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Accumulation of Fe oxyhydroxides in the Peruvian oxygen
deficient zone implies non-oxygen dependent Fe oxidation
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Abstract :

Oxygen minimum zones (OMZs) have been proposed to be an important source of dissolved iron (Fe)
into the interior ocean. However, previous studies in OMZs have shown a sharp decrease in total
dissolved Fe (dFe) and/or dissolved Fe(ll) (dFe(ll)) concentrations at the shelf-break, despite constant
temperature, salinity and continued lack of oxygen across the shelf-break. The loss of both total dFe
and dFe(ll) suggests a conversion of the dFe to particulate form, but studies that have coupled the
reduction-oxidation (redox) speciation of both dissolved and particulate phases have not previously
been done. Here we have measured the redox speciation and concentrations of both dissolved and
particulate forms of Fe in samples collected during the U.S. GEOTRACES Eastern tropical Pacific Zonal
Transect (EPZT) cruise in 2013 (GP16). This complete data set allows us to assess possible
mechanisms for loss of dFe. We observed an offshore loss of dFe(ll) within the oxygen deficient zone
(ODZ2), where dissolved oxygen is undetectable, accompanied by an increase in total particulate Fe
(pFe). Total pFe concentrations were highest in the upper ODZ. X-ray absorption spectroscopy revealed
that the pFe maximum was primarily in the Fe(lll) form as Fe(lll) oxyhydroxides. The remarkable
similarity in the distributions of total particulate iron and nitrite suggests a role for nitrite in the oxidation
of dFe(ll) to pFe(lll). We present a conceptual model for the rapid redox cycling of Fe that occurs in
ODZs, despite the absence of oxygen.
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1. Introduction

1.1 Fe in seawater

Iron (Fe) is the most important trace metal in marine biogeochemistry due to its role as a
key limiting element to primary productivity in many regions of the ocean (Boyd et al., 2007).
Fe exists in two redox states in the environment, Fe(ll) and Fe(l11), with Fe(ll1) being the
thermodynamically favored form in oxygenated seawater. However, dissolved Fe(lH1) (dFe(l11))
becomes strongly hydrolyzed in seawater and forms Fe oxyhydroxides, which have a very low
solubility.

Dissolved Fe(I1) (dFe(l1)) is the more soluble form of Fe, but exists in‘ambient oxic
seawater at extremely low concentrations because of rapid oxidation by its two main oxidants,
oxygen (O2) and hydrogen peroxide (H,O,) (Millero and Sotolongo, 1989; Millero et al., 1987).
In surface oxygenated seawater, dFe(l1) is primarily generated by photochemical processes
(Johnson et al., 1994), and is viewed as a reactive intermediate in Fe cycling.

DFe(Il) exists at higher concentrations in.oxygen depleted marine sediments where it is
produced by dissimilatory Fe reducers that use Fe(111) to oxidize organic matter (Noffke et al.,
2012). If the water overlying these sediments is oxygenated, reduced dFe(ll) that diffuses from
sediments is quickly oxidized by O,0r H,0O, to dFe(l11), which forms colloidal and particulate
Fe(l11) (pFe(l11)) species. However, if the overlying waters are suboxic, the main oxidants for
Fe(I1) are absent, and consequently the Fe(ll) redox state is more stable and can exist at
nanomolar levels in the dissolved phase in oxygen deficient regions (Kondo and Moffett, 2013;
Vedamati et al., 2014).

So-called oxygen minimum zones (OMZs) in the ocean are defined as regions that show
distinct low oxygen layers at intermediate depths (~100-1000 m) (Bopp et al., 2002; Stramma et
al., 2008). - Global OMZ volumes are predicted to increase with climate change, with some
indications that this is already happening (Stramma et al., 2008). OMZs are generally found in
waters that have been isolated from the atmosphere due to sluggish circulation, and thus have
had their oxygen consumed by the oxidation of organic matter with no chance for renewal.
Globally there are three major open ocean areas that exhibit this pattern—the eastern tropical
Pacific, the eastern tropical Atlantic, and the Arabian Sea. Within these, the eastern tropical
Pacific and Arabian Sea have “oxygen deficient zones” (ODZs), which are defined as areas in

which dissolved oxygen is undetectable (Revsbech et al., 2009).



OMZs have been proposed to be a source of Fe to the interior ocean through an “open
marine iron shuttle” mechanism (Scholz et al., 2014b), in which elevated dFe(ll) that is
reductively mobilized from shelf sediments is exported into the ocean interior within the ODZ
(Lyons and Severmann, 2006; Raiswell and Canfield, 2012; Scholz et al., 2014b). Scholz et al.
(2014a) argue that Fe release from continental margin sediments is most effective in a narrow
redox window where neither oxygen nor sulfide is present. The implications for this are that
future deoxygenation in the Peru upwelling area might not result in increased Fe availability if
the water column becomes sulfidic, but partial deoxygenation may enhance the Fe supply to the
ocean from weaker OMZs.

The open marine Fe shuttle idea of Fe transport to the interior was based on a study of
excess Fe (particulate Fe in sediments in excess of an expected lithogenic component) in surface
sediments. It hypothesizes that dFe(l1) should be high throughout the ODZ, and be removed at
the oxycline below and at the offshore edge of the ODZ through oxidation and precipitation as
particulate Fe(111) (pFe(lll)).

However, in transects offshore from the broad Peruvian shelf, water column studies
found that both total dFe and dFe(lI1) dropped off quickly with distance from the coast. Hong
and Kester (1986) identified a chemical front about 30 km offshore in which both dFe(Il) and
total Fe dropped off sharply (from'~30 nM to ~1 nM), showing that most Fe appeared to be
trapped on the shelf. Likewise, both Bruland et al. (2005) and Vedamati et al. (2014) confirmed
the sharp decrease in total dFe and/or dFe(l1) concentrations at the shelf-break, despite constant
temperature, salinity-and continued lack of oxygen across the shelf-break.

The loss of both total dFe and dFe(l1) suggests a conversion of the dFe to particulate
form. The best evidence for this was a study by Landing and Bruland (1987), who measured
total dFe as well as reactive (leachable in acetic acid) and total pFe at several stations in the
Eastern Tropical North Pacific. In one offshore station, they found that the fraction of reactive
pFe increased slightly in the ODZ. They hypothesized that reduced dFe was scavenged to a
reactive particulate form, potentially low crystallinity oxyhydroxides, but they did not make
redox measurements of dissolved or particulate Fe. Similarly, Vedamati et al. (2014) concluded
that large lateral gradients observed in dissolved Fe across the shelf—slope break reflect
production of dFe(Il) by benthic processes on the shelf and dFe(Il) removal by “oxidative

scavenging”, but they did not make measurements of the particulate phase.



Our perspective on redox processes in ODZs has been transformed by new measurements
of dissolved oxygen enabled by STOX sensors (Revsbech et al., 2009; Tiano et al., 2014), which
reveal that dissolved O, levels are less than 10 nM, much lower than the micromolar detection
levels of conventional sensors or chemical assays. (Tiano et al., 2014) argued that with
detection limits this low, these waters are “functionally anoxic”. Indeed, it seems unlikely that
oxygen could be poised at the low nanomolar level over hundreds of meters and is probably truly
zero. Ulloa et al. (2012) went further and argued that ODZs with no STOX-detectable oxygen
should be renamed Anoxic Marine Zones (AMZ). This suggests that we must look closely at
linkages between Fe redox chemistry and the nitrogen cycle, since nitrate and nitrite are the only
remaining plausible oxidants of Fe.  Strong evidence for nitrate oxidation of Fe(ll) derived from
shelf sediments has been reported by (Scholz et al., 2016) who also reported genomic evidence
for the presence of microbes containing nitrate reductases that have been shown in other systems
to oxidize Fe(ll).

The U.S. GEOTRACES Eastern tropical Pacific Zonal Transect (EPZT) cruise in 2013
(GP16) provided an opportunity to study, for the first time, Fe redox chemistry in both the
dissolved and particulate phases in the water column on a transect extending to the westernmost
limits of the ODZ. It also enabled usto place our findings in the context of other observations,
including the distribution of other redox-reactive elements and radium-228 (Ra-228), which, like
Fe(l1), is also derived from marine sediments. This paper provides important insight into how
processes studied by Scholz and coworkers in near bottom waters on the continental margin
(Scholz et al., 2016) can be extended up into the water column and west to the offshore ODZ,

and shows that rapid redox cycling of iron occurs in ODZs, despite the absence of oxygen.

2. Study Area and sampling strategy

The U.S. GEOTRACES Eastern Pacific Zonal Transect cruise (GEOTRACES cruise
GP16) took place on the RV Thomas G. Thompson (TT-303) from 25 October to 20 December
2013 (Figure 1). The study area lies within the Humboldt Current system where southerly
winds are known to cause an offshore Ekman transport and coastal upwelling. The Peru
undercurrent, which is derived from the Equatorial Undercurrent, is in general known to be
nutrient rich but low in oxygen (Kessler, 2006). The upwelling of this nutrient rich water is

responsible for the high primary productivity at the Peruvian coast. Poor ventilation and the high



oxygen demand are responsible for the OMZ in this region, which extends westward from the
shelf from near surface to a depth of ~1000 m.

Three sampling systems were used to collect samples reported here: the 12-bottle Scripps
Oceanographic Data Facility (ODF) rosette for non-contamination prone elements, the U.S.
GEOTRACES sampling system of 24 Teflon-coated GO-FLO bottles (GTC Rosette) (Cutter and
Bruland, 2012) for contamination prone elements (dFe(ll) and dFe), and modified McLane
WTS-LV in-situ pumps for particulate samples. High quality hydrographic parameters for
oxygen, nitrite, nitrate measurements and shipboard data management were provided by the
Scripps ODF for water from both rosettes. Nutrient analyses were performed on a Seal
Analytical continuous flow Auto Analyzer 3. Nitrate was measured by first reducing it to nitrite
using a cadmium reduction column. Nitrite was measured by standard colorimetric analysis of
the red azo dye. Detection limits for NO3;+NO,", and NO," were each 0.02 uM. Dissolved
oxygen analyses were performed using a whole-bottle modified Winkler titration method using
an automated oxygen titrator. Detection limit was 0.90 pmol/kg. Standard WOCE and CLIVAR
protocols were used for all hydrographic measurements according to http://www.go-
ship.org/HydroMan.html; further descriptions of analytical procedures, precisions, and
calibration details are available at: http://cchdo.ucsd.edu/cruise/325020131025. Nitrite data from

the ODF rosette cast(s) closest tothe pump casts are used for comparisons to pump particles.
Oxygen profiles are from the upcast of the SBE43, a polarographic membrane oxygen sensor,
mounted on the ODF rosette, which was calibrated by Winkler titration noted above. The SBE43
typically has a detection limit of 1-2 umol O,/kg. Full resolution data for each system will be
available at BCO-DMO (http://data.bco-dmo.org/jg/dir/BCO/GEOTRACES/EPZTY/).

2.1 Particulate sampling

Sample collection was via dual-flow in-situ battery-powered pumps (modified McLane
WTS-LV) suspended from a non-metallic hydrowire (Hytrel-coated Vectran). In-situ pump
operations on GP16 were the same as used for GA03, the U.S. GEOTRACES North Atlantic
Zonal Transect, described in (Ohnemus and Lam, 2015). Briefly, pumps operated for 4 h at a
programmed rate of 8 L/min in a dual-flowpath configuration that allowed for simultaneous
collection of particles on two filter types: 51 um polyester prefilters were upstream of paired 0.8

pnm polyethersulfone (PES) filters (Supor800, 142 mm diameter, 126 mm active diameter) on
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one flowpath, and also upstream of paired quartz fiber filters (Whatman QMA) on the other
flowpath. All filters were acid-leached prior to use (Cutter et al., 2014) and loaded in mini-
MULVFS filter holders (Bishop et al., 2012). All sample handling was conducted in a self-built
HEPA-filtered clean room bubble using trace-element handling techniques and acid-cleaned
plastic equipment. Wedge-shaped subsamples of 51um prefilters and paired Supor filters were
cut using a ceramic rotary blade.

As soon as possible after the filter holders were brought on board, a small subsample (0.9
cm?, representing ~3 L of equivalent volume filtered) of the Supor filter was cut and transferred
into a glove box with a N, atmosphere, sealed in a gas impermeable Mylar bag, and kept frozen
to retard further oxidation of Fe in samples collected from the ODZ. This subsample was used
for synchrotron analysis of pFe speciation.

The rest of the Supor filter was dried at room temperature on acid-leached polystyrene
“eggcrate” grids in a HEPA-filtered flow hood, and subsequently stored in clear polyethylene
clean room bags (KNF Flexpak). Samples from Stations 1-4 were lightly misted with Milli-Q
water over gentle vacuum to reduce sea salt retention before drying; samples from Stations 5 and
later were simply sucked down over gentle vacuum before drying. Comparisons of misted and
unmisted samples from one station (Station 17) showed no significant difference in the
concentrations of non-salt-dominated elements determined by ICP-MS.

Dipped blank filters were also deployed on each cast to allow seawater exposure to blank
filters during deployment. These were complete filter sets that were processed identically to
samples and thus functioned as process blanks (Bishop et al., 2012; Ohnemus and Lam, 2015).
For Stations 1-21, dipped blank filter sets were loaded in mini-MULVFS filter holders that were

not connected to the pump plumbing with a 0.2 um Supor prefilter to exclude particles.

2.2 Seawater sampling

Dissolved seawater samples were collected using the U.S. GEOTRACES sampling
system of 24 Teflon-coated GO-FLO bottles (GTC Rosette) (Cutter and Bruland, 2012). At each
station, the bottles were deployed open and tripped on ascent at 3 m/min. GO-FLOs were
sampled in the GEOTRACES trace metal clean sampling van that contained HEPA-filtered air.
GO-FLO bottles were pressurized to ~0.4 atm with 0.2 um-filtered nitrogen (in contrast to

previous GEOTRACES cruises where compressed air was used). Redox sensitive parameters



were sampled first. Samples for total dissolved Fe were filtered using an Acropak-200 Supor
capsule filter (0.2 um pore size made of polyethersulfone). Before use, this filter had been filled
with acidified filtered surface seawater (pH 2 by Fisher TraceMetal™ grade HCI) and left
overnight to rinse. Before collecting any subsamples, at least 500 mL of seawater was passed
through the filter. Sample bottles for dFe were rinsed three times with 10 % sample volume
before filling. Acropak filters were used for at most 3 casts before a new filter was used, and they
were stored empty in a refrigerator while not in use.

For Fe(ll) determination, samples were collected downstream of the Acropak or in some
cases 0.2 um pore size Supor filters directly into polypropylene/polyethylene rubber-free
syringes (Air-Tite, VWR) via luer fittings. They were stored in a bucket containing ice and

analyzed in a clean van adjacent to the sampling van within 20 minutes.
3. Analytical Methods

3.1. Dissolved Fe concentrations
Samples for dFe were filtered into LDPE bottles that had been cleaned in accordance
with the GEOTRACES cookbook

(http://www.geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf). Samples

were acidified at sea with the equivalent of 4 mL of 6 N quartz-distilled HCI (g-HCI) per liter of
seawater (to pH 1.7-1.8), and were left acidified for at least several months prior to analysis in
the laboratory. Dissolved Fe was analyzed using an adaptation of Biller and Bruland (2012) as
described in Parker et al. (2016). Briefly, this method involves UV irradiating the samples, pre-
concentrating the metals of interest by loading seawater at pH 6.0 onto a column of Nobias-
chelate PA-1 resin and eluting with 1 N g-HNOj3, and analyzing the eluent on the Thermo-
Element High Resolution XR Inductively Coupled Plasma Mass Spectrometer at UC Santa Cruz.
Iron was analyzed in medium resolution in counting mode.

Two different blanks were determined and subtracted from sample values (Parker et al.
2016). Column blanks were analyzed each ICP-MS run by loading only a small volume (~1 mL)
of low-metal seawater and otherwise pre-concentrating and analyzing on the ICP-MS as usual.
The column blanks serve to alert us to any differences in the blank between columns and also

account for the blank of the analytical process, except from the reagents in the samples. For that
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we also analyze reagent blanks each ICP-MS run by preconcentrating low-metal seawater twice
with usual concentrations of reagents and twice with double the reagents, and subtracting the
resulting concentrations. The column blanks were used to calculate the detection limit (defined
as three times the standard deviation of the blank), which was 0.038 nM (n = 34) during analysis
of these samples.

As a quality control, SAFe reference samples were analyzed in the same preconcentration
and ICP-MS runs as the EPZT samples. Our analysis resulted in values for SAFe'S of 0.095 +
0.014 nmol/kg (n = 12), for SAFe D2 of 0.965 + 0.089 nmol/kg (n = 10), and for SAFe D1 of
0.68 + 0.07 (n = 6). These values are within one standard deviation of the May 2013 consensus
values of 0.093 + 0.008, 0.933 £ 0.023, and 0.67 + 0.04 nmol/kg, respectively.

3.2. Dissolved Fe(l1) concentrations

Dissolved Fe(ll) concentrations were determined using an automated flow injection
analysis system (FeLume Il Waterville Analytical) employing a luminol chemiluminescence
based detection system (King et al., 1995). Luminol, prepared in 18.2 MQ Milli-Q water and
buffered to ~pH — 10.3 with ammonia (Optima™'), reacts with an Fe(l1)-containing solution,
resulting in luminol oxidation with concurrent chemiluminescent emission (Croot and Laan,
2002; Rose and Waite, 2001). The FeL.ume was fitted with a standard quartz flow cell and a
Hamamatsu HC135 photon counter configured with the following settings: flow rate: 2.5 mL per
minute; photon counter integration time: 200 milliseconds; load time: 20 - 40 seconds. The
mixing and reaction occur in a spiral flow cell positioned in front of a photomultiplier tube. The
sample and luminol reagent was continually mixed in the flow cell by omitting the injection
valve (Hopkinson and Barbeau, 2007; Rose and Waite, 2001; Roy et al., 2008). Once the signal

was in steady-state, the mean of the last 50 data points was used to determine the signal.

Fe(I1) was quantified by standard additions of Fe(ll) (typically 0.05, 0.1, 0.5and 1
nM) to the samples of surface seawater (stored in the dark several days) or deep, oxygenated
water with low initial signals. A 0.01 M Fe(ll) stock solution was prepared with ferrous sulfate
(Sigma) in 0.2 M HCI. A working Fe(l1) standard solution (100 nM) was prepared daily.

Detection limits were determined for aged surface samples where ferrous Fe was negligible



based on a standard 36 evaluation of the baseline signal (Kondo and Moffett, 2013; Moffett et
al., 2007). This led to a detection limit of 14 pmol/L.

3.3. Particulate trace metal concentrations

Filter subsamples of the top Supor filter representing 6-12 % of the filter area (about 25-
50 L equivalent volume filtered) were digested for determination of total particulate trace metal
concentrations in the 0.8-51um size fraction. Digestion followed the two-step. method (Ohnemus
et al., 2014; Ohnemus and Lam, 2015), in which the polyethersulfone (PES) filter is first
completely dissolved in the highly oxidizing Piranha reagent, which is-3 parts concentrated (18.4
M, 98 %) sulfuric acid to 1 part concentrated (30- 32 %) hydrogen peroxide (H20), and then
lithogenic material is dissolved in a strong acid mixture containing 4 M each of HNO3, HCI, and
HF (Ohnemus et al., 2014). All reagents were Seastar Baseline-grade unless otherwise
mentioned. All digestions and PFA vial cleaning were conducted in a HEPA-filtered venting
fumehood at University of California, Santa Cruz (UCSC), within a HEPA-filtered room.

Slight modifications were made to minimize reagent usage in the Piranha step to
accelerate the dry-down process. Filter subsamples were cut into small pieces using a ceramic
blade before placing in 15 mL PFA vials (Savillex) to ensure that the entire filter material was
covered by the digestion solution. -Initially, 800 puL concentrated H,SO, was added to the vial
containing the cut filter pieces, along with 20 uL of a rhodium (Rh) spike (final concentration 1
ppb) to monitor potential loss during the digestion process. The vials were heated at 150 °C for
1.5 h with the lids-on loosely. The hotplate was then turned off, the lids taken off, and each vial
was gently swirled. ~After ~5 minutes, 265 pL concentrated H,O, was incrementally added to
each vial, generating the Piranha solution. After the first addition of H,O,, the hotplates were
turned on again at 100 °C followed by a second 265 pL H,0O, addition. The temperature was
then increased to 150°C for 30 minutes, followed by a third addition of 265 uL H,O,. After
each addition of H,O,, the lids were placed loosely atop the vials to allow a good reactivity of
the Piranha solution while also preventing loss associated with spatter.

Depending on the particle load and composition on each filter, three H,O, additions
resulted in liquid ranging from colorless to dark brown, with occasionally undissolved filter
pieces. In samples that were not colorless, additional smaller H,O, volumes (50-150 uL) were

added and the vials swirled until subsequent H,O, additions no longer generated a fizzing
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solution and a clear solution was attained. Vial blanks (reagents only) and dipped filter blanks
underwent the same procedures as the samples. After all solutions were clear, lids were
removed, and vials and inverted lids were carefully dried, first at 200 °C, then 220 °C, and
finally 235 °C for several hours until only a small droplet remained.

After the PES matrix was oxidized by the Piranha procedure, a mineral acid total
digestion was performed on the remaining particulate material (Ohnemus et al., 2014; Ohnemus
and Lam, 2015). Briefly, 2 mL of a freshly prepared mixture of HNO3, HCI, and HF (4 M each)
was refluxed for 4 hours at 135 °C, then dried down for several hours at 110 °C.

The final remaining droplet was brought up in 2 mL 5 % HNO3 with 1 ppb In as an
internal standard.  The final digest solution was diluted gravimetrically 5x and 20x using the
same 5 % HNO3/1 ppb In solution and analyzed by high-resolution Inductively Coupled Mass
Spectrometry (HR-ICP-MS) using an Element-XR ICP-MS (Thermo Scientific) with SC-FAST
(Elemental Scientific) sample introduction system and PC3 Peltier cooled quartz cyclonic spray
chamber in the UCSC Plasma Analytical Facility. Instrument drift and matrix effects were
corrected using the internal 1ppb In standard and monitored using a mixed element run standard.
Concentrations were determined using external standard curves of mixed trace elements
standards. The median dipped blank (15.0 nmol Fe/filter) was subtracted from all samples. The
detection limit (58.7 nmol Fe/filter) was defined as three times the standard deviation (19.6 nmol
Fe/filter) of 45 dipped blank filters, which translates to an approximate concentration detection
limit for pFe of 0.14 nM given typical volumes filtered. The resulting Fe data for the eastern
third of the transect is discussed in this present manuscript. Other particulate trace metal data will
be discussed in subsequent manuscripts.

The same digestion and analysis procedure was regularly applied to approximately 15 mg
each of two certified reference materials: BCR-414, a freshwater plankton, and PACS-2, a
coastal marine sediment. Meanztstandard deviation of recoveries for Fe were 106 + 13 % for

BCR-414 and 83 + 6 % for PACS-2.

3.4. Particulate iron speciation
We conducted a series of synchrotron-based X-ray measurements of the 0.8-51um particulate

size fraction collected by in-situ filtration during 3 visits to the Advanced Light Source (ALS)
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microprobe beamline 10.3.2 in Berkeley, CA, USA (Marcus et al., 2004) in 2014 and 2015.
Beamline 10.3.2 is a bending magnet microprobe beamline that uses a silicon (Si(111)) crystal
monochromator to create a monochromatic beam with a 2-15 um spot size. All measurements
were made in fluorescence mode using a Canberra 7-element UltraLEGe solid-state Ge detector.
For all measurements, the monochromator was calibrated to put the inflection point for Fe metal
at 7110.75 eV.

All samples were mounted dry in a manner that limited sample exposure to oxygen during
irradiation by X-ray beam (Toner et al., 2016; Zeng et al., 2013). Briefly, all sample preparation
was conducted in a portable Captair pyramid glove bag under argon (Ar) atmosphere. Samples,
which were stored under Ar or N, atmosphere at -20 °C, were mounted and sealed between two
layers of X-ray transparent, gas-impermeable Mylar film. The X-ray analysis was then
performed at ambient atmosphere.

3.4.1 Chemical species mapping

Chemical species maps were created to determine the redox speciation of particulate Fe in
our samples. X-Ray Fluorescence (XRF) maps were collected at four energies around the Fe K-
edge (Table 1). Typically, a randomly chosen 1000 pum x 250 um area was mapped using a
beam spot size of 5 um, a pixel size of 4 um, and a dwell time of 100 ms. The mapping area
represented an equivalent volume filtered of ~8 mL. Differences in sample to detector distances
or number of functioning detector elements between beamline visits were accounted for using a
thin-film XRF standard (Micromatter™, Vancouver, Canada) for Fe (43.9 pg Fe/cm®?), which
was mapped at the same beamline settings as the samples.

The pre-edge (7100 eV) and post-edge (7296 eV) energies to determine the background and
total FeKa counts, respectively, were identical for all beamline visits. The two intermediate
energies used to distinguish between Fe species varied slightly between beamline visits (Table 1)
as we optimized the analysis over the beamline visits with the help of an error minimization and
analysis program available at the beamline (Lam et al., 2012; Marcus, 2010). We chose the
following three Fe species as reference input spectra for calculating chemical species maps:
pyrite to represent Fe sulfides, FeSO, to represent Fe(ll)-containing species, and a hydrous ferric
oxide (“HFO-Fe4-P4”) to represent Fe(lll) species. The XANES spectra of both FeSO, and

HFO-Fe4-P4 have very little structure post edge, and were chosen specifically to represent
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generic Fe(ll)- and Fe(l11)-containing species, respectively. The chemical species mapping
calculation partitions total apparent Fe counts at 7296 eV into four channels: background counts
from scatter and non-Fe sources, Fe sulfides, Fe(ll) species, and Fe(l11) species. The proportion
of Fe attributed to each Fe species (Fe sulfide, Fe(ll), and Fe(l11)) was determined as the ratio of
counts in each Fe species channel to the sum of the three Fe species. Total pFe concentrations
were calculated from background-corrected counts in the 7296 eV channel using the Fe standard
to pug Fe/cm? and dividing by the equivalent volume filtered through the map area.
Concentrations of pFe species were calculated from total pFe and the proportion of Fe attributed

to each Fe species.

3.4.2 X-ray Absorption Spectroscopy

The attribution of Fe species from the chemical species mapping was verified by collecting
multiple Fe K-edge extended p-X-ray Absorption Near-Edge Structure (u-XANES) spectra for
each sample. A reproducible glitch in the monochromator at 7263.8 eV was used as an internal
energy calibration for each extended XANES spectrum. All Fe K-edge u-XANES data were
collected from 7010-7414 eV in quick-XAS mode (~45 seconds/sweep), with the finest energy
resolution (0.5 eV) in the XANES region (7095-7140 eV) and near the monochromator glitch
(7261-7271 eV), and coarser step sizes otherwise (1 eV between 7010-7095 eV and 7140-7261
eV, and 3 eV between 7271-7414 eV). Sweeps were repeated until signal to noise was
acceptable: typically 20-30 sweeps for each spot. For each spectrum, we corrected for detector
deadtime and energy drift, removed the pre-edge background, and normalized the spectrum
based on the extended region XANES region (~7250-7350 eV). Normalized XANES spectra
were fit using linear combination fitting of a library of extended Fe K-edge XANES spectra from
58 Fe reference minerals that represented a range of Fe(ll) and Fe(ll1) containing oxides,
silicates, carbonates, and sulfides (Table 2).

The identity of Fe(ll1) species in the ODZ was determined using Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy. EXAFS data were collected in quick-XAS fluorescence
mode (~1 minute/sweep) from 7000-7800 eV (to k = 13). More than 200 sweeps were collected
for each spot for adequate signal to noise in the EXAFS region. Sweeps were averaged,
deadtime corrected, and pre-edges were removed. Eo was determined as the energy halfway up
the edge step, and was 7123 eV for both samples. A cubic spline fit between 7131-7765 eV (k =

13



1.5-13) was used to remove the background and extract the EXAFS. The k3-weighted EXAFS
were fit by linear combination fitting of a library of EXAFS spectra of Fe(l11) species (Table 2).
The ten best fits were examined to assess the robustness of the species appearing in the fits.

There was no evidence of beam damage over the course of the multiple XANES or EXAFS
sweeps. For all XANES and EXAFS, the incident beam spot size was adjusted to maximize Fe
count rate without exceeding a total fluorescence count rate of 300,000 cps, and was typically 12
pm x 4 um (HxV). All synchrotron data processing was performed using LabView-based
software available at beamline 10.3.2 (https://sites.google.com/a/lbl.gov/microxas-Ibl-

gov/software).

3.5. Error estimates and corrections for particulate iron chemical species

We considered three sources of error in the quantitative estimate of pFe species by
chemical species mapping: 1) error that arises from mapping a small area of the sample, referred
to as distribution error, 2) error due to differences in the beamline between visits, referred to as
beamline error, and 3) error that arises from the chemical mapping parameters chosen, such as
the energies used for mapping and the choice of reference Fe species used to calculate the
chemical species map. We assessed the last source of error by taking multiple spot XANES
measurements to confirm the categorization by the mapping calculation, discussed further in
sections 3.4.2 and 4.3.2. We estimated the distribution error by mapping two randomly selected
areas of the filter during a single visit (GT2276 during the 201404 visit—see Table 3). We
found a relative standard deviation for the distribution (RSDygist) of 9%, 3%, 0.1%, and 4% for
%Fe(ll), %Fe(1l), %Fe-sulfide, and total Fe, respectively (Table 4). We assessed the beamline
error by mapping the same sample at two beamline visits and comparing Fe species
determinations. When we did this for a sample mapped during the 201404 and 201409 visits
(GT2326—-see Table 3), we found RSD2¢14peam 0F 16 %, 7 %, 8 %, and 11 % for %Fe(ll),
%Fe(1H), %Fe-sulfide, and total Fe, respectively (Table 4). When we applied this approach to a
sample measured in the 201409 and 201510 beamline visits (GT2443—see Table 3), however,
we found a much greater difference (RSD2014-150eam O 38-63 %--Table 4). All samples run in
2015 had anomalously high proportions of reduced Fe compared to samples run in 2014. In
2015, there were problems with a hydrocarbon residue coating on the vertical collimator. The

flare coming off this mirror increased the divergence onto the monochromator, yielding a
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degraded energy resolution that resulted in a vertical beam flare, which is erroneously detected
as X-ray absorption at lower energies and thus interpreted as the presence of reduced Fe. This is
clearly visualized by plotting the proportion of Fe(l1l), Fe(Il), and Fe-sulfide species for Station
5, which were mostly collected in 2015, compared to Stations 2 and 3, which were collected in
2014 (Figure 2).

A beam flare issue would also appear in XANES spectra as a shift to lower energies, so
using reference XANES spectra collected under the same beamline conditions in the chemical
map calculations should account for the artifact. To correct for the flare-induced erroneous
attribution of Fe to reduced species in 2015, we used a XANES spectrum taken from a sample in
2015 that appeared the most oxidized as an approximation of what a pure Fe(l11) reference
XANES would look like with the beam flare. The chemical map calculation was made with this
oxidized sample XANES spectrum instead of HFO as an Fe(l11) reference.

This approach yielded Fe species profiles that were shifted towards more oxidized Fe
throughout the water column compared to the raw profiles (Figure 2), and closer to the repeat
sample (GT2443 from Station 5, 200m) that was also run in 2014. Using the repeat sample, the
relative standard deviations between the 2014 and corrected 2015 data, RSD2015¢c0rr1 (16 % Fe(ll),
9 % Fe(lll), 27 % Fe sulfide) were much more similar to the typical variability encountered
between beamline visits in 2014 (RSD2g14peam) (Table 4).

4. Results

4.1. Oxygen and nitrite distribution

The stations reported here are the 11 stations sampled along 12°S closest to the Peruvian
shelf (Figure 1), which all showed a distinct ODZ (Figures 3, 4). At Stations 2 and 3 on the
shelf, oxygen decreased from the surface until the detection limit was reached around 70 m and
35 m, respectively (Figures 3, 4). At these 2 stations the ODZ reached the ocean floor (122 m
and 180 m). The upper depth of the ODZ was around 65 m at Station 4, deepening westward to
200 m by Station 11, while the lower bound of the ODZ shoaled westward from about 500 m at
Station 4 to about 240 m by Station 11. Oxygen levels were similar to those previously reported
for the region by Hong and Kester (1986), Noffke et al. (2012), Chever et al. (2015), and
Vedamati et al. (2014). The standard methods to determine oxygen concentrations used here

have detection limits of 1-2 uM and the nominal concentrations of oxygen within the ODZ were
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at or below this value. However, for reasons outlined previously (Tiano et al., 2014; Ulloa et
al., 2012), we assume oxygen concentrations are low enough that it is not important as an
oxidant, if not completely absent.

Nitrite concentrations were highest near the shelf, reaching ~10 uM at Stations 3, 4, and 5
(Figures 3, 4), and typically peaked in the upper part of the ODZ, with the depth of the peak
deepening westward from 69 m at Station 2 closest to the coast to 220 m at Station 11 furthest
offshore, following the upper boundary of the ODZ (Figures 3, 4). At some stations (Stations 3,
5, 1, 7), there was more than one nitrite maximum within the ODZ (Figure 4). As the top of the
ODZ deepened westward, a distinct primary nitrite peak above the ODZ was sometimes also
noticeable (e.g., 0.5 uM at 110 m at Station 11). Nitrite was undetectable below the ODZ
(Figures 3, 4).

4.2. Distributions of dissolved Fe, dissolved Fe(l1) and total pFe concentrations

DFe(Il) concentrations were highest on the shelf, decreasing offshore (Figure 3D).
Vertical profiles of dFe(I1) (Figure 4) were generally characterized by maxima between 100-400
m within the ODZ, with the highest concentrations found in near-bottom samples on the shelf-
slope including 25.6 nM at 108 m (bottom = 122 m) at Station 2 and 8.1 nM at 170 m (bottom =
180 m) at Station 3. Elevated (>1'nM) concentrations of dFe(ll) were generally confined to
Stations 2-5 on the shelf/slope. DFe(ll) remained detectable within the ODZ west of Station 5,
primarily within the secondary nitrite maximum until that feature disappeared west of Station 11.

Concentrations of total dissolved Fe (dFe) were also highest on the shelf and decreased
offshore, with a sharp drop west (offshore) of Station 5, as for dFe(ll). West of Station 5,
however, the vertical distribution of dFe (Figure 3F) did not exhibit a maximum in the ODZ, but
rather increased with depth below the ODZ. Within the upper part of the ODZ, dFe(ll) generally
accounted for a majority of the total dissolved Fe, but was a very small percentage in the lower
part of the ODZ and below the ODZ.

Concentrations of total pFe were generally highest near the shelf and slope stations east
of Station 1 (Figures 3, 4). Vertical profiles of pFe in the upper 500 m were characterized by a
near-surface minimum, and a local maximum in the upper part of the ODZ. The near-surface
(<50 m) minima ranged from 1.2 + 0.09 nM at 38 m at Station 2 closest to the coast to below the

detection limit (<0.14 nM) west of Station 7. The pFe maxima in the upper ODZ deepened
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westward, and ranged from a maximum of 10.9 + 0.59 nM at 70 m at Station 2 closest to the
coast to 0.4 £ 0.05 nM at 225 m at Station 11 offshore. The maximum concentrations of pFe in
the ODZ remained relatively high (>3 nM) from Station 2 west through Station 1, before
decreasing more quickly westward starting at Station 7.

4.3. Synchrotron analysis of pFe speciation
4.3.1 Redox state of pFe in the ODZ

Synchrotron-based chemical species maps of 1-51 pm particles from the upper 600 m of
three coastal stations (Stations 2, 3, 5) show that the samples in the pFe maxima were dominated
by Fe(111) (blue color in Figure 5). Quantification of the intensities in each Fe species channel
show that the percentage of total pFe as Fe(l11), Fe(ll), and Fe-sulfide exhibited similar profiles
at the three stations. All three stations were characterized by a minimum in %Fe(111) near
surface at each of the three stations where total pFe was very low (Figures 2, 6), increasing with
depth until a maximum of up to 80 % Fe(l11) was reached between 50m — 150m (Figure 2).

Total pFe determined by XRF was generally comparable to total pFe determined by ICP-
MS (Figure 6). The sample areas from which XRF pFe were determined represented only about
8 mL of equivalent volume filtered, compared to 25-50 L for ICP-MS subsamples, so the ICP-
MS-derived pFe are expected to be more accurate.

All pFe species were low in near surface waters, and increased in concentration from the
surface into the upper part of the ODZ (Figure 6). In the euphotic zone, the particulate Fe:P ratio
approached typical stoichiometric ratios found in phytoplankton (Figure S1), suggesting that a
significant fraction of pFe there may have been biologically-bound. Below the euphotic zone,
particulate Fe:P ratios greatly exceed phytoplankton ratios.

Overall, Fe-sulfides were a minor component of pFe in the water column (Figure 6), and
were the greatest fraction of total pFe (up to 17 %) above 60 m in the euphotic zone (Figure 2).
Particulate acid volatile sulfides (AVS) were measured on separate pump subsamples and only
detected in the euphotic zone (Ohnemus et al., 2016), suggesting a phytoplankton source for the
AVS and perhaps the Fe-sulfides detected here in the euphotic zone. Pyrite particles are
identifiable in chemical maps as intense, small red spots, and were occasionally detected below
the euphotic zone at Stations 2 (70 m), 3 (170 m), and 5 (120 m) (Figure 5) and confirmed by
their distinctive XANES spectra (Figure 7). The abundance of distinct pyrite particles was very
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low, however, and they may have derived from resuspended and laterally-transported pyrite
formed in sediments (cf. Lam et al., 2012).

The majority of euphotic zone pFe was categorized as Fe(ll), and may represent
biologically-bound Fe, given the Fe:P ratios at these depths. Below the euphotic zone, most of
the total pFe, including the increase in the upper ODZ, was comprised of pFe(l11). Particulate
Fe: Al exceed crustal ratios throughout the upper 500 m (Figures S2). Particulate Fe below the
euphotic zone is therefore unlikely to be dominated by either biologically bound or silicate-

bound components.

4.3.2 Speciation of pFe

We performed X-ray Absorption Near-Edge Structure (XANES) spectroscopy on
multiple Fe-rich spots from each chemical species map to confirmthe categorization of pFe
redox state by the chemical mapping procedure, and also to further determine the chemical
speciation of the pFe at a higher level of detail than is provided by the chemical species mapping.
Fe K-edge u-XANES spectra of multiple spots from samples from the depth of the ODZ pFe
maximum (Station 2—70 m, n = 9; Station 3—90 m, n = 9; Station 5—120 m, n = 15) were
compared to the XANES spectra of model Fe species (HFO-Fe4-P4 for Fe(l1l), FeSO, for Fe(ll),
and pyrite for Fe-sulfide) and used to calculate the chemical species maps (Figure 7). With the
exception of two spectra from Station 5 that appear significantly chemically reduced, the 31
other XANES spectra plotted close to the Fe(111) model spectrum, confirming the dominance of
Fe(l11) predicted by the chemical species map at the ODZ pFe maximum. Indeed, a composite
model Fe XANES spectrum that was a 25 %/75 % mixture of the Fe(ll) and Fe(l11) model
species, which was the overall oxidation state predicted by the chemical species maps at the
ODZ pFe maximum (Figure 2), is an excellent approximation of the ensemble of sample
XANES spectra (Figure 7). The two spectra that appear chemically reduced were identified in
the chemical species map as Fe particles having significant pyrite and Fe(ll), consistent with
their XANES spectra (Figure 7).

Because the detailed identification of poorly crystalline Fe(ll1) species is difficult by
XANES, we chose two Fe(ll1)-rich spots on samples within the ODZ to conduct EXAFS
analysis, one from Station 2 at 108 m, which was near bottom (bottom depth = 122 m), and one

from Station 5 at 200 m (bottom depth = 2072 m) (Figure 8). Both samples were well within the

18



ODZ, and many tens of meters away from the oxycline, making it unlikely that these samples
were exposed to oxygen in situ. The EXAFS of the Fe(l1)-rich spot from Station 5 at 200 m was
well fit with two Fe(l11) oxyhydroxides: 34 % lepidocrocite (y-FeOOH) and 74 % feroxyhyte
(6’-FeOOH). The EXAFS of the Fe(l11)-rich spot from Station 2 at 108 m (near-bottom) was
well fit with two Fe(111) oxyhydroxides (20 % lepidocrocite and 25 % poorly crystalline hydrous
ferric oxide (HFO), and 46 % Fe(l1l)-containing clay (illite).

5. Discussion

5.1. Sources of dFe(11) in the ODZ

While there have been episodic observations of sulfide accumulation in the Eastern
Tropical Pacific ODZ, especially on the shelf (Bruchert et al., 2003; Dugdale et al., 1977), and a
“cryptic sulfur cycle” in which sulfide production and sulfate reduction are tightly coupled has
been proposed (Canfield et al., 2010), the redox potential of the Eastern Tropical Pacific is
generally not low enough to be sulfidic. Measurement of multiple redox-sensitive trace elements
(iodine (1), manganese (Mn), chromium (Cr), selenium (Se), and iron (Fe)) in oxygen deficient
waters of the Eastern Tropical North Pacific suggested the redox potential was set by the nitrate-
nitrite, Cr(V1)—Cr(111), and selenate-selenite redox couples, well above that required for in-situ
dissimilatory Fe or sulfate reduction (Rue et al., 1997). Similar measurements during the EPZT
cruise also indicate that the bulk water column redox potential was not low enough for in-situ
Fe(I11) reduction (Cutter and Nielsdottir, 2014). Observed dFe(ll) in the ODZ water column
may have originated from sediments, where the redox potential is low enough for benthic Fe
reduction, and transported along isopycnal surfaces. Indeed, the 26.1-26.55 kg/m?® potential
density surface connects shelf sediments to the elevated dFe(ll) features in the upper ODZ (cf.
Figure 3). A sedimentary source of dFe(ll) is supported by two lines of evidence. First, light Fe
isotopic values, a tracer of dissimilatory Fe(ll1) reduction, were observed in the leachable
particulate Fe pools in the ODZ zone of the EPZT cruise (Marsay and John, 2014), as well as in
shelf waters in a previous study along the Peruvian upwelling coast (Chever et al., 2015).
Second, measurements of Ra-228, a tracer of recent (<10 years) sedimentary contact, revealed
surface plumes of water with a strong shelf input that decline sharply above the oxycline, but are
still elevated above background at the depths of the dFe(l1) features (Sanial et al., accepted).

Laterally-transported shelf sources of dFe(l1) may also be supplemented by in-situ sources of
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dFe(l1). Although the bulk redox potential is not low enough for in-situ Fe(111) reduction,
dissimilatory in-situ Fe(l111) reduction could potentially occur in microenvironments (c.f.
Canfield et al., 2010). Moffett et al. (2007) also hypothesized that in situ reduction of Fe(lll) to
Fe(I1) might occur as part of an assimilatory Fe acquisition strategy. Finally, as we will further
discuss in section 5.3, some dFe(l1) could also be produced in-situ from the remineralization of
particulate organic matter.

5.2 Conversion of dFe(ll) to pFe in the ODZ of the EPZT

In the upper ODZ of the EPZT (defined here as the 26.1-26.55 kg/m® potential density
surfaces), depth-averaged dissolved Fe(Il) concentrations drop off more quickly with distance
from shore than pFe, especially between Stations 2-5 (Figure 9), consistent with a conversion of
dFe(l1) to pFe. This confirms earlier hypotheses that dFe(I1) is lost to the particulate phase within
the Peruvian ODZ (Vedamati et al., 2014). Prior to the cruise, we anticipated that particulate Fe
would be dominated by weakly-adsorbed Fe(ll) in the OMZ and by Fe(l11) oxyhydroxides at the
oxygen gradients (horizontal and vertical), but our synchrotron-based measurements of the
speciation of pFe suggest otherwise.

We find that pFe is overwhelmingly dominated by the Fe(l11) redox state below the
euphotic zone, even in the ODZ (Figures 2, 5 and 6). This was confirmed by chemical species
mapping (Figure 5), and XANES analyses of dozens of individual Fe(ll1) spots (Figure 7). The
detailed EXAFS analyses of two individual Fe(ll1) spots confirmed that the Fe(ll1) identified by
chemical species mapping and XANES was present as Fe(l11) oxyhydroxides in the case of the
mid-water column sample (Station 5, 200 m), and as a mixture of Fe(I11) oxyhydroxides and an
Fe(l11)-containing clay mineral, consistent with the clay mineral illite, in the case of the near-
bottom sample (Station 2, 108 m) (Figure 8). As the near-bottom sample was within 15 m of the
bottom, the illite was likely from sediment resuspension.

The identification of the specific Fe(l1l) species by EXAFS was critical for assessing
whether the presence of pFe(l11) resulted from in-situ oxidation in the ODZ, or was simply a
result of unavoidable oxidization upon sample recovery. Importantly, both EXAFS required
small but significant proportions of the mineral lepidocrocite (y-Fe(I11)O(OH)) in the fits. The
EXAFS of lepidocrocite shows high amplitude around k = 6.2 A, which was a distinctive

feature in both EXAFS sample spectra (Figure 8). Indeed, the ten best linear-combination fits all
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required lepidocrocite. Lepidocrocite is a crystalline Fe oxyhydroxide that is typically formed
underwater by oxidation of dissolved Fe(ll) via a green rust (mixed Fe(11)-Fe(l11) hydroxide)
intermediate (Schwertmann and Fechter, 1994). Because lepidocrocite forms by oxidation of
aqueous Fe(ll) solutions (Cornell and Schwertmann, 2003), and samples used for pFe speciation
were collected by in-situ filtration, in which particles are already separated from the aqueous
phase at the time of recovery and exposure to air, the presence of lepidocrocite in the ODZ
samples is strong evidence that it was formed in-situ in the ODZ, and is not a preservation
artifact.

The presence of hydrous ferric oxides (HFO) in the Station 2, 108 m EXAFS can also be
consistent with in-situ production. Even though poorly crystalline HFO and ferrihydrite
typically form from the rapid hydrolysis of aqueous Fe(l11) solutions (Cornell and Schwertmann,
2003), these mineral forms can also result from the interference of other solutes in the formation
of lepidocrocite from aqueous Fe(ll) solutions. For example, the presence of silicate, phosphate,
and calcium ions has been shown to hinder the formation of lepidocrocite from oxidation of
dFe(l1), resulting instead in the formation of poorly crystalline hydrous ferric oxides (HFO) or
ferrihydrite (Schwertmann and Thalmann, 1976; Senn et al., 2015; Voegelin et al., 2010;
Voegelin et al., 2013). As these solutes are orders of magnitude higher in concentration than Fe
in Peruvian ODZ waters, it is reasonable to expect that HFO could have formed from the
oxidation of dFe(ll) instead of or in addition to lepidocrocite. HFO was required in the top three
linear-combination fits in the Station 2 sample, and in the second and third best two-component
linear-combination fits in the Station 5 sample.

Finally, we cannot rule out the possibility that some of the pFe(l11) species observed in
our samples are a result of oxidation upon sample recovery. Feroxyhyte (3-Fe(I11)O(OH)) was
required- in the best 2-component fit for the Station 5 sample (Figure 8a), and was required in
nine of the top ten 3-component fits for this sample (not shown). While feroxyhyte is found in
deep sea iron-manganese nodules where it forms under high pressure conditions (Chukhrov et
al., 1977), it can also be formed by extremely rapid oxidation of an Fe(ll)-containing hydroxide
such as green rust upon exposure to air (Carlson and Schwertmann, 1980; Cornell and
Schwertmann, 2003). The feroxyhyte detected in our sample may have therefore formed from
the rapid oxidation of green rust upon exposure to air on sample recovery. So while feroxyhyte

detected in our samples may not have formed in-situ, its precursor, green rust, is formed by
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direct precipitation of aqueous Fe(Il) upon oxidation (Schwertmann and Fechter, 1994) and must
have formed in-situ.

Overall, the robust presence of lepidocrocite in our data provides evidence that at least
some of the Fe(ll1) oxyhydroxides in our samples were oxidized in-situ and not simply by
exposure of the particulate samples to oxic conditions during sample recovery and handling,
especially since samples were protected from oxidation during shipping, storage, and XAS
analysis. The other pFe(ll1) species observed also support the idea that dFe(l1) islost by partial
(to green rust) or complete (to lepidocrocite or HFO) oxidation in the ODZ, rather than only by
adsorption of dFe(lIl) to particle surfaces. In contrast to our original expectation, we saw no
indication of a rise in pFe at the outer edges of the OMZ as the oxygen levels started to increase,
and in fact observed the highest pFe concentrations in the upper part of the ODZ (Figure 3).

5.3. Linkages between the Fe and N cycles in OMZs

We have argued that oxygen is absent in the ODZ. The other important oxidant in the
euphotic zone, hydrogen peroxide (Moffett and Zika, 1987), is also absent below the mixed layer
in the Peru upwelling region (Zika et al., 1985). Therefore, nitrate or nitrite is the most likely
oxidant. The vertical and horizontal distributions of nitrite and total pFe show a striking
similarity within the ODZ of the 2013 GEOTRACES EPZT cruise (Figures 3, 4). Indeed, pFe
peaked at the same depth as nitrite at every station. A property-property plot of pFe and nitrite
for samples between o4 = 26.1-26.55 kg/m®, the upper part of the ODZ, for Stations 1-11
(Figure 10) show a significant correlation (R? = 0.45; p = 0.0002), with a best-fit slope of 0.60
nM pFe/uM nitrite.

The correlation between pFe and nitrite suggests a role for nitrite as an oxidant for
dFe(I1).- The abiotic oxidation of dFe(ll) by nitrate (NO3") or nitrite (NO) are both
thermodynamically favorable, but kinetically inhibited and require a catalyst to proceed at the pH
of seawater. These reactions have been studied in the laboratory since the 1960s: dFe(ll) can be
oxidized by NO3™ to form Fe oxyhydroxide (a-FeOOH) and NO,", N,O, Ny, or NH4" or by NO,’
to form N,O, N, or NH4" (Buresh and Moraghan, 1976; Picardal, 2012 and references therein;
Waullstein and Gilmour, 1966).

Many catalysts for the abiotic oxidation of dFe(ll) by nitrite have been identified,

including Cu®* (Moraghan and Buresh, 1977), Fe(I1)-binding ligands such as nitrilotriacetic acid
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(NTA) (Kopf et al., 2013), or mineral surfaces such as Fe oxyhydroxides and clays (Coby and
Picardal, 2005; Hansen et al., 1994; Sorensen and Thorling, 1991; Tai and Dempsey, 2009; Van
Cleemput and Baert, 1983). Some studies of the oxidation of dFe(ll) by nitrite have shown a
strong autocatalytic effect, where the initial formation of Fe oxyhydroxides greatly accelerates
subsequent oxidation kinetics (Buchwald et al., 2016; Jones et al., 2015). Given the dilute nature
of the open ocean water column compared to the conditions under which these experiments were
generally conducted (subnanomolar compared to millimolar), many of these mechanisms are
unlikely to be important in the aqueous phase, but may become significant on particle surfaces.

In the late 1990s, microbially-mediated NO3™-dependent anaerobic Fe(ll) oxidation
(NDFO), an autotrophic metabolism that couples the reduction of nitrate to the oxidation of Fe,
was discovered (Straub et al., 1996). Enrichment cultures have demonstrated that this appears to
be a widespread metabolism and it has been identified in sediments from freshwater, brackish,
and marine sediments (Benz et al., 1998). Recent studies have shown that it can be difficult to
experimentally separate chemical oxidation of Fe(I1) by microbially produced nitrite from
microbial Fe(ll) oxidation that is truly coupled to nitrate reduction (Kopf et al., 2013; Picardal,
2012). Indeed, most strains capable of anaerobic Fe(ll) oxidation appear to be mixotrophic and
require an organic carbon source to fully oxidize Fe(Il) (Klueglein et al., 2015).

Recently, genomic data of near-bottom water from the Peruvian ODZ margin showed the
presence of nitrate reducing bacteria that are related to a known Fe oxidizer (Scholz et al., 2016).
The specific metabolism is not known, but it does point to the possibility of microbially-
catalyzed Fe oxidation in ODZ waters. To our knowledge, the metabolism of putative anaerobic
Fe oxidizers in the open ocean ODZ water column has not been investigated. While the details
of the coupling of nitrate or nitrite reduction and Fe oxidation in the ODZ water column are
unknown, the similar distributions of pFe and nitrite in our section (Figures 4, 10) strongly point
to the importance of nitrate and nitrite for oxidizing Fe in the Peruvian ODZ.

Many Fe oxyhydroxide phases, including lepidocrocite, goethite, 2-line ferrihydrite,
magnetite, maghemite, and green rust, have been identified as oxidation products of both abiotic
(Jones et al., 2015) and biotic (Weber et al., 2006) anaerobic oxidation of Fe(ll) conducted in
controlled laboratory conditions. Other studies have shown that oxidation of dFe(Il) by O, also
produces a mixture of ferrihydrite, lepidocrocite, and goethite (Jones et al., 2014). Unfortunately,

the identities of the mineral phases of the oxidation products alone do not seem to be sufficient to
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constrain whether the mechanism of oxidation was abiotic or microbial, nor do they constrain the
nature of the oxidant.

Maxima in pFe and nitrite are also coincident with maxima in dFe(ll) (Figure 4). The
coincidence of the secondary nitrite maximum and dFe(Il) has been previously reported in all
three of the world’s ODZs: Peru (Kondo and Moffett, 2015; Vedamati et al., 2014), Arabian Sea
(Kondo and Moffett, 2013; Kondo et al., 2010; Moffett et al., 2007) and Mexican (Heller et al.,
2013) ODZs. A similar feature was observed here albeit with less vertical resolution than in the
previous studies.

One explanation for the coincidence of nitrite and dFe(ll) is a vertical transport
mechanism that couples the oxidation of organic matter by nitrate (nitrate reduction to nitrite)
(Bange et al., 2005) with the regeneration of dFe(ll) from organic matter (Kondo and Moffett,
2013). Euphotic zone pFe has significant biologically-bound Fe(ll) (Figure 2) (von der Heyden
et al., 2014), indicating that there is a supply of reduced Fe to the ODZ from above.
Regeneration of these particles in the secondary nitrite maximum could result in the
accumulation of dFe(Il) and nitrite. The secondary nitrite maximum is significant as a depth
horizon characterized by high rates of microbial processes, including denitrification and
anaerobic ammonium oxidation (anammox) (Dalsgaard et al., 2012). Accumulation of dFe(ll)
has been attributed to microbial processes associated with remineralization, dissimilatory
reduction, or as part of an Fe acquisition strategy (Kondo and Moffett, 2015). The coincidence
of dFe(ll), nitrite and pFe(l11) suggests that this is also a zone of dynamic redox cycling.

It is noteworthy that the oxidation state of pFe shifts from +2 in the euphotic zone to +3
in the upper ODZ. This suggests that at least some of the change could occur on the particles
themselves.. Consider a particle formed in the euphotic zone and remineralized in the secondary
nitrite maximum. The valence of Fe initially is +2.  Upon colonization by denitrifiers and
through organic matter degradation, a fraction of this Fe is released as dFe(ll) and diffuses away.
However, a significant fraction may be oxidized along with the organic matter by denitrifiers
(many of which can oxidize Fe(ll) as well as organics) within the particle regime, thus remaining
on the particles. However, there are reasons why this is likely to be of secondary importance, at
least around the shelf/slope break. First, if the origin of the Fe was sinking particles, we would
expect to also see significant Fe oxyhydroxide formation within the oxycline from the oxidation

of regenerated Fe(ll) by oxygen, yet we do not. Mesoscale eddies, which are widely reported in
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this area (cf., Chelton et al., 2011), could enhance lateral transport of dFe(Il) fluxes from
sediments. If there is lateral transport of a benthic dFe(ll) source, then this dFe(ll) source must
be balanced by a sink, which could be the oxidation to the Fe oxyhydroxides we observed. The
oxidation of a benthically derived dFe(ll) is further supported by the light isotopic values of
leachable pFe found in the ODZ (Marsay and John, 2014).

A schematic that summarizes the above couplings of the Fe and N redox cycles is shown
in Figure 11. DFe(ll) in the ODZ can thus be supplied by three processes: isopycnal transport of
dFe(Il) from sediments, in situ dissimilatory iron reduction (DIR) in microenvironments of
particles, or from remineralization of particulate organic matter. The oxidation of dFe(Il) could
be in the form of nitrate-dependent Fe(ll) oxidation (NDFO), the autotrophic/mixotrophic
metabolism that couples the reduction of nitrate to nitrite with the oxidation of dFe(1l) to pFe(l11)
(Kappler and Straub, 2005; Straub et al., 1996), or a catalyzed-oxidation of dFe(I1) by nitrite
(Picardal, 2012) (Figure 11). Microbial catalysis of the oxidation of dFe(l1) by nitrite has not
been described, but this could also be a possibility.

5.4. A conceptual model for the redox cycling of Fe in oxygen minimum zones

The relative rates of supply and loss determine the concentration of dFe(ll) in the ODZ.
DFe(1) is supplied primarily from isopycnal transport from sedimentary DIR, augmented by
some dFe(l1) production from remineralization or Fe(ll)-containing particulate organic matter by
denitrifiers. DFe(ll) is oxidized back to pFe(lll) by nitrate or nitrite with the aid of microbial or
abiotic catalysts, respectively. If the abundance of microbial or concentrations of chemical
catalysts are not high enough, it is likely that the oxidation of Fe(l1) by nitrite proceeds too
slowly to be important. Our data show that there is a higher Fe oxidation rate closer to the
margin:-the most rapid decrease in dFe(ll) with distance occurs in the stations closest to shore
(Figure 9). Indeed, while nitrite explains almost 50 % of the variance of pFe in our dataset
(Figure 10), scatter about the best-fit line indicates that other factors are also important for the
formation of pFe, which could include the availability of catalysts. We therefore hypothesize that
there is a greater availability of catalysts (mineral or microbial) and thus higher oxidation rate
near the margin. The greater availability of catalysts nearshore provides an effective Fe trap that

removes most of the dFe(Il).
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If the offshore transport of dFe(l1) is faster than the loss rate of dFe(l1) by oxidation, as
would occur if the availability of microbial or mineral surface catalysts decreased, this Fe trap
may be leaky and lead to dFe(Il) export into the interior, as we observed to Station 11. The
presence of Ra-228, which has a half-life of 5.74 y, in the upper ODZ as far as Station 11 (Sanial
et al., accepted), suggests a timescale of transport to Station 11 of months to years. This means
that the timescale of oxidation of dFe(ll), especially away from the margin, must be slow enough
for dFe(l1) to survive this transport.

6. Conclusions

Our direct observations of dissolved and particulate Fe in the Peruvian ODZ water column
suggest that an effective redox trap prevents remobilized Fe from the shelf from being
transported into the ocean interior, even when neither oxygen nor sulfide is present.
Distributions of Fe species and hydrographic parameters point to nitrite as a key player in the
oxidation of dFe(ll) in the absence of oxygen, but this oxidation requires the presence of
microbial or abiotic catalysts, such as mineral surfaces from sediment resuspension. Certain
environmental conditions may lead to a lack of appropriate catalysts, which may allow leaks in
the redox trap so that dissolved Fe can penetrate further into the ocean interior. Future work
should be directed to assessing the rates of microbial and abiotic anaerobic Fe oxidation in

conditions more appropriate to oceanic ODZs.
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Tables

Table 1: Energies used for chemical species mapping and Fe standard pixel densities (cps/um?)
for the three beamline visits.

Beamline visit | E1 (eV) E2 (eV) E3 (eV) E4 (eV) Fe Standard

(yyyymm) (cps/um?)

201404 7100 7116.5 7123 7296 10980

201409 7100 7117.3 7123 or 7129.6 | 7296 12363
(GT2443)

201510 7100 7117.5 7124.5 7296 7769

Table 2: Model Fe sulfide, Fe(ll)-containing, and Fe(l11) model compounds used in linear combination
fits for XANES and EXAFS spectra (indicated by “x”). Abbreviations are those suggested by Whitney
and Evans (2010) where possible, or for Source Clays, abbreviations used by the Clays and Clay Minerals
society (http://www.clays.org/SOURCE%20CLAYS/SCdata.html).

Mineral Mineralogical | Abbrev. | Chemical Formula XANES | EXAFS
classification # library | library

Fe Sulfides

Pyrite Sulfide Py Fe”'s, X X

Pyrrhotite Sulfide Po Fe?™.S; X

Mackinawite Sulfide Mck (Fe,Ni); +xS X

Pentlandite Sulfide Pn (Fe,Ni)oSg X

Cubanite Sulfide Cbn CuFe,S; X

Fe(ll)

compounds

Almandine Silicate-garnet . | Alm Fe”*3A1,Sis01, X

Augite Silicate- Aug (Ca,Na)(Mg,Fe”* AlLFe* Ti)[(Si,A | x X
clinopyroxene 1),0¢]

Biotite Silicate- Bt KM@, sFe” 5AISis010(OH) 1 75F02s | X X
phyllosilicate-
mica

Chlorite Silicate- CCa2 (Mg,Fe,Al)s(Al,Si)4010(0OH)g X

(Ripidolite) phyllosilicate-

(CCa2) chlorite

Fayalite100 Silicate-olivine | FoO Fe**,Si0, X

(Fo40)

Fayalite60 Silicate-olivine | Fo40 Fe®*,Si0,4--M,SiO, X

(Fo40)

Fayalite20 Silicate-olivine | Fo60 Fe?*,Si0,--M,SiO, X

(Fo40)

Ferrosilite Silicate- Fs Fe**MgSi,0s X
orthopyroxene

Green Rust-Cl, | Oxide- GRCI Fe®*;Fe**(OH)sCL.H,0 X

synthetic oxyhydroxide
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Green Rust- Oxide- GRCO3 | Fe**,Fe*;(OH);,C03.2H,0 X

CO3, synthetic | oxyhydroxide

Green Rust- Oxide- GRSO4 | Fe**,Fe*;(0H);,504.H,0 X

S04, synthetic | oxyhydroxide

Mauna Loa Silicate-glass Gla N/A X

Glass

Hercynite Oxide-Spinel Hc Fe**AlLO, X

Hypersthene Silicate- Hyp Mg** Fe*'SiO; X
orthopyroxene

lImenite Oxide-Ti oxide | lIm Fe”*TiO; X

Iron sulfate Sulfate salt S04 Fe**'S0, X

Magnetite Oxide-Spinel Mag Fe,"Fe” 0, X

Pigeonite Silicate- Pgt Mgl,gsFe2+o,55Cao,1Si206 X
clinopyroxene

Siderite Carbonate Sd Fe*"'CO; X

Vivianite Phosphate Viv Fe*%3(POy),-8H,0 X

Fe(l11)

compounds

Aegirine Silicate- Aeg NaFe* (Si,0¢) X

powder avg clinopyroxene

Akaganeite Oxide- Aka B-Fe*O(OH,CI) X
oxyhydroxide

Andradite Silicate-garnet | Adr CagFe®,Si30;, X

Biogenic oxide | Oxide- Box N/A X
oxyhydroxide

Ca Silicate- STx N/A X

montmorillonit | phyllosilicate-

e (STx-1) clay

Fe Alginate Organic Alg Fe-(CsHgOg)n X
complex

Fe Dextran Organic Dex Fe-H(CgH1005)OH X
complex

Feroxyhyte Oxide- Fxy 3-Fe**O(OH)
oxyhydroxide

Ferrihydrite (2- | Oxide- Fh2L Fe*sHOg.4H,0 approx X

line) oxyhydroxide

Ferrihydrite (6- | Oxide- Fh6L Fe*sHOg.4H,0 approx X

line) oxyhydroxide

Ferrosmectite Aluminosilicat | Sme N/A X
e clay

Goethite Oxide- Gt a-Fe*O(OH) X
hydroxide

Hematite Oxide Ht a-Fe**,0, X

Hydrous Ferric | Oxide- HFO Fe* sHOg.4H,0 approx X

Oxide-2LFh oxyhydroxide

Hydrous Ferric | Oxide- Fe4-P4 | P/Fe molar ratio of 1.09 X
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Oxide-Fe4-P4 oxyhydroxide
Hydrous Ferric | Oxide- HFO-Si | Si/Fe molar ratio of 0.56
Oxide-Si oxyhydroxide
Ilite (IMt1) Silicate- IMt1 N/A
phyllosilicate-
clay
Illite-Smectite | Silicate- ISCz N/A
(ISCz-1) phyllosilicate-
clay
Kaolinite Silicate- KGa N/A
(KGa-1b) phyllosilicate-
clay
Lepidocrocite | Oxide- Lp v-Fe**O(OH)
oxyhydroxide
Maghemite Oxide-Spinel | Mgh y-Fe*",0;
Montmorillonit | Silicate- SCa N/A
e (SCa-3) phyllosilicate-
clay
Nontronite Silicate- Naul N/A
(Nau-1) phyllosilicate-
clay
Nontronite Silicate- Nau2 N/A
(Nau-2) phyllosilicate-
clay
Na Silicate- SWy N/A
montmorillonit | phyllosilicate-
e (SWy-2) clay
SPG2_outer Ferromanganes [SPG2ou | N/A
e nodule t
SPG2_inner Ferromanganes | SPG2in | N/A
e nodule
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Table 3: Samples analyzed at the synchrotron, indicating when they were run and whether
chemical species data were corrected (see section 3.5). The size of the scale bar in Figure 5 maps
is indicated here.

Stn Depth GT Number Beamline visit Corrected Scale bar [um]
(yyyymm)
2 15 2280 201404 400
2 38 2279 201404 100
2 55 2278 201404 400
2 70 2277 201404 100
2 108 2276 201404 400
2 108 2276 (repeat) 201404 70
3 35 2329 201404 400
3 65 2328 201404 100
3 90 2327 201404 100
3 170 2326 201409 400
3 170 2326 (repeat) 201409 100
5 15 2446 201510 X 400
5 75 2445 201510 X 299
5 120 2444 201510 X 400
5 200 2443 201409 100
5 200 2443 (repeat) 201510 X 299
5 600 2442 201510 X 400

31




Table 4: Error estimates for Fe species (see section 3.5).

Description of How RSDreiy | RSDreqiiy | RSDre- | RSDretotal
error determined (%) (%) sulfide (%)
(%)
RSDaist Variability in | GT2276 rerun
distribution of during 9 3 0.1 4
Fe on filter 201404
RSD20140eam VbE:artl\?vt:;Ir:y GT2326 run
beamline visits 22%111%2 16 ! 4 1
in 2014
RSD2014-15beam Vba“ablhty GT2443 run
etween 201404, 53 38 63 30
be_amlme Visits 201409
in 2014-15
Variability GT2443 run
between 2014009,
RSD2015c0rr1 beamline visits 201510 16 9 27 19
in 2014-15, after
correction 1
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Figure Captions

Figure 1: (A) Cruise track of the Eastern Pacific Zonal Transect (EPZT—GP16) cruise. All full
stations indicated in black dots; “demi” stations in grey dots. Thick black box denotes eastern
portion (stations 1-11) of the cruise discussed in this paper. Hydrographic parameters (O2, NO3’,
NOy) and total dissolved Fe measured at all stations (n = 11); dissolved Fe(ll) and total
particulate Fe measured at full stations (n = 8). (B) Greater bathymetric detail for Stations 1-5,
outlined in thin black box in (A), showing stations (white crosses) where synchrotron analyses of
pFe were done (n = 3). Note that station numbers increase offshore, except for station 1, which
is out of sequence and is offshore of Station 5. Background shading and scale bar show

bathymetry.

Figure 2: Fractional concentrations of pFe species for three margin stations. A) Fraction Fe(l11),
B) Fraction Fe(ll), C) Fraction Fe sulfide for Stations 2 (squares), 3 (triangles) and 5 (circles).
All data collected in 2014 are filled black symbols. Raw data collected in 2015 are small open
symbols, and corrected data (see section 3.5) are filled grey symbols. Error bars are standard
deviations calculated from RSDyeam for Stations 2,3, RSD2o14-150eam fOr Station 5 raw, and from
RSD2015c0rrs fOr Station 5 corrected (Tables 3, 4).

Figure 3: Upper 500 m sections of OMZ study area indicated in Figure 1. Sections show
concentrations of A) oxygen (5 uM black contours up to 25 puM), B) nitrite (1 uM black contours
to 5 uM), C) nitrate (5 uM black contours), D) dissolved Fe(l1) (0.25 nM black contours to 1.5
nM), E) total particulate Fe (0.25 nM black contours to 1.5 nM), and F) dissolved Fe (0.25 nM
black contours to 1.5 nM). Potential density (ce,) overlaid on each panel (0.5 kg/m® white

contours). Station numbers where data available indicated in red above each section plot.

Figure 4: Profiles of total pFe by ICP-MS (black circles), dFe(ll) (red squares), nitrite (blue
triangles) and oxygen (green line) for the upper 500 m. Margin stations on top row, and open
ocean stations on bottom row, arranged from east on right to west on left. Horizontal dashed line

in Station 2 and 3 panels indicates water depth.

Figure 5: Tricolor synchrotron chemical maps showing the distribution of pFe species; blue color
shows Fe(l1), green shows Fe(l1) and red shows Fe Sulfide species. The white levels are set to

the same values for the blue, green, and red channels, and are adjusted to the pixel density of the
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Fe standard (Table 1) to account for different detector configurations between beamline visits.
The intensities of the colors in the blue, green, and red channels indicate the concentrations of
Fe(lI11), Fe(ll), and Fe sulfide species in each pixel. All maps are approximately 1000 pum across.
White scale bars are automatically generated by the plotting program and are 70 pm, 100 pm,
299um or 400 um (exact lengths indicated in Table 2). Depths of the ODZ pFe maxima are
indicated by *. The predominant blue color of the chemical species maps at the pFe maxima

indicate that pFe is present as mostly Fe(lll).

Figure 6: Absolute concentrations of total pFe determined by XRF (black circles) or ICP-MS
(white circles), and pFe species from chemical species mapping: Fe(l11) (blue triangles), Fe(ll)
(green squares), Fe-sulfide (red diamonds) for Stations 5, 3, and 2. Error bars for XRF Fe and Fe
species are one standard deviation, calculated from RSDyeam (Table 4) for Stations 2, 3 collected
in 2014, and from RSD¢o(r (Table 4) for Station 5 collected mostly in 2015. Error bars for ICP-
MS Fe are propagated from uncertainty in the blanks and repeat analyses. Horizontal dashed line

in Station 2 and 3 panels indicates water depth.

Figure 7: Fe K-edge u-XANES spectra of multiple spots from samples from the depth of the
ODZ pFe max (grey), overlain by model Fe species (colors). Locations of u-XANES indicated
as orange circles in chemical species maps in inset. Black, solid lines are 18 spectra collected in
2014 (Stn 2—70 m, n =9, top map and Stn3—90 m, n = 9, middle map); light grey, dashed lines
are 15 spectra collected in2015 (Station 5—120 m, bottom map); red, green, and dark blue lines
are the Fe sulfide (pyrite), Fe(ll) (FeSO,), and Fe(l11) (HFO) model Fe species used in the
chemical mapping calculation; light blue line is a 25 %/75 % mixture of the Fe(I1) and Fe(ll1)
model species, respectively, which is a good approximation of most of the XANES spectra from
the pFe maximum, and consistent with the quantification of Fe redox state by chemical mapping
(Figure 5).

Figure 8: Fe K-edge u-EXAFS spectroscopy of an iron-rich Fe(ll1) spot from Station 5, 200 m
(A), and from Station 2, 108 m (B), both within the oxygen deficient zone. The best fit (green
line) to the sample spectra (open squares) is indicated. EXAFS spectra of model Fe species
appearing in the fit also indicated (solid lines above the sample spectra and fits) (See Table 2 for

description of model species).
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Figure 9: Average concentrations of pFe (closed circles) and dFe(l1) (open circles) as a function
of distance from shore, plotted on a log;o scale. Average concentrations are depth weighted for
samples in the upper ODZ (defined here as o4, between the 26.1-26.55 kg/m®). Station numbers

indicated at top of figure.

Figure 10: Relationship between nitrite and particulate iron (pFe) for samples in the upper part of
the ODZ between o = 26.1-26.55 kg/m®, approximately 100-300 m, for Stations 1<11. The red
line is the ordinary least squares regression fit: R* = 0.45; p = 0.0002. Colorbar indicates station

number, with more margin-influenced stations in blue and more open ocean stations in red.

Figure 11: Schematic illustrating the coupling of Fe and N redox cycling.in the ODZ water
column. Oxidation reactions are blue arrows; reduction reactions are green arrows. Redox
reactions are mediated by microbial catalysts (triangles for autotroph/mixotroph; ovals for
heterotrophs) or abiotic or unknown microbial catalysts (rectangle). Non redox processes that are
sources or sinks of dFe(Il) and pFe(l11) are black dashed arrows. Thinner arrows represent more
speculative reactions. Abbreviations are: NDFO—NO3-dependent Fe(l1) oxidation; denit—
denitrification; remin—remineralization; FO—Fe(ll) oxidation; DIR—dissimilatory iron

reduction; POC—particulate organic carbon. See section 5.3 for discussion.
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Supplementary Figure Captions

Figure S1: Particulate Fe:P (mmol:mol). Vertical dashed line is a typical plankton stoichiometric
Fe:P ratio (5 mmol/mol) from field studies (Twining and Baines 2013). Horizontal solid line is
the water depth, where less than 500 m.

Figure S2: Particulate Fe:Al (mol:mol). Vertical dashed line is the upper continental crust
(UCC) average (0.21 mol/mol) (Taylor and McLennan 1995). Horizontal solid lineis the water
depth, where less than 500 m.
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