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Thesis Abstract

Iron (Fe) is an important micronutrient for primary productivity in the ocean. The Fe
cycle in the ocean is relatively unconstrained, especially when it comes to quantifying
sources and sinks related to exchange with particulate matter. This thesis attempts to
constrain some of the kinetic and equilibrium particle interactions with Fe bound to
the siderophore desferrioxamine B (DFB). Out of five inorganic particle types investi-
gated, ferrihydrite, goethite, opal, foraminifera, and montmorillonite, ferrihydrite has
the largest, extended impact on dissolved FeDFB. From experimental and modeling
results, ferrihydrite has two primary exchange pathways, absorption, with a rate of
442 x 107" /(mg/L)/day, and dissolution, with a rate of 0.015 4 0.01 /day. Uptake
appears irreversible and follows a colloidal pumping model. Isotopic fractionation is
also the greatest in the presence of ferrihydrite with signals up to +1%o or higher with
excess ligand. Dry montmorillonite has the biggest initial impact on FeDFB, result-
ing in a nearly instantaneous equilibrium and little isotopic fractionation. Goethite,
opal, and foraminifera all have a minimal impact on FeDFB and show slight enriched
isotopic fractionation, 4+0.15%o, in the presence of large particle concentrations. DFB
seems to induce heavy Fe desorption or dissolution, while particle uptake seems to
favor transfer of lighter Fe. These isotopic and kinetic parameters are important con-
straints on the ability of particles to control dissolved Fe, since they fall through the

water column faster than equilibrium will be obtained.
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Chapter 1

Fe as a Micronutrient

Iron (Fe) is an important micronutrient with implications for primary productivity in
the ocean. Fe deficiency hinders primary productivity in waters that are rich in major
nutrients such as nitrate, phosphate, and silicate [1]. Dissolved Fe concentrations are
as low as 20 pM in remote surface waters of high-nitrate, low-chlorophyll (HNLC)
regions and range up to approximately 1 nM in other areas [2, 3, 4]. Fe is needed for
chlorophyll synthesis and even more so for nitrogen fixation [, 0].

Since Fe is necessary for N-fixation, areas of nitrate depletion can indicate iron
limitation, though phosphate limitation may play a role as well. Even though nu-
trients are remineralized, the nutrient cycling cannot reprocess organic nitrogen as
readily as organic phosphate [7]. If the available nitrate is used up, this promotes ni-
trogen fixation, then the new nitrate and the more easily remineralized phosphate are
used by photosynthetic organisms. Nitrogen fixation in the Atlantic is promoted by
the atmospheric dust deposition from the Sahara Desert, though phosphate and iron
can co-limit N-fixation [¢]. In the Pacific, nitrogen depletion, relative to phosphate,
should encourage N-fixers, however, due to a lack of iron, N-fixation is hindered. The
Southern Ocean and parts of the Pacific are places that have unused nitrate and phos-
phate, though the southern Pacific is slightly nitrate and iron limited. These HNLC
locations (Southern Ocean, Equatorial Pacific, and the southern Pacific Ocean) are
potential spots where iron might be limiting primary productivity.

The major source of iron to the open ocean comes from dust and accounts for about
three times as much dissolved iron deposition into the ocean as river input [9]. Duce
and Tindale approximated atmospheric iron fluxes into the surface waters around the

globe (Figure 1.1). The highest atmospheric fluxes are in the northern hemisphere



and closest to the eastern Atlantic and far western Pacific Oceans. The lowest fluxes
occur in the central and southern South Pacific and in the Southern Ocean. A more
recent study showed lower fluxes, by an order of magnitude, in the NW Pacific Ocean
than those predicted by Duce and Tindale [10], which highlights the limiting nature

of dust and iron input into the ocean.

Figure 1.1. Contours of total atmospheric iron flux (particulate and dissolved)
into the surface of the ocean (mg/m?/yr). The areas of the ocean with little atmo-
spheric dust input correspond to high nutrient, low chlorophyll regions (HNLC)

where additional Fe sources would stimulate primary production. [9]

The iron hypothesis states that an increase in iron deposition to the open ocean
during glacial times alleviated iron stress on the biological community, allowing more
production [11]. This production increased the rate at which CO5 was removed from
the atmosphere and deposited into the deep ocean. Dust loads in the Vostok ice
cores from glacial times are approximately 50 times higher than current interglacial
levels, presenting a possible heightened source of iron. If there were abundant iron
concentrations in the oceans, other nutrients would have been used to a fuller capacity
and atmospheric COy would have been drawn down.

Iron fertilization experiments have been conducted to measure the potential new

productivity that could be achieved when sufficient amounts of iron are added to a



patch in an HNLC area. Large-scale chlorophyll blooms have been observed during
such experiments in the Pacific, followed by increases in the grazer population [12, 13].
In one such experiment, the ratio of carbon to iron uptake found in the bloom was
approximately C27,000:Fel, highlighting Fe’s small but important role. Fertilization
studies have also been carried out in the Southern Ocean [11] and N Atlantic [8] with
the occurrence of chlorophyll blooms (Figure 1.2). COs fluxes into the ocean have
been found to increase over the experimental patch [15]. More importantly, none of
these enrichment experiments have seen sustained increases in primary productivity
coupled by increased organic carbon export to the interior of the ocean [15]. This

could be due the changes in the bioavailability of Fe during the experiments.

Figure 1.2. Satellite image of the Southern Ocean Fe fertilization experiment
(SOIREE) cruise track that induced a chlorophyll bloom. Warmer colors indicate

higher volumes of biomass (mg/m?). [14]

1.1 Role of Ligands

Organic ligands complicate the bioavailability of Fe. Fe(II), the more soluble form,
is rapidly oxidized to Fe(III) in oceanic surface waters with a half life of several
minutes [16]. Voltammetry methods were developed to differentiate inorganic from

organic Fe and discovered that over 99.9% of Fe is organically complexed [17, 18].



There are two classes of ligands based on conditional stability constants; K L1, Fe3*
is ~ 10% and K L2, Fe3* is the weaker class, at ~ 10?2, though class L2 is typically
higher in concentration [19]. During the Fe fertilization experiments in HNLC regions,
the concentrations of these ligand classes switches to favor the stronger L1 class [14].
This happens because of a species-specific response to Fe bioavailability.

Some oceanic bacteria and phytoplankton produce siderophores in response to
iron stress. These siderophores are strong iron binding ligands that generally fall into
the L1 class. Autotrophic prokaryotes are able to access the stronger L1 class, and au-
totrophic eukaryotes can only utilize the weaker L2 class [20]. This utilization reflects
the origin of siderophores as an evolutionary adaptation by prokaryotes to obtain Fe,
whereas eukaryotes found a more generic pathway for Fe uptake via mediating Fe
reduction, mostly from the weaker tetradentate porphyrin L2 class [20]. Indeed, a
particularly strong terrestrial siderophore, desferrioxamine B (DFB) has been shown
to limit productivity in coastal waters [20, 21] and in the Equatorial Pacific [22]. Ad-
ditional experiments show that some types of marine siderophores do not have any
effect on eukaryotic phytoplankton and yet still support, through modeling results,
that they are primarily accessing the L2 class [23].

In addition to species-specific competition, other processes exist for Fe utilization
from the organic ligand pool. Photolysis of these complexes leads to lower-affinity
Fe(III) ligands and to the reduction of Fe(III) to Fe(Il), a more soluble form of
iron, or more reactive Fe(IIl), depending on the type of siderophore [24, 25]. The
possible mechanisms for acquiring this complexed Fe(III) include cell-initiated release
of extracellular reductases [20], or cell-bound surface reductases [27]. These processes

can make iron more bioavailable for phytoplankton uptake.

1.2 Role of Particles and Size Fraction

In addition to organic complexation, there are chemical reactions with particles, parti-
cle concentrations and dynamics, and other physical properties of the ocean (tempera-

ture, salinity, pH) that are also controlling the dissolved Fe concentrations throughout



the water column [28, 29].

The ability to quantify mass flux and other particle dynamics progressed follow-
ing Th isotope measurements in the dissolved and particulate phases by Bacon and
Anderson in 1982 [30]. These Th isotopes are naturally occurring radioisotopes of the
U-series decay, and its supply can be determined from its parent nuclides and distri-
butions. Bacon and Anderson concluded that an equilibrium, including adsorption
and desorption, exists between thorium and particle surfaces in the deep sea, an as-
sumption asserted before but never verified. According to their model, the residence
time of any metal in the ocean is controlled by the equilibrium partitioning between
dissolved and particulate phases and the residence time of the particulate matter.

Other uses for uranium series metal tracers of particle dynamics include export
production [31], mass flux quantification [32, 33], calibration of sediment traps [31,

, 30], and water mass circulation [37, 38]. Particulate (dia. > 0.45 pm) metal
concentrations and particle flux have been measured in the ocean with the help of
sediment traps [28, 39, 40, 41, 42 43 44, 45 46, 47, 48 49, 50]. The quantification
of water mass circulation and mass flux is vital to understanding the ventilation rate
of the deep ocean and its possible effect on long-term climate variability.

The size of particles is also a factor in their sinking and adsorption/desorption
abilities [51, 52], with special attention paid to the colloidal fraction. Colloids are
defined as micro- and macroparticles that remain in the dissolved phase, meaning
that they pass through a 0.45 pum filter. They are hypothesized to be responsible for
slow sorption kinetics, wherein metal absorbs irreversibly onto the colloids and then
gradually coagulates into the particle phase [53, 51, 55]. Several field studies with
radiotracers that have been carried out in river, estuary, and sea water confirm that
colloidal trace metals decrease as particulate matter increases [50, 57]. Measurements
of soluble (< 0.02 um) and colloidal Fe, together comprising the “dissolved phase”,
in the North Atlantic and North Pacific, showed that truly soluble Fe had a more
characteristic nutrient-like profile (depleted at the surface and more enriched at depth)
than the colloidal Fe (which had a maximum at the surface and minimum within the

upper nutricline), suggesting that soluble Fe is more bioavailable than colloidal Fe [55].



A significant amount of colloidal Fe is thought to be organically complexed and
subject to removal via coagulation, thus decreasing its bioavailability more than if
it was sequestered by ligands in the soluble phase [59, 60]. Despite the focus on re-
moval of organic Fe in these colloidal pumping studies, there is evidence that some

siderophores, in this case DFB-bound Fe, exist predominantly in the soluble fraction

when the ligand is in large excess (15:1) of dissolved Fe [61]. Even though soluble Fe
has been characterized as the more bioavailable Fe size fraction [55], laboratory cul-
tures have been growth limited by complexation of Fe to DFB [62, 20, 22]. Obviously,

species-specific acquisition of Fe is a more accurate representation of bioavailability
compared to an operationally defined size fraction. Both inorganic and organic forms
of colloidal Fe are found to be bioavailable to diatoms [63, (4, 65]. The growth and
grazing of diatoms release organic colloidal iron species, potentially relieving iron lim-
itation [66]. Studies that have found biota utilizing both soluble and colloidal size
fractions indicate the potential, and probably time-consuming, need to differentiate
“bioavailable” Fe by classes of species and their respective available Fe, rather than
by a generic, operationally defined size fraction.

While numerous studies have measured the distribution of metals in the particu-
late and dissolved phases, as an equilibrium partitioning coefficient Kp, in estuaries
with high particulate loads [67, 19], and in other natural aquatic systems [6%, 29] (and
references within), particle equilibrium with the dissolved phase can only be assumed
if the residence time of particles is long compared to the reactivity of dissolved trace
metals. In turn, the reactivity of trace metals can vary widely among particle types
and concentrations, thus creating the need to use a kinetic approach to describing
metal-particle interactions [29, 69].

Studies have suggested complications with using Pa/Th as a water mass circu-
lation tracer due to its absorption affinity for certain particle chemical composi-
tions [70, 71, 72, 73, 74, 75]. In particular, there seems to be preference for adsorp-
tion of Pa onto opal and increased fractionation of Pa/Th during uptake by silicate
and carbonate particles [70]. Additional paleoclimate proxies, such as Cd/Ca, have

been investigated for their use as a tracer of past nutrient cycling and productiv-



ity [77, 78, 79, 80]. Elderfield and Rickaby incorporated preferential uptake of Cd
versus phosphate due to fractionation during particle formation into Cd/Ca data
sets [¢1]. This reconstruction of the Cd/Ca ratios in foraminifera matched proxy
records showing nutrient under-utilization in the Southern Ocean during the Last
Glacial Maximum, thus underlining the importance of metal-particle interactions in
oceanic data interpretations.

In addition to the field studies, there have been laboratory experiments to deter-
mine metal-particle dependence and equilibriums. Geibert and Usbeck examined the
preferential uptake of Pa and Th onto different particle types [32]. They found sig-
nificantly different equilibrium distributions among the types of particles and filtered
natural seawater used. The preferential uptake of Pa onto opal was observed, as seen
in field studies, and distinct fractionations between clay and opal, while carbonate was
highly variable. The variation across seawater types probably results from a variety
of natural dissolved organic ligands that play a role in dissolved metal profiles.

Laboratory experiments have been used more frequently for the determination of
sorption kinetics in estuaries because of the higher importance on particle scavenging
due to the large suspended sediment loads, approximately 0.5 g/L in an estuary com-
pared to 0.5 mg/L in the ocean. These studies have examined the qualitative kinetic
dependence on pH, salinity, and particle concentration for adsorption and desorption
of Cd, Cr, Co, Fe, Mn, and Zn [67] and includes some adsorption modeling that fits,
within uncertainties, experimental results [$3]. These studies do not calculate quan-
titative uptake rates for open ocean conditions, such as salinity and pH, and do not

take into account any particle preference.

1.3 Scope of Thesis

This thesis addresses the need for controlled laboratory experiments with siderophore-
bound Fe to determine: 1) forward and reverse rate constants with corresponding
mechanisms, 2) preference for Fe uptake (and release) from different types of parti-

cles, abiotic and biologically produced, and 3) the particle isotopic fingerprint on the



dissolved Fe phase.



Chapter 2

Methods

2.1 Materials

All solutions and artificial seawater used in the experiments are made with 18.2 M{2
milliQ) water. Acids and bases are trace-metal clean and come from SeaStar, unless
noted as reagent grade (RG). Dilutions are given as % volume. All plastic bottles
and columns were progressively leached with citranox (1%), RG HCI (10%), then RG
HCI (1%) and stored (0.5% HNO, or 0.1% HCI).

The seawater was prepared from the seawater salts (SOW) method section of the
AQUIL procedure [31]. Reagent salts were mixed in a carboy (10 L) and titrated
to pH 8 (10 M RG NaOH, ca. 150 pL). Chelex 100 (Bio-Rad Laboratories, Drymesh
100-200, Na form) was cleaned in batches (30-50 g) as described in the reference. The
Chelex 100 resin was mixed with the SOW (300 mL) and titrated to pH 8 (1 M RG
NaOH) and then poured into a column (LDPE, Bio-Rad, 10 mL). SOW was purified
in 4 L batches at a time and stored in containers (polycarbonate, Nalgene) with the
caps wrapped in parafilm to decrease vapor exchange. The resulting cleaned seawater
is referred to as AQUIL or artificial seawater throughout the text.

For sampling and sample processing, all syringes (5 or 10 mL, LDPE, VWR) and
centrifuge vials (1.5 mL, Global Scientific) were leached over heat (60 °C) in 10% RG
HCI, 1% HCI, then 0.1% HCIL. The syringes were rinsed and filled with water so that
the pH of the samples would be minimally affected upon filtration. Luer-lock style
syringe filters (0.2 pm, 25 mm dia, polypropylene, Pall) were individually cleaned
with 10% RG HCI (10 mL), 1% HCI (10 mL), and water (2x10 mL).

All stock and working solutions were prepared in a flow bench using trace-metal-

9



clean techniques. An unacidified stock solution (3 mM) of the siderophore desferox-
amine B, DFB, (desferoxamine mesylate, CALBIOCHEM) was prepared and kept re-
frigerated (2-8 °C). A ®¥Fe stock solution (ca. 800 uM, 2% HNO,) was prepared from
enriched Fe,O; solid (Oak Ridge Laboratories). A working 5"Fe standard (2.83 uM,
2% HNO,) was carefully prepared for use as an internal reference spike in the sample
analysis.

Five types of common marine particles were obtained. Commercially available
goethite (stable iron oxide) and montmorillonite (clay) were purchased from Alfa
Aesar. Opal, a SiO, mineral, was purchased as diatomaceous earth, a pulverized form
of the dried shells from the diatom organisms. Carbonate shells from foraminifera
(forams) were from a sample obtained aboard a research cruise in the Caribbean.
Ferrihydrite, a fresh, labile iron oxide, was precipitated immediately prior to addition
to experiment bottles. Solid FeCl, - 6 H,O was dissolved in water and, while stirring,
carefully brought to pH 8 (NH,OH). The dark reddish brown, voluminous precipitate
was filtered (0.2 pm, polycarbonate) and scraped into a small volume of water (4-
10 mL, pH 8). The ferrihydrite precipitate was aged 30 to 60 minutes from time
of precipitation over the course of addition by pipette into the experiment seawater
bottles. The other four particles were also mixed in water (pH 8) for quick addition to

multiple experiment bottles by eliminating the need to weigh every particle addition.

2.2 Characteristics of Particles

The particles contain a variety of chemical components with surfaces areas spanning
3 orders of magnitude (Table 2.1). Surface area references for the same particle type
differ by factors of 2 or 3. This is due to the difficultly of absorbates, such as nitrogen,
evenly coating and reaching all the surfaces of the finer particulate matter or porous
spaces when measuring surface area. The particles were imaged using a Zeiss 1550VP
Field Emission Scanning Electron Microscope (SEM) (Table 2.2).

Known amounts of the particles were dissolved or leached in acid over 1 week to

determine Fe abundance. Chemical composition dictates huge amounts of Fe within

10



Particle Type Chemical Formula Iron Density  Surface area

(] (lo) [m?*/g]
Ferrihydrite Fe(OH), 3,180 650
Geothite Fe(O)OH 11,255 250
Montmorillonite Ry 33A1,5i0,0,,(OH), - zH,0 1.1 (0.1) 23-600
Opal Si0, 0.83  (0.04) 4-30
Foraminifera CaCOyq 0.72 (0.01) 4

Table 2.1. Types of particles used in experiments and their respective chemical
formulas. The amount of Fe per particle (nmol Fe/mg) was calculated from the
chemical formula for the iron oxides or measured, as described in the text, for the
other types with 1 standard deviation (10) in parentheses. Surface area measure-
ments using BET are included for montmorillonite, opal, and forams, and liter-
ature values are included for ferrihydrite and goethite [$5], montmorillonite [36],

and opal [37].

the iron oxides ferrihydrite and goethite, ranging from 3180 to 11,255 nmol Fe/mg.
These particulate concentrations are based on the assumed chemical stoichiometry.
The interiors of ferrihydrite aggregates have chemical compositions very similar to
Fe(O)OH [38], suggesting that there is an increasing amount of Fe stored in the
subsurface of ferrihydrite as it aggregates and ages.

Ferrihydrite has the highest surface area and the most potential to undergo mor-
phological change due to its fresh, labile state. Ferrihydrite can further crystallize
into goethite, hematite, lepidocrite, magnetite, or maghemite under the appropriate
conditions [85]. With aging, the dissolution of ferrihydrite can be reduced by 2 orders
of magnitude within 1 week of formation [89]. Ferrihydrite contains 2-5 nm nanopar-
ticles with a surface area notoriously difficult to estimate due to marked aggregation
as seen in Table 2.2.

Goethite is a more refractory iron oxide, leading to the assumption that it is
less bioavailable. Studies suggest that in the presence of multiple ligands or one

siderophore and increased temperatures, goethite dissolution could be induced, lead-
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Table 2.2. Zeiss 1550VP field emission SEM images. There is a range of sur-
face features across all particle types. Ferrihydrite and montmorillonite particles

appear as highly aggregated though are comprised of nanoparticles.

Particle type SEM images

Surface area [m?/g] | Low magnification (120-9k X) | High magnification (50k X)

Ferrihydrite

650

Goethite

250

Montmorillonite

23-600

Opal

4-30

Foraminifera

4
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ing to possible biological acquisition [90, 91]. Another study suggests that common
surfactants in the ocean could promote goethite dissolution [92]. Goethite is com-
posed of 200 nm rod-shaped crystals with an approximate surface area of 250 m?/g.

The montmorillonite is a type of swelling clay, with an octahedral layer between
2 tetrahedral layers that can expand with water intake. The surface area of this clay
can vary between 200 to 600 m? /g depending on cation substitutions [36], though our
BET measurements indicated a surface area of only 23 m?/g. This low surface area
could be due to difficulties of evenly coating all tiny, clay particles with Ny. Particle
size ranges from less than 1 pm to 30 pm.

Various diatoms species have been well documented for acquiring Fe opportunis-
tically, often dominating phytoplankton blooms in open ocean Fe fertilization ex-
periments (Chapter 1). Opal is the generic term for biogenic produced SiO,. Opal
contains numerous pore spaces, leading to a higher surface area than one might guess
for a particle this size. The sample contains both crushed and intact diatom SiO,
hard parts, leading to an overall measured surface area of 30 m?/g. Crushed diatom
cultures have had as low as 4 m?/g measured surface areas [37].

The forams range from 0.5 ym to 4 or 5 ym in diameter with only mild porosity,
thus having the lowest surface area of all the particles. Forams are common marine
organisms that are collected from sediments and used as temperature proxies for past

ocean conditions.

2.3 Experimental Setup

Natural abundance Fe contains four stable isotopes: 91.754% ®6Fe, 5.845% °*Fe,
2.119% 5"Fe, and 0.282% 58Fe. In order to track two separate pools of Fe, the dissolved
and particulate phases, we use a less abundant isotope as a tracer, >*Fe. Since the iron
oxide particles used in these experiments, and any Fe contamination already present
on the other particle types, are natural abundance Fe, we can track the particulate
phase as Fe and the dissolved phase as **Fe.

We set up two types of experiments based on where the **Fe tracer began. The first
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was primarily an “adsorption” experiment, where we added the **Fe to the dissolved
phase of AQUIL, and then added particles. The second was primarily a “desorption”
experiment, where we equilibrated the **Fe with high concentrations of the various
particles, and then added the filtered particles to clean AQUIL.

For both sets of experiments, the ' Fe was equilibrated with DFB at a ~ 1:1 ratio
for at least 2 days (pH 3, in the dark). Experiment bottles (250 mL, HDPE) were
filled with the artificial seawater (250 mL). The bottles varied with the ambient room
temperature from 19 to 23 °C. The reaction bottles were placed in an opaque action
packer on top of an orbital shaker table (VWR, 3.6 RPM).

For adsorption experiments, small amounts of *FeDFB (< 1 mL) were added
to the experiment bottles to minimize pH change of the AQUIL and to create a
dissolved Fe concentration between 400 and 600 nM. All other Fe species contribution
is estimated to be less than 0.1 nM based on thermodynamic constants [93]. The
bottles were placed in the dark on the shaker table for at least 2 days to allow the
%FeDFB to equilibrate with the walls.

There were three sets of adsorption experiments to test varying particle concen-
trations. There was only one particle type per bottle. For the first adsorption ex-
periment, goethite, clay, opal, and ferrihydrite particles were pipetted from their
respective solutions to result in experiment bottles with approximately 200, 20, 2,
0.2, and 0.02 mg/L. The forams were pipetted to obtain 141 and 14 mg/L. The re-
maining three bottle concentrations of forams were determined by initial mass of the
forams, yielding 208, 51, and 31 mg/L. A replicate bottle of 20 mg/L ferrihydrite was
made to test the reproducibility of the experiment. A control was made that had the
%FeDFB tracer and no particles. A particle only bottle was made for each particle
type with 20 mg/L (or 14 mg/L for forams) and no **FeDFB. The pH varied between
8.19 and 8.24 for the bottles with particle additions and the control, respectively.
This set of adsorption experiments is collectively referred to as Set 1 for ferrihydrite,
for differentiating between the two sets of ferrihydrite adsorption experiments.

The second adsorption experiment tested a higher particle concentration for goethite

(6080 mg/L), clay (6040 mg/L), opal (6120 mg/L), and forams (6240 mg/L). Dry par-
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ticles were weighed before direct addition to the bottle containing **FeDFB in AQUIL.
The pH was 8.20.

The third adsorption experiment, referred to as Set 2 for ferrihydrite, tested four
additional ferrihydrite concentrations of 570, 349, 172, and 33 mg/L. The pH of the
bottles was 8.0 (£ 0.05).

Drying down and weighing the pipetted quantities separately confirmed particle
amounts. Pipetted particle concentrations are consistent to 10%, except 0.02 mg/L,
which was 30%. The bottles remained on the shaker table in the dark, so that the
AQUIL was moved around in the bottle, except during sampling, however not all of
the particles remained in constant suspension.

For the desorption experiment, approximately 250 mg of each particle type sat in a
1 mL solution of **FeDFB (pH 8) for 1.5 days, which created an effective particle con-
centration of 2.5 x 10° mg/L. Particles were filtered (polycarbonate, 0.2 ym, 25 mm)
and scraped from the filter paper into the bottle of artificial seawater (250 mL).
Replicate filter scrapings were dried down and weighed to estimate the amount of
particles that was added to each bottle. Replicates agreed within 10%. The esti-
mated experimental particle concentrations are 247 mg/L—forams, 232 mg/L—opal,
210 mg/L—goethite, 208 mg/L—clay, and 166 mg/L—ferrihydrite. There was too little
solution remaining to collect the filtrate via syringe filtration, described in Section 2.4,

so there is no estimate of the remaining **Fe that did not absorb onto particles.

2.4 Sampling

All sampling was done in a flow bench using trace-metal-clean techniques. Sub-
samples (50 pL) were taken before particle addition to obtain the initial Fe concentra-
tion and taken periodically throughout the experiments, with more intense sampling
within the first week after particle addition. For each sub-sample, a few milliliters
were poured from a well-shaken bottle into the bottle’s wide mouth cap, without the
sample touching the threads. 2 or 3 mL were drawn into a syringe, and then pushed

through a syringe filter (0.2 pum) that was previously cleaned. Our experiments do
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not differentiate between soluble and colloidal Fe.

The first 1 mL of filtrate was discarded and the rest went into a centrifuge tube.
Two replicates were created for each sub-sample filtrate. 50 ul. was pipetted into
a second centrifuge vial, referred to as the B replicate in following sections. Then,
50 puL. were taken from the first vial, the remainder of the filtered sample discarded,
and the 50 uL placed back into the empty vial, referred to as the A replicate. Each
sub-sample was spiked with a calibrated *'Fe standard (10 pL) and diluted (0.5%
HNO,, x6) to reduce the AQUIL matrix interferences during sample analysis.

Chemical blanks (50 pL) of clean AQUIL from the same batch as the experiments
were spiked and diluted identically to the samples.

2.4.1 Sample Analysis

All samples and chemical blanks were run on an Agilent 7500 Inductively Coupled
Plasma Mass Spectrometer (ICP-MS). Fe standards (5 ppb-20 ppb, 0.5% HNO,)
of natural abundance were run during each sequence to determine the mass bias
correction factor of the instrument. A maximum of 48 samples, including blanks,
were run during each sequence.

Total counts from each mass measured on the ICP-MS were used to compute Fe
concentrations, including background subtractions. [**Fe] and [**Fe| were calculated
for each blank and sample. The [**Fe] and [*°Fe] concentrations were determined
by reference to the internal ®"Fe spike and the mass bias correction factor, then the
blank averages for %Fe and %Fe from each sequence run were subtracted from their

respective samples, as described further in the next section.

2.5 Data Quality

This section contains subsections relating to instrument background, chemical blanks
and detection limits, internal error, external error of replicates, and spike calibration
and mass bias.

Samples, blanks, and standards were scanned at masses 54, 56, and 57 a total of
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25 times during 1 acquisition, amounting to n = 25 or less for measured ratios R; =
"Fe/5Fe and Ry = *°Fe/°"Fe. A 30 outlier test was performed on data ratios and
total counts from each acquisition, resulting in n = 20 minimum for some samples
due to outliers. Each sample only had 1 acquisition from which average ratios and
standard errors were calculated. A small subset of samples (n = 24) were re-run
during a different Agilent sequence session, and the difference between sample [*Fe]
and [*Fe] was entirely within the internal error of the samples, indicating that the
instrument analysis method for determining [Fe| is robust from one analytical session

to the next.

2.5.1 Instrument Background

Since all samples were diluted in 0.5% HNOj;, an instrument blank of the same make-
up was run at multiple points throughout the sequence. The instrument background
was subtracted from the total counts of each acquisition scan of the chemical blanks,
standards, and samples. The instrument background amounted to less than 0.1% of
all ®"Fe counts for spiked blanks and standards. Total **Fe and *’Fe counts for the
instrument background were comparable to un-spiked AQUIL, indicating that the

AQUIL was close to its minimum values for these Fe isotopes.

2.5.2 Chemical Blank and Detection Limits

[®Fe] and [*°Fe] chemical blanks throughout all the Agilent sequences are shown in
Figure 2.1 (n = 150). ®'Fe blanks deviate around 0 nM, with 20 of 3.8 nM for
the entire population, indicating that the °*Fe in the chemical blanks was minimal.
%Fe blanks averaged 35 nM, with 20 of 4.5 nM. By comparing multiple unspiked
AQUIL counts to spiked AQUIL chemical blank counts, this increase in *’Fe relative
to ®*Fe in the blanks is almost entirely due to the amount of °°Fe in the ®*"Fe spike.
In the spike, *°Fe is around 6.3% abundant and 5‘Fe is less than 0.1% abundant.
Since all sub-samples were the same volume and were spiked with the same volume,

a fairly consistent amount of 5°Fe is present in all analyses. The larger blank con-
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tamination problems would also manifest themselves as 5°Fe since dust and sample
handling would mostly introduce natural abundance Fe, where °Fe is 91.754% abun-
dant. However, the relative error in the 5°Fe blank is only 6.5%, which indicates little
contamination and good reproducibility for the method.

Detection limit is 30 of the blank, so our detection limits for these experiments

are 6 nM and 7 nM for **Fe and *Fe, respectively.

2.5.3 Internal Error

Internal error is the amount of uncertainty in measuring R; and Ry values for each
Agilent acquisition and is limited by counting statistics if our data are evenly dis-
tributed over time. We can compare the error of our ratios that were measured 20 to
25 times to the error predicted from the total number of counts, V.

For our acquisition method, the Agilent reports the counts per second for each
mass number, so calculating the total amount of time spent measuring counts is
necessary for determining N. Each mass is measured during 0.3 seconds for 100
times per scan, and the total number of scans varies from 20 to 25. For our statistical
test, the total number of counts measured for each mass is determined by multiplying
the averaged reported counts per second by 30 and by its respective number of scans
kept after the 3o outlier test. In counting statistics, the error for measuring N counts
for a given mass is 0 = v/ N Following the propagation of error of a ratio, we compute

the theoretical internal error due to counting statistics:

Ny + N.
O counting statistics — ﬁa (21)
1°4V2

where N7 and N, are the total counts for the masses of that respective ratio. The
standard deviation of the mean decreases as v N, so we must compare the error to

the effective intensity of each isotopic ratio measured, N.g, where

Nyg = ——2. (2.2)
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Figure 2.1. Agilent chemical blank concentrations (nM). A chemical blank con-
sists of the same proportions of clean AQUIL and clean, dilute nitric acid (0.5%)

as the samples.
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Therefore, by combining equations, the relative error predicted for measuring a given

ratio becomes
1

O counting statistics — ~— - (23)

Neff
The internal error of measuring ratios on the Agilent relative to counting statistics,
a log-log plot of relative standard error (RSE) versus Ngg, is given in Figure 2.2 for

the Fe standard solutions run throughout the all of the sequences.

o/mn
RSEstanda’rd = ﬁ (24)

where R, is the average ratio over the number of scans kept, n is the number of
scans kept, and o is the standard deviation of the measured ratios.

From the plot, we can see that our internal error does trend with counting statis-
tics, however it exceeds that predicted by counting statistics on average by 0.5 log
units, or a factor of 3. This offset happens for two reasons. The first is our inabil-
ity to obtain instantaneous ratios. The Agilent sweeps through the mass range and
measures each mass individually, so there will be some inherent drift in the masses
between mass measurements. This also means that as we measure masses that are
further apart in mass units, the less we are able to precisely measure ratios. Sec-
ondly, there is an additional source of error beyond counting statistics at lower signal
intensities due to Johnson noise. The variation in instrument background counts be-
comes more important at lower counts and could account for the offset from counting

statistics, especially below log Neg of about 6.

2.5.4 External Error of Replicates

Each sub-sample for experiments run on the Agilent was spiked and diluted separately
before analysis. Comparison of these sub-samples to each other gives an estimate of
the reproducibility of the sampling method throughout the experiments. Overall,
there were 1331 pairs of replicates. Most, if not all, replicate pairs were analyzed

during the same sequence. Therefore, these samples cannot be used as an indication
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Fe Standard Solution Ratios on Agilent 7500 ICP-MS
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Figure 2.2. The errors (1o RSE) in 5°Fe/>"Fe and *Fe/*"Fe are calculated from

the variability of the standard ratios over approximately 40 seconds of acquisition

per standard run. 2 standards are run during each sample processing sequence

throughout all the experimental sampling, which consisted of more than 2000

samples. Signal intensity is given as the effective number of counts, Neg, eq 2.2.

The error due to counting statistics is based on theoretical calculations, eq 2.3.

There is some drift in the signal between each mass measurement, leading to the

deviation of the actual internal error (squares and circles) from counting statistics

(line).
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of error resulting from different analytical sessions. For each of these pairs, the error

normalized deviates (END) can be calculated as

[FG]A— [FG]B

2 2
VO +03

where A and B represent the replicates, as described in Section 2.4, and o is the

END = (2.5)

standard error from the ratios measured for A and B, propagated through to variations
in [Fe]. The histograms for [*Fe] and [*°Fe] are plotted in Figure 2.3.

Upon initial glance, the deviations appear to have a Gaussian distribution, how-
ever upon closer examination, there is a more beefy shoulder to the right of 0 for both
Fe and *°Fe. This could indicate that, on average, [Fe], is more concentrated than
[Fe]p. The mean of each distribution is 2.26 and 0.63 for >*Fe and *°Fe, respectively.

By fitting the histogram data to a two Gaussian distribution (Figure 2.4) of the form

f(z) = a1 - exp [— (x ;bl>2 +ay - exp [— (”T ;b2)2] (2.6)

we can clearly see that the shoulder is more pronounced in the **Fe data, correspond-

ing to a higher mean, by, for 5*Fe than *°Fe in the second of the two distributions.
The fit parameters are given in Table 2.3.

There is clearly a disparity between the replicates, which could stem from the
method design. Each A replicate had a few hundred microliters of unacidified AQUIL
in its centrifuge vial, from which 50 pL was pipetted out and placed in the B centrifuge
vial. Then, 50 uL. were taken out for A, the rest of the AQUIL quickly discarded, and
the 50 pL placed back into A. Since vial A contained unacidified AQUIL, a varying
amount of Fe atoms could have stuck to the vial walls in replicate A in addition
to the 50 puL. Even though this unacidified AQUIL only remained in vial A for, at
most, 10 seconds, there is evidence that this was enough time for additional atoms
of Fe to adhere to the walls. Of course, the B replicate could be under-representing
the true [Fe] if some atoms were lost to replicate A, meaning an average between

the two values could be more accurate than A or B alone. However, the variance of
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Figure 2.3. Histograms of external error normalized deviates (END) for 1331 pairs
of kinetic experiment replicates compared to a Gaussian distribution. Both have
positive means which indicate that replicate B is more concentrated on average

than replicate A.
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replicates to two Gaussian distribution with bin size 100.

Parammetor Coefficients (95% confidence bounds)
Fe Fe
ay 92.38 (83.96, 100.8) 134.8 (115.5, 154)
by 0.001684 (-0.06209, 0.06546) | 0.02098 (-0.01919, 0.06116)
e 0.866  (0.7739,  0.958) | 0.7338  (0.61,  0.8575)
s 6358  (59.88,  67.27) | 199.9 (1783,  221.5)
by 2.364 (2.087, 2.642) 0.405 (0.3399, 0.47)
e 6.45 (6.0,  6.809) | 1.807  (1.73,  1.885)
Goodness of Fit
SSE: 780.4 871.7
R%: 0.9852 0.9958
Adjusted R?%: 0.9837 0.9958
RMSE: 3.991 3.045

Table 2.3. Two Gaussian fit parameters of external replicates for kinetic experi-

ments (based on Equation 2.6).
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the RSE for all the **Fe and ®°Fe data for replicate A is 1.70 and 0.34, respectively,
and for the B replicate is 0.22 and 0.21. The higher variance in the A replicate
RSE indicates some difficulty in precisely measuring replicate A, even with the error
being intensity normalized. This could be indicative of a varying number of Fe atoms
eventually finding their way into solution during the course of analysis. Additionally,
this wall contamination issue manifests itself more in the 5‘Fe data than the °Fe
data, indicating that 3*Fe was preferentially lost to the vial walls versus ®°Fe.

In light of this difference between replicates and because there are many sub-
samples per experiment to constrain data trends, we have eliminated the A replicates

from the results and discussions so as not to confuse observations.

2.6 Spike Calibration and Mass Bias

The accuracy and precision of our [Fe] measurements strongly depend on our confi-
dence in the calibration of the 5"Fe spike and the mass bias correction, since they are

used directly for concentration calculations. [Fe] were determined by

[Fe] = Ryq - M - [*"Fe] (2.7)

sptsa’

where Ry, is the measured ratio of 54/57 or 56/57, M is the respective mass bias
correction factor, and [*"Fe] (sp+sa) 15 the concentration of "Fe in the spike and sample
together, which is assumed to be entirely from the 5"Fe spike. This assumption
leads to an error of 2% at the highest experimental [*Fe], since natural Fe contains
approximately 2% °“Fe. This secondary ®"Fe spike was made from a lab supply of
primary 5“Fe spike that contained a dissolved ®"Fe-enriched abundance iron oxide
from Oak Ridge National Laboratories. [Fe],, was determined to be 101 + 0.5 uM
in a previous calibration [91]. By mass on a 5 decimal balance (g), the new [Fe]
concentration of the secondary 5"Fe spike (2% HNO3) was determined to be 2999 nM.
Since the isotopic analysis of the spike determined the ®*"Fe to be 93.56% abundant,
then the [*"Fe| is 2805 4+ 1 nM.
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The primary °“Fe spike had been stored for several years in a humid jar within
plastic bags; a calibration check of the secondary °"Fe spike was performed. The
calibration consisted of spiking 4 known concentrations of Fe standard, based on
careful pipette addition, in triplicate. The Fe standard concentrations were 12.3,
92.6, 308.7, and 463.1 nM. Using the isotope dilution equation (Equation 2.8), in

reverse, the total Fe, [Fel,., of the spike was determined.

(R = R) Vop "

Csa = - s
(Rm - Rsa) ‘/sa 57%sa b

(2.8)

In the isotope dilution equation (Equation 2.8), Cy, and Cj, are the total Fe concen-
trations of the spike and sample, respectively. Rs, is the known 56/57 ratio of the
spike, Ry, is the known natural ratio of 56/57, and R,, is the measured 56/57 ratio
(on the Agilent ICP-MS). V' is the volume of the respective solutions (10 pL and
290 uL, Vi, and V,) and 7% is the respective abundance. The mass bias correction
factor was also determined in the calibration sequence and multiplied by the R,,. The
blank was around 1 nM and its variation was negligible compared to the variance of
Csp. [Felioy for the *"Fe spike was calculated to be 3240 + 10 nM (n = 12), therefore
its [*"Fe| based on abundance is 3031 & 9 nM.

This calibration of the secondary °"Fe spike yields a difference of 7-8% compared
to the carefully weighed dilution calculation. Since Fe contamination is a problem in
all trace metal handling, there could be a natural abundance Fe contamination in the
5"Fe spike, meaning that the Ry, could be higher than previously thought and 5%,
slightly lower. However, raising the Ry, value and lowering the *"%;, in a systematic
way actually leads the calibration calculation in the wrong direction, further away
from the dilution calculation of the previously determined spike concentration. There
could also be some systematic error in the pipette additions in creating the calibration
standards.

Pending the calibration of the *"Fe spike abundances and ratios to a well-known
standard of similar isotopic ratios, or another calibration involving the carefully

weighed volume of each Fe standard solution and spike addition instead of relying
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on pipette volumes, the concentration of [*"Fe] has been reported here as 2805 =& 1
nM. This may give slightly inaccurate [Fe|, however the data trends remain unal-

tered. This spike concentration leads to the variable [°'Fe] ) being 467.5 £ 0.2

(sp+sa
nM. The sample contribution to *"Fe, as previously noted, gives at most 2% error in
the accuracy of the sample [Fe].

The mass bias correction solutions were natural abundance Fe standards that
ranged from 5 to 25 ppb, though generally the same concentration standard was run
within each sequence. The known natural abundance ratio, R,, was divided by the

average of its respective R,,, 54/57 or 56/57, which was measured at the beginning

and end of each sequence to give

Rsa

M = .
Ry,

(2.9)

M had an average value of 1.259 (1o = 0.004) and 1.090 (1o = 0.001) for 54/57 and
56/57, respectively (n = 150). The higher mass bias correction between 54 and 57
is expected because of the longer time interval between 54 and 57 mass acquisitions
compared to that between 56 and 57. The mass bias factors for each ratio are plotted
together in Figure 2.5. For higher values of 54/57, the error increased because these
standards were run at lower concentrations, leading to an offset from the 1/3 mass

fractionation line at lower values of M.

2.6.1 Overall Error of [Fe]

The overall variance of our [Fe] data can be estimated from each variable,

d[Fe]\ d[Fe]\ d[Fe] \°
O'[QFe} = 0_12%m (aRm) +U]2\4 (8—M +O-[257Fe] W , (210)

where ¢ is the absolute standard deviation of the respective variables. The variance

of the data is dominated by the mass bias correction factor, owing to the lower
intensities at which the standards were run for multiple sessions. On average the

relative error is 4% or 5%, though at low concentrations near the limit of detection it
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gets as high as 20%. However, since we are determining the mean [Fe] over a course
of ratio measurements, the estimated error in the mean is reduced as the square root
of the number of measurements increases. The overall standard error of the mean
is typically less than 1%, though it gets as high as 2% or 3% around the limit of
detection. Including the error of the sample contribution to mass 57, the overall error

of [Fe] is about 3-5% across the range of experimental concentrations.

2.7 Fe Isotope Experimental Setup

Artificial seawater from 3 batches (4L each) was mixed together to create an identical
medium for all experimental bottles. Natural Fe (418 pL, 1000 ppm, 2% HNO;, High
Purity Standards) and fresh DFB powder (5.33 mg) were combined (1:1 ratio) in a
100 mL solution at pH 3 and left in the dark for 2 days to equilibrate. After rinsing
once with AQUIL, 80 bottles (125 mL, Nalgene, LDPE) were filled with 100 mL of
AQUIL. The FeDFB was added to make 30 bottles with 1000 nM FeDFB and 48
with 400 nM FeDFB. 21 of the 48 FeDFB 400 nM AQUIL bottles had an additional
spike of DFB 20 pL, 3 mM) added to bring the Fe:DFB ratio to 1:2.5 or 400 nM Fe
to 1000 nM DFB. Ferrihydrite and clay particles were added via pipette addition,
and the mass of each addition was determined from identical pipette volumes that
were dried down. Bottles made up in triplicate are indicated with a “T.” Ferrihydrite
was freshly precipitated from FeCls-6H20 (8.92 g) around pH 8 and added to 400 nM
and 1000 nM Fe concentration bottles to create the following particle concentrations
(mg/L): 3164 (T), 910, 320 (T), 3.1, and the smallest two concentrations, which were
not accurately weighable and estimated to be 0.3 (T) and 0.03. Clay was added to
obtain the following concentrations (mg/L): 2468 (T), 640, 116 (T), 2, 0.2 (T), and
0.02. The 400 nM Fe, 1000 nM DFB AQUIL bottles had ferrihydrite and clay added
to them to make 9 bottles with the same particle concentrations and replicates as
those done in triplicate.

Goethite, forams, and opal were weighed and added to 1000 nM FeDFB bottles
to create one bottle each of 2435, 2491, and 2454 mg/L particles, respectively.
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Controls (no particles) were also present in triplicate for 400 nM FeDFB, 1000 nM
FeDFB, and 400 nM Fe-1000 nM DFB.
All bottles were placed on a shaker table in the dark at ambient temperature

(1920 °C) for 3 months.

[Fe]nM 1000
[Particle] mg/L DFB-1000nM
2500 X shaded in triplicate
625
125
2.5
0.25
0.025
Control

X X X X X X

[Fe]nM 400

[Particle] mg/L DFB-400nM DFB-1000nM
2500 X X

625
125
2.5
0.25
0.025
control

X

X

X X X X X X

Table 2.4. Isotope experiment sample matrix. All bottles were 125 mL, cleaned
HDPE, and shaded experiments had 3 separate bottles. Two sets of 1:1 ratios of
FeDFB were made at 1000 nM (top) and 400 nM (bottom) and an additional set
of bottles with 400:1000 nM FeDFB. Particle concentrations are within an order
of magnitude of listed values, see text for exact concentrations for each particle

type. Controls have no particles.
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2.8 Sample Processing

Samples were purified and concentrated using a two-step column procedure, adapted
from two methods [95, 96]. Anion exchange resin (AG-MP-1, BioRad Laboratories)
for the column purification was leached progressively in 10% RG HCI (1 week) then
1% HCI (few days), rinsing several times with milliQ in between, and stored in 0.5%
HNO,. Teflon vials (15 mL, 22 mL) were similarly leached over low heat and stored
(0.5% HNO,).

Filtered experiment samples (0.2 pm, 10 mL) were acidified (500 L, conc. HNO,),
from which a sub-sample (50 pl.) was taken for [Fe] analysis on the agilent ICP-MS,
as described in the Section 2.7. The sample was dried down and reconstituted (1 mL,
7 N HCI, 0.001% H,O,). The first column consisted of anion exchange resin (1.8 mL,
pre-cleaned) that was additionally cleaned after suspension and settling within the
column (3x (7 mL 0.5%HNO,, 2 mL water)). The column was pre-conditioned (6 mL,
7 N HCI, 0.001% H,0,). Each sample was added to a fresh column; resin was not
re-cleaned nor re-suspended for future sample use. The next fraction was eluted and
discarded (30 mL 7 N HCI, 0.001%). Within the rinsed sample vial (0.5% HNO,), the
Fe elution was collected (10 mL, 2 N HCI, 0.001% H,0,). The final elution was dried
down and reconstituted in 1 mL (500ppb Ni, 0.5% HNO,). A sub-sample (25 uL)
of this final 1 mL was taken for [Fe| analysis on the Agilent ICP-MS. Total column
recoveries were estimated to be 97 4+ 5%.

Column blanks (1 mL, 7 N HCI, 0.001% H,0,) were processed alongside samples
and were approximately 23 £ 9 ng Fe (1o,n = 5), which was 1% to 10% of the total
amount of dissolved Fe in the samples.

The two highest clay and ferrihydrite particle concentrations (~600 to 3000 mg/L)
contained too little Fe in the 10 mL filtered volume for the column purification method
and had 20% to 50% Fe contamination. These higher particle concentration samples
would need to have a larger filtrate volume for analysis, or a smaller resin volume
in the column, both of which should be tested in further method development for

matrix purification and complete Fe recovery. These high particle concentration data
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are omitted.

2.8.1 Sample Analysis

Samples were analyzed for their isotopic composition using the instrumental method
described in John and Adkins [96]. Samples were concentration matched to an Fe
standard and run in a bracketed sequence, standard-sample-standard, on a Neptune
multi-collector ICP-MS. Instrument background levels were measured previous to
each bracket and subtracted from the measured voltages at each mass. The isotopic

composition is defined relative to the standard,

( % ) sample

§50Fe = — 1| -1000.
(% ((g_G)IRMM before + (%)IRMM after) >

The isotopic standard reference material was IRMM-14.

(2.11)

2.9 Data Quality

This section contains subsections relating to internal error, intermediate and external

error of replicates, and chemical blanks.

2.9.1 Internal Error

Analogous to the previous set of samples run on the Agilent ICP-MS, our ability to
measure ratios on the Neptune ICP-MS can be compared to the error predicted by
counting statistics. Comparing the relative standard error of the measured 56/54
ratios and their predicted estimated error versus Neg gives Figure 2.6. From this
figure, we can see that the internal error follows counting statistics, however our error
is higher on average by 0.2 log units, or a factor of 1.6, due to internal variability
during the 4-minute sample acquisition. The ability to measure ratios with this level
of precision becomes worse for lower values of N.g, where the background variance

becomes more important. Our total internal error for a bracketed sample must include
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log (1 RSE)

Fe Standard and Sample Ratios on Neptune ICP-MS

3.6 4
°
-3.8 - >
° O Samples and Standards
o
Do = Counting Statistics

'5.0 T T T T T T
8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8 10.0

log (N_eff)

Figure 2.6. Relative standard error (RSE) of sample and standard data (grey
circles) are calculated from the variability of the ®Fe/>*Fe ratios over 54 consec-

utive 4.2 second cycles of data. Counting statistics error (solid line) calculated

from theory, eq 2.3.
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the variance from the averaged standards run before and after the sample. The
total internal error of a standard-bracketed sample, following propagation of error of

Equation 2.11, is

1
U?nternal - O-gample + 2(1 ’ U?tandard)' (212)

Since the samples are concentration matched to the standards and thus have similar

intensities, we can assume the internal error will be the same for each, and thus

3
Ointernal = \/; * Osample- (213)

2.9.2 Intermediate Error and External Error

Ointernal reduces to

This sample analysis contained intermediate replicates of purified samples run during
two or more analytical sessions and external replicate bottles with separate purifi-
cation and analysis. By comparing pairs of intermediate (69 pairs) and pairs of
external replicates (60 pairs), we can estimate the amount of error added from one
sample analysis to the next and from sample processing, respectively. For example,

the total intermediate error should sum in quadrature as

— 2 2
Tintermediate—total = \/Uinternal + Ointermediate (214)

so then we can estimate Giniermediate Dased on Giniernar by calculating the error nor-

malized deviates (END) of the replicate pairs

END — Ju—f (2.15)

where R is the 56/54 standard corrected ratio and o i8S Oiupernar @s calculated in
Equation 2.15. If R is normally distributed with variance o2, then the END will be
normally distributed with a standard deviation of 1 for ¢;,sermal, by definition.

The distribution of END for the intermediate pairs (IEND) is shown in Figure 2.7a

and appears as a Gaussian distribution. The standard deviation of our IEND is 1.37,
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which follows from Equation 2.14 that

Ointermediate — V 1.372 — 1 =0.94. (216)

This means that, between acquisitions of the same sample or between multiple ana-
lytical sessions, there is an additional source of error that is equal to 94% of internal
error, nearly doubling our error.

Similarly to the intermediate error, the distribution of END for the external pairs
(EEND) is shown in Figure 2.7b, and its error includes internal, intermediate, and
external sources, representing, respectively, reproducibility within 1 acquisition, re-
producibility between analytical sessions (including some sample handling via pipette
dilution), and reproducibility between sample processing, including filtering and pu-

rification steps.

— 2 2 2
Oexternal—total = \/Uinternal + O intermediate + O eaternal (217)

The standard deviation of this EEND is 1.78, meaning that the total amount of error
from sample processing, Gepternal, 1S a factor of 1.13 X ojperna- The largest single
source of error in the entire sample processing and analysis is the reproducibility
of sample handling (40%), and to a slightly lesser extent reproducibility of analysis
(28%) and internal reproducibility within an acquisition (32%).
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External Error Normalized Deviates (EEND)

(b)

Figure 2.7. Error normalized deviates (END) histograms for 69 pairs of inter-
mediate replicates (a) and 60 pairs of external replicates (b) with a Gaussian fit
overlay. IEND standard deviation is 1.37, which means from further calculations
that our intermediate error, between multiple analytical sessions, nearly doubles
our error. EEND standard deviation is 1.78, and from these calculations, the sin-
gle largest source of error is sample handling, followed by similar reproducibility

of analysis and within an aquisition.
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2.9.3 Chemical Blanks

The effect on the §°°Fe values from Fe contamination can be estimated by taking into

account the §°Fe of the blank

56 56 56
5 Fetotal - 6 Fesample * fsample + 6 Fecontaminant : fcontaminant (2]-8>

where the overall measured value is 6°°Fe, ... The contributing factors, f, sum to
1 and represent the relative contribution of the actual §°°Fe of the sample itself

and the contaminant. §°°Fe . is around 0% since its largest contributors

contaminan
are probably dust from the air or dirt from the column resin. f.ontaminant 18 known,
approximately, for each sample, since the dissolved [Fe| was measured before and after
column purification (the single largest sample-handling step). Assuming the column

recovery was 97%, the samples have been corrected for feontaminant, which amounted

to 1% to 10% of Fe in the samples.
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Chapter 3

Kinetics of Ferrihydrite and FeDFB

3.1 Introduction

Particle residence times in the ocean vary and can be short enough for the kinetics of
dissolved Fe exchange with particles to matter [09]. Models of variations in particle
residence time and trace metal compositions have shown that dissolved concentrations
depend strongly on particle flux [28].

Precipitation and dissolution rates of the particulate matter are two factors affect-
ing dissolved [Fe]. There are few studies of Fe®" dissolution and precipitation reac-
tions and rates for various iron oxides in natural seawater conditions, high salinity and
pH 8. Two examples include precipitation and dissolution of Fe" from ferrihydrite or
dust in the presence of ligands or siderophores [97, 89]. There have been kinetic and
equilibrium studies of Fe*" in the presence of various particle types [68, 69], however,
there is no existing literature on the absorption and desorption rates of ligand-bound
Fe(III) to and from various particles. The strong affinity of siderophores for Fe will
also affect the ability of particles to scavenge Fe as they fall through the water column.

These experiments, coupled with modeling, quantify the important parameters
for exchange between DFB bound Fe(IIl) with amorphous, freshly precipitated fer-
rihydrite, namely: adsorption, desorption, dissolution, and precipitation. The tracer
in the dissolved phase allows us to monitor two pools of Fe by measuring the removal
of ®Fe from the dissolved phase and the appearance of [*Fe] from the particulate
phase. The experiments were run in parallel with other marine particle types, in-
cluding goethite, montmorillonite, foraminifera (forams), and pulverized fossilized

diatoms. Those experiments are discussed in more detail in Chapter 4.
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3.2 Experimental Setup

Chapter 2 describes the detailed setup for these experiments. Our dissolved phase *Fe
tracer was equilibrated with DFB, a naturally occurring siderophore, before addition
to AQUIL. After 2 more days of equilibration, freshly precipitated ferrihydrite, of
natural isotopic abundance, was added in various quantities. Sub-samples (50 uL)
were drawn off and filtered (0.2 pm, polypropylene). A total of 222 sub-sample
pairs over 104 days were analyzed for dissolved [**Fe] and [*°Fe] at 5 ferrihydrite
concentrations, 0.02 to 200 mg/L, including one replicate bottle at 20 mg/L, referred
to as Set 1. A total of 148 sub-sample pairs over 38 days were analyzed for dissolved
[**Fe] and [*°Fe] at 4 ferrihydrite concentrations in a higher range, 33 to 570 mg/L,
referred to as Set 2. A control experiment with no particles was sub-sampled 36
times over 104 days. An experiment with only ferrihydrite and no FeDFB was sub-
sampled 37 times over 104 days. A desorption experiment, where a few milliliters of
FeDFB were equilibrated with ferrihydrite for 2 days then placed into AQUIL, was

sub-sampled 22 times over 58 days.

3.3 Results

3.3.1 Absorption

Plots of [**Fe| and [*°Fe] in the presence of ferrihydrite have been adjusted so that their
scale bars highlight the full range of change in [Fe| for all particle concentrations. For
[**Fe], the y-axis has been set to 450 nM for Set 1 experiments with the lower range
of ferrihydrite concentrations, and to 600 nM for Set 2 because Set 2 began at higher
initial values of tracer. To normalize for these differences in starting concentration
between Set 1 and Set 2, there are additional figures where the starting concentration
is normalized to 1. [*°Fe| plots have a maximum of 350 nM, the upper limit of the
observed [*°Fe| across all particle concentrations. Plots of [Fe], ., include both [**Fe]
and [*°Fe], so the net [Fe] in the presence of ferrihydrite can be visualized.

Measurements of [*Fe] and [**Fe] in the dissolved phase have been corrected for
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the loss of *Fe and 5Fe in the control. The control (Figure 3.2) fit yields a linear slope
of approximately 0.4 nM Fe lost per day. A linear relationship indicates a zeroth-order
reaction, independent of [Fe] or site concentration on the bottle walls. The addition
of Fe back into the experiments to account for wall loss was split proportionally
according to the amount of ®*Fe and ®°Fe present in the dissolved phase on any given
day, assuming any fractionation between the isotopes is negligible.

Experiment Set 1 with the lower ferrihydrite range, including one replicate particle
concentration, is shown in Figure 3.3. Experiment Set 2, four ferrihydrite concentra-
tions over a higher range, is shown in Figure 3.4.

Overall, both sets of adsorption experiments show a decrease in total Fe, especially
at higher particle concentrations, suggesting that DFB is lost from solution or that
DFB is not able to compete for its full capacity of dissolved Fe in the presence of
a fresh, labile iron hydroxide. The removal of [*'Fe] from the dissolved phase scales
with particle concentration and has an exponential decay trend, indicating possible
first-order rate dependence. [**Fe| has a nearly linear increase, followed by a gradual
plateau, indicating a possible zeroth-order reaction mechanism until saturation of
the dissolved phase is reached. The rate of decrease in Set 2 is faster than in Set
1, suggesting that there is a difference between the two sets of precipitates or the
experimental conditions. The lower particle concentrations in Set 1, 0.02 and 0.2
mg/L of ferrihydrite, are barely able to compete with the FeDFB given their relatively

small effect on [**Fe| dissolved.

3.3.2 Desorption

In the experimental bottle with no tracer and no DFB, there is an insignificant amount
of Fe released from the particulate phase in the absence of the ligand (Figure 3.5),
underscoring the importance of ligands for moving Fe to the dissolved phase.

The desorption experiment is shown in Figure 3.6, with a particle concentration
of approximately 660 mg/L. There is an increasing amount of [*°Fe] released from the
particle phase, but no enhanced appearance of [*Fe], suggesting that the uptake of

[>'Fe] is irreversible. Irreversible absorption is consistent with the continuous exponen-
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tial decay observed with the 5‘Fe tracer. The [**Fe| appearing in the dissolved phase
in this desorption experiment is ligand-promoted dissolution of ferrihydrite,since in

the absence of ligand (Figure 3.5) there was no significant dissolution.
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(b) The appearance of *°Fe from ferrihydrite increases over time

and scales with particle concentration.

Figure 3.3. Ferrihydrite Set 1 experiments of [Fe| versus time. Legend is particle

concentration, mg/L.
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hydrite Set 2 experiments that began at a higher [>4Fe].

Figure 3.3. Ferrihydrite Set 1 experiments of [Fe] versus time. Legend is particle

concentration, mg/L.
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(b) There is not as much of an increase in 5Fe as compared to
Figure 3.3b. The three highest particle concentrations reach a

similar plateau, suggesting that saturation has been reached.

Figure 3.4. Ferrihydrite Set 2 experiment of [Fe| versus time. Legend is particle

concentration, mg/L.
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(d) From the normalization, we can see a faster, higher magnitude

decrease in ®*Fe over time compared to Figure 3.3d.

Figure 3.4. Ferrihydrite Set 2 experiment figures of [Fe| versus time. Legend is

particle concentration, mg/L.
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Figure 3.5. This experiment contains only ferrihydrite, 20 mg/L, in AQUIL and
no added tracer or DFB. Very little Fe remains in the dissolved phase without
DFB present. The max and min y-axis values have been adjusted to maximize
the [Fe| range for each isotope, and the scale is the same. For our experiments
with DFB, the approximation is valid that all dissolved Fe is FeDFB. **Fe is
consistently around 0 nM with a couple outlier spikes in concentration. *Fe has
some contamination or discrete dissolution spikes. Overall, the slight increasing
trend in *°Fe of several nM may not be significant as these [Fe] are around our

limit of detection.
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3.4 Discussion

Understanding the mechanisms is key to explaining the differences among adsorption
rates and dissolution rates. The experimental conditions can also assist in clarifying
or eliminating possible mechanisms. By fitting the [**Fe] and [*°Fe] data from (a) and

(b) in Figures 3.3 and 3.4 to the following equation,

L -
Fe,
Fe
In(—%) =—kt 1

we can determine if there is a linear relationship between In(Fe;/Fe,) and time, where
the slope is a rate constant (Ksop—part) for each particle concentration experiment.
Figure 3.7 shows the results of fitting both **Fe and 5°Fe to Equation 3.1 for each set
of adsorption experiments.

A first-order mechanism is likely the cause of the linear relationship among the
IFe data from day 2 after particle addition through day 104. In stark contrast, there
is no linear relationship for the Fe data, possibly indicating higher-order kinetics
or a zeroth-order mechanism followed by a saturation plateau. The Fe data do not
support a simple forward and reverse rate constant pair; the underlying mechanisms
are different. The %*Fe data first-order rate dependence on particle concentration is
confirmed by plotting ksop—part versus particle concentration for each set of exper-
iments (Figure 3.8). The smallest concentrations (< 2 mg/L) are omitted because
their slopes with error are indistinguishable from the control. The two experiment sets
each have their own robust linear agreement, with slopes of kgorp (Ksorb—part/[particle])
of 2.3 x 107 (mg/L)~! day~! and 1.2 x 10™* (mg/L)~! day~'.

There is also a notable difference in the rate of [*Fe] appearance for the two sets
of ferrihydrite experiments. The higher range of particle concentration experiments
with the faster kg, appears to have a slower and overall lower increase of [56Fe]
compared to the slower k., experiment set. This seems counterintuitive since one

might expect that higher particle concentrations would lead to faster adsorption and
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more dissolution, however we observe faster adsorption and less dissolution.

The experimental conditions could help explain the mechanism for the change in
ksorp and the rate of input of [*°Fe]. Differences between the experiments include
ambient temperature variations, two separate pH’s (8.0 and 8.2), age of precipitate
upon beginning the experiment, and Fe concentration before precipitation.

Ambient temperature varied from 19 °C to 22 °C. The widest temperature dif-
ferences occurred on a diurnal time scale and probably resulted in the 10 to 15 nM
dissolved [Fe| fluctuations observed on a day-to-day basis across all experiments.
However, the median temperature was similar between the two experiments, so this
is probably not the cause of the difference in k.

Changes in pH should certainly have an effect on the reaction mechanism since
pH dictates the degree of protonation of surface sites. The reaction associated with
FeDFB adsorption probably proceeds via metal attachment to the deprotonated hy-
droxide groups on the hydrolyzed surface of ferrihydrite.

Surface=O~ 4+ Fe—DFB — Surface=O—Fe—DFB (3.2)

Since the protonation of hydroxide groups is pH dependent, k.., will also be pH
dependent. However, as pH decreases more sites will become protonated, leaving
fewer reactive sites to which Fe can attach, so the kg, should slow down with
lower pH. The experiment set with the lower pH 8 actually has the faster kg,
2.3 x 107 (mg/L)~! day™!, so, if anything, the pH difference might actually be
hindering this k.., relative to the experiment set at pH 8.2 with the k., of 1.2 x
107* (mg/L)~! day~'.

Aging the precipitate will lead to singly coordinated sites (FeOH) being converted
to more ordered surface sites with doubly (Fe,OH) and triply (Fe;OH) coordinated
O atoms [38]. The doubly coordinated sites are probably not proton reactive in our
experimental pH range, as shown in various experiments of freshly cleaved hematite
where no surface charge developed over a large pH range, therefore FeDFB will have

less affinity for doubly charged groups. Triply coordinated O atoms differ in their
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proton affinity because in their structuring one O atom accepts a proton (OH) and the
other does not (O). This is most readily evident in the natural chemical stoichiometry
of goethite, Fe(O)OH, where all the O atoms are triply coordinated. Therefore, the
triply coordinated O sites are effectively half as reactive, or have half the site density
as a surface with all singly coordinated sites. The surface charging of ferrihydrite
has a similar proton affinity to FeOH, indicating that ferrihydrite has mostly singly
coordinated reaction sites on its surfaces.

The aging differences between the two sets of experiments before the ferrihydrite
precipitate was added to the AQUIL bottles were a matter of 30 to 60 minutes. While
there are no estimates of how quickly singly coordinated sites convert to other types of
sites for ferrihydrite, there are estimates of dissolution rates. Aging the precipitate has
been shown to decrease the dissolution of ferrihydrite [39], which probably corresponds
to a decrease in overall surface reactivity as well. The dissolution rate at 1 minute
decreases from 2.3 x 107 to 6.1 x 1075 s~! over a period of 6 hours. If one assumes
a linear relationship during that time period, then the difference in dissolution rate
at 30 minutes and 60 minutes is less than 7%. If this is analogous to reaction site
decrease, it probably cannot account for the factor of 2 difference we see in k., over
the long course of the experiments.

The concentrations of dissolved Fe from which the ferrihydrite precipitates were
formed were different between the two experimental sets. The lower range, Set 1,
was precipitated from [Fe] that was a factor of 7 or 8 lower than the higher range
experiment, Set 2. If the higher [Fe| precipitates had more surface sites initially, then
this could explain the increase in k., for its corresponding experiment set. However,
there is evidence that aging, as well as ferrihydrite preparation at relatively high
initial Fe concentrations, may result in smaller surface area [93]. In fact, ferrihydrite
that was produced at a higher [Fe] relative to other ferrihydrite precipitation methods
resulted in a lower effective surface area [99].

Since our precipitates were formed from dissolved [Fe| within an order of magni-
tude of each other, we imaged the two types of precipitate with transmission electron

microscopy (TEM) to obtain an average particle diameter. TEM is especially difficult
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for an amorphous, surface-charged product like ferrihydrite because the iron parti-
cles move in the electron beam due to their magnetism and have no clear diffraction
pattern (since the particles are oriented in different directions). TEM studies have
shown ferrihydrite to have extremely small diameters, on average 1 to 6 nm [100],
which results in their huge effective surface area estimates of 450 to 650 m?/g [35].

Our fresh precipitates (10 uL) were dispersed in isopropyl alcohol and the faintly
colored solutions were air dried on holey carbon TEM grids. From our TEM images in
Figure 3.9, one can see the rough outline of individual nanoparticles at the edges of the
ferrihydrite aggregates. While a robust imaging program is needed to discern average
particle size, there does not appear to be a qualitative particle size difference between
the two precipitate batches. The images also cannot give an idea of actual particle
size distribution or particle density since aggregation is so marked upon drying.

One hypothesis to explain the differences in k,,,;, and apparent dissolution relies on
particle size distribution and density. If the more concentrated Fe solution ended up
with a higher particle density of similarly sized nanoparticles, these precipitates would
have a higher effective surface area and an increased rate of coagulation. The higher
surface area and particle density could lead to increased adsorption and removal rates
via coagulation, where the nanoparticles are removed from the dissolved phase as in
the colloidal pumping model [51, 55]. The precipitate formed from the lower [Fe
could have a lower overall particle density, and therefore a slower rate of removal
from the dissolved phase. Similarly for the rate of [*Fe] appearance, the higher
density of precipitates have their colloidal size fraction removed more quickly from the
dissolved phase, due to the higher number of particle-particle interactions. Therefore,
their colloidal fractions, which have the highest site density, will not have as much
opportunity to dissolve as their lower-particle-density precipitate counterparts. The
desorption experiment, which is more appropriately called a dissolution experiment,
has no enhanced appearance of **Fe, even though %‘Fe was absorbed at the beginning
of the experiment, and is consistent with an irreversible colloidal pumping mechanism.

While the first-order, irreversible absorption of Fe onto ferrihydrite is concluded

from the 5*Fe data, the *°Fe data appear to be independent of dissolved [Fe]—though
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there is a dependence on particle concentration as the dissolution increases with in-
creasing ferrihydrite concentration, consistent with the Rose and Waite study [89].
The mechanism of the *Fe dissolution might be adjunctive, where the DFB attaches
to the precipitate surface and detaches with an Fe atom, or disjunctive, where the Fe
dissolves and then DFB binds to it before re-precipitation or adsorption. The dissolu-
tion capacity of dust in seawater has been shown to be dependent on the surrounding
ligand concentration [97]. Rose and Waite showed that altering the DFB concen-
tration by an order of magnitude did not cause any change in the dissolution rate
from a fresh iron oxide precipitate [39], which indicates that dissolution is probably
a disjunctive mechanism. In our desorption study, the precipitates were equilibrated
with a small volume of highly concentrated tracer and then were filtered, suggesting
that any DFB on the precipitate had adsorbed onto the particle surface before it was
placed in AQUIL. While this extremely high particle concentration during the adsorp-
tion period might be an inaccurate representation of a natural system, the DFB does
have the ability to seemingly attach to ferrihydrite and then desorb and take Fe with
it, or desorb by itself and then attach to Fe within the dissolved phase. Repeating
the desorption experiment with a higher ligand concentration could further elucidate

the mechanism.

3.5 Modeling

Adsorption, desorption, dissolution, and precipitation are all mechanisms affecting the
dissolved [Fe|. Assuming other mechanisms have a minor effect, the rate of change
of **Fe and %Fe can be described with the following two sets of coupled differential
equations which account for exchange of *Fe and %°Fe between the dissolved and
particulate phase. Using forward modeling and parameter estimation in MATLAB,
we find the physical rate constants that provide the best fit between this model and

our measured data and take into account oceanic salinity, pH, and organic speciation
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of Fe.

54F
D o lpart] P*Fel + Ruesrs Eello — [*Fel)
+kdiss [54F6]P - kprecip(f54 : [FeID])[54Fe]P (33)
d[**F
T galpant]Fel — g P Felplico — [Fe]o)
—Kaiss| " Fe]p + Kprecip(f5a - [Fern])[>*Felp (3.4)
d[P5F
T ] PPl + Raors P Feloleco — [Felo)
+kdiss [56F6]P - kprecip(fBG : [FeID])[56Fe]P (35)
d[°5F
[ dte]P = +ksorb[part] [56Fe]D - kdesorb<[56Fe]D|t:0 - [56Fe]D)

—kaiss"°Felp + kprecip(f56 - [Fern])[*°Felp (3.6)

This model consists of four differential equations that represent the change in con-
centrations of four variables, 5Fe dissolved and particulate, [*'Fe], and [*'Fe|p, and
Fe dissolved and particulate, [*°Fe], and [*°Fe|p, respectively. Each addition term
to the dissolved phase is a corresponding loss term for its respective particle phase,
and vice versa. The parameters we solve for are rate constants for adsorption (kses),
desorption (Kgesory), dissolution (kgss), and precipitation (Kkprecip). Absorption de-
pends on particle concentration ([part]), [**Fe]p, and kg, which has already been
estimated by a first-order model to be 1.2 —2.3 x 107* (mg/L)~! day ™!, as described
in Section 3.4. Desorption depends on kgesorp and the amount of Fe adsorbed onto
the surface, which begins at zero because no FeDFB has absorbed onto the surface at
t = 0, and then it grows as **Fe is removed from the dissolved phase and deposited
on the surface.

Dissolution and precipitation terms are based on the rates determined by Rose

and Waite [29]. Dissolution depends on kg;ss and the respective concentration of Fe in
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the particulate phase. Precipitation depends on kpyecip, @ second-order rate constant,
and the concentration of inorganic Fe dissolved, Ferp, and Fe particulate. The more
concentrated these species are, the more collisions there will be to speed up precip-
itation [89]. [Fep] is the total amount of inorganic dissolved Fe, mostly hydrolyzed
Fe at pH 8, and can be visualized from a log C versus pH diagram for amorphous
Fe(OH)4(s) in equilibrium with FeDFB (Figure 3.10). Seawater pairing constants
were used for major ions, which were not significant contributors to dissolved inor-
ganic Fe [93]. Fe hydrolysis constants were calculated using ionic strength, T = 0.5,
and the Davies equation [93]. By definition of the solid being present, the dissolved
Fe3" is set by K, and pH, and calculation of [Fe;p] is straightforward. The total
amount of Fe;, at pH 8.1 is a sum of the Fe species, mainly Fe(OH)," and Fe(OH),
and is calculated to be log([Fe,p]) = —9.95. The relative fractions of *Fe and *Fe
are based on normal isotopic abundance with values of fs4 = 0.058 and f5¢ = 0.917,
respectively.

Initial conditions are defined for each variable in the model, and then the model
is allowed to run for the duration of the experiment length without further inputs.
We set up initial conditions based on the measured dissolved **Fe and *°Fe before
particle addition, and we used particle concentration to calculate the initial values of
particulate *Fe and *Fe.

The model also requires an initial parameter guess and allows fixing or varying
of each parameter. The respective kg, values were used for each model run of the
individual experiments. kg;ss and kp,cqip values were based on the study of dissolution
and precipitation of ferrihydrite in the presence of DFB [89]. kgss decreased by 2
orders of magnitude over the 1 week experiment from 2.3 x 107% s71 to 4.8 x 1076 s7L.
We based our kjyecip term on the second-order rate from this study, which had a value
of (4.1+1.1) x 10" M~* s7!. The initial estimate for kg0 Was based on the guess
that [*Fe] did not desorb from ferrihydrite as quickly as it absorbed and was therefore
slightly lower in magnitude than k,,.,.The model had a fixed k., and the other 3
parameters were permitted to vary for the parameter estimation. The parameters

were all constrained to be positive values.
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The model is used to solve the set of differential equations and compare the result-
ing [54Fe] model ANd [56Fe] model 10 the experimental data, while adjusting the parameters
in an iterative fashion to minimize the difference between the model concentration
data, [Felnodqer, and the experimental concentration data, [Fe|gq,. The numerical cal-
culations were performed using the MATLAB grey-box modeling toolbox. “ode45”
was used as the ordinary differential equation solver. The parameter estimation was
performed using the PEM function. The parameter estimation minimums were ro-
bust to several orders of magnitude change in the initial parameter guesses, meaning
no other minimums were observed.

The model output, [Fe],ode, generated from the best parameter minimization, is
plotted together with the experimental [Fe] to visually compare the model fit to the
experimental data (Figure 3.11 for ferrihydrite Set 1 and Figure 3.12 for ferrihydrite
Set 2). The comparison is quantified by computing a fit % based on the difference

between the model and the measured [Fe|, defined as

bt — 100 % |1 — "orml(Fe]modet — [Fe]data)

(3.7)

no'rm([Fe]data - mean[Fe]dam)

where the function “norm” computes the maximum of the sums of the absolute differ-
ences between model and experiment data. Essentially, this fit takes the magnitude
of the difference between the model and measured [Fe| and normalizes it to the noise
in the data around that point, e.g., the difference between the [Fe| at that point in
time to the mean of the points 1 time-step away. As the difference between [Fe],,o4e1
and [Fe|gqq approaches zero, then the fit would approach 100%.

For our model-to-experimental-data comparison, the model fits are generally over
70%, with lower fits corresponding to more noisy data. The worst fit is for the lowest
particle concentration, 2 mg/L. For this particle concentration, the model seems to
have overestimated the *Fe absorption and underestimated the *Fe dissolution. This
could be due to an artifact of the control corrections for wall loss, since the 2 mg/L
data set has much lower relative change in [Fe] compared to the control.

A test of the sensitivity of the parameters and a visualization of the cost function
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FeDFB and Fe Inorganic Dissolved Species in Presence of Ferrihydrite

Fe(OH)"
- Fe(OH),"

Fe(OH),
Fe free

log C

5 ‘ : ! 5 0 {1
pH

Figure 3.10. logC v pH diagram of Fe(III) in the presence of ferrihydrite,
Fe(OH),;. Complexation constants have been corrected for appropriate ionic
strength. FeDFB remains constant across a range of pH values due to the strong
binding constant of DFB to Fe®". Fe®" is set by presence of the solid since
[Fe]..1q > [DFB,,..;- At pH 8, the inorganic Fe species are dominated by Fe(OH),"
and to a lesser extent by Fe(OH), .
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minimization is done by varying all of the k& parameter estimates over several orders
of magnitude, solving with the model numerically, and then plotting the sum of the
squares of the differences between model and measured [Fe| for forward and reverse
rate constants. These sensitivity tests were first done for pairs ko, versus kgesorp and
Kgiss versus kprecip. Each of these plots for the 8 experiments (4 experiments from
Set 1 and all 4 experiments from Set 2) are shown in Figures 3.13, 3.14 and 3.15,
3.16. The contours are the logarithm of the sum of the squares of the deviations, so
their magnitudes are important for showing that the model is more closely matching
the data for lower overall numbers. From the rows of horizontal lines in both types
of plots, clearly there is little dependence on Kgesorp and kprecip (both on x-axes),
and strong of dependence on kg, and kgss. From these same model outputs, kgorp
versus kgss are plotted together, from which actual minimums are observed within
the contours (Figure 3.17, 3.18).

Minimums are found between values 4 — 6 x 107* /(mg/L)/day for kg and be-
tween 0.01 —0.02 /day for kg4ss. The optimal minimum values of appear to be robust
across all experiments of varying particle concentrations, except at the lowest particle
concentration of 2 mg/L. This range of kg, is slower than the 1 week kg5 rate, mea-
sured by Rose and Waite [39], by an order of magnitude. This difference could be that
after one or two weeks, the dissolution of ferrihydrite becomes more or less constant, as
suggested by the the slight stabilization of kg towards the end of their experiments.
There could also be some disparity between our operationally defined dissolved phase
and their optical method of determining FeDFB concentration. The model values of
ksorp are faster than our first-order rates, 1.2 —2.3 x 107* (mg/L)~! day~!, by a factor
of 2 to 4, meaning that the model predicts Fe to be lost faster from the dissolved
phase than the simple first-order particle adsorption model does. This enhanced loss
of Fe could be due to the colloidal pumping that is removing Fe by coagulating col-
loids together into the particulate phase, in addition to Fe adsorbing onto particulate

matter (> 0.2 um), or from not accounting for wall loss as a term in the model.
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3.6 Conclusions

As determined from multiple laboratory experiments with FeDFB in the presence
of ferrihydrite, there are large effects on the dissolved [Fe| that stem namely from
adsorption of FeDFB onto the particles and dissolution of ferrihydrite itself. Even
though DFB is among one of the strongest naturally occurring siderophores, it is not a
match for fresh, labile iron oxides with highly accessible surface area and reactive sites.
FeDFB total decreases over time, though a remarkable amount of ligand-mediated
dissolution also takes place. The estimated parameter ranges for adsorption and
dissolution are (4 +2) x 107* (mg/L)~* day~! and 0.015+0.01 day—!. This exchange
capacity is important for fresh precipitates formed in the ocean. Even though Fe
will precipitate when the dissolved phase becomes over-saturated, there is still an
exchange that transfers Fe from both phases to continue to alter the dissolve phase

[Fe].
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Chapter 4

Equilibration of FeDFB with Clay,
Forams, Opal, Goethite, and Ferrihydrite

4.1 Introduction

In addition to the fresh, labile iron oxide precipitate ferrihydrite that was discussed in
the previous chapter, our experiments focus on four naturally occurring pure mineral
phases. If a preferential uptake exists among varying particle types, then particle
composition should factor into Fe dissolved-particulate phase modeling in addition to
particle concentration.

While many studies have been conducted to test particle preference for particle
flux and circulation tracers, there have been few studies investigating the preference
of ligand-bound, dissolved Fe among varying particle types. A way of comparing the
amount of metal, M, in the particulate versus dissolved phase is through a universal

partitioning coefficient, or distribution coefficient,

Mparticutate (4.1)

Ao =)

dissolved
One study tested the absorption of an added Fe radiotracer, as species Fe®" in nat-
ural seawater in the presence of 3 different mineral phases [(68]. The distribution

59Fe3T after 3 weeks of equilibration with goethite and manganese ox-

coefficients for
ide were an order of magnitude larger than with montmorillonite. They hypothesized
that colloidal aggregation was responsible for the removal of the Fe.

Another study focusing on radiotracer equilibration with different sediment types
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noted a large increase in *Fe K for sediments that contained more Mn than the other
two sediment types [09], suggesting that the composition of sediments and suspended
particulate matter plays an important role in removal of Fe. A more recent paper by
Santschi and his co-workers determined that the coagulation of the organic colloid
fraction of *Fe into the particulate phase was the rate-limiting removal process in

estuary and river mixing with estuary waters, occurring on the order of 10 days,

whereas absorption of "*Fe®" onto the colloid size fraction was relatively fast, ~
hours [60].
Aeolian input is arguably the largest source of Fe to the open ocean [9, . A

set of radiotracer experiments focused on the absorption of ®**Fe onto aerosol particles
of three types: remotely collect marine aerosols, illite (a type of non expanding clay)
and Chinese loess (mainly silt with varying amounts of sand or clay) [102]. They
argue that pure inorganic phases are not representative of the aeolian suspended
particulate matter, which contain large fractions of weathered minerals and organic
material, and its absorptive capabilities and the amount of soluble Fe. An in-depth
study of the affect of aerosol aging and weathering on the solubility of Fe lead to
the conclusion that chemical speciation greatly affects Fe solubility once the aerosols
reach the ocean [103].

The results of our own FeDFB absorption experiments are discussed in this chap-
ter, along with the implications of mineral composition affecting Fe residence time
in the ocean. While mineral standards are not the most accurate representation of
naturally occurring, weathered particulate matter, they will give an initial indication
of organically complexed Fe preferences among bulk phase minerals (montmorillonite,

goethite, ferrihydrite) and biologically produced particles (opal, forams).

4.2 Brief Experimental Setup

Further details are described in Chapter 2. Our tracer, **Fe, was equilibrated with
DFB (1DFB:1Fe) before addition to AQUIL. After 2 days of equilibration of **FeDFB

with the bottle walls, varying amounts of goethite, montmorillonite, opal, forams, and
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ferrihydrite (as discussed in Chapter 3) were added to individual bottles. A control
bottle with 3*FeDFB and no particles was prepared in parallel. Another set of exper-
iments was done for these 4 particle types at a higher particle concentration, approx-
imately 6000 mg/L. The desorption experiments were done together for all particle
types (including ferrihydrite) at approximately 1000 mg/L for goethite, forams, opal,
and montmorillonite. Sub-samples were taken at discrete time intervals and filtered
(0.2 pum polypropylene), prior to spiking, dilution, and analysis on an Agilent 7500
ICP-MS.

4.3 Results

Plots of [*'Fe] and [**Fe] in the presence of particles have been adjusted so that their
scale bars match those in Chapter 3 for ease of comparison. For [**Fe], the y-axis has
been set to 450 nM. [*°Fe] plots have a maximum of 350 nM, the upper limit of the
observed [*°Fe] across all particle concentrations and types. Plots of [Fe], ., include
both [**Fe] and [*°Fe], so the net [Fe] in the presence of ferrihydrite can be visualized.

Measurements of [**Fe] and [*°Fe] in the dissolved phase have been corrected for
the loss of ®Fe and *°Fe in the control. The control fit (Chapter 3, Figure 3.2)
yields a linear slope of approximately 0.4 nM Fe lost per day. A linear relationship
indicates a zeroth-order reaction, independent of [Fe| or site concentration on the
bottle walls. The addition of Fe back into the experiments to account for wall loss
was split proportionally according to the amount of **Fe and *SFe present in the
dissolved phase on any given day, assuming any fractionation between the isotopes is
negligible.

Plots of ®*Fe versus time and °°Fe versus time are displayed in Figures 4.1-4.4
for the first set of experiments at lower particle concentrations. For goethite, forams,
and opal, there is very little ®*Fe removal from the dissolved phase, suggesting that
they have few reactive sites for absorbing organically complexed Fe. Montmorillonite,
on the other hand, shows a sharp drop in concentration by the first sub-sample at

~ 10 minutes after particle addition, then a slower decline in **Fe continues through
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day 100. The magnitude of *’Fe removal increases with increasing montmorillonite
concentration. The increases in °°Fe for opal and forams scale between particle con-
centrations, whereas goethite has similar dissolution magnitudes among all particle
concentrations. Montmorillonite has the highest *Fe increase among these 4 particle
types after 100 days.

The plots of *Fe and °°Fe versus time for the second set of experiments with
these particles at a single, higher particle concentration (6000 mg/L) are shown in
Figure 4.5. This particle concentration is larger than the particulate loading typically
found in estuaries, which is approximately 500 mg /L. At this high particulate loading,
the %*Fe concentration in the presence of forams, opal, or goethite decreased by 20% at
most. However, the 5*Fe concentration in the presence of montmorillonite decreased
by 87%, again indicating the affinity of *Fe for this particular mineral phase.

The desorption experiments are shown in Figure 4.6 alongside the ferrihydrite des-
orption experiment. During the adsorption period for the desorption experiment, the
solution had an effective particle concentration of 250,000 mg/L. The non-ferrihydrite
particles all show greater increases in **Fe over time into the dissolved phase than
e, suggesting that the ®Fe was loosely absorbed to these particles. Ferrihydrite,
as discussed previously, is the only particle type that has an approximately 100 nM
increase in °°Fe and a negligible increase in **Fe. The magnitude of *Fe increase
among the various particles suggests that Fe will desorb readily from opal, forams,
and clay when those particles move into areas of water with low Fe concentrations.

As for the desorption or dissolution of Fe from the non-ferrihydrite particles, the
dissolved phase in the presence of montmorillonite and opal has similar increases
in °°Fe over time, again corresponding to increasing particle concentrations. The
similarity of montmorillonite and opal desorption or dissolution suggests that these
mechanisms are unrelated to their respective absorption capabilities of the particles.
The increase in 5°Fe from forams also corresponds to particle concentration, though
the overall magnitude of the increase is about half that of montmorillonite or opal.
Goethite had the smallest change in °°Fe concentration, confirming the refractory

nature of this iron oxide. The invariance in **Fe among varying particle concentra-
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(a) The tracer concentration, **Fe (nM), vs. time. Tracer is immediately taken up by the dry
montmorillonite, within 10 minutes, then has a second, more gradual linear absorption onto the

clay over time. The absorption scales with particle concentration.

Figure 4.1. Montmorillonite absorption experiment. Legend indicates particle

concentration (mg/L).
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(b) The desorption of *°Fe from montmorillonite into the dissolved phase over time. The amount

of 58Fe scales with particle concentration.

Figure 4.1. Montmorillonite absorption experiment. Legend indicates particle

concentration (mg/L).
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(c) The total amount of dissolved Fe (**Fe and %°Fe) over time. The concentration of total Fe is
noticeably stable compared to the individual Fe isotopes measured in 4.1a and 4.1b, suggesting
that after the fast, initial absorption that the Fe in the dissolved and particulate phases exchanges

at similar rates.

Figure 4.1. Montmorillonite absorption experiment. Legend indicates particle

concentration (mg/L).
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(a) The tracer *Fe in the presence of goethite shows little change over time.

Figure 4.2. Goethite absorption experiment. Legend indicates particle concen-

tration (mg/L).
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(b) Very little °°Fe dissolves from the goethite over time.

Figure 4.2. Goethite absorption experiment. Legend indicates particle concen-

tration (mg/L).
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(c) The total amount of dissolved Fe (°*Fe and ®°Fe) over time remains fairly constant.

Figure 4.2. Goethite absorption experiment. Legend indicates particle concen-

tration (mg/L).
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(a) The absorption of the tracer 54Fe scales with particle concentration.

Figure 4.3. Opal absorption experiment. Legend indicates particle concentration

(mg/L).
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(b) Desorption of *Fe scales with particle concentration over time.

Figure 4.3. Opal absorption experiment. Legend indicates particle concentration

(mg/L).
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(c) The total amount of dissolved Fe (°*Fe and ®°Fe) over time remains fairly constant.

Figure 4.3. Opal absorption experiment. Legend indicates particle concentration

(mg/L).
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(a) The tracer ®*Fe scales very slightly in magnitude with particle concentration.

Figure 4.4. Foram absorption experiment. Legend indicates particle concentra-

tion (mg/L).

85



Forams (mg/L)

.l o141
- — 14
0208
250+ 51
o 31
200+
S
A=
s 150
o
coLL
100
50
I = &
WS- S @_#.,g _______ _
By T TR TR e
60 80 100
Days

(b) Desorption of *Fe increases with increasing particle concentration.

Figure 4.4. Foram absorption experiment. Legend indicates particle concentra-

tion (mg/L).
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(c) The total amount of dissolved Fe (°*Fe and ®°Fe) remains fairly constant over time.

Figure 4.4. Foram absorption experiment. Legend indicates particle concentra-

tion (mg/L).
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(a) Subplots of the tracer 54Fe absorption over time in the presence

of various particles. The y-axis is the same for all subplots.
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(b) Desorption or dissolution of 6Fe over time from various parti-
cle types. The y-axis has been adjusted to maximize the range of

concentrations for each particle type.

Figure 4.5. Largest particle concentration absorption experiment (6000 mg/L).
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(c) The total amount of dissolved Fe (°Fe and °°Fe) over time. There are similar equilibrium

levels of dissolved Fe in the presence of opal, forams, and goethite, less than 20% decrease in

overall dissolved Fe. However, in the presence of dry clay, the dissolved total Fe decreases by over

80 % within 10 minutes of particle addition.

Figure 4.5. Largest particle concentration experiment for absorption (6000 mg/L).
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Figure 4.6. Desorption experiments.
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tion also suggests that dissolution of Fe happens on a slow enough time scale that

increasing particle concentration does little to affect dissolved Fe.

4.4 Discussion

4.4.1 Absorption Experiments

Since the dissolved phase in the presence of montmorillonite, goethite, forams, opal
and even some of the lower ferrihydrite particle concentration ranges, seem to have

reached steady state, a calculation of the partition distribution ratio is useful,

(moles of Fe particulate/mass of particles)

K p—
b (moles of Fe dissolved/volume of AQUIL)

(4.2)

because Kp is a measure of the natural equilibrium between total Fe particulate
and dissolved. The end result has units of mL/g. Kp should be constant across a
range of particle concentrations for easy comparison of suspended particulate matter
equilibrium across multiple field sites. We do not have measurements of actual Fe
particulate concentrations from the filters throughout the experiments. An estimate
was obtained by leaching the non-Fe particles in bulk and calculating the Fe in the
iron oxides from chemical stoichiometry (Table 2.1). We have an estimate of the
amount of Fe within a particle initially (Mp;), a known starting concentration of the
dissolved phase (Mp;), and the total concentration of dissolved Fe at steady state

(Mp), thus we calculate Kp via mass conservation

_ (Mr — Mp)/(Mp)
Kp— - , (4.3)

where My is equal to the sum of Mp; and Mp;, and Cp is the concentration of
particulate matter (g/mL). Additionally, for experiments where the loss of metal

from the dissolved phase can be quantified and assumed to be absorbed onto the
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particulate matter, then a calculation of

(moles of absorbed Fe/mass of particles)

(moles of Fe dissolved/volume of AQUIL)’

Mp; — Mp)/(Mp)
Cp ’

KDS -

KDs:(

(4.4)

can be done. Since three of our five particle types, goethite, opal, and forams, had
no absorption, their Kps values would be zero, and positive Kps values can only
be calculated for montmorillonite and ferrihydrite concentrations that had a measur-
able affect on the dissolved phase, assuming ferrihydrite has reached an equilibrium.
Another insightful approach for our laboratory experiments, one which is also not
feasible in the field, is to evaluate the normalized ratio of Fe that ended up in the

particulate and dissolved phases respective to their initial values, where

Kpy = (Mr ;424/?\% EMPZ'). (4.5)

These values tell us if there was a net shift in Fe to the particulate or dissolved
fractions. This calculation normalizes for the initial Fe present, which makes inter-
pretation of the equilibrium iron oxide data more straightforward. Kp; greater than
1 indicates net absorption and less than 1 means net dissolution or desorption. Also,
since we have not normalized to particle concentration, we would expect to see Kpy
scale with particle concentration.

Values for our experimental Kp, Kps, and Kpy, along with other experimental
Kpg or field site Kp values, are shown in Table 4.1. The other tracer experiments
from the literature use a wide range of water matrices and particle or sediment types.

Overall, our Kp and Kpy values are fairly similar among the non-iron oxide par-
ticles, with the exception of montmorillonite. Montmorillonite partitioning increases
only at higher concentrations, above 2 mg/L, suggesting that there is a threshold
FeDFB to suspended particulate matter (SPM) ratio where there are enough reac-
tive sites to have an effect on the ligand-dominated dissolved phase. Clearly there

is a net adsorption of FeDFB into this dry, layered 2:1 clay type. The swelling clay
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pulls water in and takes Fe with it. This threshold occurs going from a ratio of 200
to 20 for FeDFB:[particle] for montmorillonite. The Kp, values for montmorillonie
from the reference were experiments performed in filtered coastal water with cationic
Fe'. While there may have been some organic ligands present, they most likely were
already complexed with Fe in the dissolved and colloidal phases. Their Kps values
show greatly increased Fe affinity, and this could be due to lack of excess ligand to
sequester Fe®" in the dissolved phase before the montmorillonite rapidly absorbs the
Fe3T.

The ferrihydrite and goethite, which obviously have a high particulate Fe concen-
tration, have similar Kp values to the two field sites where natural Kp values were
measured, indicating that the affinity for FeDFB to iron oxides in our experiments
is similar to that in a gulf or estuary. This could be due to the higher dissolved Fe
abundance in river water that flocculates upon reaching the brackish coastal waters
and drastically increases the Fe in the particulate phase in these regions.

Ferrihydrite has a dynamic range of Kps and Kpy. From the lowest particle
concentrations to the highest, the Kp, values decrease, suggesting more affinity for
the dissolved phase. This notable trend could be a sign of the particle concentration
effect [29]. This effect is due to the increasing amount of colloid associated Fe with
higher SPM, which are not included in particulate Fe, and gives the appearance of
higher dissolved phase affinity. In fact, the ferrihydrite Kp; indicates the opposite,
and shows an increasing partitioning of Fe to the particulate phase with higher particle
concentration. Ideally Kp, should be constant across particle concentrations if the
system is at equilibrium. Corrections for colloids and for large particles that have few
surface sites per gram could result in truly constant Kpg values [55, ].

The lower values of our experimental Kp, for montmorillonite and ferrihydrite
compared to the other tracer experiments underscore the ability of ligand-bound Fe,
particularly strong siderophores, to retain Fe in the dissolved phase. The variability
among the other experimental K p, is most likely a result of the different background
concentrations of ligand in experiments with natural filtered waters and the different

particle compositions.
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4.4.2 Desorption

The results from the desorption experiments are somewhat more qualitative because
attempts to measure the amount of remaining Fe in solution after the high “absorp-
tion” period were unsuccessful. The solution was too limited to obtain an accurate
measurement from filtering. The original intention was to force absorption onto the
particle surfaces to see how quickly the Fe came back into solution, though we cannot
quantify how much FeDFB absorbed onto the surfaces.

The non-ferrihydrite particles all show enhanced increase in *Fe over time in
the dissolved phase, above any increase in 5°Fe, suggesting that the **Fe was loosely
absorbed to these particles. Ferrihydrite is the only particle type that has a 100 nM
increase in °°Fe and a minimal increase in **Fe. The magnitude of **Fe increase among
the various particles suggests that Fe will desorb readily from opal, forams, and clay
when those particles move into areas of water with low Fe concentrations, whereas

ferrihydrite will simply begin dissolving in the presence of ligands.

4.5 Conclusions

The notably absent reactivity of FeDFB with goethite, forams, and opal is striking
compared to the varied absorptivity of ferrihydrite and montmorillonite. FeDFB is
very stable in the presence of some particle types, but the absorptive capabilities of a
fresh, labile iron oxide and a swelling clay can compete with ligand-bound Fe. These
differences are due to the type of particle reaction sites and structure, their particle
size fractions, and their affinity for Fe. Particle composition obviously has a varied
effect on dissolved Fe in the ocean, even in the presence of siderophores. An optimal
model would incorporate particle composition and corresponding exchange rates to

show how dissolved Fe would change as particles fall through the water column.

95



Table 4.1. Our experimental values (*) for logKp and logK ps, if significant sorp-
tion occurred, are listed, respectively, in the same column and Kpy values in a
separate column. Experiments that used tracers with various particle and wa-
ter types [08, , , 0] to determine the distribution of sorbed tracer versus
dissolved, Kps values, are denoted by subscript Ds. Kp values, particulate vs.
dissolved distribution, for natural field site measurements of coastal and estuary
water [100, ] are indicated by subscript D. All ferrihydrite values are from this
work, Set 1 and Set 2 experiments, as described in Chapter 3. Particle concentra-
tions (mg/L) are included for most values. Particulate (> 0.45 pm) and colloid
(0.04-0.45 pm) Kp values are indicated in the estuary studies. Approximate

sampling locations are indicated for samples taken within the Gulf of California.

Particle Type [Particle] (mg/L) log(Kp/ps) Kby Matrix ~ Reference

206 3.72/3.21 1.92 AQUIL *
21 3.73/3.40 1.96 AQUIL *
2 344/~ 1.00| AQUIL *
Montmorillonite 0.2 3.44/- 1.00 | AQUIL *
0.02 3.44/— 1.00 AQUIL *

650 5 Ds coastal SW [68]

10 6.2 ps coastal SW [68]

570 7.10/3.39 2.40 AQUIL set 1

349  7.03/3.45 2.00| AQUIL set 1

172 6.90/3.46  1.50 AQUIL set 1

33 6.83/3.90 1.26 AQUIL set 1

Ferrihydrite 208  6.99/3.05 1.23| AQUIL set 2

21 6.92/3.40 1.05 AQUIL set 2

2 6.92/4.42 1.06 AQUIL set 2

0.2 6.94/— 1.09 AQUIL set 2

0.02 7.04/- 138 | AQUIL set 2

continued on next page. . .
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continued from previous page

Particle Type [Particle] (mg/L) log(Kp/ps) Kbpy Matrix ~ Reference

Opal 200 3.22/— 0.80 AQUIL *

200 7.42/— 0.94 AQUIL *

20 7.42/- 0.94 AQUIL *

2 7.42/—  0.94 AQUIL *

Goethite

0.2 742/~ 093] AQUIL *

0.02 7.37/- 0.84 AQUIL *
<100 >7 ps coastal SW [68]

208 3.26/— 1.00 AQUIL *

141 3.26/— 1.00 AQUIL *

Forams o1 3.26/— 1.00 AQUIL *

31 3.26/~ 1.00| AQUIL *

14 3.26/— 1.00 AQUIL *
MnO, 50 6.7 ps coastal SW [68]
Hematite - 5.5 ps synthetic [55]
Cariaco Trench sediment 25 4.1 ps deep SW [68]
60 7.7 ps open ocean [102]

Remote Marine aerosol
3 6.4 ps open ocean [102]
38 (central) 6.92 p - [106]
Gulf of California
38 (coastal) 5.85 p — [106]
0.4 (colloids) 6.5 ps freshwater [105]
8 (colloids) 5.5 ps freshwater [105]
Vienne River, France

20 (colloids) 4.5 ps freshwater [105]
— (particulate) 5.25 ps freshwater [105]
Galveston Bay 2 to 40 7tob p - [107]
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Chapter 5
Fe Isotopic Fractionation in the Presence

of Particles

5.1 Introduction

Atmospheric dust has been toted as the main source of Fe to the open ocean, however
recent work suggests that lateral transport of Fe from continental margins could be
just as significant. Fe profiles in the eastern and western sub-arctic Pacific show
evidence for a subsurface supply of Fe that is accessible to the surface through seasonal
upwelling and vertical mixing [10%, , |. The subsurface Fe has a more reduced
oxidation state, which is indicative of continental margin sediments. Constraining
the Fe sources in the ocean will lead to a better understanding of the impact on
productivity, especially in the open ocean or HNLC regions where Fe sources are
limited.

Isotopes of Fe offer a potential way of “fingerprinting” the different sources and
processes that lead to input and removal of dissolved Fe. With each phase change,
oxidation state change, or biota uptake, Fe isotopes can be fractionated between the
competing pools. Isotopic signatures have been observed for a number of potential
Fe sources. Atmospheric aerosols, mostly from lithogenic sources, have a very narrow
isotopic range of 0% to +0.2%o [1 1 1]. Isotopically light Fe, characteristic of Fe(II), has
been measured in anoxic pore waters, -2.96%0 to -1.3%o, and to a lesser extent in hy-
drothermal fluids, -0.67%¢ to -0.09% [112, , 111]. Biological and abiotic processes
will also create fractionation, including precipitation [115] and ligand-promoted dis-

solution of minerals [116]. The isotopic source signatures and fractionating processes
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could leave a quantitative imprint on the dissolved phase, thus creating constraints
on the relative Fe contributions in the Fe cycle.

Recent advances have been made towards measuring Fe isotopic composition of the
dissolved phase at the low concentrations, 0.01 to 1 nM, found in seawater [117, 96].
There are now open-ocean isotopic profiles in the Southern Ocean, equatorial Pacific,
the Bermuda Atlantic Time Series (BATS), and in California coastal waters at the San
Pedro Basin. The Atlantic section of the Southern Ocean contains both isotopically
light §°°Fe minimums (-0.13%0) and enriched maximums (+0.21%0), hypothesized to
be from organic matter remineralization and phytoplankton uptake, respectively [117].
In the equatorial Pacific, the dissolved §°°Fe values are mostly positive (4+0.01%o to
0.58%0) with most variation occurring within the vertical direction and little difference
between the 2 stations that are 2400 miles apart, suggesting Fe isotopic signatures can
be carried laterally along water masses [118]. The San Pedro Basin has 2 isotopically
light minimums, corresponding to input of reduced sediments given the topography
of the region [90, |. BATS, similar to the equatorial Pacific, is also enriched
throughout the water column, with a maximum at depth hypothesized to be due to
hydrothermal vent Fe inputs [120]. The total Fe-dissolved profile at BATS is dynamic,
yet maintains a fairly constant isotopic composition around +0.3%o. This consistency
is hypothesized to be due to a rapid exchange with particles in the water column.

These laboratory experiments will attempt to answer the following questions re-
lated to particle effect on dissolved Fe. What is the isotopic composition of the Fe
dissolved phase in the presence of common marine minerals? Does it change with
particle type? How do these laboratory isotopic fractionations compare to Fe isotopic

profiles in the ocean?

5.2 Brief Experimental Setup

As described in Chapter 2, eighty bottles of AQUIL were prepared with natural
abundance FeDFB in 1:1, either 400:400 nM or 1000:1000 nM, and 400:1000 nM ratios
in a 100 mL volume. 66 bottles had clay or ferrihydrite at six different particulate
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concentrations (0.02 to 3000 mg/L) because their isotopic effect is of interest due to
their strong exchangeability, as noted in the kinetic experiments. There was one bottle
each of goethite, forams, or opal particles at the 1:1 FeDFB and at a high particle
concentration (2500 mg/L). There were controls with no particles at the three ratios
of Fe to DFB. The matrix of experiments is in Section 2.7, Table 2.4. After 3 months
of shaking in the dark, the bottles were all filtered, purified through anion exchange
column chemistry, and analyzed on the Neptune ICP-MS to determine §°°Fe of the
dissolved phase relative to IRMM-14. Additional samples were analyzed for their
§%Fe values without further purification, including ferrihydrite precipitates that had
never been exposed to the AQUIL solutions, the FeDFB solution in milliQ at pH 3,

and the acidified Fe standard solution.

5.3 Results

Table 5.1 lists 6°°Fe values for all the sample types and particle concentrations and
the controls (no particles). The §°°Fe values are an average of intermediate repli-
cates, the same purified sample run during multiple analytical sessions, and external
bottle replicates for experiments set up in triplicate. Variance in the data is given
as 1 standard deviation. The dissolved phase [Fe] at the time of sampling and its
respective variance, initial [Fe|, and initial [DFB] values are also noted for each sam-
ple or control. Fe remaining in the dissolved phase relative to the initial [Fe] is given
in the final column. As noted in Section 2.8, the two highest-particle-concentration
bottles for montmorillonite and ferrihydrite are excluded owing to their high blank
contamination.

The end member value of the Fe standard, used in the FeDFB solution, and the
FeDFB solution itself are close to 0%o 0°°Fe, meaning there is insignificant fractiona-
tion of the Fe during equilibration with DFB. The bulk solid phase ferrihydrite value
is 0.13%o, indicating that during precipitation the heavier 5°Fe was preferentially re-
cruited into the solid phase. This result is opposite of the expected kinetic isotope

effect, and a more detailed study of precipitation’s effect on the dissolved phase and
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bulk or leachable solid phase is warranted. The control bottles have some amount of
fractionation without any particles present, and the samples with particles in AQUIL
had their respective control bottle subtracted, listed as A(656Fesample,mmml). The
A%Fe values range from -0.14%o to 0.12%c for montmorillonite. The ferrihydrite sam-
ple A%Fe values have a much larger range, from 0.05 to 1.19%o. The other particle

types, goethite, forams, and opal, have a tight range, from 0.10%¢ to 0.16%o.
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5.4 Discussion

The behavior of the control bottles and their respective fractionations are interesting
to note. The controls with a 1:1 ratio of FeDFB each lost approximately 25% Fe and
had §°¢Fe values of 0.39%o and 0.30%o for the lower and higher FeDFB concentrations,
respectively. The bottle with the 400:1000 FeDFB ratio retained most of its Fe and
had very little fractionation, 0.05%c. This suggests that a 1:1 ratio of Fe:DFB cannot
compete with the surface area of the bottle in the presence of AQUIL, and loss of Fe
to the bottle walls preferentially favors light **Fe.

To better understand the changes in the montmorillonite and ferrihydrite equili-
brations, their A*Fe values versus relative amount of [Fe] are plotted in Figures 5.1
and 5.2, with a zoomed-in region of the values close to 0% shown in Figure 5.4.

Montmorillonite (Figure 5.1) causes relatively little fractionation compared to
ferrihydrite. The fractionations are all around 0%o for 1:1 FeDFB ratios, with Fe
retention in the dissolved phase from 0.60 at the highest particle concentration of
116 mg/L to 0.73 for the lowest, 0.02 mg/L. However, at the higher ratio of DFB to
Fe, there is an ever-so-slightly enriched average signature of 0.12%0 and 0.10%c. While
this higher isotopic mean may not be statistically significant, it suggests that DFB has
preferentially desorbed %°Fe from the montmorillonite. Overall, the montmorillonite
seems to be indiscriminately absorbing *Fe and 5°Fe when it takes in water. The
natural exchange of pre-wetted montmorillonite with FeDFB in AQUIL might give a
more accurate estimate of its typical fractionation for clay-associated river sediments
that empty into the ocean. Our observation of little fractionation is more relevant for
surface waters that have aerosol deposition with a montmorillonite-like composition.

The A®Fe versus relative amount of dissolved Fe to initial Fe is shown in Fig-
ure 5.2. Ferrihydrite has a fractionation pattern that scales with both particle amount
and ligand concentration relative to Fe. For the 1:1 ratio FeDFB experiments, there
is an increasing net loss of dissolved phase Fe with relative fractions of 0.72, 0.68, and
0.52 for 0.3 mg/L, 3 mg/L, and 320 mg/L ferrihydrite, respectively. The fractionation

pattern also roughly scales with decrease in the dissolved phase with little difference
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between the 2 lower particle concentrations, 0.05%¢ to 0.09%0, and an order of mag-
nitude jump at the highest particle concentration, 0.82%¢ to 0.95%¢. This jump in
enriched Fe is probably due to a combination of losing **Fe from the dissolved phase,
and gaining *°Fe from the particulate phase. The enriched signature of the control
bottles confirms losing *'Fe preferentially from the dissolved phase. The increase in
ligand concentration beyond a 1:1 ratio with [Fe|; promotes ferrihydrite dissolution
and further enriches dissolved Fe. In fact, the higher ligand-to-Fe experiments in
the presence of ferrihydrite were the only 2 experiments that increased the relative
amount of Fe in the dissolved phase. The clay and control experiments bottles at
400:1000 FeDFB merely retained their initial Fe level, around 0.91 to 1.02 relative
[Fe]. At 320 mg/L ferrihydrite, the amount of dissolution in the presence of excess
DFB was negated by particle absorption since its relative fraction was 1.41, compared
to 2.03 for 0.3 mg/L ferrihydrite. When excess ligand is present and no additional Fe
source presents itself, then the ligand acts to preserve the isotopic composition of the
dissolved phase by reducing Fe loss. However, in the presence of inorganic Fe sources,
the excess ligand will also pull °°Fe into the dissolved phase.

Given that the fractionation pattern varied between FeDFB ratios and amount
of relative dissolved Fe (the black and grey bold arrows, Figure 5.2), a more con-
sistent relationship is found in the fractionation versus particle concentration. The
isotopic fractionation in the presence of ferrihydrite can potentially be quantified.
The relationship between particle concentration and fractionation (A%Fe) to a first
approximation is linear (Figure 5.3), 0.0026 £ 0.0001 A®®Fe/(mg/L) with an offset
of around 0.30%o, for the 400:1000 experiments. This slope represents the amount of
fractionation caused by uptake onto particles, while the offset represents the fraction-
ation caused by increased dissolution. Since the offset is constant between the middle
and highest ferrihydrite concentrations, where the threshold of particulate matter is
high enough to have a noticeable fractionation, the dissolution is indeed set by the
amount of excess ligand, which is also constant between the two. The net dissolved

Fe is a combination of these two factors, absorption and dissolution, as discussed in

Chapter 3.
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The result that the dissolved phase becomes enriched in the presence of various
particles is consistent with the hypothesis for the BATS profile and the observa-
tion of the enriched equatorial Pacific profiles. Fresh, labile iron oxides will have
the largest single fractionation impact on the dissolved phase from preferential °Fe
ligand-promoted dissolution. However, the initial isotopic effect of precipitation needs
to be better understood. The presence of high amounts of goethite, forams, and opal
all caused a similar relative fractionation (4+0.10%o to +0.16%0), suggesting that even
the less-reactive particles will preferentially have *°Fe desorbed or dissolved from them
in the presence of ligand. Some montmorillonite-like particles will have little net effect

on the fractionation of the dissolved phase.

5.5 Conclusions

Inorganic particles fractionate the dissolved phase Fe, ranging from near 0%o to
+1.19%0. Ligands will preferentially dissolve *Fe and particles will absorb 5Fe, leav-
ing the dissolved phase enriched. Montmorillonite had little effect on the dissolved
phase fractionation, even though it is high reactivity in the kinetic experiments. The
fractionation in the presence of ferrihydrite was linear with particle concentration and
had a slope of 0.0026%0/(mg/L). The ratio of dissolved FeDFB to particle concen-
tration did not seem to have an appreciable effect on fractionation, only the ratio of
Fe to DFB with excess ligand causes an additional fractionation of 0.3%¢. The less-
reactive particle types, goethite, opal, and forams, all had slightly enriched dissolved
Fe, suggesting that a variety of particle interactions will leave a positive signature on
the dissolved phase. Enriched open-ocean Fe profiles could be due to exchange with

suspended or falling particulate matter.

105



1.2

0.8

T

control)

T

0.6

T

A (5°°Fe - 5°°Fe

0.4

T

0.2

o %

o @

0.2 I ‘% I I I
0

05 1 15 2
Fe dissolved [relative fraction]
Figure 5.1. Fractionation of relative Fe dissolved ([Fe]sss at time of

sampling/[Fe|;) in the presence of montmorillonite. 0-400 nM Fe, 1000 nM DFB.
<$-1000 nM Fe, 1000 nM DFB. 0-400 nM Fe, 400 nM DFB. Particle concen-
tration increases with symbol size. ASFe has been corrected for the amount
of fractionation caused in the presence of no particles (control) for each specific
concentration and ratio of FeDFB. There is relatively little fractionation in the
presence of montmorillonite, though the 400:1000 FeDFB experiments do have a
higher average A®Fe compared to the 1:1 FeDFB. Otherwise, there are no clear

trends with particle concentration or with dissolved Fe.

106



1.2
offset due to
ligand

promoted

1- dissolution Decrease in dissolved Fe
% causes an increase in the
fractionation for 400:1000 FeDFB
. 08 [%
S

£

% 06F

q', Decrease in dissolved Fe

&+ causes an increase in the

% fractionation for 1:1 FeDFB

< 04f
offset due to
ligand
promoted

0.21- dissolution
o %ﬁ
0.2 I I I I
0 0.5 1 . . 1.5 2
Fe dissolved [relative fraction]
Figure 5.2. Fractionation of relative Fe dissolved ([Felsss at time of

sampling/[Fe|;) in the presence of ferrihydrite. o0-400 nM Fe, 1000 nM DFB.
<-1000 nM Fe, 1000 nM DFB. 0-400 nM Fe, 400 nM DFB. Particle concen-
tration increases with symbol size. A°®Fe has been corrected for the amount of
fractionation caused in the presence of no particles (control) for each specific con-
centration and ratio of FeDFB. The 1:1 ratio FeDFB data collapse to the same
fractionation line (black, bold), indicating that concentration of dissolved Fe is
not a factor in fractionation, unless there is excess ligand (grey, bold). The ex-
cess ligand-mediated-dissolution causes a constant fractionation of +0.3%o from
the 1:1 FeDFB data for the corresponding particle concentrations, indicated by
the offset. The increased fractionation slopes, bold arrows, with the decreasing
amount Fe dissolved in the presence of a higher ferrihydrite concentration sug-
gests that there is some combination of light Fe removed and heavy Fe dissolved.
However, these bold arrow slopes are different in the presence of varying ligand
concentration. There is an indistinguishable difference in fractionation between

the two lowest ferrihydrite concentrations.
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Figure 5.3. Fractionation versus ferrihydrite concentration. o-400 nM Fe,
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Particle concentration increases with symbol size. A%Fe has been corrected for
the amount of fractionation caused in the presence of no particles (control) for
each specific concentration and ratio of FeDFB. The fractionation slopes (arrows)
are the same regardless of ligand concentration, indicating a possible first-order
dependence on particle concentration. Additional particle concentration data and

associated fractionations are needed to confirm this hypothesis.
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under 3 mg/L. A certain threshold particle concentration is needed to induce

measurable fractionation.
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Chapter 6

Conclusions

Our experimental setup allows us to track two separate pools of Fe (dissolved and
particulate) using a less-abundant stable isotope tracer, %' Fe, bound to a naturally
occurring siderophore to elucidate the exchange rates and capacities of various marine
particles.

For FeDFB experiments in the presence of ferrihydrite, there are large effects
on dissolved [Fe| due to adsorption of FeDFB onto the particles and dissolution of
ferrihydrite itself. Even with Fe bound to siderophores, they cannot compete with
fresh, labile iron oxides that have highly accessible surface area and reactive sites.
Total FeDFB decreases over time, though a remarkable amount of ligand-mediated
dissolution also takes place, which could be further investigated to determine the
mechanism. The estimated parameter ranges for adsorption and dissolution are
(44+2) x 107* (mg/L)~! day~! and 0.015 4 0.01 day~! based on ordinary differ-
ential equations modeling Fe exchange. This exchange capacity is important for fresh
precipitates formed in the ocean. Even though Fe will precipitate when the dissolved
phase becomes over-saturated, there is still exchange that transfers Fe from both
phases to continue to alter the dissolve phase [Fe].

The notably absent reactivity of FeDFB with goethite, forams, and opal is striking
compared to the varied absorptivity of ferrihydrite and montmorillonite. Montmo-
rillonite absorbs Fe quickly and reaches a nearly instantaneous equilibrium. FeDFB
is very stable in the presence of some particle types, but the absorptive capabilities
of a fresh, labile iron oxide and a swelling clay can compete with ligand-bound Fe.
These differences are due to the type of particle reaction sites and structure, including

particle size fractions. Particle composition obviously has a varied effect on dissolved
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Fe in the ocean, even in the presence siderophores.

Inorganic particles fractionate the dissolved phase Fe, ranging from near 0 to
+1.19%0. Ligands will preferentially dissolve *Fe and particles will absorb 3Fe, leav-
ing the dissolved phase enriched. Montmorillonite had little effect on the dissolved
phase fractionation, even though it is high reactivity kinetically, meaning it is un-
biased in its Fe uptake. The fractionation in the presence of ferrihydrite was linear
with particle concentration and had a slope of 0.0026%0/(mg/L). The ratio of dis-
solved FeDFB to particle concentration did not seem to have an appreciable effect
on fractionation, though the ratio of Fe to DFB caused a fractionation of 0.3%oin
the presence of excess ligand.. The less reactive particle types, goethite, opal, and
forams, all had slightly enriched dissolved Fe. The overall positive fractionation of
the dissolved phase Fe in the presence of various particles suggests that enriched open
ocean Fe profiles, like the BATS, could be due to exchange with suspended and falling
particulate matter.

An optimal model would incorporate particle composition and corresponding ex-
change rates to show how dissolved Fe and isotopic composition would change as

particles fall through the water column or as water masses circulate.
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Appendix A
Natural Log Plots of Data from Chapter 4
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