.3 66.0 10.7 1.41 1.36 0.85 62.7 b.d. 197.2
13.83 784.3 1414.2 199.3 760.2 161.0 35.3 157.7 22.6 140.9 26.8 77.5 11.1 59.7 10.4 1.44 1.40 0.82 54.4 b.d. 191.4
15.83 911.3 2006.8 197.1 857.8 173.9 34.8 155.9 24.1 138.4 27.3 81.2 10.3 63.1 10.3 1.24 1.32 1.09 57.2 b.d. 206.4
17.83 1204.7 2296.8 267.7 1088.3 210.9 48.7 210.6 29.6 187.3 36.3 97.4 13.2 81.5 11.8 1.20 1.41 0.93 52.6 b.d. 198.1
19.83 908.2 2029.5 206.4 836.8 178.5 35.8 157.5 24.4 139.4 28.7 78.1 11.5 63.1 9.27 1.23 1.34 1.08 48.6 b.d. 157.1
21.83 721.3 1323.0 166.3 669.9 146.2 32.1 137.7 21.3 127.9 25.2 74.4 10.5 57.0 9.17 1.51 1.39 0.88 40.7 b.d. 193.5

Sta.8: 35°26.24N, 121°26.98W; 800 m deep; BWO (Bottom Water Oxygen) = 14.4 tM.
1. All REE ratio calculations made on PAAS-normaljzed REE values.
2. HREE = average of Er, Tm, Yb, Lu; LREE = average of La, Ce, Pr, Nd.
3. MREE average of Eu, Gd, Tb, Dy; MREE* = linear extrapolation between LREE and HREE values.
4. rpt = repeat analyses.
5. b.d. = below detection.
6. Italicized = Contaminated sample (data not used).



5ta.9
depth
(cm)

La Ce Pr Nd Sm Eu

REE (pM)

Gd Th Dy Ho Er Tm Yb Lu

REE ratios'
MREE3 Ce

LREE MREE* Ce*

Other Species
Fe Mn Ba

(tM) (.tM) (tiM)
-5 33.7 10.5 4.59 19.0 3.06 0.54 5.88 0.42 6.18 1.51 5.29 0.55 5.03 0.62 3.71 0.84 0.19 -

-5 (rpt") 25.5 6.95 4.79 24.3 3.85 0.95 4.75 0.68 6.29 1.61 6.07 0.72 4.89 0.97 4.67 0.82 0.14 -

0 62.9 24.6 6.35 32.3 6.70 1.04 7.99 0.98 10.4 2.88 11.0 1.13 10.0 1.72 4.72 0.68 0.26 b.d.5 b.d. -

0.21 181.3 240.3 28.0 143.0 26.9 5.85 31.2 4.74 27.5 6.74 22.1 3.33 24.9 4.54 2.81 0.95 0.76 b.d. b.d. 153.9
0.69 173.5 210.9 31.8 140.0 28.0 6.50 34.2 5.41 35.1 8.06 29.6 4.27 28.6 5.05 3.45 0.96 0.65 b.d. b.d. 178.4
1.47 329.3 489.0 58.8 250.2 50.0 11.3 53.5 8.13 52.6 11.6 34.4 5.27 34.4 6.29 2.17 1.09 0.80 b.d. b.d. 205.7
2.47 266.0 430.2 54.2 241.1 47.4 9.28 59.2 8.51 46.9 11.2 33.1 5.60 36.5 5.26 2.38 1.11 0.82 b.d. b.d. 205.6

- - - - - - - - - - - - - - - - - b.d. b.d. 187.1
9.97 186.2 251.8 33.4 146.1 28.2 4.22 25.9 5.02 27.6 6.76 23.6 3.17 16.4 3.75 2.27 0.95 0.73 b.d. 0.27 194.6
11.97 229.2 339.5 38.8 168.2 33.8 8.15 37.8 5.61 36.6 7.31 24.6 3.76 22.3 4.32 2.20 1.11 0.82 b.d. 0.32 193.0
13.97 164.1 260.0 31.1 122.4 27.1 5.99 31.9 4.40 29.3 6.66 24.2 3.29 23.5 4.26 2.86 0.98 0.83 b.d. 0.31 183.4
16.47 206.0 305.9 36.0 157.9 35.5 6.5035.4 6.2535.1 9.21 23.7 4.1926.8 4.37 27 1.04 0.81 b.d. 0.29 170.3

Sta.9: 35°33.93N, 122°03.38W; 1600 m deep; BWO (Bottom Water Oxygen) = 54.2 tM.
All REE ratio calculations made on PAAS-normalized REE values.

2. HREE = average of Er, Tm,
3. MREE = average of Eu, Gd,
4. rpt = repeat analyses.
5. b.d. = below detection.

Yb, Lu; LREE = average of La, Ce, Pr, Nd.
Tb, Dy; MREE* = linear extrapolation between LREE and HREE values.



5ta.1O

depth
(cm)

La Ce Pr Nd Sm Eu

REE (pM)

Gd Th Dy Ho Er Tm Yb Lu

REE ratios1

{REE2MREE3 Ce
LREE MREE* Ce*

Other Species
Fe Mn Ba

(tM) (PM) (tM)
-5 46.9 3.83 4.42 19.5 4.31 0.02 5.53 0.57 7.09 1.81 7.58 0.80 5.77 1.14 4.77 0.59 0.06 - -

-5 (rpt) 42.2 1.82 4.67 23.1 3.74 0.69 5.19 0.63 6.38 1.87 6.62 1.00 6.33 1.14 4.96 0.64 0.03 - - -

0 221.2 69.1 36.6 140.1 31.3 7.94 38.9 5.07 36.0 8.34 26.3 3.36 25.9 3.62 2.83 1.19 0.17 b.d.5 b.d. -

0.21 418.7 400.0 91.1 367.4 79.8 20.1 76.3 13.7 92.5 17.6 60.9 8.37 53.6 9.16 2.66 1.21 0.47 b.d. b.d. 272.1
0.63 538.0 580.0 104.4 435.2 93.1 22.2 96.4 14.5 91.4 22.1 67.7 9.34 64.0 12.1 2.55 1.10 0.56 b.d. b.d. 228.3
1.33 896.6 1288.9 214.4 945.3 201.7 44.5 179.8 31.0 192.3 32.2 98.6 12.6 78.9 10.4 1.53 1.57 0.68 b.d. 1.16 298.3
2.33 1325.7 2482.3 307.2 1279.9 245.6 64.7 231.1 37.5 223.9 40.9 118.8 15.0 96.7 15.4 1.29 1.47 0.90 6.27 2.39 274.6
3.33 1181.42239.6 299.6 1275.4 275.7 63.0 219.5 36.9 240.8 43.4 115.9 15.7 96.3 15.0 1.36 1.50 0.87 19.1 2.42 279.9
4.33 1091.2 2552.0 277.0 1113.0 247.4 55.7 220.0 34.2 196.9 35.5 104.3 14.1 89.4 14.1 1.31 1.45 1.07 24.5 3.06 268.6
5.33 900.8 1848.3 232.2 941.9 201.2 45.5 182.4 29.8 182.5 31.7 89.5 11.6 74.7 11.2 1.34 1.52 0.93 26.6 2.62 249.9
6.33 437.8 879.1 101.5 412.9 84.4 19.3 83.9 12.5 81.8 16.0 43.2 6.03 44.4 6.41 1.58 1.32 0.96 20.3 3.43 252.2
7.83 - - - - - - - - - - - - - - - - - 25.9 3.46 276.9
9.83 402.6 911.6 86.2 355.2 76.2 19.7 83.0 11.6 75.5 16.2 45.2 6.35 42.0 7.84 1.84 1.27 1.13 23.1 3.27 259.0
11.83 274.2 480.8 57.9 261.9 52.7 14.1 50.8 9.00 70.0 13.5 40.4 5.76 40.1 7.36 2.61 1.16 0.88 18.3 2.89 250.5
13.83 421.1 763.6 83.8 481.7 82.1 21.5 87.3 13.2 84.3 17.4 51.9 7.70 48.4 8.51 2.00 1.25 0.93 17.8 2.71 -

15.83 357.7 770.6 78.4 318.7 71.3 18.9 74.6 10,7 69.1 15.3 43.7 6.75 49.1 8.55 2.24 1.16 1.06 13.3 2.45 247.9
19.83 367,2 620.0 83.9 378.9 80.9 20.9 76.5 11.9 86.1 15.2 50.7 6.99 52.6 8.90 2.35 1.23 0.81 14.7 2.33 251.3
21.53 296.8 633.7 66.2 284.1 51.3 14.6 60.4 9.25 62.3 13.4 44.8 6.81 53.8 9.59 2.82 0.97 1.04 6.24 2.06 232.7
22.92 536.1 999.6 107.3 647.8 108.1 29.4 105.3 16.2 108.3 21.5 61.8 9.44 60.3 11.0 1.90 1.26 0.96 11.9 2.12 -

Sta.10: 36°06.1 iN, 122°35.23W; 3400 m deep; BWO (Bottom Water Oxygen) = 127.6 .tM.
1. All REE ratio calculations made on PAA S-normalized REE values.
2. HREE = average of Er, Tm, Yb, Lu; LREE = average of La, Ce, Pr, Nd.
3. MREE = average of Eu, Gd, Tb, Dy; MREE* = linear extrapolation between LREE and HREE values.
4. rpt = repeat analyses.
5. b.d. = below detection.



MC64

depth
(cm)

La Ce Pr Nd Sm Eu

REE (pM)

Gd Tb Dy Ho Er Tm Yb Lu

REE ratios'
-{REE2 MREE3 Ce
LREE MREE* Ce*

02

depth 02

(cm) (uM)

Nutrients

depth NO3 Si02 PO4

(cm) (tiM) (tM) Q.tM)-5 45.4 3.3 6.08 23.6 4.52 1.67 6.31 1.04 8.17 2.38 8.3 1.29 8.85 1.87 6.25 0.72 0.04 - - -5 38.5 133.0 2.62
0 49.8 9.2 6.56 28.2 4.23 1.58 5.88 1.1 9.11 2.29 8.93 1.28 10.69 1.81 5.75 0.69 0.11 0 151 0 37.9 133.3 2.85

0.21 125.0 27.4 24.06 93.3 21.65 6.2 30.85 5.7 42.71 9.53 34.62 6.33 48.34 10.32 9.12 0.72 0.11 0.25 114 0.21 44.4 178.8 2.91
0.63 131.9 58.5 17.76 100.0 19.61 5.88 31.1 3.98 35.03 8.33 29.45 5.17 41.43 9.52 7.87 0.69 0.27 0.51 105 0.63 47.9 200.0 3.03
1.18 128.7 42.6 19.16 90.9 20.07 5.97 31.9 4.47 40.02 10.3 36.7 6.11 51.23 10.87 9.82 0.64 0.19 1.02 93 1.18 48.9 220.5 4.09

1.18 (rpt4) 122.6 36.9 16.24 77.8 14.83 4.08 27.82 4.05 33.18 8.02 34.63 5.32 44.95 10.28 10.04 0.59 0.18 1.52 86 - - - -

1.88 128.4 24.4 18.57 87.5 19.59 5.22 23.94 4.07 27.18 7.01 24.24 3.21 26.01 5.16 5.41 0.89 0.11 2.03 79 1.88 49.7 252.0 3.62
1.88 (rpt) 118.2 35.7 19.54 73.8 17.64 3.73 23.93 2.79 25.24 6.07 20.74 2.87 22.44 4.9 5.12 0.83 0.17 2.54 73 - - - -

2.57 77.1 25.0 9.17 37.9 9.32 2.54 11.2 1.6 13.35 3.36 12.67 1.69 14.45 2.83 5.47 0.76 0.21 3.05 67 2.57 48.5 274.5 3.27
2.57 (rpt) 57.1 10.3 7.64 32.0 7.6 -0.02 8.38 0.59 11.76 2.14 8.53 0.95 11.53 2.19 5.11 0.56 0.11 3.56 62 - - - -

3.26 206.9 67.5 33.37 155.8 32.22 8.09 40.51 5.7 41.47 9.83 31.13 4.45 31.57 5.73 3.80 1.04 0.18 4.06 56 3.26 50.1 306.7 3.62
3.26 (rpt) 166.6 59.4 24.56 112.7 16.96 4.56 28.69 3.11 31.67 6.93 23.43 3.05 23.24 4.12 3.59 0.93 0.21 4.57 51 - - - -

4.96 103.2 62.7 13.98 62.0 13.37 3.24 16.96 2.3 16.92 4.41 13.99 1.85 14 2.63 3.58 0.95 0.37 5.08 45 4.96 46.7 354.6 3.15
5.65 193.3 74.2 29.7 130.025.74 8.12 33 5.43 33.38 7.58 25.7 3.6 24.52 4.56 3.38 1.13 0.22 5.59 40 5.65 47.1 375.1 5.048.69 127.7 51.0 15.54 75.7 14.73 4.11 17.45 2.78 17.85 4.38 15.3 2.07 13.05 2.59 3.17 1.02 0.25 6.10 35 8.69 39.0 405.2 5.28
12.08 97.6 53.1 15.67 69.2 13.18 4.18 16.06 2.68 18.12 4.53 14.48 2.33 12.84 2.6 3.65 1.02 0.31 - - 12.08 34.1 422.3 5.39
15.47 90.5 187.3 9.59 40.4 6.39 2.06 8.2 1.06 8.84 2.28 8.03 1.16 8.79 1.46 2.12 0.72 1.36 - - 15.47 27.4 418.9 6.58
15.47

(rpt)
90.2 199.4 8.05 34.1 6.25 0.99 7.07 0.11 9.65 2.18 8.19 1.06 8.56 1.09 1.98 0.53 1.53 - - - - - -

18.86 70.0 66.4 11.32 43.2 7.52 2.01 10.59 1.2 11.41 2.1 8.22 1.11 7.45 1.16 2.53 1.00 0.53 - - 18.86 24.2 418.9 6.93
MC64: 17°02.12S, 78°06.53W; 2930 m deep; BWO (Bottom Water Oxygen) = 150 M.

1. All REE ratio calculations made on PAA S-normalized REE values.
2. HREE = average of Er, Tm, Yb, Lu; LREE = average of La, Ce, Pr, Nd.
3. MREE average of Eu, Gd, Tb, Dy; MREE* = linear extrapolation between LREE and HREE values.
4. rpt = repeat analyses.
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5. 20 YEARS LATER: REVISITING THE RARE EARTH

ELEMENTS IN FORAMINIFERAL TESTS

Brian A. Haley, Gary P. Klinkhammer, Alan C. Mix



166

5.1. 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 a currently unidentified labile source of

REE contamination, it seems to remobilize other contaminant phases that are

otherwise unaffected in flow-through dissolution. Although somewhat complicated by

issues of readsorption, the calculated distribution coefficients, KD(REE)S, are between

100 and 500 for both planktonic and benthic foraminifera. These KDS are high

compared to other elements in biogenic calcite but find support from observations of

stability constants of trace metals with organic molecules. Data taken from eight

coretops in the southeast Pacific support the use of REEs in planktonic foraminifera as

a proxy for upper ocean water mass and mixed layer biogenic flux, and in benthic

foraminifera as a proxy for carbon flux to the sea floor. These proxies should be

robust down core in sediments that have not undergone diagenetic conditions where

Fe-oxides are reduced (anoxia). Moreover, it is clear from REE distributions in

foraminiferal tests if anoxic conditions have, in fact, occurred.

5.2. INTRODUCTION

The demand for a wider arsenal of geochemical proxies to investigate

paleoceanographic and paleoclimatic changes is increasing. This need is reflected in
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the recent number of such investigations, which include: Lea, 1993;

Russell et al., 1994; Hastings et al., 1996; Palmer et al., 1998; Elderfield and Rickaby,

2000; Pomies et al., 2002; Cohen et al., 2002; Dekens et al., 2002; Siebert et a!,. 2003;

Lear et al., 2003; Pichat et al., 2003; and many others. With more and better estimates

of the many variables related to climate over time, we should gain a better

understanding of the ocean's role in climate change. To this end, our challenge is to

develop proxies of oceanic properties that are both accurate and reliably preserved in

the geologic record of marine sediments.

REEs were recognized early on for having potential for paleoceanographic

studies (Palmer, 1985) but their utilization has been hindered by confounding issues.

First, we lacked understanding of the behavior of REEs in the diagenetic environment

(marine pore water), which precluded constraints on the alteration of the primary

foraminiferal signal. Second, the cleaning procedures typically used to remove

contaminant phases (e.g., Boyle, 1981) were subject to the effects of REE

readsorption, a challenging characteristic of these elements (Sholkovitz, 1989).

We have addressed these two issues in previous studies (Haley and

Klinkhammer, 2002; Haley et al., 2004), which now allow us to revisit the potential of

making paleoceanographic reconstructions based on REEs in foraminiferal calcite.

Our goal here is to determine if REEs reflect, in a predictable way, aspects of the

biogeochemistry of seawater and, if so, to establish whether this signal is reliably

preserved down core. In addressing these issues, we followed two lines of

investigation: a study of foraminifera in coretops recovered along the southeast Pacific
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margin and a downcore comparison of REEs in foraminifera from oxic and

anoxic sedimentary environments. From these data, we conclude that REEs in

planktonic foraminifera show promise for reflecting water mass characteristics and

acting as a proxy for sea surface biologic activity. Benthic foraminiferal REEs appear

to be a good proxy for carbon flux to the sea floor. These results can be

mechanistically explained from a current understanding of REE behavior in the oceans

and pore waters (e.g., Byrne and Sholkovitz, 1996). However, our work shows that

these primary planktonic or benthic REE signals can be obscured by overprinting in

sediments that have experienced intense diagenesis. Fortunately, such diagenetic

overprinting is easily detected by its diagnostic REE characteristics and this

information too may be useful for paleoceanographic interpretation.

Although our data bode well for the utility of REEs as a paleoproxy for

reconstructions of oceanic conditions in the past, they represent just an initial step in

the ongoing process of proxy development. If the relationships described here are

found to be robust after further testing, the REE paleoproxy could turn out to be of

value for the reconstruction of surface ocean circulation, productivity and carbon flux

to the sediments, information that is key in paleoceanographic and climate change

studies.
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5.3. METHODS

5.3.1. Samples

Foraminifera were handpicked from the >125 tm size fraction of coretop (<2

cm depth sections) sediment from multicores collected at 8 sites along the Chile

margin and at one site off Central California, all archived at the Oregon State

University Marine Geology Core Repository (Fig. 5.1; Table 5.1). 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
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Figure 5.1. Site locations. Selected ocean currents and boundaries shown in gray.
Box in right-map shows area enlarged in left-map.



Table 5.1: Site descriotions.

Site Latitude Longitude Depth (m) Estimated primary productivity Bottom water oxygen (tM)2

ME 00005A-06MC 46° 53.00 S 76° 36.00 W 3298 71 NDA3 (185)
ME 00005A-39MC 36° 10.03 S 73°34.28W 510 201 63 (167)ME 00005A-48MC 32° 35.45 S 73° 39.10 W 3920 120 NDA (170)
ME00005A-5OMC 23°36.38S 73°36.45W 3396 100 160 (165,)
ME00005A-54MC 21°21.56S 81°26.13W 1323 72 104 (143)ME 00005A-62MC 18° 05.80 5 79° 02.40 W 2937 105 149 (154)
ME00005A-64MC 17°02.12S 78°06.53W 2930 139 150 (156)ME 00005A-66MC 16° 07.61 S 77° 05.89 W 2575 213 150 (147)Sta. 10 36°06.11N 122°35.23W 3400 238 128 (76)
1. Estimates from Antoine et al. (1996) and Antoine and Morel (1996)
2. Measured by oxygen microprobe (see Haley et al., 2004).
3. NDA = No data available
4. Data in parentheses is World Ocean Atlas data estimate (Conkright et al., 2002). The discrepancy of these estimates,

compared to the measured values, precludes using them in REE data interpretation.
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sample. We selected 10 to 15 shells of benthic foraminifera (mono-

specific) and 20 to 30 shells of planktonic foraminifera (mono-specific where

possible). We attempted to choose the benthic species Cibicides weullerstorfies,

Uvigerina peregrina and Globobulimina affinis as representatives of epifaunal,

shallow infaunal and deep infaunal habitats, respectively, 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.

5.3.2. Cleaning

It is often assumed that in order to evaluate the trace element content in

primary biogenic calcite it is necessary to physically and chemically clean

foraminifera shells, removing contaminant phases (e.g., Boyle, 1981; Barker et al.,

2003). While the "batch" method of cleaning foraminiferal shells faces serious

problems of readsorption when cleaning for REEs (Sholkovitz, 1989), we previously

showed that a "flow through" (FT) system has the potential for overcoming, or at least

minimizing, such problems (Haley and Klinkhammer, 2002). Since this first

publication, our FT-system has been refined (Klinkhammer et al., submitted) and our

cleaning protocols revised. With our improved method, the foraminifera are not

physically cleaned (i.e., no cracking, sonification or rinsing) and are loaded directly

into small dead-volume sample "cartridges" (1 m mesh Teflon syringe filters)

without any pretreatment. Our method for analyses of Mg:Ca uses the capabilities of

the FT system to separate the foraminiferal calcite from contaminant phases through
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dissolution by using dilute acid, as explained in detail by Klinkhammer et

al. (submitted). In summary, this work reveals that minor element distributions are

more consistently replicated, less influenced by contamination, and the primary calcite

better separated, using this new method. However, because trace elements in

foraminiferal calcite are more sensitive to contamination than Mg, the influence of

contaminant phases must be rigorously evaluated, especially for REEs which tend to

readsorb (Sholkovitz, 1989).

In order to determine the best cleaning protocol we ran three experiments, each

using a sample of planktonic foraminifera from the oxic sediments of site 54MC: (1)

No chemical cleaning was done (DIW was used as the "cleaning" solution); (2)

cleaning was done with hydroxylamine (HYDRX), to remove metal oxide phases; (3)

cleaning was done with diethylene triamine pentaacetic acid (DTPA), to remove a

refractory phase that is probably barite (Lea and Boyle, 1993; Haley and

Klinkhammer, 2002, Vance et al., In Press). The results of these cleaning experiments

are summarized in Fig. 5.2.

Ca profiles shown in the top panel of Fig. 5.2 indicate that calcite dissolution is

consistent between sample runs and constant during a run when the acid strength is not

changed. As a result, there are no significant effects of cleaning on the bulk calcite

matrix (e.g., dissolution), nor are the trace metal:calcium ratios affected by varying

calcite dissolution. The most important observation regarding REE behavior is that

REE:Ca ratios vary throughout the dissolution of the shells and that this effect is more

pronounced for the light REEs (LREEs), as demonstrated by comparing La:Ca and
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Lu:Ca ratios shown in Fig. 5.2. The La:Ca ratio is consistently low (<0.1

imol:mol) at the onset of dissolution (in 4 mM J-1NO3) and increases during more

A.
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Figure 5.2. Calcium and element:calcium ratios in the final step-wise dissolution
phase of foraminifera from three cleaning experiments. Nitric acid, during the
dissolution step (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: the
concentrations are below detection in these fractions. Leaching of clay was
monitored by measuring Al, but remained insignificant throughout each experiment.
A. Ca-concentration and REE:Ca (only La and Lu shown). The lowest REE:Ca
ratios are seen in the HYDRX-cleaned experiment, suggesting that HYDRX
removes a source of REE contamination.
B. 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.
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rapid dissolution at the end of the run (in 10 mM HNO3). This increase in

La:Ca is 4-fold from the uncleaned to the DTPA-cleaned sample but only -2-fold for

the HYDRX-cleaned sample. Moreover, the variability of Lu:Ca within each

experiment is much less pronounced than it is for LarCa.

The differences in the REE:Ca ratio between uncleaned and DTPA-cleaned

versus HYDRX-cleaned samples are reflected in other minor element:Ca ratios

(Mn:Ca, Fe:Ca and Ba:Ca; Fig. 5.2B). These ratios are similar both throughout the

dissolution and in comparison to each other for both the uncleaned and DTPA-cleaned

experiments. In contrast, these ratios are signJIcantly higher in the sample treated

with hydroxylamine (note logarithmic scale for Mn:Ca in Fig. 5.2). We thus infer that

the hydroxylamine remobilizes, but does not completely remove, metal-oxide

coatings, such that they become prone to dissolution during the acid dissolution. High

concentrations of Mn in eluted hydroxylamine during the cleaning phase (not shown)

support this idea. Conversely, high concentrations of Ba (and REEs) are measured in

the DTPA cleaning phase. However, the Ba:Ca ratios in the calcite dissolution phase

are not different between the DTPA treated and uncleaned samples. It follows that the

DTPA did not significantly remobilize this "refractory" phase (probably barite, which

is normally difficult to solubilize; Martinet al., 1995; Averyt et al., 2003).

In light of our goal to establish an optimal cleaning protocol for REEs, these

observations are somewhat paradoxical. Although the Ba:Ca, Mn:Ca and Fe:Ca ratios

indicate that HYDRX-cleaning should be avoided as it leads to generally high

element:Ca ratios, the REE:Ca ratios are lowest in the HYRX-cleaning experiment. If
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metal-oxides are being remobilized, as we infer, the REEs:Ca would

increase in the dissolving foraminiferal shell, mirroring the increase in Mn:Ca, Fe:Ca

or Ba:Ca. It has been suggested that Mn-oxides do not have a significant REE content

(Sholkovitz et al., 1992; Haley and Klinkhammer, 2002; Haley et al., 2004), thus if the

remobilized phase is Mn-oxide, this may not constitute a source for REEs. Even so,

this does not explain the lower REE:Ca in the HYDRX experiment mentioned above,

nor does this account for the variability of REE:Ca during the dissolution phase of

each experiment.

We envision three possible explanations for the behavior demonstrated by

REEs during flow-through dissolution: (1) The REEs are readsorbed back onto the

calcite, even as the calcite slowly dissolves in the weak acid; (2) The foraminiferal

calcite itself is heterogeneous with respect to REEs, but not for Fe, Mn or Ba; (3)

There is a REE-enriched (but Fe-, Mn-, Ba-depleted) contaminant phase that is

somewhat eroded by DIW and more so by the HYDRX (Fig. 5.2).

To assess the first possibility, that REEs are readsorbing, we tested whether a

model assuming readsorption could reproduce the observations shown in Fig. 5.2.

This model is based on simple Rayleigh distillation, in which we define "readsorption

coefficients" for REEs (Appendix). The model iterates on solutions ofa single

REE:Ca primary value that can then be used to describe the dissolution curves

observed through readsorption. We found that for each experiment the model could

reproduce the REE:Ca dissolution variation quite well, from a single REE:Ca ratio and

an defined set of the "readsorption coefficients." These coefficients prove to be
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remarkably high (up to 60% in the weak acid phase of dissolution that

follows cleaning, always <10% in the strong acid). These model predictions are

shown in Fig. 5.3 along with an average and the range of observations for each

experiment.

The likely cause for such significant readsorption, compared to our previous

work (Haley and Klinkhammer, 2002), in which we saw no signs of readsorption, is

that the current method dissolves whole, intact foraminiferal shells much less

aggressively by using more dilute acids (4 and 10 mM HNO3 versus 50 mM HNO3).

And, although the actual process of readsorption probably depends on many variables

not parameterized specifically, this model suggests that the REEs adsorb with great

efficiency (especially the LREEs, which always have higher "readsorption

coefficients" than the HREEs), even in a flow-through system. Our conclusion from

this exercise is that REEs can be modeled as having a single REE:Ca ratio, which is

similar to the average pattern measured (Fig. 5.3). Thus, the variations in REE:Ca

observed through time in a series of fractional aliquots (Fig. 5.2) may be due to

readsorption alone.

This readsorption mechanism is potentially at odds with the second hypothesis

proposed, i.e., that the calcite itself has heterogeneous REE:Ca. Foraminiferal calcite

is heterogeneous in many respects, both physically (Be, 1977; Be et al., 1975) and

chemically (Bender et al., 1975; Brown and Elderfield, 1996; Nurnberg et al., 1996;

Benway et al., 2003), and it seems likely that REEs might be heterogeneously

distributed as well (Haley and Klinkhammer, 2002). The key question is, however,
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whether this primary heterogeneity is more or less dominant over the

effects of readsorption. To gauge this, we ran an inorganic, remarkably homogenous

calcite ("Wiley" marble, a white granular marble rock that is - 100% calcite) that

should have homogeneous REE:Ca. Again, the REE:Ca dissolution profile showed

variability (not shown) that was possible to reproduce with our readsorption model.

These results corroborate the previous conclusion that, even if the shell is

heterogeneous, readsorption is the dominant reason for the variable REE:Ca observed

through time (Fig. 5.2). Given these observations, and in order to take the first steps

towards paleoproxy development, we decided to accept the limitations and assume
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Figure 5.3. Model predicted (solid) and measured (open) REE patterns from
cleaning experiments. The gray "error" bars on the measured values indicate the
range of REE values (normalized) found for each experiment. The I-IYDRX-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 results 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.
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that the average REE:Ca over the dissolution phase, which is similar to the

model result (Fig. 5.3), is representative of the primary foraminiferal calcite.

While readsorption may explain the variation of REE:Ca for each experiment,

it does not explain the differences between the three cleaning experiments. The

average REE pattern from each experiment looks like typical seawater (Fig. 5.3; i.e.,

HREE>LREE, distinct "Ce-anomaly;" Byrne and Sholkovitz, 1996). Given that it has

such a REE pattern and from observations of the other trace metal:Ca ratios measured

(Fig. 5.2), the source of contamination in the DTPA-cleaned and uncleaned

experiments is not obvious. We can, however, make three observations regarding this

unspecified REE contaminant phase: (1) It is not a significant source of Fe, Mn or Ba;

(2) Its removal efficiency is greatest with HYDRX, less with DIW, less still with

DTPA; and (3) It is enriched in REEs, with increasing concentration across the REE

series (when shale-normalized; Fig. 5.3). To completely resolve all the problems

associated with cleaning foraminifera for the REEs would require work exceeding the

limits of this project. This being the case, we felt that it was more important to

investigate the potential of using REEs as a paleoproxy rather than to fully delimit the

remaining hurdles of such a proxy. Using this rationale, we proceeded with core top

and down core sampling, using the HYDRX-cleaning method. We chose this method

even with reservations 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.
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5.3.3. Analyses

The cleaning procedure used for the samples reported in the Results section is

outlined in Table 5.2 (for details of the FT cleaning system and reagents used, see

Haley and Klinkhammer, 2002). Discrete fractions were collected by the fraction

collector every two minutes (4 mL samples) and only during the acid dissolution

phase.

'fable 5.2. Cleaning Drotocol.

2Time

% Reagent at each time step'
0.5M 10mM

HYDRX HNO3
DIW

Event

0.0 0 0 100
1.0 100 0 0 Cleaning
6.0 0 0 100
10.0 0 0 100
io.i3 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

1. A constant gradient was generated between each programmed time step.
2. Flow rate is 2 mL/min throughout the cleaning and dissolution.
3. Valve switch bypassing sample.
4. Valve switch return flow to sample.

The fractions collected were measured on a VG Axiom High Resolution

Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) at the Keck

Collaboratory 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. However, we



180

recognize that 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 '56Gd compared to '40Ce). Interference was avoided in the

case of more highly concentrated isotopes, 46Ca and 48Ca, 27Al, 55Mn and 56Fe, by

analyzing them at high resolution (7000 RP) to either reduce the ion beam (in the case

of Ca) or for resolution purposes (for Fe). No internal standard was used, as this

increased 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 standards

were measured over the course of each analytical run to verify the standard curve

consistency. These PPREE and SCREE standards are made from mine drainage

samples (see Verplanck et al., 1999 and Haley and Klinkhammer, 2003). From these

reference runs, it is found that typical accuracy is -5% for these analytes.

5.4. RESULTS

The goal of this work to evaluate REEs as a potential paleoproxy hinges on

the determination of REE:Ca behavior in foraminifera over a spatial range in the

modern ocean represented by available core top samples, coupled with a determination

of these ratios down core. However, an initial comment on the apparent distribution

coefficients of REEs in foraminiferal calcite is warranted here. This is because

published REE:Ca in foraminiferal calcite has resulted in apparent distribution

coefficients (KD5) that may seem unreasonably high, suggesting that the samples may
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be contaminated (Palmer, 1985; Palmer and Elderfield, 1986; Pomies et al.,

2002). Although this work was not focused on the cause of this apparently high KD,

we feel that it bears on the validity of the core top and down core data and thus should

be discussed.

5.4.1. Distribution Coefficients of the REEs in Foraminiferal Calcite

Table 5.3 lists the REE:Ca values predicted by our readsorption model as a

best estimate for the true values of the primary foraminiferal calcite. The matrix

composition used for the KD calculation is critical, be it surface seawater for

planktonic foraminifera, overlying bottom water for epifaunal benthic foraminifera or

pore water for infaunal benthic foraminifera. We used the REE concentrations in

overlying and pore water measured in the same core from which we obtained the

foraminifera where possible (64MC; Table 5.3). Unfortunately, there are few surface

seawater REE data, especially in the southeastern Pacific. The closest approximation

of REE concentrations for the southeastern Pacific surface seawater would likely be

made from other surface waters. In Table 5.3, we offer three possibilities (Fig. 5.1):

(1) surface water from the southern Atlantic (AJAX data from German et al., 1995),

that might be similar to 64MC provided that both sites reflect upwelling of Antarctic

Intermediate Water (AAIW); (2) Northern Pacific surface water, probably a poor

choice as these data more likely reflect North Pacific Intermediate Water (NPIC;

Talley, 1993; REE data from site TPS 47: 39-1 of Piepgras and Jacobsen, 1992); (3)

surface water values reported by Klinkhammer and colleagues (1983) from the
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VULCAN region that is spatially nearest 64MC, but might, in fact, be a

rather dissimilar water mass.

Although other possible surface water data are available, we chose these values

as the best data available for estimating planktonic foraminiferal KD(REE)s. It is clear

from Table 5.3 that, even as an estimate, the KDS calculated for planktonic

foraminifera vary greatly. We suggest that it is more probable that this KD variability

is the result of inconsistent surface seawater estimates than inaccuracies in the

foraminiferal REE measurements. Future work in this area should include surface

seawater measurements of REEs at core locations, and, ideally, synchronous

foraminiferal sampling from plankton tows or sediment traps.

The KD values calculated for the benthic foraminifera are remarkably similar.

They have a fairly small range (from 100 to 500, excluding Ce), considering the

potential errors in making these calculations. The KDS calculated for planktonic

foraminifera are higher, by a factor of 2 to 5, depending on the seawater values used

(Table 5.3). However, they show consistency across the REE series, which supports

the validity of these KD estimates.KD(Ce) is anomalously high in these foraminifera,

which may be an artifact but could be a real signature resulting from Ce being in a

different redox state compared to the other REEs.



Table 5.3. Distribution coefficients of REE in foraminiferal calcite
REE:Ca' La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm2 Yb Lu
Foraminifera Model Result3

N. dutertrei(planktonic) 0.86 0.34 0.16 0.65 0.12 0.04 0.17 0.03 0.21 0.04 0.14 0.04 0.12 0.02
Cibicides(epifaunalbenthic) 0.99 0.74 0.19 0.69 0.17 0.05 0.20 0.02 0.28 0.05 0.20 0.06 0.16 0.02
Uvigerina(infaunalbenthic) 4.49 2.71 0.84 3.66 0.63 0.22 0.83 0.14 0.97 0.20 0.66 0.19 0.62 0.09
Surface Water
AJAX 474 1.09 0.54 NA 0.79 0.15 0.04 0.24 NA 0.29 NA 0.28 NA 0.23 0.04
VULCAN5 0.48 0.30 NA 0.33 0.05 0.02 0.11 NA 0.13 NA 0.12 NA 0.08 NA
TPS47: 3916 1.76 0.59 NA 1.22 0.23 0.06 0.34 NA 0.39 NA 0.35 NA 0.31 0.05
64MC7

Overlying water 4.84 0.89 0.64 2.74 0.41 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 2.34 9.08 2.11 0.60 3.00 0.55 4.15 0.93 3.37 0.62 4.70 1.00
K8
N. dutertrei (AJAX) 790 630 - 820 830 1010 680 - 730 - 480 - 535 535
N. dutertrei(VULCAN) 1810 1135 - 1970 2245 2060 1545 - 1650 - 1160 - 1615 -

N. dutertrei (TPS 47: 39-1) 490 580 - 535 530 650 490 - 530 - 390 - 400 350
Cibicides (overlying water) 205 830 295 250 420 310 345 215 315 220 230 470 150 120
Uvigerina (pore water) 370 1020 360 405 300 370 280 250 235 215 195 310 130 95

1. Foraminiferal data in .tmo1:mol units; seawater and pore water data in nmol:mol units, assuming 10.46 mmolIL Ca for
all seawater and pore water.

2. The foraminiferal Tm data are suspect, probably due to inter-REE molecular interferences in the ICP- MS.
3. Foraminifera from core top (0-2 cm section) of 64MC multicore.
4. Average 0 - 200 m depth water samples from German et al., 1995.
5. From Klinkhammer et al., 1983.
6. Average 0 - 200 m depth water samples from Piepgras and Jacobsen, 1992.
7. Haley et al., 2004.
8. KD values rounded to nearest 5.

QO
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It is important that these data should not be overanalyzed regarding

KD across the REE series. They are presented here merely to demonstrate that

foraminiferal KD, especially the benthics, are fairly consistent in view of the dramatic

differences in REE content of the water in which these foraminifera live. For

example, pore water REE concentrations are typically an order-of-magnitude higher

than surface water but the KD5 calculated are not. Considering this, and the overall

consistency of the KD5 across the series, it can be argued these KD5 are accurate, at

least to the order-of-magnitude: i.e., KDS for the REEs in foraminifera are in the

hundreds. These estimates are contrary to those of Pomies and colleagues (2002; from

Nd isotopes), but consistent with our previous observations (Haley and Klinkhammer,

2002) and the Nd-isotopic data of Vance and Burton (1999) and Burton and Vance

(2000). Nonetheless, the issue remains that if these KD values are accurate, it follows

that the foraminifera preferentially incorporate REE relative to Ca! Since there is no

currently known biologic requirement for REEs, this preference seems somewhat

unlikely. However, there are other possible explanations for such high KD5.

Palmer (1985) argued that the solubility product of REE carbonates might play

a role in establishing high KDS. Alternatively, Lakshtanov and Stipp (2004) have

measured KD(EU) >700 for inorganically precipitated calcite, which they attribute to the

ability of Eu to fit into the calcite lattice as a true solid solution.

We offer a different idea: that the relatively high concentration of REEs in

foraminiferal calcite is a consequence of the organic chemistry of calcite construction.

Our hypothesis is that REEs, which are known to have great affinity to organic matter
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(Goldberg et al., 1963; Elderfield and Greaves, 1982; Stanley and Byrne,

1990; Sholkovitz, 1992; Byrne and Kim, 1990; Arraes-Mescoffet a!, 2001; Tang and

Johannesson, 2003) preferentially bind to the proteins used by the foraminifera to

acquire calcium ions to build their shells (Evans, 2003). 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.

We do not presume to have the detailed knowledge of foraminiferal biology

required to justify this hypothesis. However, Fig. 5.4 shows that such a hypothesis is

not unreasonable. It shows that the KD5 of trace elements, minor elements and even

calcium (KD = 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

Kstab. and KD data. Estimates for these values are from the compilations of Lea (1999)

and Martell and Smith (1974). Thus, as shown in Fig. 5.4, a KD(REE) in the hundreds is

not oniy reasonable; it might well be predicted from this hypothesis. Our point,

however, is only to demonstrate that KDS as high as suggested in Table 5.3 are feasible

(also see arguments of Palmer, 1985 and Lakshtanov and Stipp, 2004).

5.4.2. Core Top Samples

The core top foraminiferal REE:Ca data are presented in Table 5.4 and shown

in Fig. 5.5. The data are grouped according to living habitat: planktonics in the upper

water column; Cibicides at the sediment-water interface (epifaunal); Uvigerina just

below the sediment-water interface (shallow infaunal); Globobulimina and
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Bulimina deeper in the sediments (deep infaunal). Although there is

currently some debate over the exact habitats of these foraminifera (Bernhard et al.,

2003), we will use these divisions to reflect the foraminifera's apparent preference for

a given diagenetic environment. For example, "deep benthic" species may be found

very 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.
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Figure 5.4. KD versus log Kstab. for three amines. The positive relationship shown
suggests that metal complexation with proteins might explain the high apparent KDS
observed from foraminiferal shell analyses. Data from Lea (1999) and Martell and
Smith (1974).
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5.4.2.1. Planktonics

Except at Sta. 10, the planktonics show a shale-normalized pattern similar to

typical seawater (Fig. 5.5): i.e., HREE>LREE, with a pronounced negative "Ce

anomaly" (Elderfield, 1988; Byrne and Sholkovitz, 1996). 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. lOis also the most

overall REE-enriched, although O6MC is nearly as concentrated, and the HREEs of

62MC and 50MG have similar concentrations. 66MC and 54MC samples have the

least REE abundance and share similar patterns, although the HREEs at 54MC are

higher (HREE:LREE roughly double at 54MC versus 66MG; Fig. 5.5). 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

5OMC. The "Ce anomaly" of all these samples, except Sta. 10, 66MC and 06MG,

ranges between 0.25 to --0.35. These three exceptions have higher "Ce anomalies"

between 0.5 and 0.6. There does not appear to be any trend, either in concentration or

pattern, dependent on species or mixed species.

5.4.2.2. Cibicides (epifaunal)

Although the abundance of REEs in the Cibicides samples are distinct

(66MC>64MC, 5OMC>54MC), the patterns are all fairly similar (Fig. 5.5); they are all

seawater-like, although the slope (HREE:LREE) is greatest at 50MG (4.27), followed

by 66MG (3.18), 64MG and 50MG (2.59 and 2.36). None of the Cibicides show signs

of MREE enrichment (MREE* < 1.2 for all), and the "Ce anomaly" is similar to the
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planktonic counterpart at each site. The Cibicides "Ce anomalies" here are

between 0.2 and --0.3 for all sites, except 66MC where the "Ce anomaly" is 0.6.

5.4.2.3. Uvigerina (shallow infaunal)

The Uvigerinae can be split into three types: Sta. 10 and O6MC show a distinct

"MREE-bulge" type pattern (MREE*> 1.2; Haley et al., 2004); 39MC has a flat

pattern (HREE:LREE=-1; MREE* = 1.28; Ce* >-1); and the other samples are

more similar to a seawater-type pattern (Fig. 5.5). For these latter sites, the

HREE:LREE, MREE* have similar values to the planktonics and Cibicides samples,

although the "Ce anomalies" tend to be slightly higher (between 0.3 and 0.6).

Overall, the concentrations of REEs in these sample are similar to the Cibicides,

except the "MREE bulged" samples, which are 2- to 4-times more concentrated.

5.4.2.4. 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

5.1). The REEs, however, are different between these sites (Fig. 5.5). 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.
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Figure 5.5. Core top foraminiferal REE patterns. Grouped into typical living
habitat (see text for details).



Table 5.4. REE:Ca in core top samples

Species' Core La2 Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm3 Yb Lu MREE*5 Ce*6

mixed planktonic Sta. 10 3.31 3.63 0.85 3.84 0.69 0.20 0.72 0.11 0.62 0.03 0.24 0.01 0.26 0.00 0.99 1.59 0.50
G. menardu/
G. tumida 66MC 0.27 0.27 0.05 0.22 0.04 0.01 0.06 0.01 0.10 0.01 0.05 0.00 0.05 0.01 3.30 0.99 0.53

N. dutertrei 64MC 0.93 0.42 0.18 0.76 0.12 0.06 0.18 0.03 0.23 0.04 0.14 0.05 0.14 0.02 2.72 1.06 0.24
G. saccu1fer 62MC 2.05 1.07 0.37 1.61 0.27 0.09 0.39 0.06 0.45 0.09 0.31 0.08 0.31 0.05 2.88 1.06 0.28
G. saccu1fer 54MC 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
N dutertrei 5OMC 1.62 0.99 0.37 1.60 0.28 0.11 0.37 0.06 0.42 0.09 0.27 0.05 0.25 0.04 2.43 1.13 0.29
mixed planktonic 48MC 1.01 0.57 0.27 1.10 0.22 0.08 0.24 0.04 0.27 0.05 0.15 0.04 0.12 0.01 1.79 1.25 0.25
mixed planktonic O6MC 2.79 3.70 0.72 3.05 0.57 0.13 0.54 0.08 0.68 0.11 0.37 0.11 0.34 0.01 1.75 1.05 0.60
Cibicides 66MC 2.20 2.50 0.43 1.88 0.32 0.10 0.48 0.08 0.70 0.12 0.44 BD7 0.35 0.05 3.18 1.03 0.59
Cibicides 64MC 1.08 0.66 0.22 0.89 0.15 0.08 0.21 0.03 0.32 0.05 0.19 BD 0.13 0.02 2.59 1.09 0.31
Cibicides 54MC 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
Cibicides 5OMC 1.41 0.66 0.29 1.21 0.23 0.08 0.28 0.05 0.33 0.06 0.20 0.04 0.19 0.02 2.36 1.18 0.23
Uvigerina Sta. 10 6.34 10.35 1.75 6.95 1.35 0.33 1.36 0.21 1.17 0.19 0.54 0.09 0.43 0.05 1.00 1.54 0.71
Uvigerina 66MC 1.27 1.42 0.28 1.13 0.16 0.06 0.23 0.04 0.32 0.06 0.21 0.05 0.22 0.03 2.83 0.91 0.55
Uvigerina 64MC 1.17 0.75 0.23 0.98 0.16 0.06 0.22 0.04 0.26 0.05 0.18 0.05 0.18 0.02 2.72 1.05 0.33
Uvigerina 54MC 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
Uvigerina 5OMC 1.64 0.69 0.38 1.65 0.29 0.09 0.36 0.06 0.43 0.08 0.27 0.06 0.27 0.04 2.45 1.09 0.20
Uvigerina 39MC 2.49 8.14 0.77 2.93 0.53 0.12 0.50 0.07 0.49 0.07 0.24 0.05 0.19 0.02 1.03 1.28 1.34
Uvigerina O6MC 5.27 9.13 1.50 5.79 1.14 0.31 1.14 0.18 1.15 0.20 0.60 0.11 0.49 0.05 1.34 1.32 0.74
Globobulimina Sta. 10 8.77 16.50 2.39 9.66 1.84 0.49 1.83 0.28 1.57 0.25 0.71 0.11 0.55 0.06 0.94 1.56 0.83
Globobulimina 39MC 1.26 5.50 0.43 1.90 0.27 BD 0.27 0.02 0.45 0.00 0.10 0.10 0.15 BD 0.98 0.89 1.69
Bulimina 39MC 0.60 3.53 0.17 1.00 BD BD 0.11 BD 0.31 BD 0.02 0.06 0.10 BD 1.04 0.51 2.52
1. All samples trom sediment sections 0 to 1 or 2 cm core depth.
2. Values are REE:Ca in imol:mol.
3. Tm is suspect, probably due to inter-REE molecular interference in the ICP-MS.
4. HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd:Ca.
5. MREE is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
6. Ce* is defined by 2(Ce:Ca)/(La:Ca + Pr:Ca), when all values are shale normalized.
7. BD = Below Detection limits.
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5.4.3. 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 is imparted to those interpretations.

Considering that a REE paleoproxy is still in its testing stage, we feel it is unwise to

make any paleoceanographic inferences at this point. On the other hand, it is vital

during this testing stage to measure REEs in down core samples, not for

paleoceanographic reasons per Se, but in order to determine the impact of diagenesis

or alteration. With this in mind, we sampled 5 intervals from the top 25 cm of two

multicores: 54MC and Sta. 10. These two sites represent "end-members" of our

samples: 54MC is the most "open ocean" site (deep water, carbonate-rich, with

relatively low surface productivity and moderate bottom water oxygen; Table 5.1);

and Sta. 10 represents a "margin" site (shallow near shore, clay-rich, with high surface

productivity and suboxic bottom water; Table 5.1). The diagenetic environments at

both of these sites should vary to reflect these differences. With respect to REEs, we

use our previous pore water results (Haley et al., 2004) to delimit the diagenetic

processes that influence REEs at these two sites. The foraminiferal data are listed in

Tables 5.5 and 5.6 and shown in Fig. 5.6.

5.4.3.1. 54MC

This site is expected to have little diagenetic activity, being under an area of

low surface productivity and having oxic pore waters (Table 5.1). The REE pore water

profiles should be similar to those measured at 64MC and Sta. 9 of Haley and
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colleagues (2004). As such, we expect the pore water REEs to have a

maximum at the sediment-water interface, which diffuses both down core and out of

the sediments.

REE patterns at 54MC all demonstrate a typical seawater form (Fig. 5.6): they

become relatively more enriched across the series in a near-linear manner and there is

a distinctly negative "Ce anomaly." In fact, there is remarkable consistency down

core when comparing intra- and inter-species patterns. Thus, the HREE:LREE of the

planktonics is between 5.5 and 6, slightly higher than the Cibicides (-4 to -4.5) and

slightly higher than the Uvigerinae (-P3.5 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. In terms of REE concentration, for every core

depth, the Uvigerinae are more concentrated than the Cibicides and both of these are

more concentrated than the planktonics (Fig. 5.6).

Because the diagenetic environment at 54MC is oxic, the sediments are coated

by metal oxides. Since our pore water results (Haley et al., 2004) show that Mn-

oxides are not carriers of REEs, any diagenetic influences on the REEs must be related

to Fe-oxide cycling. As a further test of the cleaning protocols and possibly as a way

to understand the differences between HYDRX-cleaning and simply rinsing with

DIW, we ran a set of uncleaned planktonics down core at this site. Again, and

consistently, we found that the uncleaned samples had higher REE:Ca ratios
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than those cleaned with hydroxylamine (Fig. 5.6). The patterns, however,

are fairly similar between each cleaned-uncleaned pair. The average of all the

uncleaned samples HREE:LREE (5.54) is similar to that of the cleaned samples (5.91),

as are the "Ce anomalies" (0.33 average uncleaned; 0.35 average cleaned; Table 5.5).

Apart from the overall concentrations, the only possible difference is the MREE

enrichment, which is more than 20% higher in the uncleaned samples (0.91 uncleaned

average; 0.75 cleaned average).

5.4.3.2. Sta. 10

The REE patterns of all the foraminifera, at every depth at Sta. 10 have a

"MREE bulge" type pattern (Fig. 5.6). On first inspection, this suggests that under

such intense diagenetic environments REEs are overprinted by the pore water signal

(see Haley et al., 2004 for pore water description). 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, the fact that REE concentrations are not equal in these

samples suggests that we may be able to glean information from them about the

process of diagenesis (Table 5.6).

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 5.6).

The shallow infaunal Uvigerinae increase in REE concentration to the 8-10 cm sample

and then REE concentrations decrease. The deep infaunal Globobuliminae decrease in

REE concentration with increasing depth (Table 5.6).
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The pore water REE profiles at Sta. 10 show a maximum at 3 cm,

which diffuses to a sink at -8 cm (Haley et al., 2004). This REE maximum is driven

by Fe-oxide reduction, which occurs at the same depths (Haley et al., 2004).

Given that reduced Fe-oxides provide an overwhelming concentration of REE

with a "MREE bulge" type pattern to pore water, we conclude that pore water is

indeed the source for REEs measured in foraminifera at Sta. 10. Considering this, the

contaminant phase cannot be Fe-oxides (or Mn-oxides, which are reduced prior to Fe

in the diagenetic sequence; Froelich et al., 1979). The fact that we dissolved these

foraminifera in a stream of dilute acid, with an abundance of calcite present, suggests

that the contaminant phase is rather mobile. As discussed previously, three possible

sources of contamination are: the process of contaminant-REE adsorption onto the

solid foraminiferal shells; the presence of barite; or the presence of siderite. We rule

out readsorption because we would we expect to see similar down core REE:Ca trends

for all three foraminiferal types measured if this were the case. Barite also seems

unlikely because this phase should be resistant to a stream of weak acid (Martin et al.,

1995; Averyt et al., 2003). Iron carbonate (siderite) seems to be the most likely source

of the overprint. Siderite is consistent with the fact that Fe:Ca measured in these

samples is consistently high (> 50 tmol:mo1, and often above 100 tmo1:mo1).

An outstanding conundrum remains, however: Why does the REE:Ca in the

Globobulimina decrease constantly down core (Table 5.6)? One possible explanation

is that these shells are not exposed to diagenetic influences throughout the upper 25

cm. The implication here is that these shells might "escape" diagenesis and might still
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hold promise as a paleoproxy. However, with the limited data shown here,

we will assume at present that the use of REEs in primary biogenic calcite as a

paleoproxy is not possible within such extreme diagenetic settings. However, if this

"MREE bulge" pattern is seen down core, especially in planktonic foraminifera, it can

be assumed that those sediments have undergone anoxic conditions. One could

imagine that this observation in itself could be used as a paleoproxy in some cases,

especially in older deposits of unknown origin (e.g., as an indicator of ocean anoxic

events).

5.5. DISCUSSION

Our main goal was to explore the possible utility of REEs as a paleoproxy.

Therefore, this discussion will focus on our interpretation of the REE:Ca data

presented and how it translates to this purpose. We will not, however, make any

attempts at paleoceanographic reconstructions. For this reason, most of the discussion

will focus on the core top samples, with only brief comments about how these core top

interpretations relate to the down core samples.

5.5.1. Core top Samples

Two types of foraminifera are 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 diagenetically altered.



Table 5.5. 54MC down core REE:Ca ratios

Species Depth
La1 Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm2 Yb Lu

HREE3
MREE*4 Ce*S(cm) LREE

G.sacculfer(uncIean) 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.sacculfer(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.saccu4fer(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.saccu1/èr(unc1ean) 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.sacculfer(uncIean) 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. sacculfer 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.saccu4fer 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. sacculfer 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.saccu1fer 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.saccu1fer 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
Cjbjc ides 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
Cibicides 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
Cjbjcjdes 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
Cibicides 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
Cibicides 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
Uvigerina 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
Uvigerina 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
Uvigerina 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
Uvigerina 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
Uvigerina 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

1. Values are REE:Ca in 1.tmol:mol.
2. Tm is suspect, probably due to inter-REE molecular interference in the ICP-MS.
3. HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd:Ca.
4. MREE is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
5. Ce* is defined by 2(Ce:Ca)/(La:Ca + Pr:Ca), when all values are shale normalized.



Table 5.6. Sta. 10 down core REE:Ca ratios

Species Depth
La1 Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm2 Yb Lu

HREE3 MREE*4 Ce*S(cm) LREE
mixedplanktonic 0-1 3.31 3.63 0.85 3.84 0.69 0.20 0.72 0.11 0.62 0.03 0.24 0.01 0.26 0.00 0.99 1.59 0.50
mixed planktonic 5-7 5.39 17.60 1.74 7.09 1.37 0.37 1.37 0.23 1.31 0.22 0.67 0.21 0.47 0.09 1.16 1.53 1.30
mixedplanktonic 8-10 13.43 36.27 3.64 14.81 3.05 0.78 3.21 0.52 2.93 0.51 1.38 0.18 1.04 0.14 1.18 1.64 1.19
mixedplanktonic 20-22 7.97 19.03 2.22 8.64 1.87 0.54 1.97 0.36 2.13 0.38 1.11 0.17 0.95 0.13 1.70 1.46 1.04
mixedplanktonic 24-26 23.73 67.80 7.72 31.77 6.63 1.67 5.91 1.05 7.02 1.11 3.68 0.50 2.98 0.37 1.53 1.28 1.14
Uvigerina 0-1 6.34 10.35 1.75 6.95 1.35 0.33 1.36 0.21 1.17 0.19 0.54 0.09 0.43 0.05 1.00 1.54 0.71
Uvigerina 5-7 8.08 18.86 2.32 9.21 1.81 0.43 1.67 0.26 1.45 0.24 0.67 0.09 0.46 0.06 0.88 1.56 1.00
Uvigerina 8-10 15.45 37.96 4.42 17.16 3.41 0.84 3.37 0.54 2.97 0.48 1.29 0.16 0.91 0.12 0.91 1.65 1.05
Uvigerina 20-22 7.07 16.18 1.98 7.62 1.51 0.39 1.61 0.27 1.57 0.27 0.75 0.10 0.57 0.07 1.23 1.56 0.99
Uvigerina 24-26 5.58 12.69 1.54 6.20 1.22 0.32 1.34 0.22 1.27 0.23 0.64 0.09 0.52 0.07 1.35 1.51 0.99
Globobulimina 0-1 8.77 16.50 2.39 9.66 1.84 0.49 1.83 0.28 1.57 0.25 0.71 0.11 0.55 0.06 0.94 1.56 0.83
Globobulimina 5-7 6.23 16.30 1.75 6.94 1.36 0.33 1.31 0.21 1.11 0.19 0.54 0.07 0.38 0.05 0.95 1.56 1.13
Globobulimina 8-10 6.38 15.69 1.72 6.77 1.33 0.33 1.34 0.21 1.18 0.20 0.52 0.07 0.37 0.05 0.94 1.65 1.09
Globobulimina 20-22 4.24 9.86 1.21 4.59 0.92 0.24 0.98 0.17 0.96 0.17 0.47 0.06 0.36 0.05 1.28 1.53 1.00
Globobulimina 24-26 2.95 6.89 0.78 3.18 0.60 0.16 0.66 0.11 0.65 0.12 0.34 0.05 0.28 0.04 1.41 1.43 1.05

1. Values are REE:Ca in pmo1:mo1.
2. Tm is suspect, probaNy due to inter-REE molecular interference in the ICP-MS.
3. HREE:LREE is defined as the ratio of shale normalized averaged Er:Ca, Yb:Ca to averaged Pr:Ca, Nd:Ca.
4. MREE* is defined as average shale normalized (Gd:Ca, Tb:Ca) divided by average (Pr:Ca, Nd:Ca, Er:Ca, Yb:Ca).
5. Ce* is defined by 2(Ce:Ca)/(La:Ca + Pr:Ca), when all values are shale normalized.

00
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5.5.1.1. 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 residence time of REEs

(<l000y steady state whole ocean estimate; Goldberg et al., 1963; Elderfield and

Greaves, 1982; Elderfield and Sholkovitz, 1987; Bertram and Elderfield, 1993; Haley

and Klinkhammer, 2003), and the dominance of river input to the upper water column

(Elderfield and Sholkovitz, 1987; Goldstein and Jacobsen, 1987; Elderfield et al.,

1990). (2) The "Ce anomaly" has been hypothesized to reflect the oxygen content of

seawater (higher 02 content corresponding to higher "Ce anomaly;" e.g., German and

Elderfield, 1990; Nozaki et al., 1999), although this was foreseen as being more

difficult to interpret (Tachikawa et al., 1999; Haley and Klinkhammer, 2003).

We approached our REE data interpretation by compiling a number of oceanic

variables to compare to the REE data. These oceanic data were taken from World

Ocean Atlas (WOA) values (Conkright et al., 2002) from grid points as close to the

sites as possible, and are: T situ; T0t.; salinity; density; chlorophyll; nitrate; phosphate;

silica; oxygen; Apparent Oxygen Utilization (AOU); and carbonate ion concentration.

We also compared satellite-based primary productivity estimates from the Antoine et

al. (1996) and Antoine and Morel (1996) databases, again with grid points as close as

possible to our sites. An initial cross-correlation matrix of all of these data, as well as

the latitude, longitude, La:Ca, LREE:HREE and Ce* of the samples was done for each

of four depths: at the sea surface; at the mixed layer depth; at the shallowest
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pycnocline; and at the maximum pycnocline (the latter two to account for

seasonal pycnoclines). 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. 5.7.

Two REE parameters hold potential as a paleoceanographic proxy (Fig. 5.7).

The La:Ca (the "REE concentration") of planktonic foraminifera appears to correlate

well with annual primary production estimates and/or to oxygen, with especially tight

fit to the pycnocline 02 concentrations. (Of course, oxygen, AOU and primary

productivity are highly correlated in the subsurface waters analyzed, an important
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point that which we discuss later.) Alternatively, the LREE:HREE of

planktonic foraminifera appears to correlate 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. sacculfer

samples from 54MC.

It is actually encouraging that this 54MC G. sacculifer sample does not fall on

the HREE:LREE trend, because these foraminifera are not likely living in the same

water mass as the other sites. That is, the sites 66MC, 64MC, 62MC, 5OMC and

48MC represent a north-south transect near the coastal upwelling region and might

reflect water upwelling from the Gunther undercurrent (Fig. 5.1) as it progresses

southward. This undercurrent and the coastal upwelling ceases around 42°S (Strub et

al., 1998), and site O6MC is actually in an area of downwelling. Therefore, it is

expected that O6MC may not continue the trend, and, indeed, it has a HREE:LREE

very similar to that of 48MC. 54MC, on the other hand, is likely outside the influence

of coastal upwelling and its source waters are probably upwelling Antarctic

Intermediate Water (AAIW). In fact, aKD calculation using this planktonic

foraminifera sample and the surface water data of German and co-workers (1995)

produces a flat-pattern of KDS across the series that range from 150 to 350, similar

to the benthic ranges estimated. Such a comparison might suggest that 54MC

planktonic foraminifera are recording AAIW (and that 64MC foraminifera are not).

The problem with this interpretation of the HREE:LREE data is that upwelling

is restricted to a fairly narrow coastal zone along Chile (Strub et al., 1998). This poses
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difficulties with our interpretation that these foraminifera are tracking the

upwelling from the southward-flowing Gunther undercurrent, especially at 5OMC and

even 48MC. However, if not upwelling water, the HREE:LREE trend (Fig. 5.7) may

be tracking the Peru Current northwards. This latter interpretation carries different

and broader implications, but does not change the potential value of using the

HREE:LREE in planktonic foraminifera as a proxy of watermass. In fact, the

watermass that the HREE:LREE tracks might easily be resolved with only a few

surface seawater REE measurements in this region.

The 54MC data, however, pose difficulty for the use of La:Ca as a proxy for

productivity or AOU. A straightforward 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 temperature and ice volume. Alternatively, the 54MC sample may simply not

reflect modern seawater. In any case, the peculiar 54MC data are not likely to result

from analytical error as this pattern is consistently replicated down core. More data is

needed to further investigate this apparent REE to Productivity/AOU correlation.

The relationships described above are satisfying because they agree with our

predictions of what REEs might be expected to reflect. We can now suggest a

mechanism to describe these paleoproxies. That the HREE:LREE ratio is a proxy of

water mass fits with previous suggestions that the short residence times and riverine

source of REEs to the surface oceans should mean that REE patterns can be used to

trace surface ocean circulation. As a paleoproxy, this might have use as a way to map
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regional upper ocean circulation, after more extensive testing in the modern

ocean is done.

The mechanics of why La:Ca in foraminiferal shells should correlate to

primary production or AOU are somewhat surprising but congruent with our present

knowledge of REEs (e.g., Byrne and Sholkovitz, 1996). Following recent

observations, it is becoming clear that REEs are, to a great extent, controlled by

organic carbon dynamics (Sholkovitz, 1992; Byrne and Kim, 1990; Tang and

Johannesson, 2003; Haley et al., 2004). Indeed, it is likely that the "Ce anomaly" is

not a function of varying Ce (in a stable Ce(IV) solid state), but that La and Pr

concentrations are varying, and to a greater extent, through organic processes

(Tachikawa et al., 1999; Haley and Klinkhammer, 2003). For this reason, we might

not expect the "Ce anomaly" to reflect oxygen but we might expect the other LREEs

to reflect organically controlled seawater properties (such as productivity or AOU).

The LREEs would be more sensitive to such biological processes, because the HREEs

tend to form more stable complexes with DOC, increasing their residence times and

decreasing their sensitivity to change.

If the link between the LREEs and organically controlled water properties is

predictable, do the inverse relationships seen in Fig. 5.7 follow? Such a relationship

with productivity makes sense if it is assumed that increased primary productivity

drives greater particulate flux out of the mixed layer, thereby removing REEs

(especially the LREEs) from the surface ocean. In a similar way, increased production

generally leads to greater upper ocean oxygen consumption through remineralization,
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which affects the measured 02 and thus AOU. These parameters are

obviously closely correlated and will require a much larger dataset to unravel. For

now, we suggest that the LREEs are reflecting organically controlled properties of

surface water. Exactly what drives these relationships is yet unclear.

5.5.1.2. Benthic Foraminifera Paleoproxy

As a paleoproxy, the REEs in benthic foraminifera are far more

straightforward. As shown by Haley and coworkers (2004), REEs increase

dramatically across the sediment-water interface, due to remineralization of organic

carbon that has survived water column degradation. Because of this, it is expected

that the differences in REE content between the shallow infaunal Uvigerina and the

epifaunal Cibicides might reflect organic carbon flux to the sea floor. Although we

only have four such pairs to compare, the results are promising (Fig. 5.8).

Considering this is a predicted and easily explained correlation, there are only

a few comments to make about it. First, the trend shown in Fig. 5.8 includes samples

from the coastal upwelling region as well as the more open ocean site 54MC, which

bodes well for general use as a paleoproxy. Second, although somewhat surprising,

the relative shift in REE concentration across the sediment-water interface is similar

for all REEs. This helps with error propagation when using these data as a

paleoproxy. Third, again a surprise, the ratio of Cibicides REEs to Uvigerina REEs

can be greater than one. This is surprising as values >1 imply that pore waters can be

relatively more REE-deficient than overlying water. As an aside, it would be

interesting to measure the pore water carbon and REE content in the sediments at
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66MC, a site which underlies extremely productive surface water, yet has

ample bottom water oxygen (Table 5.1).

Surface seawater productivity is unlikely to be the direct controlling variable

for this paleoproxy, as suggested in Fig. 5.8. More exactly, it is the carbon flux at the

sediment-water interface that controls this REEcjbjcides:REEuvigerina relationship.

Because the sites involved all have depth >1 000m and bottom water oxygen >100 tM,
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the water column remineralization is likely comparable (Suess, 1980).

Therefore, the seafloor flux of organic carbon may tend to mirror surface seawater

productivity. However, a more rigorous test of this relationship would assess how

water column remineralization factors in, 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 5.4). Even though we cannot speculate what these

records might mean, there are two observations that are noteworthy: First, there is

obviously a dynamic signal in these foraminifera, as the samples have widely disparate

REE concentrations and patterns (Fig. 5.5). 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) might indicate that this signal is primary,

and certainly worth further investigation.

5.6. CONCLUSIONS

The goal of this work was to determine the utility of the rare earth elements in

foraminiferal calcite as a paleoproxy. We believe that we have successfully shown

that there is excellent potential for use of planktonic and benthic foraminiferal REEs

for reconstructing both surface water circulation and organic carbon flux to the

seafloor. Other possible uses of REEs in foraminifera are only suggested here but may

prove equally beneficial with more data.
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Beyond these conclusions, we have made several important

observations and speculations about REEs and foraminifera. These are:

Flow-through cleaning and dissolution can successfully 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 dissolution

protocols, it appears that HYDRX-cleaning removes a source of

contaminant REEs (possibly Fe-oxide). However, the use of HYDRX-

cleaning must be tempered by the fact that it also tends to remobilize

contaminant metal-oxides that are not attacked with a simple DIW-

rinse of the sample.

Our simple model of readsorption is able to produce results that

replicate observations during flow-through dissolution. This model

suggests that readsorption is an important property of REEs and should

be considered seriously during any laboratory process involving REEs.

The apparent distribution coefficients of REEs are generally between

100 and 500. Although higher than any other apparent KD yet found in

foraminiferal calcite, such high KD5 should be considered possible, as

suggested by our proposed biochemical mechanism.

The utility of a REE paleoproxy is confounded by intense diagenetic

environments, although such conditions will be clear in any paleo-



208

record and thus can be recognized. This observation could

lend itself to paleoceanographic interpretations.

In spite of the progress presented here, work remains to be done to

realize the full potential of a REE paleoproxy for use as a tool for

climate change research.
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5.9. APPENDIX: 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(n,m) is made using the following equation:

I(REE(n-lm)

)

{Ca]() } 1(
REE(nlm)

REE() =
[Cal 1Ca1

x Ca x RFX}
J(n-1) L J(n-i) )

where:

(n-l) when n =1 is an "initial guess" of REE(m) (i.e., REE(O,m). This is the

solution for the primary REE signal in the foraminifera. Initially, this is set at

1 for all REE(Om) 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 Ca =

[Ca]o, and;

RFX ="readsorption factor;" a value between 0 and 1, where 1 = 100%

readsorption. For the data modeled, RFJ (the readsorption factor assigned to

the weak acid) averaged -0.4 (40%), RF2 (the readsorption 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(nlm) /
/[Ca]1 x Ca x (1 RFX)}

REE : Ca(nm)
Ca
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The model then iterates on the initial value ofREE(Om) 20 times,

which is usually more than sufficient to reach a stable result. Each iteration corrects

the REE(Om) through half the difference of the model predicted REE:Ca and the

measured REE:Ca of the fraction 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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6. CONCLUSION

Climate change is now a topic of growing concern worldwide. The more it is

understood, the more it appears that anthropogenic influences may be the cause of

future adverse consequences. A key avenue of climate change research is the use of

paleoproxies for reconstructing past oceanic circulation and biogeochemistry. This is

because the oceans play a major role in the forcing, buffers and responses in the

climatic system.

An effective paleoproxy is one which satisfies the following requirements: It

can be mechanistically explained through understanding of the marine

biogeochemistry of the element or isotope; It is reliably recorded and can be

accurately and precisely measured in a phase that is common over space and time; The

potential diagenetic changes that might affect it are understood and can be recognized.

Testing these requirements is an often challenging and underdeveloped aspect of

paleoceanography, but the return for such work is seen in building greater confidence

in the interpretation of the paleoproxy. And, as the demand grows for more accurate

and detailed paleoceanographic reconstructions, so too does the need for certainty in

the efficacy of these paleoproxies.

This thesis presents results that are used to "ground truth" a rare earth element

(REE) paleoproxy for use in paleoceanography. The goal of this work is to face each

of the challenges described above, in order to create a solid foundation on which

further REE paleoproxy development can be made. Consequently, much of this thesis
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is concerned not on using the REEs for directly investigating climate

change, but on the processes and features in the modern oceans that influence a REE

paleoproxy.

One of many important consequences of this work is that our understanding of

the REEs in the marine and sedimentary environment has been revised in important

details. These changes reflect (1) results of the first marine pore water data presented

here and (2) development of a novel way of cleaning and dissolving foraminiferal

calcite.

The marine biogeochemistry of REEs appears to be controlled by both

organics and iron-oxides. The heavy REEs (HREEs) tend to complex with dissolved

organic carbon, whereas the light REEs (LREEs) are relatively more enriched in

particulate organic carbon coatings. These differences, seen in the REE water column

profiles, are also consistent with pore water results, although profiles in the latter show

more dramatic variations in the REEs than the former. For example, these results

show that in oxic sedimentary conditions, the REEs show a simple profile that is

explained as reflecting shallow remineralization of particulate organic carbon that has

survived through the water column. Alternatively, in anoxic environments, REEs

sourced from the reduction of iron oxides dominate the pore water signal.

Furthermore, it was found in general (1) that the 'Ce-anomaly" is only indirectly

related to oxygen content, and (2) that the pore waters are a potentially equivalent

source for REEs to the ocean as riverine input. These findings suggest that the "Ce-

anomaly" may not be a reliable paleoproxy of oxygen content from past oceans, and
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that the residence time of REEs in the oceans may be significantly shorter

than current estimates. This would have important consequences for use of the REEs

as a tracer of past ocean circulation.

The flow through (FT) cleaning method described in this thesis represents a

completely new approach to the problem posed by contamination of foraminifera. In

light of a REE paleoproxy, the most important conclusion is that FT cleaning and

dissolution can be used to measure the REEs of primary calcite in foraminifera, from

oxic sediments at least. In anoxic cores, the apparent precipitation of siderite, which

has a REE content that overwhelms the primary calcium carbonate, presents a problem

that should be approached in future studies. FT cleaning has also demonstrated not

only that the phenomenon of REE readsorption is a significant issue, but also that FT

has the capability to overcome REE readsorption. Finally, results from the

development of FT cleaning have revealed that REE contamination may be from iron

oxides and/or a "refractory phase" (probably barite), but not from manganese oxides,

which corroborates the pore water results presented.

In the final analyses, it is suggested that the REEs are potentially a valuable

paleoproxy for climate change studies: specifically, planktonic foraminifera as a proxy

for watermass and potentially biologic activity, and benthic foraminifera as a proxy for

carbon flux to the sea floor. These proxies would be useful in studies ranging from

tracing ocean circulation to analyses of the carbon cycle over time, both of which are

important aspects of global climate change.
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