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Abstract

We use synchrotron-based chemical-species mapping techniques to compare the

speciation of suspended (1-51 m) marine particulate iron collected in two open ocean

environments adjacent to active and passive continental margins. Chemical-species
mapping provides speciation information for heterogeneous environmental samples,
and is especially good for detecting spectroscopically distinct trace minerals and
species that could not be detectable by other methods. The average oxidation state of
marine particulate iron determined by chemical-species mapping is comparable to
that determined by standard bulk X-ray Absorption Near Edge Structure
spectroscopy. Using chemical-species mapping, we find that up to 43% of
particulate Fe in the Northwest Pacific at the depth of the adjacent active continental
margin is in the Fe(Il) state, with the balance Fe(IIl). In contrast, particulate iron in
the eastern tropical North Atlantic, which receives the highest dust deposition on
Earth and is adjacent to a passive margin, is dominated by weathered and oxidized Fe
compounds, with Fe(III) contributing 90% of total iron. The balance is composed
primarily of Fe(Il)-containing species, but we detected individual pyrite particles in
some samples within an oxygen minimum zone in the upper thermocline. Several
lines of evidence point to the adjacent Mauritanian continental shelf as the source of
pyrite to the water column. The speciation of suspended marine particulate iron
reflects the mineralogy of iron from the adjacent continental margins. Since the

solubility of particulate iron has been shown to be a function of its speciation, this
2
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may have implications for the bioavailability of particulate iron adjacent to passive
compared to active continental margins.
Index terms
Iron geochemistry
Marine particulate iron speciation;
XANES;
synchrotron chemical species mapping
Fe oxidation state
Geochemical cycles

Iron
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1. INTRODUCTION

Iron is the most important micronutrient for primary production in the ocean
(BoyD and ELLWOOD, 2010). Despite being one of the more abundant elements on
Earth, iron has a very low solubility in the oxic conditions of the ocean, and thus
limits marine primary production in many regions. Particulate iron is often a large
component of total iron in the ocean, and has the potential to be a source of dissolved
iron. Typical solubilities of Fe from natural aerosol particles ranges from less than
1% up to 26% of total Fe (BUCK et al., 2010; SEDWICK et al., 2007), with its
solubility a function of the source region of the aerosol (SHOLKOVITZ et al., 2009).
Experiments on putative source minerals for aerosols have shown that the solubility
of Fe is a function of the mineralogy of Fe (JOURNET et al., 2008; SCHROTH et al.,
2009). Similarly, the bioavailability of colloidal and particulate iron to
phytoplankton in culture depends on its speciation (NODWELL and PRICE, 2001; RICH
and MOREL, 1990; WELLS et al., 1991). These data suggest that the degree to which
marine particulate iron may be a source of dissolved or bioavailable iron is likely a
function of its mineralogy and speciation.

Continental margins have increasingly been viewed as a source of both
dissolved (ELROD et al., 2004; MOORE and BRAUCHER, 2008; TAGLIABUE et al.,
2009) and particulate (LAM and BisHOP, 2008; LAM et al., 2006) iron to the open
ocean. Two broad classifications of continental margins exist: active margins that

surround the Pacific, and passive margins that surround the Atlantic and elsewhere.
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Active margins are located at the edges of converging lithospheric plates, are
associated with mountain building processes such as earthquakes and active
volcanoes, and are characterized by narrow continental shelves and steeper
continental slopes (SEIBOLD and BERGER, 1993). Passive margins are steadily sinking
regions generally characterized by broad, flat shelves, often with thick sedimentary
accumulations. Here, we examine whether the type of margin affects the speciation
of particulate iron that is transported to the open ocean.

Despite advances in Fe speciation in the dissolved phase, very little is known
about the composition of particulate iron. Existing knowledge is based on the
application of chemical leaches of varying strengths (BERGER et al., 2008; LANDING
and BRULAND, 1987; POULTON and RAISWELL, 2005; RAISWELL et al., 2010), or
estimates of lithogenic composition from crustal ratios of elemental abundance
(FREW et al., 2006), both of which provide a useful but necessarily operationally
defined view of particulate iron speciation. Furthermore, operational definitions vary
widely between papers, so the “lithogenic” fraction in one study determined using a
Fe:Al ratio (FREW et al., 2006) may have a different meaning than the “lithogenic”
fraction in a different study determined as the residual from an acetic acid leach
(LANDING and BRULAND, 1987) or simply as total inorganic particulate Fe (BOYD et
al., 2010).

Synchrotron-based X-ray absorption spectroscopic techniques such as X-ray
Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine

Structure (EXAFS) analyses can provide information about the oxidation state,
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mineralogy, and nearest-neighbour bonding distances of many elements including
iron in heterogeneous environmental samples (BROWN and STURCHIO, 2002;
MANCEAU et al., 2002). XANES and EXAFS can be done on “bulk” beamlines that
determine the average Fe speciation of a sample at the expense of minor species
(LAM and BisHOP, 2008; SCHROTH et al., 2009), or on micro-focused beamlines to
examine the speciation of single iron particles in detail (LAM et al., 2006). EXAFS
spectroscopy is more appropriate for distinguishing between compounds within a
group, especially for difficult-to-distinguish weakly crystalline Fe(III) species
(SCHROTH et al., 2009; TONER et al., 2009b). With typical EXAFS data collection
times of up to 8 hours per particle compared to less than 20 minutes for XANES,
EXAFS is not an appropriate technique for obtaining a representative view of the
speciation of marine particulate iron particles. The power of XANES lies in the
greater number of spectra that can be collected quickly and its ability to identify
some crystalline minerals, especially when XANES collection is extended into the
EXAFS region. The challenge with microprobe spectroscopy comes in balancing the
depth of information obtained from single particle analysis with the competing need
for collecting data from enough particles to create a representative picture of the
chemical composition of a sample.

Here we describe the application of a chemical species mapping technique for
determining the speciation of marine particulate iron. Chemical-species mapping is a
microprobe technique that combines the spatial information provided by

microfocused x-ray fluorescence (XRF) mapping with chemical information gleaned
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from single particle XANES to allow a rapid and statistically meaningful assessment
of the speciation of marine particulate iron. We show that chemical-species
mapping yields results for the average fraction of Fe(II) that are comparable to those
obtained from bulk spectroscopy, but also provides information about the spatial
distribution of species. In addition, chemical-species mapping can be used to detect
species which include a small minority of the overall Fe but which are locally
concentrated in micron-scale spots. This technique has been applied successfully to
quantify the spatial distribution of oxidation state of Se in plants (PICKERING et al.,
2000) and sediments (ORAM et al., 2008; SUTTON et al., 1995), Cr in ore processing
residue (CHRYSOCHOOU et al., 2009), and Fe in interplanetary dust particles
(MARcuUs, 2010; OGLIORE et al., 2010). To our knowledge, chemical-species

mapping has not been applied to the problem of marine particulate iron.

2. METHODS

2.1. Sample collection

Depth profiles of suspended marine particulate samples were collected using
McLane in-situ pumps during the Sources of IRon to the Eastern tropical North
Atlantic (SIRENA) cruise on the R/V Oceanus (OC449-3) in the eastern tropical
North Atlantic in September 2008 at five stations along an open ocean to coastal
transect (Figure 1a, Table 1). Station 1 furthest from shore was at the site of the

Tropical Eastern North Atlantic Time Series Observatory (TENATSO) station, and
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Station 6 closest to shore was in Mauritanian upwelling waters. There were no
particles collected at station 5. Eleven pumps were clamped onto a 700m non-
metallic wire (Hytrel-coated Vectran) to collect depth profiles of size-fractionated
marine particulate samples. Particulate samples were collected on the standard filter
suite used for large volume in-situ filtration (BISHOP and WoOD, 2008): paired quartz

fiber filters (Whatman QMA) of 1 m nominal pore size overlain by a 51 m polyester

filter in a 142mm filter holder manufactured by McLane. While the QMA filter has a
relatively coarse nominal pore size, it has far superior flow and particle distribution
characteristics compared to smaller pore-size “high-flow” plastic filters such as
polyethersulfone. All filters were acid leached in 10% HCI prior to use. Immediately
upon collection, filters were lightly misted with ultrapure deionized water under
vacuum to reduce salt from residual seawater, photographed, and dried at 60°C
overnight in a clean oven dedicated to drying suspended marine particles. Oven
drying was required to preserve the particulate organic carbon in our suspended
marine particulate samples, but likely led to some aging of Fe(III) species (RAISWELL
et al., 2010) (SCHWERTMANN and CORNELL, 2000). All filter processing and drying
was conducted in a HEPA-filtered clean environment.

Typical volumes filtered were about 1000 L over a 133 cm” active filter area,
resulting in a particle loading that is approximately four times that of filtration from a
typical 10L GO-Flo bottle onto a 25mm filter. Here we report particulate data from

the suspended (1-51 m) size fraction only. We also report x-ray data from 1-51 m
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suspended particulate samples collected previously from station K2 at 47°N, 161°E
in the Northwest Pacific (Figure 1b, Table 1). Sample collection details for K2
samples are reported in (BISHOP and WOOD, 2008); sample processing and storage
procedures were identical.

Sediment and aerosol samples were also collected during the SIRENA cruise
as putative endmember sources of marine particulate iron. A sediment sample
(“SIRENA core”) from the upper slope (313m) of the Mauritanian continental margin
was collected using a gravity corer (Figure 1a, Table 1). Sediment from the
uppermost part of the core was frozen upon collection and freeze dried on land for
analysis at the synchrotron. Because gravity corers disrupt the sediment-water
interface, this material does not represent true core-top. We also obtained 3
subsamples of true core-top sediments (“CH21”, “CH23”, “CH25”) collected using a
multi-corer along the continental slope (1000-2500m) on a previous cruise (OC437-
7) to the area in July 2007 (Figure 1a, Table 1).

Aerosol samples were collected when the ship was in transit using a sector-
controlled aerosol sampler mounted on the forward railing of the 02 deck of the

Oceanus. Samples were collected on acid-leached, pre-weighed 47mm 0.4 m

polycarbonate membrane filters (Nuclepore). Air was filtered only when the wind
speed was greater than 5 m/s and originated from the forward-pointing 180° of the
ship. Filters were changed after 40-100 m’ of air was filtered. Here we analyze three
aerosol samples (“SIA7C”, “SIA13C”, “SIA14C”) collected on OC449-2, the leg

immediately prior to SIRENA, when the prevailing wind direction was from the
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northeast and a fine coating of orange Sarahan dust covered the ship. SIA7C was
collected southwest of the SIRENA transect (not shown), and SIA13C and SIA14C
were collected just northwest of SIRENA stations 1 and 2 (Figure 1; Table 1).
Appropriate process blanks were collected for marine particulate and aerosol
samples. Blanks for marine particulates were QMA filters that had been exposed to
filtered seawater and processed identically to regular samples. Aerosol blanks were

polycarbonate filters that were loaded into filter holders with no pump connected.

2.2. Analytical methods

Subsamples of the top QMA filter (1-51 msize fraction) representing an

equivalent of 20-25L filtered seawater were leached in 0.6N HCI at 60°C overnight
(12-16 hours). This operational leach was used to be consistent with previous acid-
leachable particulate Fe data from the Subarctic Pacific (BISHOP and WoOD, 2008;
LaM and BisHOP, 2008; LAM et al., 2006). The leachate was filtered and diluted to
0.06N (1%) HCI and analyzed on an Element2 high resolution Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) with a Quartz spray chamber introduction
system to determine the concentrations of acid-leachable Fe. Mixed element external
standards in 1%HCI were used to determine calibration curves, and an internal

standard of 0.5ppb In was used to correct for instrument drift.

2.3. XRF data acquisition for chemical-species mapping (Fe speciation) analysis

10
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Six or seven depths from each 11-point suspended marine particle profile
from SIRENA and station K2 were chosen for XRF chemical-species mapping using
acid-leachable Fe concentrations determined from ICP-MS as a guide to resolve key
features in the profiles. All samples (marine particles, aerosol, and sediment
samples) were mounted dry and at ambient atmosphere for analysis at microprobe
beamline 10.3.2 at the Advanced Light Source (MARCUS et al., 2004). Sediment
samples were mounted without further size fractionation, and thus have a different
particle size spectrum than is found in the water column particles samples. A

randomly chosen 500 m x 500 m area was typically mapped using a beam spot size

of 5 m, a dwell time of 100ms, and a pixel size of 4 m. The mapping area represented

an equivalent volume filtered of 10-20mL for the eastern tropical North Atlantic
samples, and 20-40mL for the Northwest Pacific samples. Data reported here were
collected in January, March, and July 2010. The absolute energy of the
monochromator was calibrated using an Fe foil (Fe K-edge at 7110.75 eV) at the
beginning of each run and periodically throughout the run. Typically, counts in 10

spectral regions of interest were recorded for each map, including CaK (3510-
3850eV), CrK (5260-5660eV), and FeK (6150-6690 eV). The distance of the

seven-element Ge solid-state detector relative to the sample was adjusted for optimal
counts. XRF data for chemical-species maps were collected from blank filters or
substrates for each sample type and at each detector position used for samples.

Companion maps of an XRF thin film standard (Micromatter™, Vancouver, Canada)

11
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for Fe (43.9 g Fe/cm’) were collected at 7180eV for each detector position and

incident beam configuration to quantify total Fe concentrations in samples. For

comparison, blank corrected Fe loadings on all sample types ranged from 0.1-5.5 g

Fe/cm’,

Iron sulfides, Fe(II)-containing species (silicates, carbonates, and oxides), and
Fe(III) species (silicates and oxides) are easily separated on the basis of their spectral
features near the K-edge (MARCUS et al., 2008; O'DAY et al., 2004; WESTPHAL et al.,
2009). A representative compound from each of these three groups was chosen as
input spectra for calculating chemical-species maps: 1) pyrite to represent Fe
sulfides, 2) biotite to represent Fe(Il)-containing species, and 3) 2-line ferrihydrite to
represent Fe(III) species (Figure 2a). These three model compounds were chosen
because they appeared frequently in linear combination fits of XANES spectra of
marine sediments and suspended particles, and also have distinct spectral features
relative to one another. Chemical-species maps generated using input spectra from
averages of the most common pyrite-like, biotite-like, and ferrihydrite-like spectra
from the marine samples gave very similar results.

The selection of energies used for chemical-species mapping was fine-tuned
using an error minimization and analysis program available at the beamline
(MARCcus, 2010). Most XRF maps for quantitative chemical-species mapping
analyses were acquired at 7105, 7118, 7124, and 7180 eV. Some maps collected in

January 2010 were acquired with an intermediate energy of 7117eV instead of

12
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7118eV, but errors were similar for both sets of energies. The lowest (7105eV) and
highest (7180eV) energy maps were selected to determine the background and total

counts in the FeK channel. The intermediate two energies were chosen to maximize

the difference in spectral features between the three input components. All XRF maps
used to generate chemical-species maps were corrected for detector deadtime and
registered to each other to compensate for sample motion between maps-using the Ca

K channel.

Maps of Fe species (“chemical-species maps”) were calculated using the three
input spectra above and assuming a constant background spectrum. The chemical-
species mapping calculation partitions total apparent Fe counts at 7180eV into 4
channels: background counts from scatter and other non-Fe sources, Fe sulfides,

Fe(Il)-containing species, and Fe(III) species.

2.4. Accuracy of Fe species determination from chemical-species maps

The chemical-species mapping procedure in essence takes a 4-point XANES
spectrum at each pixel in the map (Figure 2b), and then fits that spectrum with a
linear combination of the 4-point XANES spectra of the 3 input components (pyrite,
biotite, ferrihydrite). We used the error analysis program mentioned earlier to test the
accuracy of describing known model compounds using the above energies and input
spectra. Sulfides other than pyrite such as pyrrhotite (FeS, ), whose near-edge

structures are slightly different than pyrite, were correctly identified as mostly

13
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sulfidic (~90% pyrite-like). We found that many non-sulfidic compounds, especially
non-sulfidic Fe(Il)-containing species such as volcanic glass, augite and pigeonite
(pyroxenes), ilmenite (iron-titanium oxide spinel), and fayalite (olivine) were falsely
identified as containing up to 44% pyrite (Table 2). Fe(II) and Fe(IIl) species were
much less frequently falsely identified.

While the chemical species mapping parameters leads to some false positives,
this error analysis nonetheless demonstrates that most model compounds are
correctly classified into the three groups defined by our method. We calculated an
equivalent oxidation state from the fractions of Fe(III), Fe(Il), and sulfide attributed
to each model compound from the chemical species mapping method, assuming that
the Fe(II)-containing species and sulfides had an oxidation state of 2.0, and that
Fe(III) species had an oxidation state of 3.0 (Table 2). The equivalent oxidation state
from chemical species mapping compared favorably to the expected oxidation state
from the chemical formulae as well as to the oxidation state determined from an
internally self-calibrating method that relies on spectral features such as the energy
difference between the white line and the pre-edge peak (MARCUS et al., 2008)

(Table 2).

2.5. | dentification and quantification of pyritein marine and aerosol samples
In suspended marine particulate samples, true pyrite particles with
compositions verified by XANES spectroscopy were easily identified in the pyrite

channel images as small spots with relatively high count rates, and low or no
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associated counts in the Fe(Il) or Fe(III) channels (Figure 3). In contrast, “false”
pyrite particles frequently appeared co-located with Fe(Il) and Fe(IIl) spots that had
high count rates. Indeed, over-absorption effects from concentrated Fe spots could
be another source of false pyrite: thick or concentrated samples lead to a saturation of
the fluorescence response, lowering the apparent energy of the main absorption edge
and resulting in an underestimate of the overall valence (MARCUS, 2010). Linear
combination fitting of a XANES spectrum of one of the spots in the pyrite channel
that was co-located with a very bright spot in the Fe(II) channel showed a
composition of 18% biotite (Fe(Il) mica), 39% akaganeite (Fe(IlI) oxyhydroxide),
and 40% augite (Fe(II) pyroxene) (Figure 3f). Overabsorption and the presence of
augite, one of the minerals that is falsely identified as pyrite by our chemical-species
mapping parameters (Table 2), were likely both sources of false pyrite in this particle.
For marine and aerosol samples, most of the counts in the pyrite channel were
due to non-sulfidic Fe(II) from overabsorption effects and false attribution of pyrite
from certain Fe(II)-containing species. Indiscriminate quantification of all counts
from a pyrite map would thus be a significant overestimate of true pyrite, with the
error depending on the intensity and identity of the non-sulfidic iron. It is impossible
to automatically correct for these sources of error with only information from the
chemical species maps. Instead we manually identified all particles appearing in the
pyrite channel that were not co-located with intense spots in the Fe(II) or Fe(IlI)
channels. Since the number of pyrite particles identified by these criteria was small,

we verified the identities of these spots by XANES. In the example given in Figure
15
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3, applying these criteria results in the identification of 6 true pyrite particles out of a
total of more than a dozen spots appearing in the pyrite chemical species map for this
sample. To estimate the systematics of true pyrite concentration in the eastern
tropical North Atlantic, we summed the count rates of the pixels of each XANES-

verified true pyrite particle, converted to g Fe with the XRF standard, and divided by

the equivalent volume that was filtered through the mapped area to derive a pyrite
concentration in the water column. This is a lower bound estimate of true pyrite
concentration, since our criteria may underestimate the number of pyrite particles
present, and thick particles will be underweighed because of beam penetration depth

CITrors.

2.6. Quantification of aver age oxidation state from chemical-species maps

The area-normalized counts of each chemical species were determined by
summing the counts from all pixels in each chemical-species map channel
(background, pyrite, Fe(Il)-containing species, Fe(IlI) species) and normalizing by
area mapped. The area-normalized counts of each chemical species (including
background) of process blank samples were subtracted from the samples, and blank-

subtracted counts were then converted to g Fe using the XRF thin film standards. For

marine suspended particles, the blank QMA filters contributed most of the
background counts in the sample chemical-species maps, probably due to scatter

from the quartz fibers that make up the filter. Blank QMA filters also contained an

16
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average of 172426 ng Fe/cm’, of which 78% was in Fe(II) form, but this was a small

fraction of sample iron, whose loading ranged from 22-1200 g/cm’. The iron content

of blank polycarbonate filters was negligible.

Because most of the counts in the pyrite channel are due to non-sulfidic Fe(Il)
for marine and aerosol samples, we add the counts in the pyrite channel to the Fe(Il)-
compound fraction and quantify total Fe(II)-containing species. Total Fe'is the sum
of the pyrite, Fe(Il)-compound, and Fe(IlI)-compound channels. The average
oxidation state from chemical-species mapping is simply the fraction of total Fe in
the Fe(III) channel.

Most of the particles appearing in the pyrite channel of the chemical-species
map of SIRENA sediments were confirmed by XANES to be true pyrite. There were
too many pyrite particles in the chemical-species map of SIRENA sediments to count
individually as was done for the water column samples. The abundance of pyrite,
Fe(II)-containing species and Fe(IIl) species in the SIRENA sediments were
estimated simply as the blank-corrected sum of counts in each respective channel.
Because the Fe(II)-compound abundance was less than the pyrite abundance for this
sample, the “false” pyrite signal due to non-sulfidic Fe(II)-containing species was
likely a small percentage of the true pyrite signal. Nonetheless, the estimates of
sedimentary pyrite concentrations are upper limits.

It should be noted that because samples were processed and stored dry at
ambient temperature and atmosphere, the relative and absolute concentrations of

Fe(II) that we report are a lower limit and represent the refractory Fe(Il) only, as any
17
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organically complexed Fe(II) (TONER et al., 2009a) that might be present in the

oxygen depeleted zones would have oxidized by the time of our analysis.

2.7. -XANESdata acquisition and linear combination fitting

To resolve the chemical speciation of particulate iron more finely than ‘was
possible from chemical species mapping, we collected extended micro-focused
XANES ( -XANES) spectra at the Fe K-edge from micron-scale Fe-rich spots from
samples from station K2 in the Northwest Pacific and from the SIRENA cruise in the
Eastern Tropical North Atlantic.

All -XANES data collection extended 300eV above the Fe K-edge to aid in
normalization and to pick up some EXAFS signal to better constrain the
identification of unknown Fe-rich spots. A reproducible glitch in the monochromator
at 7263.42 eV was used as an internal energy calibration. Extended -XANES spectra
were collected from 7010-7414 eV, with 0.5 eV step sizes in the XANES region
(7095-7140eV) and near the monochromator glitch (7255-7275eV), and coarser step
sizes (1, 2, 5 €V) in the extended region (7140-7414eV). The incident beam spot size
was adjusted depending on the intensity of the particle count rate, but was typically
12 m x 4 m. Spectra were corrected for detector deadtime and energy drift, the pre-
edge background was removed, and spectra were normalized before fitting.

XANES spectra of iron-rich micron-scale particles were collected from four

groups of samples: 102 particles from 7 marine particulate samples from station K2
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in the Northwest Pacific (group 1), 222 particles from 32 marine particulate samples
from the eastern tropical North Atlantic (group 2), 28 particles from three aerosol
samples from the eastern tropical North Atlantic (group 3), and 13 particles from 1

sediment sample from the Mauritanian margin (group 4). Typically, -XANES

spectra of five to fifteen micron-scale Fe-rich particles were collected for each

sample.

For samples from the Northwest Pacific (group 1), -XANES spectra were

collected before we had the benefit of chemical species maps to guide spot selection,
so the XANES data are a random selection of Fe species. For samples from the
SIRENA cruise in the North Atlantic (groups 2-4), the chemical-species maps were

used to guide the selection of Fe-rich spots.on which to collect -XANES spectra.

One of the goals of XANES spectra collection from the SIRENA samples was to
verify the identification of pyrite and Fe(II) spots by the chemical-species mapping
procedure, so we preferentially chose Fe(Il) and pyrite spots identified by chemical-
species mapping for XANES analysis. An analysis of the XANES dataset from the
SIRENA samples would thus be biased towards the Fe(II) and pyrite species, even
though these represented a small fraction of the total Fe (Figures 5, 6).

A library of extended XANES spectra of 35 Fe-containing model compounds
(Table 2) maintained at beamline 10.3.2 was used to fit each sample spectrum. These
model compounds represented a range of Fe(IIl) and refractory Fe(II) oxides,

silicates, carbonates, and sulfides that might be found in suspended marine particles,
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sediments, and aerosols. Fe metal was also included to account for occasional
contamination from metal dust.

Some of these model compounds exhibited significant similarities in their
spectral features. Using software available at beamline 10.3.2, we performed
principal component analysis (PCA) on the 35 model compounds to determine which
model compounds group together based on spectral features. We selected the first
six principal components, and used an experimental viewer program (not yet part of
the on-line collection) that allowed the visualization of how the XANES spectra
clustered in an abstract PCA space whose coordinates are the loadings of the PCA
abstract components. This program plots any combination of two PCA loadings
against any other such combination, thus projecting the set of points (spectra) onto
two dimensions with interactive control of the projection. The first principal
component (PCO) defines the basic shape of an Fe K-edge XANES spectrum.
Plotting the loadings of the reference compounds onto the second (PC1) and third
(PC2) principal components easily separates the three main groups of references—
Fe(IlI), Fe(II)-containing species, and sulfides—with PC1 separating on the basis of
oxidation state; and PC2 pulling out the sulfides and Fe metal from the rest of the
reference compounds (Figure 4a). Within these three groups, clusters of reference
compounds could be identified. Figure 4b shows the effect of projecting onto a plane
whose axes are weighted sums of the loadings of PC2 and PC4, and PC1 and PC3. If
two or more points stayed together despite changes in the projection viewed, then

they were considered to be adjacent in the multidimensional PCA space.
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We found that the Fe(I1I) species could not easily be subdivided further,
confirming the difficulty in separating Fe(III) species using XANES alone. Within
the "sulfide" group, disordered FeS and pyrrhotite clustered together, but were
distinct from pyrite and from Fe metal. Within the Fe(II)-containing species, six 1-5
compound "clusters" could be identified that remained together across several views,
and that generally corresponded to mineralogical groups (Figures 4a,b). The Fe(1l)
garnet almandine and the carbonate siderite were outliers and each formed a one
compound "group"; the volcanic glass grouped most closely with the clino- and
ortho-pyroxenes; a loose cluster consisting of olivine (fayalite), a sulfate salt
(FeSO4), and a phosphate mineral (vivianite) stayed closer to each other than to any
other groups; the spinels (magnetite and ilmenite) clustered in the region between the
Fe(III) species and the rest of the Fe(Il)-containing species. Although mixed valence
hornblende tended to cluster together with the spinels, we classified it together with
the Fe(II) phyllosilicates biotite and chlorite, since we observed that sample spectra
were often equally well fit with hornblende compared to a mixture of an Fe(II)
phyllosilicate and an Fe(IlI) species. The identification of the six clusters was not
sensitive to the total number of principal components chosen.

For each sample XANES spectrum, we used a least squares fitting procedure
that selected the best fits from among the 6545 unique non-negative combinations of
the 35 model compounds taken three at a time. Because of the difficulty in using
XANES to distinguish between Fe(IIl) species, the likely aging of Fe(IIl) species due

to our preservation methods, and the different modes of spot selection in the Atlantic
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compared to Pacific samples, we report the mineralogy of refractory Fe(II)-
containing species and sulfides only. The contributions of model compounds from
linear combination fitting were summed for all particles within each of the four
groups of samples (suspended marine particles from each basin, Saharan aerosol
samples, and Mauritanian sediments). Summed Fe(II)-containing model compounds
were grouped according to the six clusters identified in the principal component
analysis.

It should be noted that the hundreds of XANES spectra we collected were
nonetheless still a small fraction of all iron-rich particles in each sample, and
quantification of the contribution of specific model compounds to the overall
suspended particulate iron is difficult. Here, we are primarily concerned with
comparing the assemblage of chemical species between groups of samples, and the
prevalence of Fe(II)-containing mineral groups should be taken as a qualitative rather
than quantitative description of mineral composition. For quantification of chemical

species, we use chemical-species mapping.

3. RESULTSAND DISCUSSION

3.1. Evaluation of average oxidation state from chemical-species maps
We compared the average oxidation state of samples from station K2 from the
Northwest Pacific determined by chemical-species mapping at microprobe beamline

10.3.2 to the average oxidation state determined from bulk XANES data collected
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previously on the same samples at SSRL beamline 7-3 (LAM and BiSHOP, 2008).

Chemical-species maps are typically made over a 500 m x 500 m area, whereas the

bulk XANES data integrate over the beam spot size of 2mm x 15 mm. The average
oxidation state of the bulk data was determined using two empirical methods: the first
uses an empirical relationship between the absolute energy of the centroid of the pre-
edge peak and the redox ratio of mixtures of octahedrally coordinated Fe minerals
(LAM and BisHOP, 2008; WILKE et al., 2001); the second method uses a “‘self-
calibrating” method that relates the relative energy differences between the main
edge and pre-edge features to the true oxidation states of model compounds (MARCUS
et al., 2008). The centroid method has the advantage of relying only on data taken at
the foot of the edge, where absorbance is low and overabsorption is not a problem.
This self-calibrating method has the advantage of being independent of absolute
energy calibration of the beamline:

We found a systematic offset in the absolute partitioning of Fe(II) and Fe(III)
species to higher Fe(IIl) using the centroid method (bulk) (LAM and BisHOP, 2008)
compared to the chemical-species mapping (microprobe) or self-calibrating (bulk)
methods. This offset disappeared when a consistent Fe foil calibration of 7110.75 eV
was used for all data, and the agreement between the three methods was quite good,
all showing an influx of Fe(II) at around 135-185m (Figure 5). The agreement
between the chemical-species mapping method on microprobe data collected at ALS

beamline 10.3.2 and the centroid and self-calibrating methods on bulk data collected
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at SSRL beamline 7-3 suggests that the average oxidation state determined by

chemical-species mapping is comparable to that determined by bulk XANES.

3.2. Thedistribution of particulate Fe speciesin the water column

Chemical-species maps show that suspended marine particulate Fe from the
eastern tropical North Atlantic was overwhelmingly dominated by Fe(IIL) species
(Figures 5,6), accounting for an average of 90% of total iron. At very low total Fe
concentrations at shallow depths, a few Fe(II)-containing particles at stations 1 and 4
lowered the %Fe(IlI) to 60-70% at the surface. Absolute Fe(II) concentrations were
highest at station 6, the most coastal station, reaching 1.6nM at the total particulate
Fe maximum at 200m, but this still only accounted for 14% of total particulate Fe in
that sample.

At station K2 in the Northwest Pacific, maximum absolute Fe(II)
concentrations were similar (1.8nM at 185m) to the maximum at station 6 in the
North Atlantic (Figure 7), but the Fe(II)-containing species accounted for a
significantly higher proportion of total iron overall (35%), reaching a maximum of
43% within this subsurface feature (Figure 5).

The contrast in particulate iron concentrations and speciation between the
Atlantic and the Pacific can be best demonstrated by comparing SIRENA station 3 in
the eastern tropical North Atlantic with Station K2 in the Northwest Pacific. Both
stations are approximately 550 km from the nearest coast—the Mauritanian coast in

the North Atlantic, and the Kuril-Kamchatka volcanic margin in the Northwest
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Pacific. Station 3 in the North Atlantic has almost three-fold higher inventory of total
particulate iron in the upper 500 m, with 7.09 mmol Fe/m’ compared to 2.63 mmol
Fe/m’ in the Northwest Pacific station (Figure 8, Table 1). The Fe(Il) inventory at
station K2 (0.95 mmol Fe(II)/m”) was more than twice that of SIRENA station 3
(0.38 mmol (Fe(II)/m?), and was in fact closest to the Fe(II) inventory at SIRENA
station 6, only 140 km from the Mauritanian coast.

Pyrite particles were detected at stations 1, 4, and 6 in the eastern tropical
North Atlantic (Figures 6,9), but were not a significant contribution to total
particulate iron (Figure 7,9). The chemical species map and XANES spectra confirm
at least one pyrite particle at 235m in the Northwest Pacific as well (Figure 6f). The
apparent pyrite particle visible in the chemical map from station K2 at 61m was
likely due to contamination. While we did not take a XANES spectrum of this
particle, it was co-located with anomalously high chromium count rates, suggesting
that this was probably a stainless steel particle.

Acid-leachable Fe accounted for about half (52 16%) of total Fe in the eastern

tropical North Atlantic. Higher fractions (up to 85%) of acid-leachable Fe were
found at the most coastal station (Figure 9), suggesting that the coastal input of
particulate Fe is most labile. In the Northwest Pacific, acid-leachable Fe accounted
for a greater percentage of total Fe (78 6.4%), despite its higher percentage of Fe(Il).
Concentrations and inventories of acid-leachable Fe (2.1 mmol/m®) even exceeded

those of Fe(III) (1.7 mmol/m®) determined by chemical-species mapping, suggesting
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that this 0.6N HCI leach must be accessing a portion of the Fe(Il)-containing species
in station K2 samples. Indeed, a cold, 24 hour 1N HCI leach was found to dissolve
some Fe(II) minerals (RAISWELL et al., 1994). The relatively low fraction of total Fe
that was acid-leachable in the eastern tropical North Atlantic implies that the
dominant Fe(III) species contain a highly refractory pool. A more detailed
examination of the Fe(Ill) mineralogy of these samples by EXAFS spectroscopy;,
and/or a spectroscopic comparison of leached and unleached samples, may shed light

on which phases are resistant to the acid leach.

3.3. Mineralogy of refractory Fe(l1)-containing species

In all groups of samples, the most common group of refractory Fe(Il)-
containing compounds in fits were the phyllosilicates+Hb, which include the
minerals biotite, chlorite, and hornblende (Hb) (Figure 10). At station K2 in the
Northwest Pacific, the spinels such as magnetite were the second most abundant
group, whereas the pyroxenes+Gla were the second most abundant group in all
SIRENA samples from the eastern tropical North Atlantic. Overall, the diversity of
Fe(Il)-containing minerals was higher in the SIRENA samples than the K2 samples.

Both the higher abundance and lower diversity of Fe(Il)-containing minerals
in the Northwest Pacific suspended particulate matter (SPM) is consistent with the
Kuril-Kamchatka volcanic margin being the single dominant source of Fe(II)-
containing minerals to the Northwest Pacific. In contrast, the higher diversity of

Fe(II)-containing minerals in SIRENA samples suggests multiple sources. Indeed,
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Saharan dust can originate from many potential source regions in Africa (CHIAPELLO
et al., 1997), which could contribute to the mineral diversity. The overall similarity
of the mineral assemblages in the aerosols, sediments, and SPM suggests that
Saharan dust is the ultimate source of lithogenic material to the water column,
whether by direct deposition as suspended particulate matter, or indirectly via
deposition into the sediments and subsequent resuspension and lateral transport. In
general, Fe(I) mineral assemblages of the sediments and aerosols are too similar to
be able to use mineralogy to quantify their relative contributions to the water column.
The exception to this is the presence of the mineral siderite in the SIRENA sediments
and SPM, but not in the aerosols (Figure 10), which, similar to pyrite discussed

below, might be a qualitative tracer of a margin influence.

3.4. Pyrite: auniquetracer of lateral export from a highly productive margin
The dominant iron sulfide found in the water column was pyrite. We
positively identified a total of 39 pyrite-containing particles at stations 1, 4, and 6 in
SIRENA suspended marine particle samples from the eastern tropical North Atlantic
(Figures 5,8), with the highest number (n=29) and concentration (64 pM) of pyrite at
station 6, closest to shore. The intermediate stations 2 and 3 did not contain pyrite.

While pyrite was always an insignificant fraction of total iron, its presence is
indicative of oceanographic processes.
It is unlikely that pyrite observed in suspended marine particle samples

formed authigenically in the bulk water column, since pyrite formation requires the
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absence of oxygen and water column dissolved oxygen levels in the North Atlantic

transect never drop below 40 mol/kg (Figure 9). While it is possible that micro-

environments in water column particle aggregates might be more conducive to pyrite
formation, it is more likely that the impingement of low oxygen waters on the highly
productive Mauritanian continental margin leads to very shallow diagenetic
formation of pyrite in continental margin sediments (MORSE and CORNWELL, 1987),
which can then be resuspended and advected laterally into the water column. Indeed,
chemical species mapping of the SIRENA core near-surface sediments collected
from the Mauritanian margin shows abundant pure pyrite particles (Figure 11), which
we confirmed by XANES spectroscopy. The Mauritanian sediments were composed
of up to 45% pyrite, 19% Fe(Il)-containing species, and 36% Fe(IlI) species. For
comparison, none of the aerosol samples contained any pyrite (Figure 11). Like the
suspended marine particles in this region, Saharan aerosols were dominated by
Fe(III) species (87-97% Fe(Ill)). Pyrite nanoparticles from hydrothermal vents have
recently been hypothesized to be transported long distances in the deep ocean
(YUCEL et al., 2011). As hydrothermal iron is unlikely to affect our suspended
particulate samples, which were all collected at water depths shallower than 700m,
the pyrite that we observe is thus a unique tracer of resuspended continental margin
sediments that have been advected laterally. Indeed, microscopic examination has
shown that pyrite is the dominant iron sulfide mineral in sediments (MORSE and
CORNWELL, 1987), consistent with the sediments being the source of pyrite to the

water column.
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An estimate of the geographical extent of the oxygen minimum zone from the
World Ocean Atlas 2009 (WOAO09) data (GARCIA et al., 2010) explains the patchy
observations of pyrite in the water column along our coastal to open ocean transect.
The cruise transect was on the edge of the oxygen minimum tongue, and stations 2
and 3 fell outside the 85 mol/kg isoline of the WOAOQ9 dissolved oxygen
concentration (Figure 1a). CTD-derived oxygen profiles taken during the cruise
confirmed that stations 2 and 3 had higher dissolved oxygen levels (Figure 9). Pyrite
was only present when water column oxygen concentrations were 70 mol/kg or less
(Figure 12), conditions met in the subsurface at stations 1, 4, and 6.

Using an empirical pyrite oxidation rate law determined for a temperature of
25°C (WILLIAMSON and RIMSTIDT, 1994), we calculate a rate of pyrite oxidation of
4.2 x 10" mol m” s" at an oxygen concentration of 70 M and assumed pH of 8.1.
Subsurface temperatures at the depth of the continental margin are closer to 10-15°C,
which would further slow the rate of oxidation. Pyrite particles in the chemical
species maps of suspended particles were typically a single pixel in size, putting their
maximum diameter at 4 m. The Stokes sinking velocities of 1 m and 4 m spherical
pyrite particles in 25°C seawater are 1.7x10" cm s™ and 2.7x10” cm s, In
comparison, the zonal velocities at 200m are up to 10 cm s™ in this region (STRAMMA
et al., 2005), leading to a transit time from the coast to the most offshore station 900
km away of at least 104 days. In that time, a 1 m and 4 m pyrite particle will have

sunk 15 m and 240 m, respectively, and 46% and 86% of the original I m and 4 m
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pyrite particles would have survived oxidation (RAISWELL et al., 2009). At 200 M
dissolved oxygen, the 1 m particle would be completely oxidized, but 64% of the

4 m particle would have survived. Our calculations demonstrate that small,

resuspended pyrite particles from the continental margin could easily survive the
lateral transport to the water column hundreds of kilometers away in oxygen depleted
waters.

The waters at stations 2 and 3 were likely more influenced by the more
oxygenated descending limb of the Canary Current, whereas the waters at stations 1,
4, and 6 were within the oxygen minimum tongue. Core top sediments from box
cores collected along the continental slope show a few particles of pyrite at two
stations located within the oxygen minimum tongue, but not at a station north of the
tongue (Figures 1,9). These core-top sediments were collected between 1440m and
2700m (Table 1), so are unlikely to be a source of pyrite to the upper water column.
We interpret the pyrite in these core-top sediments to be from particles falling from
the water column above rather than production within the sediments, since bottom
waters at all three stations were well oxygenated. The distribution of pyrite in water
column and core-top sediments suggests that the extent of pyrite in the water column
likely maps onto that of the oxygen minimum tongue.

Examination of the other non-sulfidic minerals in the SIRENA core suggests
that siderite could also be a tracer of resuspended continental margin sediments.

Siderite is an Fe(II)-carbonate mineral that is also formed diagenetically in anoxic
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and low sulfate sediments (MOZLEY, 1989). While its presence in marine sediments
was thought to be rare (BERNER, 1971), it has nonetheless been found in modern high
productivity anoxic marine sediments below the sulfate reduction zone (HAESE et al.,
1997). Siderite has a unique XANES spectrum that is easily distinguished from other
minerals. It was relatively abundant in the SIRENA core XANES fits, did not.appear
in any of the fits to aerosol iron, and appeared, albeit rarely, in suspended marine
particles from SIRENA stations 4 and 6 closest to the margin, suggesting authigenic
formation of this carbonate mineral in the sediments and subsequent remobilization
into the water column (Figure 10). For samples from the eastern tropical North
Atlantic, the higher abundance of pyrite in the sediments and water column, and the
fact that we optimized our chemical-species mapping procedure to detect pyrite,
make it an easier tracer to detect than siderite. In the Northwest Pacific, however,
siderite was detected in two particles at 235m compared to a single pyrite particle at
185m. These depths were within the subsurface maximum in total iron that was
linked to the continental margin (LAM and BISHOP, 2008). Since both siderite and
pyrite require anoxic sediments for their formation, and since the oxygen minimum
zone 1s most intense north of station K2 towards the Kamchatka peninsula whereas
the water column is well oxygenated by the Kuril Islands (cf. Figure 1b), this
implicates the Kamchatka peninsula as a source of these minerals.

At the energies used to make the chemical-species maps here, siderite was
only detectable by sampling Fe(Il) spots using XANES by trial and error. The

siderite XANES spectrum is sufficiently unique that it should be possible to optimize
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the energies at which the input chemical-species maps are collected to uniquely
identify siderite. Since both siderite and pyrite require anoxic conditions for their
formation, the utility of these minerals as tracers for resuspended sediments from
continental margins is likely restricted to highly productive margins adjacent to

oXygen minimum zones.

3.5. Sources of iron to the eastern tropical North Atlantic

The lack of pyrite and increase in dissolved oxygen concentration in the water
column at stations 2 and 3 suggest that the shortest distance from the coast may not
necessarily represent the path of water masses to the SIRENA transect stations.
Nonetheless, it is still clear that the inventories of total pFe, Fe(Ill) species, pyrite,
and acid-leachable Fe decreased quickly with distance from the coast, supporting the
idea that the margin is a source of these iron species and particulate iron in general to
the water column (Figure 8). There was no clear trend in the inventory of Fe(II)-
containing species with distance from the coast, however, suggesting that
atmospheric deposition may be a relatively more important source of Fe(Il) to the

water column than for Fe(Ill), for which the margin source is strong (Figure 8).

4. CONCLUSIONS

We have shown that the average oxidation state by chemical-species mapping

is comparable to that determined by standard bulk spectroscopy techniques.
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Chemical-species mapping has the added advantages of providing a visual
representation of the extent and micron-scale spatial distribution of chemical species,
and easily identifying minor species such as pyrite, that would never be identified by
bulk techniques. In the case of the eastern tropical North Atlantic, pyrite was a
unique tracer for the lateral transport of resuspended sediments from the continental
margin into the water column. On a practical level, chemical-species mapping greatly
increases the efficiency of beamtime use by providing a species “guide” for selecting
which iron hotspots to target for more detailed analysis by XANES or EXAFS.

We found that the suspended marine particulate iron from the eastern tropical
North Atlantic is dominated by Fe(IIl) species, whereas iron from station K2 in the
Northwest Pacific has a much lower average oxidation state. Both the higher
abundance and lower diversity of Fe(Il)-containing minerals in the Northwest Pacific
is consistent with the Kuril-Kamchatka volcanic margin being the single dominant
source of Fe(II)-containing minerals to the Northwest Pacific. As the Kuril-
Kamchatka margin is a volcanic arc formed from the subduction of the Pacific Plate,
it is not surprising that this volcanic margin would be a better source of unweathered
Fe(II)-containing minerals compared to the highly weathered, Precambrian rocks that
form the Northwest African continent.

Studies of benthic iron flux from continental shelves have shown that reactive
iron can be exported off the shelf in an iron shuttling process (LYONS and
SEVERMANN, 2006; RAISWELL, 2011). In this process, dissolved Fe(Il) from

microbial reduction and dissolution of iron oxyhydroxides in sediments is mixed into
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the oxic water column by sediment resuspension events, re-oxidizes into
nanoparticulate oxyhydroxides that can settle down and participate in the reduction—
re-oxization loop again, or be transported away from the margin. Here we have
shown that the iron shuttle is not limited to nanoparticles. Indeed, our data suggest
that the physical events that help to mix reductively dissolved Fe-rich porewaters into
the oxic water column also serve to resuspend larger micron-scale sedimentary
particles, where they too can be transported offshore.

Our data demonstrate that the speciation of Fe of suspended particulate matter
in the open ocean reflects the lithology and sedimentary minerals of the adjacent
continental margin. Since the solubility of particulate iron has been shown to be a
function of its speciation, this may have implications for the bioavailability of

particulate iron adjacent to passive compared to active continental margins.
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Station Cruise# Latitud | Longitu | Date Water Distanc | HCl1 Fe | Fe(Il) Fe(III) Total Fe | Pyrite
e (°N) | de (°E) depth e from | inventor | inventor | inventor | inventor | inventor
coast y (mmol | y (mmol | y (mmol | y (mmol | y (mmol
(km) | m) m”) m”) m”) m”)

Suspended

particulate

matter

Stn 1 0C449-3 | 17.40 | -24.50 09/09/08 | 3525 900 3.90 0.63 5.72 6.36 4.58E-
05

Stn 2 0C449-3 | 1850 | -23.40 09/10/08 | 3700 750 4.25 0.79 6.36 7.15 0

Stn 3 0C449-3 | 18.99 -21.51 09/11/08 | 3300 550 3.62 0.38 6.74 7.09 0

Stn 4 0C449-3 | 19.39 -19.60 09/12/08 | 3250 345 8.04 0.69 9.55 10.24 2.74E-
03

Stn 6 0C449-3 | 19.85 -17.70 09/14/08 | 1330 140 13.67 1.00 15.02 16.00 1.20E-
02

Stn K2 RR_K2 47.00 161.00 | 07/31/05 | 5280 550 2.07 0.95 1.68 2.63 0

Sediments

Stn 5 0C449-3 | 19.88 -17.45 09/13/08 | 313

CH21 0C437-7 | 21.15 -18.60 07/19/07 | 2765

CH23 0C437-7 | 19.95 -17.87 07/19/07 | 1442

CH25 0C437-7 | 18.65 -17.32 07/21/07 | 2274

Aerosols Volume

filtered
(m’)

SIA7C-start | OC449-2 | 10.55 -35.09 08/18/08

SIA7C-stop | OC449-2 | 15.58 -30.55 08/21/08 | 100.0

SIA13C-start | OC449-2 | 18.53 -23.42 09/01/08
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SIA13C-stop | OC449-2 | 19.93 | -26.51 09/02/08 | 43.4
SIA14C-start | OC449-2 | 19.93 | -26.61 09/02/08
SIA14C-stop | OC449-2 | 17.40 | -24.51 09/03/08 | 46.2

Table 1: Locations and dates of sample collection. For suspended particulate matter, the inventory of Fe species and Total Fe in the
upper 500 m for each station are listed. HCI Fe is acid-leachable Fe determined by ICP-MS (see section 2.2). Other Fe species are

determined by chemical-species mapping.
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Chemical-species mapping Self-cal. Chemical
method formula
Mineral Mineralogical | Abbrev | Chemical Sulfide | Fe(ll) Fe(ll1l1) | Oxidati | Oxidation | Oxidation
classification : Formula fraction | fraction | fraction | on state | state state
Fe foil Metal Foil Fe' 0.646 0.248 0.040 1.9 2.06 0
Fe Sulfides
FeS Sulfide FeS Fe™'S 0.957 0.126 0.000 2.2 1.62 2
Pyrite Sulfide Pyr Fe™S, 1.000 0.000 0.000 2.0 2.11 2
Pyrrhotite Sulfide Prh Fe™ S, 0.903 0.189 0.000 2.2 2.06 2
Fe(l1)-containing minerals
Almandine Silicate-Fe-Al | Alm Fe™ ALSi,O,, 0.000 1.153 0.000 2.31 2.15 2
garnet
Augite Silicate- Aug (Ca,Na)(Mg,Fe”,Al 0.144 0.776 0.069 2.05 2.08 2/3 mix
clinopyroxene JFe™ TH)[(Si,A1,O ]
Biotite Silicate-Mica Bt KMg, Fe™ .AlSi,O, | 0.000 1.000 0.000 2.00 222 2
n(OH)| 7<F0 25
Fayalite60 Silicate-olivine | Fay Fe”',Si0,--Mg,SiO, | 0.097 0.981 0.000 2.16 2.18 2
(Fo40)
Ferrosilite Silicate- Fsil Fe""MgSi,0, 0.121 0.886 0.000 2.01 1.97 2
orthopyroxene
Seafloor Silicate-glass Gla N/A 0.433 0.603 0.000 2.07 1.99 N/A
Basalt Glass
Hornblende Silicate- Hb (Ca,Na), 0.042 0.615 0.343 2.34 2.51 2/3 mix
Amphibole ,(Mg,Fe,Al),(Al,Si)
8077(OH’F)‘)
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Hypersthene | Silicate- Hyp Mg™ FeSiO, 0.176 0.880 0.000 2.11 1.94 2
orthopyroxene

Ilmenite Oxide-Ti IIm Fe*'TiO, 0.135 0.445 0.413 2.40 2.14 2
oxide/spinel

Iron sulfate Sulfate salt SO4 Fe'SO, 0.000 1.035 0.000 2.07 243 2

Magnetite Oxide-Spinel Mgn Fe,"Fe™0, 0.089 0.364 0.572 2.62 2.51 2.67

Pigeonite Silicate- Pig Mg, . Fe”, ..Ca,,Si, |0.107 0.721 0.158 2.13 2.05 2
clinopyroxene .

Ripidolite Silicate- Chl (Mg,Fe™).Al(Si,Al) | 0.004 0.932 0.062 2.06 242 2

(CCa-2) Chlorite O,(OH),

Siderite Carbonate Sid Fe*'CO, 0.000 1.105 0.000 2.2 2.16 2

Vivianite Phosphate Viv Fe",(PO,),-8H,0 0.000 0.867 0.106 2.05 2.35 2

Fe(lll)

species

Aegirine Silicate- Aeg NaFe™(Si,0,) 0.000 0.322 0.670 2.65 2.68 3

powder avg | clinopyroxene

Akaganeite Oxide- Aka Fe”*O(OH,Cl) 0.000 0.052 0.969 3.01 3.04 3
oxyhydroxide

Andradite Silicate-Ca-Fe | And Ca,Fe™,Si,0,, 0.000 0.000 0.900 2.70 3.27 3
garnet

Biogenic Oxide- Box N/A 0.013 0.156 0.828 2.82 2.77 3

oxide oxyhydroxide

Ca Aluminosilicate | STx N/A 0.000 0.000 0.931 2.79 3.22 3

montmorillon | clay

ite (STx-1)

Fe Alginate | Organic Alg Fe-(CH,0,), 0.015 0.293 0.690 2.69 2.81 3
complex

Fe Dextran Organic Dex Fe-H(CH, O,) OH | 0.008 0.263 0.748 2.79 2.87 3
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complex
Ferrihydrite | Oxide- Fh2L Fe" .HO,T4H,0 0.000 0.000 1.000 3.00 3.01
(2-line) oxyhydroxide approx
Ferrihydrite | Oxide- FhoL Fe" HO,t4H,0 0.010 0.000 0.965 292 3.02
(6-line) oxyhydroxide approx
Ferrosmectite | Aluminosilicate | Smec N/A 0.009 0.000 0.989 2.99 3.13

clay
Goethite Oxide- Gt a-Fe”O(OH) 0.000 0.001 1.017 3.05 3.07

hydroxide
Hematite Oxide Ht Fe™,0, 0.000 0.007 1.021 3.08 3.07
Mlite (IMt-1) | Aluminosilicate | Il (K,H,0)(Al,Mg,Fe) | 0.000 0.166 0.845 2.87 2.78

clay ,(S1,A1),0,,[(OH),,(

HO)]

Lepidocrocit | Oxide- Lep g-Fe"O(OH) 0.000 0.000 0.974 2.92 3.07
e oxyhydroxide
Maghemite Oxide-Spinel Mgh g-Fe™,0, 0.026 0.030 0.916 2.86 2.84
Nontronite Silicate-clay Non Na0.3Fe™2Si,AlO,, | 0.000 0.000 0.989 2.97 3.21
Table 2: Fe-bearing model compounds used in linear combination fits. The fraction of Fe(IIl), Fe(Il), and sulfide attributed to each
compound by the chemical species mapping parameters chosen is listed, as well as the equivalent oxidation state calculated from these
fractions. Italicized values are false positives. For comparison, estimated oxidation states from a self-calibrating method based on the
energies of the main edge relative to the pre-edge (Marcus et al., 2008) and from chemical formulae are also given.
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FIGURE CAPTIONS
Figure 1. Maps of sample locations from a) the eastern tropical North Atlantic, and b)
the Northwest Pacific, overlaid on objectively analyzed dissolved oxygen

concentrations at 400m from the 2009 World Ocean Atlas. Contour lines are every

10 mol O,/L for a) and every 25 mol O,/L for b). In-situ pumping station locations

(0), sediment core sites (X), and aerosol collection transits (green bars) marked. For
the eastern tropical North Atlantic, water column and sediment samples containing
pyrite are plotted in red, and are located within the 85 pmol/L dissolved oxygen

contour line. Aerosol sample SIA7c¢ was collected to the west of the map area.

Figure 2: XANES spectra of the 3 input compounds to the chemical species map,
showing energies at which maps are taken (vertical black lines). a) full XANES
spectra. b) sampled XANES spectra of same input compounds at the 4 mapping
energies. Mapping energies were chosen to maximize the difference between the

three input compounds.

Figure 3: Chemical species maps (a-d) and XANES spectra (e-f) from a 400m
suspended marine particulate sample from station 6 in the eastern tropical North
Atlantic. Individual chemical species maps from the (a) pyrite (red), (b) Fe(II)
(green), and (c) Fe(IIl) (blue) channels; (d) tricolor map showing all three species;

XANES spectra for two particles denoted by the numbers 1 (e) and 2 (f) in the pyrite
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channel map. The best fit (black line) from linear combination of reference
compounds to the data (circles) is shown with the reference compounds in the fits

(colored lines). Each map is 500 m x 500 m with pixel size of 4 m. The maximum

color intensity of all three species has been set to 20,000cps. Typical maximum count
rates are 150,000cps for Fe(III), 75,000 cps for (Fe(I), and 20,000cps for pyrite. The
linearity of the color intensity for the pyrite channel is adjusted to accentuate lower

counts. Additional particles categorized as “true” pyrite are denoted by p in the pyrite

and tricolor maps.

Figure 4: Clustering of 35 model compounds by principal components analysis.
Panels show the loadings of each model compound onto a) principal components 1
and 2 (PC1, PC2), showing the separation into the 3 groups of references detected by
chemical species mapping (Fe(Ill) species, Fe(Il)-containing species, and sulfides),
and b) PC1 mixed with PC3 plotted against PC2 mixed with PC4. Identified clusters

of Fe(II)-containing species are color-coded and stay together in both views.

Figure 5: Fraction of total particulate Fe in the Fe(Ill) oxidation state in 1-51 m

suspended particulate samples from station K2 in the Northwest Pacific. a)
oxidation state determined by three methods: chemical species mapping (circles),
bulk XAS “self-calibrating” method (MARCUS et al., 2008) (diamonds), bulk XAS

centroid method (WILKE et al., 2001)(squares). b) mean and standard deviation of the
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oxidation state of particulate iron at station K2 as determined by chemical species

mapping, bulk XAS “self-calibrating”, and the shifted bulk XAS centroid methods.

Figure 6: Tricolor chemical species maps of 1-51 m suspended particulates from 5

stations in the eastern tropical North Atlantic (a-e), and from station K2 in the
Northwest Pacific (f) showing the spatial distribution of pyrite (red) Fe(Il)-containing
species (green) and Fe(IIl) species (blue). Depth of sample indicated. Color bars and

mapping parameters as for Figure 3.

Figure 7: Concentration of particulate Fe species in suspended marine particulate
material from the eastern tropical North Atlantic (a-e) and the Northwest Pacific (f).
Particulate iron species determined by chemical species mapping are pyrite (red
squares), Fe(Il)-containing species (green circles), Fe(IlI) species (dark blue upward
triangles), and total particulate Fe (black diamonds). For comparison, acid-leachable
particulate Fe determined by ICP-MS is plotted in cyan downward triangles. Note
that pyrite concentrations are a lower limit (see section 2.5). Error bars for acid-

leachable particulate Fe are standard deviations of select repeat measurements.

Figure 8: Inventory of particulate iron species integrated over the upper 500m as a
function of distance from the coast. SIRENA samples are dark circles; K2 are light

triangles. For SIRENA samples, station 1 is furthest from the coast.
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Figure 9: Section plots from SIRENA showing a) lower limit pyrite concentration, as
determined by the count rates of the pixels in each confirmed pyrite particle (see

section 2.5), b) fraction of total Fe that is acid-leachable, ¢) oxygen concentration for
CTD sensor, d) map of cruise track. Oxygen data are from the oxygen sensor on the

ship’s CTD, which was calibrated on the cruise immediately prior to this one.

Figure 10: Relative contribution of Fe(II)-containing model compounds in the four
major groups of samples: K2 suspended particulate matter (SPM) from the Northwest
Pacific, and SPM, sediments, and aerosols from the SIRENA project in the eastern
tropical North Atlantic. The mean and standard deviation of the percentage

contribution of Fe(Il)-containing species to total Fe from chemical-species maps is

indicated for each sample group.

Figure 11: Tricolor chemical species maps of Mauritanian sediments (top) and
Saharan Dust aerosols (bottom). The map sizes are 300um x 300um for CH23,
SIA13C2, SIA14C2; 400um x400um for SIRENA sediments; 500um x 500um for
CH21, CH25, and SIA7C2. Color bars and mapping parameters as for figure 3. For
lower slope sediment samples, pyrite particles that were verified by XANES are

€6_%

noted with a “p”. The red particle in CH21 was contamination from Fe metal.
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ACCEPTED MANUSCRIPT

1 Figure 12: Lower limit pyrite concentrations as a function of dissolved oxygen in the
2 water a column for SIRENA samples.

3
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Figure(8)
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Figure(10)
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