ACS I

EARTH

N AND I

SPACE

CHEMISTRY

http://pubs.acs.org/journal/aesccq

Unexpected Source and Transport of Iron from the Deep Peru
Margin
Phoebe J. Lam,* Maija I. Heller, Paul E. Lerner, James W. Moffett, and Kristen N. Buck

I: I Read Online

[l Metrics & More |

Cite This: ACS Earth Space Chem. 2020, 4, 977-992

ACCESS |

Article Recommendations |

ABSTRACT: Iron is the most important micronutrient in the ocean, but the nature
and magnitude of its sources and sinks to the ocean are poorly constrained. Here we
assess our understanding of the sources and sinks of iron in margin environments by
synthesizing observations from the U.S. GEOTRACES GP16 Eastern Tropical
Pacific Zonal Transect (EPZT) cruise near the Peru margin. GP16 observations
showed elevated dissolved iron (dFe) concentrations along the margin, but a larger
westward plume of dFe at slope depths (1000—3000 m) in oxygenated waters, rather
than at shelf depths (100—300 m) in oxygen deficient waters. We examine the
potential explanations for this unexpected observation. Multiple tracers from GP16
suggest that sediment resuspension was important at slope depths, which would lead
to enhanced benthic flux of dFe above what was previously measured. The difference
in the apparent persistence and penetration of shelf versus slope plumes of dFe into the interior of the ocean likely results from faster
removal rates of the shelf dFe compared to slope dFe. The dFe sourced from the shelf was almost entirely in the dFe(II) form,
whereas dFe sourced from the slope was almost entirely in the dFe(IIl) form. Although benthic dFe(Il) diffuses into oxygen
deficient overlying waters, there is still oxidation of dFe(II), which precipitates to particulate Fe(III). In contrast, the slope plume
appears to persist in a stabilized dFe(III) form. We hypothesize that sediment porewaters with moderate organic carbon delivery to
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sediments and shallow oxygen penetration are especially good sources of persistent dFe to the water column.
KEYWORDS: Benthic flux, sediment resuspension, continental slope, GEOTRACES, dissolution, scavenging

B INTRODUCTION

Iron is the most important micronutrient in the ocean, limiting
productivity in about a third of the ocean.' Because of the
central importance of iron in limiting productivity, most major
climate models have incorporated an iron cycle in their ocean
biogeochemical modules. Recently, the Fe Model Intercompar-
ison Project (FeMIP) was conducted to compare the modeled
distributions of iron in 13 major iron-containing biogeochem-
ical modules that are used in global general circulation models
(GCMs).” This exercise showed that most models achieve
global mean iron concentrations that are within a factor of 2 of
each other and of observations but that the simulated residence
times varied by about 2 orders of magnitude, demonstrating
that the input and output fluxes are extremely poorly
constrained. A recent GEOTRACES synthesis workshop
focusing on the fluxes of trace elements and isotopes (TEls)
at the boundaries between the ocean and the land and
atmosphere also concluded that many more process studies
were needed to understand the processes governing the
sources and sinks of TEIs to and from the ocean boundaries:
margin,3 atmospheric deposition,“’5 hydrothermal,6 and sedi-
ments.”

The purpose of this paper is to focus on what we have
learned about the sources and sinks of iron at one ocean
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boundary, the Peru continental margin, by synthesizing the
findings from the near-margin portion of the U.S. GEO-
TRACES GP16 Eastern Pacific Zonal Transect held in 2013,°
and placing these results in the context of several decades of
ongoing physical, geological, chemical, and biological inves-
tigations at the Peru margin. The major margin-related findings
of this cruise include the unexpected deep plume of elevated
dissolved iron (dFe) centered around 2000 m, apparently
emanating from the continental slope, which penetrated
further into the interior that any dFe plumes at shelf depths
(100—-300 m).”"® Classic geochemical models of sedimentary
sources of Fe fail to predict this, requiring a reassessment of
mechanisms governing the sources and sinks of Fe from the
margins.'”'" 'We assess potential explanations for this
observation and speculate on the global importance of deep
margins as Fe sources.
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Figure 1. Left: Map showing locations of the stations 1—11 (red circles), with inset showing a close-up of the five most coastal stations. Contour
lines are 1500 m for the larger map, and 200 m between 0 and 4000 m for the inset. Drainage pathways are indicated in black, but no major rivers
are present in this part of the Peruvian coastline. Right: Bathymetric profile of the coastal portion of the GP16 transect. Map and profile created
using data from Global Multi Resolution Topography (GMRT) Synthesis”" extracted in GeoMapApp (http://www.geomapapp.org).
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Figure 2. Section plots of multiple chemical and physical parameters along the GP16 transect: (A) dissolved Fe (dFe), (B) the sum of L1 and L2
Fe ligand concentrations (Fe ligands), (C) dissolved Fe(II) (dFe(Il)), (D) total particulate Fe (tpFe), (E) leachable particulate Fe isotopic
composition in the 1—51 um size fraction (lpFe isotopes), (F) dissolved Fe isotopic composition (dFe isotopes), (G) total particulate Al (tpAl),
(H) dissolved ***Ra activity (dRa-228), (I) N-star (N*), (J) oxygen (0O,), and (K) Si-star (Si*). White overlay contours on the dFe and O, panels
are the potential density surfaces (sigth) used to define the shelf and slope dFe plumes. The main water masses in this re%lon are indicated in panel
J: Equatorial Subsurface Water (ESSW), Pacific Deep Water (PDW), and Lower Circumpolar Deep Water (LCDW).”” All data available from
IDP2017°° and references stated in the text. See Methods for further explanation of variable names. Horizontal lines on the margin show where the
slope of the margin is critical for diurnal (white) and semidiurnal (gray) tides.

B HYDROGRAPHIC SETTING inputs.* This is in contrast to central-south Chile (35—39°S),

The U.S. GEOTRACES GP16 Eastern Pacific Zonal Transect which experiences strong precipitation and high river

(EPZT) crui led from Manta. Ecuador to Papeete. French discharges that transport large volumes of terrigenous material
I .Crulsehsale rﬁm s hcua or Ofr ApeeTe) rellljc to the ocean.'* Overall sedimentation rates thus generally

Polynesia on the RV Thomas G. Thompson from 25 October increase southward.

to 20 December 2013. The eastern end of the GP16 transect

' ’ There are year-round upwelling-favorable winds with
was in the Peru (Humboldt) Eastern Boundary Upwelling maximum surface chlorophyll concentrations in austral fall
system. The equatorward surface current associated with

(around March), which is interestingly decoupled from the

coastal upwelling is the Peru Coastal Current (PCC). Below maximum in upwelling in austral spring (around September).'®
this is the Poleward Undercurrent (PUC) that flows along the Bottom-moored deep sediment traps (3720 m depth) show
slope and outer shelf.'>"? POC flux maxima in both austral spring and fall.'"® The wide
The central Peru coast (7—12°S), the region of this shelf in northern and central Peru enhances iron supply to
investigation, is an extremely arid zone without major fluvial upwelling waters at the shelf and thus promotes high
978 https://dx.doi.org/10.1021/acsearthspacechem.0c00066
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Figure 3. Decreases in concentrations of dFe, Lg,, and dFe(II) in nmol/kg as a function of distance from the coast in km for shelf (top row) and
slope (bottom row) depths. Data (circles) are defined by 6 = 26.2—26.55 kg m™ for shelf depths and by o, = 27.4—27.75 kg m™ for slope depths.
Three exponential-based model fits are in solid colored lines: Model 1 (single exponential) in dark blue; model 2 (single exponential plus a
constant) in light blue; model 3 (sum of two exponentials) in red (see text for more details). Dotted and dashed lines in light blue and red are the

component exponential functions of models 2 and 3, respectively.

productivity, whereas the narrow shelves of southern Peru and
Chile lead to iron limited conditions and thus lower
chlorophyll waters.'” High productivity in the central Peru
coast leads to surface sediments that are very high in organic
matltfr (30—35 wt %) compared to further south (15—20 wt
%).

Sampling of the first 11 stations closest to the coast (~2000
km) (Figure 1) took place between 29 October and 12
November along 12°S, crossing a relatively wide section of the
shelf, after the expected austral spring maxima in upwelling and
POC flux.

B NEAR-MARGIN OBSERVATIONS OF FE AND
RELATED TRACERS FROM GP16

The major features of dissolved Fe (dFe),” the isotopic
compositions of dissolved Fe'® and leachable particulate Fe,"®
dissolved Fe(Il) (dFe(II))," iron binding ligands (Lg,),”
particulate Fe (pFe),”' ~** particulate aluminum (pAl),”*** and
22Ra™ have already been described and are also published in
the GEOTRACES Intermediate Data Product 2017.>° Here we
focus on the near-margin (stations 1—11) features and
interrelationships of these TEIs, all of which are shown in
Figure 2. The dFE is highest at the margin with particularly
high concentrations at shelf depths (upper few hundred
meters) and at midslope depths between 1000 and 3000 m
(Figure 2). The shelf dFe plume is largely confined to the
26.2—26.55 kg m™ density surfaces in the oxygen deficient
zone waters of the Equatorial Subsurface Water water mass.”’
The slope dFe plume is largely confined to the 27.4—27.75 kg
m™> density surfaces, which are dominantly composed of
Pacific Deep Water but also include some Equatorial Pacific
Intermediate Water and Antarctic Intermediate Water.”” The
shelf dFe plume, while higher in concentration at its source
than the midslope dFe plume, drops oft by station 1, ~200 km
west of the coast (Figures 1 and 2). In contrast, elevated dFe

concentrations of almost 1 nmol/kg are found more than 1200
km west of the midslope plume (1000—3000 m).

H QUANTITATIVE CHARACTERIZATION OF SHELF
AND SLOPE FE PLUMES

To describe the loss of the shelf and midslope dFe plumes
penetrating into the interior of the ocean, we assume a first
order decay and fit the following exponential models to the
dFe concentrations within the shelf plume (defined as oy =
26.2—26.55 kg m™*) and within the slope plume (defined as o
= 27.4—27.75 kg m™*) against the station distance, x

C(x) = Gy exp(—kyx) 0
C(x) = Gy exp(—kyx) + Cpeq (2)
C(x) = Gy exp(—kyx) + Cy exp(—kyt) ®

where C(x) is the dFe concentration as a function of station
distance, the parameters C, and Cy are in units of nmol/kg,
which we call coastal sources, and the parameters k, and kg are
in units of km™". Model 1 represents a single coastal source of
concentration C, that decays with distance with an e-folding
length scale of 1/k,; model 2 represents a single coastal source
(C,) that decays with length scale of 1/k, on top of a constant,
background dissolved Fe (C,.q), defined as the median dFe
concentration of stations greater than 500 km from the coast;
model 3 represents two coastal sources (C, and Cp) that decay
with length scales 1/k, and 1/kg, respectively. The 500 km
cutoff separates the five most coastal stations (Stations 1—5)
from the stations further offshore (Figure 1). Model 3 could
represent two types of iron sources of different concentrations
and length scales of decay. The closest shelf and slope stations
(stations 2 and S, respectively) were defined to be 10 km from
their respective margin sources to facilitate comparisons of
their source terms.
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Figure 4. Fit parameters C, (source concentration, left panels) and 1/k, (e-folding length scale, right panels) for the short-lived pool of dFe
(solid), L, (hatched), and dFe(II) (open) for the shelf (top two panels) and the slope (bottom two panels) for three exponential models (M1,
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slope for Lg,) are not plotted. Error bars are one standard error for the parameter estimate from the nlinfit algorithm in Matlab.

In a typical assessment of the goodness of fit such as the
mean square error (MSE), large values are more influential
than small values, so a model that minimizes MSE optimizes
the fit near the coast, where dFe is high. In order to find a
model that optimizes the fit to all data, including the low
concentrations offshore, we seek to estimate the parameters of
models 1, 2, and 3 that are found at the minimum of the
objective function, |

=2
i 4)

where y,,; is the observed value of dFe(x) at location i, and
Ymodel,; 18 the corresponding model. In eq 4, the sum of the
squared deviations are normalized by the model values to limit
the strong influence of the observed large dFe(x) concen-
trations on the solution. The best fit was found using Matlab’s
nonlinear regression algorithm nlinfit. Note that this statistic
blows up if the model value is very small compared to the
deviation.

A single exponential (model 1) was not able to capture the
observed rapid decrease in dFe near the coast, especially for
the shelf plume. For both shelf and slope plumes, the best fit
was from the sum of two exponentials (model 3) (Figure 3,
Table 1), suggesting a strong coastal source with short length
scale of decay, and a weaker coastal source with a long length
scale of decay. The shelf plume has a short-lived Fe pool with a
strong coastal source (Cy g = 32 nM) and short length scale
(1/kpghetr = 14 km) and a long-lived Fe pool with a weaker
coastal source (Cp ¢ = 1.2 nM) and long length scale (1/
kg shete = 1998 km). The slope plume has a short-lived pool (1/
kstope = 67 km) with a weak source (Cj gope = 0.96 nM) and a
slightly stronger long-lived pool (CB,SIOPe = 14 oM, 1/kggope =
2029 km). The length scale of the short-lived Fe pool in the
shelf plume is comparable to that found for surface dFe oft of
Monterey Bay, California of 16 km.”® In contrast, the length
scales of both Fe pools in the slope plume are shorter than the
5000 km length scale for dFe at 1000 m in a transect from
central California to the open Pacific.””

2
(yobs,i - ymodel,i)

) 'model, i

981

The longer-lived Fe pools for the shelf and slope plumes
have e-folding lengths of about 2000 km and similar source
strengths (1.2—1.5 nM), suggesting that they may be similar.
In contrast, the shorter-lived Fe pools for the shelf and slope
have quite different source strengths (~30 nM vs ~1 nM) and
length scales (14 km vs 67 km), suggesting that they have
different sources and speciations that affect their susceptibil-
ities to scavenging.

We assessed the behaviors of the measured species of dFe,
dFe(II), and the L1 and L2 classes of Fe-binding ligands (L)
by fitting the same three exponential models to see whether
this could reveal the speciations of the short-lived shelf and
slope Fe pools (Figure 3, Table 1). The source concentrations,
Cy and length scales, 1/k,, of Ly, and dFe(Il) in the shelf
plume are the same as for dFe within error (Figure 4, Table 1).

For the slope plume, it is clear that dFe(II) has a source
concentration that is too small for all models, and Lg, has a
length scale that is too long for models 1 and 3. However,
source concentrations and length scales for L, are consistent
with those of dFe in the model 2 fit.

The fits to the Fe species thus suggest that the short-lived
shelf plume is dominantly dFe(II) and/or ligand-bound Fe,
whereas the short-lived slope plume is composed of ligand-
bound Fe. The fit results are consistent with the broad
distributions, which show that dFe(II) accounted for all of the
dFe in the samples taken closest to the sediment at shelf
depths,'”*" and FeL concentrations always exceeded dFe*’
(Figure 2). Note that these Fe species measurements are not
necessarily mutually exclusive, since ligand-bound Fe can
comprise Fe in the Fe(II) form and may also comprise Fe in
the colloidal form.”

B SOURCES, SINKS, AND TRANSPORT OF IRON AT
THE PERU MARGIN

In this section, we systematically examine all reasonable
explanations for the observation of a slope source of ligand-
bound iron that penetrates more deeply into the interior than a
shelf source that is in the dFe(II) form and/or ligand-bound.
Differences in dFe concentrations at shelf and slope depths

https://dx.doi.org/10.1021/acsearthspacechem.0c00066
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Figure 5. Sedimentary fluxes and concentrations. (A) Measured sedimentary carbon oxidation (C,,) rates (solid green;'** dashed green*) and
bottom water oxygen (bottom O,) concentrations (solid blue**). (B) Measured and predicted benthic Fe flux at Peru margin; symbols indicate
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and bottom O, model,*? using C,, and bottom O, measurements of Noffke'** and Bohlen,* respectively; thick dark and light gray vertical lines are
shelf and slope Fe fluxes, respectively, estimated based on ***Ra distributions.*®

must be attributed to some combination of the following
processes: (1) differences in source of dFe, which is defined
here as the mobilization of Fe from the particulate to the
dissolved phase, either from sediments or from sinking
particles; (2) differences in sink strength, which is the
conversion of dissolved Fe into particulate Fe through
sorption, precipitation, or uptake; (3) differences in circu-
lation, which affects the transport of dFe away from its source;
and (4) differences in the mechanisms mobilizing Fe from
sediments.

Differences in Source of dFe. The two possible sources
of dFe are a horizontal source from the margin or a vertical
source from the conversion to dFe from sinking particles. The
margin source could be a direct source of dFe from sediment
porewaters or the conversion to dFe from pFe in resuspended
margin particles.

Horizontal Source of Iron from the Margin. Large benthic
fluxes of iron result from reductive processes in the sediments,
where reduction of sedimentary Fe(IIl) (oxyhydr)oxides to
dFe(II) is coupled to the oxidation of organic carbon to CO,
when other, more favorable electron acceptors such as O,,
NO;™, and MnO, are depleted.’® Measured benthic iron flux
typically increases as a function of decreasing bottom water
oxygen concentrations and/or increasing sedimentary POC
oxidation rate.”' ~**

Fe flux has been estimated from Peru margin sediments
using benthic flux chambers and porewater profiles®*** and
generally shows the highest fluxes (up to 865 pmol/m*/d) in
the sediments that intersect the OMZ (~50—500 m), although
with high variability (Figure S). A model of benthic flux relying
only on sedimentary POC oxidation rate®” tends to under-
estimate measurements, where a model that uses both bottom
water oxygen and sedimentary POC oxidation rate® over-
estimates measurements. Measurement of dFe(Il) in benthic
flux chambers®* and in porewater profiles®* confirms that
reductive dissolution of sedimentary Fe is the mechanism that
leads to high near-bottom dFe at shelf depths, consistent with
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GP16 measurements of dFe(II) in the water column (Figures
2—4)."

As discussed above, the distribution of the shelf Fe plume
was similar to the distributions of dFe(Il) and Fe-binding
ligands (Figures 2—4). Fe(Il) is several orders of magnitude
more soluble in seawater than Fe(III)* and so does not need a
stabilization mechanism such as organic complexation or
colloids to protect against precipitation. That said, several
studies indicate that iron-binding ligands may be involved in
the sedimentary reduction of Fe and may explain the
similarities in distribution of shelf dFe and Fe-binding ligands.

It has been shown that Shewanella putrefaciens, a facultative
marine anaerobe that has the ability to reduce iron and
manganese, produces a strong Fe(III)-binding ligand that can
solubilize solid phase Fe (oxyhydr)oxides prior to reduction.’”
These authors suggest that dissolved ligand-bound Fe(III) is
more easily reduced than solid phase Fe(IIl) and is thus a
strategy to facilitate the use of solid phase Fe (oxyhydr)oxides
as electron acceptors to oxidize organic carbon. In later work,
this group postulated that the soluble organic-Fe(III)
complexes could also be produced by the oxidation of
organic-Fe(II) complexes by Fe(III) (oxyhydr)oxides.**”
The Peru margin site receives a large supply of labile
particulate organic matter from sinking particles, which may
provide a source of Fe(II)- and Fe(Ill)-binding ligands upon
remineralization in the sediments.*””** The existence of
ligands that bound Fe(II) emanating from porewaters were
hypothesized to explain much slower Fe(II) oxidation rates in
oxygenated bottom waters overlying Celtic Sea sediments than
predicted from theoretical rate models.”” In the Peruvian
ODZ, where the main oxidants for Fe(I), O, and H,0,, are
extremely low and therefore Fe(Il) oxidation rates are greatly
reduced, the slow oxidation rates of dFe(Il) could allow time
for formation of ligand complexes** that may further retard the
oxidation rates.

For Peru margin slope sediments below 500 m water depth,
where near bottom O, concentrations increase to above a few

https://dx.doi.org/10.1021/acsearthspacechem.0c00066
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micromolar, benthic Fe flux was not measurable usmg benthic
flux chambers or modeling of pore water profiles***> (Figure
S). As these methods are best for estimating diffusive fluxes
from porewaters, they likely underestimate the true benthic Fe
flux from slope sediments as they may not include physical or
biological sediment mixing events that would increase flux. A
recent study of Black Sea sediments found high benthic Fe flux
(360 umol/m*/d) despite bottom water oxygen concen-
trations >200 ymol/kg and elevated porewater dFe(H) more
than 2 cm from the sediment—water interface.” This study
found that bioirrigation was a critical mechanism to enhance
benthic Fe flux beyond what is estimated from diffusive
processes. In the Peru margin between 500 and 1000 m,
elevated dissolved Fe(II) concentrations were found only 1—2
cm below the sediment—water interface.*”***® There are no
direct measurements of flux or bioturbation at 2000 m on the
Peru margin; however, even if the high dFe(II) were further
below the sediment—water interface, previous work has shown
that the upper 8—9 cm of sediment at 1210 m on the Peru
margin was bioturbated with high concentrations of meiofauna
and macrofauna,”’ so there is ample opportunity for
bioturbation-induced enhancement of benthic Fe flux from
the slope beyond those estimated by benthic flux chambers
and pore water profiles. Physical mechanisms to enhance
benthic Fe flux are also likely important, which we discuss in a
later section.

Several tracers suggest at least some direct influence of
reducing porewaters in the water column at slope depths. First,
while the majority of the dFe in the water column at slope
depths is in the Fe(Ill) form (Figure 2), as expected for
oxygenated waters, dFe(II) at Station S (78.2°W) is nonethe-
less elevated above background (~0.1 nM) at all depths, well
above the 0.014 nM detection limit,'" even in oxygenated
waters. Although dFe(Il) is a small percentage (~5%) of total
dFe at slope depths, its presence in oxygenated waters suggests
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a relatively constant source from sediments. The rate law for
the oxidation kinetics of Fe(II) in seawater is given by**

—d[Fe(II)]

= = k[Fe(I1)][O,][OH T

where the overall rate constant, k, was empirically determined
to be

log k = log ko — 3.291"'% + 1.521

and

21.56 — 1545

log k, = T

where T is the temperature in K and I is the ionic strength,
which can be calculated from salinity.

For near-bottom waters around 2000 m with T =2.2 °C, I =
0.715 (S = 34.65), [0,] = 103 umol/kg, and pH = 7.73,* the
Fe(II) oxidation half-life is 20.8 h, long enough to allow a small
accumulation of dFe(II) even without ligand stabilization but
short enough that it would have to be continually supplied in
order to measure it.

Second, there is a negative N* anomaly adjacent to Station 5
waters between 1000 and 2000 m (Figure 2), suggesting the
influence of denitrification. Since dissolved oxygen concen-
trations at >50 umol/kg are well above the threshold for water
column denitrification, this suggests an influence from
reducing sediment porewaters. Unlike the dFe(II) signal,
however, the negative N* anomaly is stable and could have
been transported from elsewhere.

Third, while the light isotopic composition of dFe at slope
depths (Figure 2) was used as an argument for the origin of
this dFe plume from dissolution of light pFe from sinking
particles,"” it could also be evidence of the influence of
reductive porewaters in adjacent slope sediments.”"***°
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As argued above, reductive dissolution processes are likely to
be important as a source of Fe from Peru slope sediments, but
attention has also been increasingly paid to nonreductive
dissolution, which is the dissolution of sediments in oxidizing
conditions. Evidence from several isotope systems, including
Fe isotopes, support the importance of nonreductive
dissolution of aluminosilicate sediments in seawater” "
potentially from ligand-mediated and/or microbial dissolution
processes.ss’56 Long-term (~1 year) dissolution experiments of
several types of sediments from the Kerguelen Plateau in
oxygenated seawater showed that sediments rich in biogenic Si
released more dissolved iron than basalt-rich or calcite-rich
sediments, both in absolute amounts and also as a percentage
of the starting particulate Fe concentrations.”” Biogenic Si is
everywhere undersaturated in the water column, so its
dissolution should contribute structurally incorporated™®
and/or adsorbed Fe.

Although we do not have direct measurements of the
composition of surface sediments around 2000 m, particles in a
nepheloid layer in bottom waters at 35 m above the sediment—
water interface at ~2000 m at Station 5 are a reasonable proxy.
These nepheloid particles were mainly composed of lithogenic
particles (34% weight fraction), biogenic silica (29%), and
particulate organic matter (26%).” Particles in the nepheloid
layer had an Fe/Al ratio of 0.23 mol/mol (Figure 6D), similar
to upper continental crust average of 0.21 mol/mol, the
Andesite rock average (0.23 mol/mol), and slightly above the
0.19 mol/mol found in surface sediments measured at 2025 m
about 100 km north of our station.”® This is in contrast to
suspended particles at OMZ depths, which had Fe/Al far in
excess of crustal material (Figure 6D). Synchrotron chemical
species mapping and X-ray absorption spectroscopy showed
that the high Fe/Al pFe in the OMZ was primarily composed
of Fe oxyhydroxides.”' In contrast, Fe-rich particles at slope
depths were minerologically more diverse with a mixture of
Fe(II)-, Fe(III)- and Fe-sulfide bearing minerals (Figure 6A).
X-ray absorption near-edge spectroscopy showed that for
samples below 1000 m, Fe(III) hotspots included clays such as
Illite and some Fe oxyhydroxides, Fe(II) hotspots were mainly
silicates such as biotite, and Fe sulfide hotspots were pyrite.
Since clays, silicates such as biotite, and pyrite cannot form in
this water column, their presence indicates resuspension and
transport from sediments.

Given the high opal concentration in near-bottom particles,
dissolution of biogenic Si from Peru slope sediments may be a
source of dFe. Indeed, there is a slight shoaling of the Si*
isolines at the margin around 2000 m, consistent with the
dissolution of biogenic Si in near-bottom waters at slope
depths at the margin (Figure 2). The slow, nonreductive
dissolution of lithogenic Fe may be a potential additional
source of dFe at slope depths, but this is more likely to be
important in the ocean interior. Rates of nonreductive
dissolution of lithogenic Fe would have to be faster than the
enhanced scavenging rates from increased particle concen-
tration in order to act as a net source of dFe but measured
rates of nonreductive dissolution are wuite slow.’” Further,
mesocosm®” and modeling®"®” experiments have shown that
the addition of mineral dust frequently decreases dFe
concentrations because of enhanced scavenging by the high
particle concentrations.

However, the slow dissolution of lithogenic Fe is precisely
the characteristic that may explain why relatively insoluble Fe-
bearing sedimentary particles may be particularly important as
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a source of dFe into the deep interior ocean: coastal sources of
dFe are scavenged and removed before reaching the interior,
but since overall particle concentrations are greatly reduced in
the interior the slow lithogenic dissolution rate may be able to
compete with the even slower scavenging rate in the interior
and act as a net source.”” On the GP16 transect, pAl
concentrations, indicative of lithogenic particles, are elevated
above background at 2000 m to 89°W and possibly further
(Figure 2), more than 1200 km from the margin, potentially
providing a slow release source of dFe into the interior.

Overall, the speciation of the dissolved and particulate
phases of Fe suggests that the slope Fe plume has
characteristics consistent with a source of Fe from the slope
sediments that is primarily ligand-stabilized dFe(III) derived
from partial oxidation of reduced porewater dFe(II), a small
contribution of dFe(Il) directly from porewaters, and
potentially from the dissolution of Fe-containing biogenic
silica. Further into the interior, the plume may be sustained by
the persistence of stabilized dFe from pore waters and
potentially the nonreductive liberation of dFe from the slow
dissolution of resuspended lithogenic particles.

Remineralization or Desorption Input from Sinking
Particles. The source of the slope dFe plume was postulated
to be from the remineralization, desorption, and/or dissolution
of Fe from sinking particles that were derived from shelf
depths.'” This hypothesis was motivated by the observation of
light (negative) Fe isotopes in the dissolved phase in the slope
plume (Figure 2). Since light Fe isotopes are a marker of
reductive dissolution, which would be expected in the oxygen-
deficient shelf depths but not in the oxygenated slope depths,
John et al. argued that the light Fe isotopes in the slope plume
were derived from the regeneration of isotopically light Fe
from sinking particles that originated in oxygen-deficient shelf
waters. Their hypothesis was supported by a modeling exercise
in which they allowed for an input of Fe from reducing
sediments at shelf depths and allowed for reversible scavenging
from sinking particles. A partition coeflicient, Ky, of 0.1
reproduced observations, requiring an exchangeable particulate
Fe concentration of 10—100 pM, which John et al. deemed was
plausible given ligand leachable particulate iron concentrations
of about 1 nM.

The size of the pFe pool that is available for conversion to
the dissolved phase on the time scale of particle residence time
in the ocean depends on the process by which the Fe is
mobilized. The fastest mobilization processes are probably, in
decreasing order, regeneration of biogenic Fe, desorption of
surface-complexed Fe, and dissolution of iron-containing
biogenic Si. The dissolution of Fe oxyhydroxides and Fe-
containing aluminosilicates are probably one or more orders of
magnitude slower. The ligand-based leach'® is thought to
access adsorbed Fe as well as some portion of poorly crystalline
Fe oxyhydroxides.”” The pool of pFe that is available for
desorption is likely significantly smaller than this measured
pool. Indeed, synchrotron X-ray absorption spectroscopy
showed that much of the water column pFe formed at shelf
depths was in the form of Fe oxyhydroxides,”" which are
unlikely to be a source of Fe through any of the fast
mobilization processes. However, we can estimate the size of
the organic matter and biogenic Si-associated pools of Fe
associated with suspended particles. Assumin§ an upper limit
Fe/P ratio of 5 mmol/mol in organic matter®* and suspended
particulate P concentrations of ~2 nmol/L found between 600
and 2000 m,”” the pool of biogenic Fe available for
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regeneration is ~10 pmol/L, which is at the lower limit of what
is required. Assuming an upper limit Fe/Si ratio of 1.3 mmol/
mol®® and biogenic Si concentrations of 45—120 nM between
600 and 2000 m,” the pool of Si-associated Fe available for
release from the dissolution of biogenic Si is 60—155 pmol/L.
Biogenic Si-associated Fe in suspended particles may thus
provide an adequate pool of labile particulate iron to
potentially supply slope depths with dFe if the majority of
the biogenic Si pool were to dissolve and release its associated
Fe into solution, but the isotopic composition of this pool is
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unknown. Overall, the potential input of dFe from sinking and
suspended particles cannot be ruled out as a contributor to the
slope dFe plume.

Differences in Sink Strength. We have so far focused on
the supply of dissolved Fe in the shallow and midslope plumes,
but loss mechanisms are equally important to consider. Loss of
particle reactive TEIs due to scavenging is usually described as
a function of the concentration of the TEI in the dissolved

2,65

phase and the particle concentration. Higher particle
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concentrations provide more surface binding sites for TEIs to
sorb to, thereby increasing sorption rates.

Particle concentrations usually decrease quickly with depth,
so scavenging rates are generally expected to decrease with
depth on the basis of this alone. However, resuspension of
sediments can lead to suspended particle concentrations in
nepheloid layers approaching those of near surface concen-
trations.’® There was only one near-bottom suspended particle
mass measurement made below 500 m on the Peru continental
slope, and this showed a relatively prominent nepheloid layer
at 2000 m that elevates those near-bottom concentrations to
be comparable to particle concentrations at ~200 m (~25 ug/
L) (Figure 6E). Although particle concentrations are similar,
the benthic flux and thus near-bottom concentrations of dFe
are higher at shelf depths than at slope depths, which should
increase scavenging rates at shelf depths. For Fe, however, the
redox state, organic complexation, and physicochemical
speciation of the dissolved phase is at least as img)ortant as
its concentration for determining scavenging rates, 7 since in
addition to sorption Fe is extremely insoluble in its Fe(III)
oxidation state and is easily lost by precipitation into the solid
phase unless otherwise stabilized.

As discussed above, dFe is primarily in the Fe(II) form at
shelf depths and in the Fe(III) form at slope depths. The usual
oxidants for Fe(Il) in the ocean, O, and H,0,, are extremely
low**® in the ODZ at shelf depths, but Fe(II) oxidation rates
could still be estimated from modeling water column Fe(II)
profiles, suggesting that another oxidant is at work.** Previous
investigators proposed that nitrite or nitrate were oxidizing
Fe(1I) in the Peruvian ODZ in the absence of 0,.*"*’

It is instructive to compare the fate of dFe(Il) that is
oxidized at shelf depths compared to slope depths. As we argue
above, the reductive dissolution of Fe in sediments is likely
supplying Fe for both the shelf and slope dFe plumes. At shelf
depths, dFe(II) can freely diffuse into the overlying oxygen
deficient water column because oxidation rates are slow, but
the dFe(1l) appears to be eventually oxidized by nitrite or
nitrate in the water column.”"®” Interestingly, the water
column oxidation of dFe(II) appears to generate filterable
pFe(1II) (Figure 2), whereas the at least partial oxidation of
dFe(I) in the upper few oxygenated centimeters of slope
sediments appears to lead to a form of dFe(III) that is resistant
to precipitation.

It is unclear why the water column versus the porewater
oxidation of dFe(Il) should result in stable dFe(III) in the
latter case but not the former. The most obvious difference
between the two environments is that the water column
environment can be orders of magnitude more dilute in many
inorganic and organic species than the porewater environment.
Porewater DOC concentrations in the upper 6 cm of a box
core taken around 1500 m a few hundred kilometers south of
our sampling stations were 0.9—1.7 mmol C/L,” compared to
<0.08 mmol C/L in the upper 100 m of the water column.”"
The DOC-rich porewater environment may allow soluble and
colloidal organic ligands to compete with the precipitation of
Fe oxyhydroxides, thus keeping oxidized Fe in the dissolved
(<0.2 um) phase. The decreasing concentrations of LFe with
distance at both shelf and slope depths (Figure 3) support a
potential porewater source of ligands. In contrast, the more
dilute DOC and thus ligand concentrations of even upper
water column waters result in ligand complexation rates that
are too slow to compete with authigenic and/or microbially
mediated precipitation and aggregation of Fe oxyhydroxides
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into filterable and sinking particles, which are quickly lost from
the water column.

Differences in Circulation. Differences in the circulation
at shelf and slope depths are also important factors affecting
the delivery of margin dFe into the interior. The central Peru
Current System is a turbulent regime characterized by
significant eddy activity with both models’> and observa-
tions”*~”® showing abundant mesoscale eddies. Cold core rings
from the Gulf Stream have been argued to be a significant
cross-shelf transport mechanism of iron to the subtropical
North Atlantic.”® While the dynamics of a western versus
eastern boundary current is quite different, mesoscale eddies
have also been suggested as mechanisms for cross shelf
transport in the Peru upwelling system.”*

Eddies and filaments should cause diftusion-like transport of
iron into the interior at all depths. Using the distribution of
2%Ra, a radioisotope produced from the decay of ***Th in
sediments with a half-life of 5.75 years, horizontal diffusivities
of Ky gnete = 663 m*/s and Ky gope = 46 m?/s were estimated.”
Since the diftusive flux is the product of the diffusivity and the
gradient in concentration, we would expect higher offshore
diffusive transport at shelf depths than at slopes depths because
of both their higher diffusivities and steeper Fe gradients.

To estimate advective velocities, we examined output from
HYCOM, a high-resolution (1/12°) eddy-resolving, data-
assimilative ocean circulation model (http://hycom.org).
Model output shows highly variable flow from day to day
along the Peru margin, as expected for a region with mesoscale
variability. When averaged over the time of our occupation
(not shown) or over a year preceding our occupation,
prevailing water velocities are eastward (toward the margin)
and southward in the upper 400 m at 12°S and along the Peru
margin from 6 to 18°S (Figure 7), largely reflecting the
eastward component of the poleward Peru—Chile Under-
current (PCU). Mean horizontal flow is weaker below about
800 m at 12°S but is generally westward and northward along a
large portion of the Chile—Peru margin at 2000 m (Figure 7).

We can make two conclusions based on this cursory
examination of transport terms at shelf and slope depths: (1)
the much weaker circulation at slope depths is unlikely to cause
the sediment resuspension observed at 2000 m, and (2) the
advective regime is more conducive to transporting benthic Fe
flux into the interior from slope rather than from shelf depths.
At shelf depths, the stronger horizontal diffusive flux toward
the interior may potentially counteract and overcome the
advective flux toward the margin. In comparison, at slope
depths both advection and diffusion should transport Fe
toward the interior.

Sediment Redistribution. Mechanisms that promote
sediment redistribution can enhance dFe sources to the
water column by enhancing benthic flux of dFe from sediment
porewaters and by resuspending sediment particles into the
water column, where they can supply Fe to the aqueous phase
by dissolution, desorption, or remineralization, as discussed in
the Fe sources section above.

Downslope Sediment Transport. The depths at which the
strong poleward flowing undercurrent runs along the sea floor
(cf. Figure 7) is reflected in seabed morphological features,
including mudwaves between 250 and 400 m water depth.”’
Sediment accumulation can only occur in the shadow of the
undercurrent, and indeed there is an organic carbon-rich mud
lens close to the shelf break off Callao at 180 m,”’
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Figure 8. An examination of criticality of semidiurnal (left) or diurnal (right) internal tides in the region surrounding the GP16 transect (stations
1—5 marked as filled black circles; contour lines are the 500, 1000, 2000, 3000, 4000, and 5000 m isobaths). The GMRT bathymetry data set”! was
interpolated to a 1/4° grid to match the 1/4° WOA13" data used to calculate the buoyancy frequency. Grid cells within 20% of criticality are

highlighted in red.

approximately between our Stations 2 and 3, which would
provide conditions favorable for benthic iron reduction.

The horizontal velocities (Figure 7) suggest that direct
resuspension of sediments from the mean circulation is more
likely at shelf depths, and yet GP16 observations show greater
evidence for sediment resuspension at slope depths below 500
m with elevated near bottom pAl at 750 and 2000 m (Figure
2). The lack of observed sediment resuspension at the shelf
break could simply be explained by variability in sediment
resuspension events, and that we happened to sample at a
quiescent time at the shelf depth. Sediment resuspension
events from around the shelf break have been observed: in a
survey of the distribution of suspended particulate matter using
optical instruments, several intermediate nepheloid layers were
observed emanating from the Peru margin at around 200 m at
9°S and 23°S and at 400 m at near 4°S, some of which
persisted for several hundred kilometers offshore.”® The
authors suggested advective or diffusive offshore transport.

The observed nepheloid layers at slope depths could be
triggered by sediment mobilization at shallower depths, which
are then transported downslope by gravitational processes. The
locations of highest sediment resuspension at 750 and 2000 m
are also where there is a break in the angle of the slope (Figure
1), which may act as depocenters of sediment originating
upslope that may be easily resuspended. This downslope
sediment transport could also induce turbulence which would
act to increase the benthic flux of Fe out of sediment
porewaters.

Indeed, there is geochemical evidence for sediment
redistribution from the shelf and upper slope. Both geo-
morphic and *'’Pb evidence indicate that regular sediment
slumping occurs on the time scale of decades on the Peru
margin," "*””* transporting sediments downslope and laterally
across the margin. Further, this region is located in an area of
high seismicity with high magnitude (>6 in Richter scale)
earthquakes occurring every few years. In fact, a magnitude 7.1
earthquake occurred approximately 500 km southeast of our

cruise track (15.89°S, 74.511°W) on September 25, 2013, just
one month prior to the start of the GP16 cruise. Although only
weak shaking was reported around 12°S,% this is a clear
mechanism to destabilize sediment on the continental margin.

Numerous cross-shelf and cross-slope channels in this area
of the Peru margin observed from detailed echo-sounder
profiles are interpreted as conduits for downslope sediment
transport but are currently partly filled with sediment and
thought to be inactive.”’

Internal Waves. An alternative mechanism to resuspend
particles at the margin is through the action of internal waves.
If the angle of internal wave travel is similar to the angle of the
continental slope, it is said to be critical.

The angle of internal wave travel, ¢, is calculated as

o Gz_fz
N — ¢

where ¢ is the internal wave frequency, f is the inertial
frequency (Coriolis parameter), and N = —%% is the

buoyancy (Brunt-Viisila) frequency, where p is the potential
density, and g is the gravitational acceleration.®’ Criticality
elevates turbulence dissipation and mixing,*> which may lead
to sediment resuspension®® and the formation of bottom or
intermediate nepheloid layers that can spread into the ocean
interior.”**~*” Criticality should result in the highest bottom
velocities and shear stresses.”’ Internal waves whose angle of
travel is greater than the angle of the slope are “transmissive”
and may result in bottom velocities that increase upslope.
Finally, internal wave angles that are less than the slope are
“reflective” and do not transfer much energy to the slope.
The influence of the dominant M, (semidiurnal) tide on
sediment resuspension in the upper 1200 m of the continental
slope was investigated in a series of transects from 8°S to 12°S
using multibeam bathymetric data.***" These investigators
found that near-critical slopes frequently occur between 500
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and 1000 m. Low sediment and mass accumulation rates and
phosphorite hard grounds, an erosion indicator, were found at
near-critical water depths,*>*” suggesting that near-critical and
transmissive internal waves resuspend and carry sediments
upslope where the Peru Coastal Undercurrent may transport
them away.®” A diurnal tide or near-initial gravity wave could
provide the energy to resuspend sediments at 2000 m on the
GP16 transect.” We extended the analysis to examine
criticality in the region surrounding the GP16 transect using
annual climatologies (2005—2012) of T, S data from the
World Ocean Atlas 2013 at 1/4° resolution” to calculate the
buoyancy frequency using the Thermodynamic Equation of
Seawater toolbox (TEOS-10; McDougall and Barker, 2011)
and the Global Multi Resolution Topography data set’'
interpolated to the WOA2013 grid to calculate the slope and
assuming a semidiurnal or diurnal tide frequency. Ignoring the
abyssal depths, we confirm that semidiurnal waves are more
likely to be near critical on the continental margin than diurnal
waves, although there are a few locations in which diurnal
waves are near critical (Figure 8). Although not all points along
the margin are near-critical with respect to semidiurnal or
diurnal waves, the prevalence of criticality is high enough that
internal waves are a plausible mechanism to be important
generally for sediment resuspension along continental margins.

Both pAl and ***Ra are elevated at ~2000 m and decrease in
concentration smoothly away from the margin (Figure 2).
Even though elevated pAl persists to 89°W, elevated 228Ra
disappears before 84°W because it is decaying as it is diffusing
into the interior (Figure 2).° It takes three e-folding times
(~25 years for 1/4 = 8.3 yrs) for **Ra to decay away to 5% of
its original value. This gives us a minimum estimate for the
time it takes to transport pAl to 84°W. The smooth decrease in
22%Ra activities” and in pAl concentrations (Figure 2) with
distance from the coast suggests a constant source from the
margin and consequently demands a relatively consistent way
to enhance benthic flux and resuspension. An internal wave
mechanism satisfies this requirement for a consistent source.
Gravitational processes that lead to downslope sediment
transport processes could potentially also satisfy this require-
ment if they are frequent enough.

B IMPLICATIONS FOR OTHER MARGINS

It was recently suggested that margins overlaid by OMZ waters
might be particularly effective at generating deep plumes of
dFe because of the high fluxes of Fe oxyhydroxides generated
in the OMZ to slope sediments.'’ Indeed, to maintain a solid
phase Fe/Al ratio that is approximately crustal, as observed in
near-bottom waters at Station 5, there must be a steady state
supply of easily dissolvable iron either from the water column
above or from upslope sediments that balances a loss of Fe
from the solid phase due to reductive and nonreductive
dissolution. Besides the Peru margin feature discussed here, it
was noted'' that elevated dFe was observed from the
continental slope in the western Indian Ocean,”” off the
Namibian coast,”® and off Senegal.94 There is also elevated dFe
from slope depths in several transects intersecting the Aleutian
and Kuril-Kamchatka margins.”” It is clear that many
continental slopes are an important source of dFe into the
interior, but the mechanisms responsible for their release of
dFe require further study and likely vary from margin to
margin.

Not only are careful studies of benthic fluxes of TEIs quite
limited,>” but there are even fewer that have directly studied
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slope depths. As the basin section portion of the international
GEOTRACES Programme winds down, attention should turn
to process studies that focus on how variations in sediment and
overlying water column characteristics affect TEI exchange.

B CONCLUSIONS

The margin end of the U.S. GEOTRACES GP16 transect in
the Eastern Tropical South Pacific off the coast of Peru
revealed several surprises in the role of continental margins as a
source of iron to the ocean interior. As expected, near-bottom
dissolved Fe was highest at shelf depths where dissolved
oxygen concentrations were lowest and generally decreased
with depth as oxygen concentrations increased out of the
OMZ. However, contrary to expectations the lateral pene-
tration of benthic dissolved Fe was much greater from
midslope depths (1000—3000 m), where oxygen concen-
trations exceeded 100 uM, than at shelf and upper slope depths
(50—200 m), where oxygen concentrations were below
detection.

The most effective margin sources of dFe to the water
column will be those in which the dFe flux from porewaters to
overlying waters is high, and the effluxed dFe is stabilized in a
form that is resistant to scavenging. Scores of previous studies
have shown that margins with high organic matter oxidation
and low bottom water oxygen concentrations result in the
highest benthic Fe flux, but Peru OMZ studies show that this
iron appears to be less persistent than expected. As long as the
effluxed dFe remains in Fe(Il) form, it is quite stable, but the
water column oxidation of this dFe(Il) by any oxidant (e.g.,
0,, H,0,, NO;7, NO,™) appears to generate filterable (and
sinkable) pFe. In contrast, the oxidation of porewater dFe(II)
in the upper centimeters of sediments where oxygen penetrates
appears to generate stabilized dFe(III) that can remain in
solution and is resistant to scavenging. Figure 9 summarizes
these ideas. At shelf depths, the main source of iron is from

NOx

dFe(iII dFe(ll)

pFe(lll)

poc  DOC,CO2

< r 1)L

Figure 9. Schematic of the main sources and sinks of dFe at shelf and
slope depths at the Peru margin. Block arrows represent diffusive and
advective transport processes. Thin arrows represent oxidation,
reduction, complexation, and precipitation reactions. Oxygen deficient
waters at shelf depths are shaded light gray. Biogenic sediments are
shaded light orange. POC: particulate organic carbon. DOC:
dissolved organic carbon. dFe(IIl)-L: ligand-bound dFe(III). bSi-
Fe(III): biogenic silica with adsorbed or structural Fe(III).
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reductive dissolution of pFe(Ill) in shelf sediments fueled by
organic carbon remineralization from biogenic sediments
(orange layer). The dFE(II) diffuses into oxygen deficient
(light gray shading) overlying waters but is oxidized close to
shore, likely by nitrate or nitrite, and precipitates to pFe(III),
which sinks. At slope depths, moderate POC supply to the
sediments can still fuel reductive dissolution in the sediments a
few centimeters below the sediment—water interface. Upward
diffusing dFe(1I) is oxidized to dFe(IIl) in the oxygenated
porewaters toward the sediment—water interface but high
DOC concentrations in porewaters supply Fe-binding ligands
that complex dFe(IlI), keeping it in solution. Ligand-bound
dFe(III) is thus stabilized from removal and can be advected
into the interior.

We postulate that margin sediments that receive a moderate
amount of organic carbon flux, characterized by oxygenated
bottom waters but shallow oxygen penetration into the
sediments, may be the most efficient sources of persistent
dFe into the water column. Although the magnitude of the
benthic Fe flux from these types of margins may be less than
that from highly productive margins overlain by oxygen
deficient waters, it appears that the iron that does emanate
from these margins is particularly persistent. We speculate that
iron from these margins is stabilized by soluble and/or
colloidal organic ligands generated in the DOC-rich porewater
environment, and that dFe in this form is particularly resistant
to scavenging. Process studies that focus on sediment processes
in these environments are needed to test these ideas.

B METHODS

When available, data were taken from the GEOTRACES
Intermediate Data Product 2017 version 2 (IDP2017 v2).*°
The specific IDP2017 parameters used were Fe D CONC_-
BOTTLE for dissolved Fe,’ Fe 56 _$4 D _DELTA BOT-
TLE'® Fe 56 54 SPL_DELTA PUMP'® for the isotopic
compositions of dFe and leachable pFe, the sum of the strong
Fe ligand concentrations (L1Fe_D CONC_BOTTLE
+L2Fe_D_CONC_BOTTLE) for Ly, where L Fe is for log
Kf:‘:ﬁ;e, > 12 and L,Fe is for log Kf:‘;‘ﬂ:e: = 11-12 binding
classes,”® Fe_TP_CONC_BOTTLE and Al TP_CONC_-
BOTTLE for pFe and pAl from bottle filtration, respec-
tively,”>’® Fe_SPT_CONC_PUMTP for small pFe from in situ
pump filtration,”"”* and Ra_228 D CONC_PUMP for
22Ra.”> When multiple data sets were submitted (e.g., for
dFe), the value in the IDP2017 represents the median of all
data sets.”® All parameters reported here with suffix
“CONC_BOTTLE” were sampled from Teflon coated GO-
flo bottles on the GEOTRACES carousel filtered through a 0.2
pum Acropak Supor200 capsule filter”””® for dissolved
components or onto a 0.45 ym Supor membrane filter for
particles. All parameters with suffix “CONC _PUMP” were
sampled using McLane in situ pumps.’” Particulate compo-
nents with the suffix “SPT” and “SPL” are the Small Particulate
(0.8 ym-S1 pm) Total digest or Small Particulate Leachable
fraction of in situ pump samples. This fraction represents
approximately 80% of the total size distribution of these
parameters.”” Note that Figure 2 shows pFe and pAl from
bottle filtration because of their higher spatial resolution than
in situ pump particles, whereas Figure 5 shows pFe and pAl
from in situ pump filtration, since these are the samples that
were examined by synchrotron X-ray methods. N-star was
calculated using the macro in Ocean Data View:” N-star =
0.87 * (Nitrate -16¥Phosphate +0.29)"%
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Si-star was calculated as Si-star = Silicate — Nitrate'"
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