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Pelagic clays as archives of marine iron isotope chemistry 

Ann G. Dunlea a,*, Logan A. Tegler a,b,c,d,1, Bernhard Peucker-Ehrenbrink a, Ariel D. Anbar c,d, 
Stephen J. Romaniello c,e, Tristan J. Horner a 

a Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, United States of America 
b Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, United States of America 
c School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85281, United States of America 
d School of Molecular Sciences, Arizona State University, Tempe, AZ 85281, United States of America 
e Department of Earth and Planetary Sciences, The University of Tennessee Knoxville, Knoxville, TN 37996, United States of America   

A R T I C L E  I N F O   

Editor: Michael E. Boettcher  

A B S T R A C T   

Slowly accumulating pelagic clays are enriched in metals that were formerly in seawater, including iron, an 
important micronutrient. Because the metals are minimally remobilized in oxygenated porewater, pelagic clays 
may be a potential archive for records of past marine micronutrient cycling. Here, we present a record of changes 
in hydrogenous iron (Fe) isotopes since the late Cretaceous derived from pelagic clays that we dated with 
osmium isotope chronostratigraphy. To optimize the separation of the hydrogenous metal (oxy)hydroxides from 
bulk sediment, we repeatedly leached an oxic pelagic clay sample under variable conditions (HCl molarity, 
temperature, time) and measured the element concentrations, Fe isotopes, and Os isotopes. The common 
behavior of elements amidst the permutations of the leach experiment offers insight into which components were 
dissolved and we defined a range of successful leaches. We applied our optimal leach for Fe and Os isotopes (1 M 
HCl, for 24 h at 20 ◦C) to 45 samples at Site U1366 in the South Pacific Gyre. The resulting record suggests a 
dynamic Fe cycle in the water column overlying Site U1366 over the past 95 million years. Early in the site’s 
history, trends in the Fe isotopes are interpreted as reflecting changes in hydrothermal Fe with distance from the 
ridge. Contributions from a background Fe source are identified as well as a transition to dust-like source after 
50 Ma until present. Constructing similar records at multiple sites will provide a basin-wide perspective on how 
the marine Fe cycle has changed over million-year timescales.   

1. Introduction 

The sources and cycling of transition metals in seawater impacts the 
structure and productivity of marine ecosystems (e.g., Morel and Price, 
2003; Moore et al., 2013). Of these metals, iron (Fe) is commonly the 
limiting micronutrient in high-nutrient low-chlorophyll regions of the 
ocean, such as the Southern Ocean (e.g., Martin and Fitzwater, 1988; 
Tagliabue et al., 2017). The cycling of marine Fe is complex. Several 
geochemical approaches have been developed to understand modern Fe 
cycling, such as speciation, size partitioning, ligand affinity, and stable 
isotope analysis (e.g., Achterberg et al., 2001; Achterberg, 2014; Lacan 
et al., 2008; Conway and John, 2014; Buck et al., 2017, 2018; John 
et al., 2018). Of these, the stable isotope composition of Fe (δ56Fe) has 
emerged as a powerful tool, as it provides a tracer of Fe sources and 
cycling processes embedded within the inventory of Fe itself (e.g., 

Dauphas et al., 2017; Johnson et al., 2020). Iron isotopes can be 
measured in marine sedimentary deposits, potentially providing paleo
ceanographic records that enable investigation of the variability or 
stability of the Fe cycle over time. However, to create such a record, a 
sediment archive must (1) faithfully record the Fe isotope composition 
of the water column, (2) preserve this Fe isotope composition after 
burial, (3) be spatially and temporally expansive for a basin-wide 
perspective, and (4) be amenable to chronostratigraphic analysis. Oxic 
pelagic clays exhibit qualities that meet each of these criteria, as 
described here. 

Previous studies of past Fe cycling using marine sediment archives 
assumed that the Fe flux from dust dominated the total flux of Fe into the 
ocean (e.g., Ziegler et al., 2008; Martínez-Garcia et al., 2011). However, 
research showed that hydrothermal vents and continental margin sedi
ment supply Fe at rates that could equal or exceed dust fluxes (e.g., 
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Tagliabue et al., 2010). The Fe from each of these sources carries a 
characteristic isotope composition that is modified by the internal 
cycling of Fe within seawater (e.g., ligand binding, oxide or sulfide 
precipitation; Severmann et al., 2004; Lough et al., 2017; Marsay et al., 
2018). Considering the collective effects, Fe derived from dust has a 
narrow range of isotope compositions (e.g., Beard et al., 2003a, 2003b; 
Waeles et al., 2007; Conway and John, 2014). Any Fe isotope compo
sitions outside this narrow range indicates the Fe is derived from a non- 
dust source and can be interpreted within the paleoceanographic 
context of a site (e.g., Horner et al., 2015). The isotope composition of 
dissolved Fe can be tracked for thousands of kilometers from the source 
and there is a predictable fractionation factor between dissolved and 
particulate phases. (e.g., Fitzsimmons et al., 2015, 2016; Marsay et al., 
2018; John et al., 2018). Thus, the particulate Fe will carry a modified Fe 
isotope composition inherited from the source as it is deposited on the 
seafloor. 

Iron is minimally remobilized after deposition in oxic sediments. 
Models estimate that oxygen permeates from the sediment–water 
interface down to the underlying basaltic crust across 9–37% of the 
global seafloor ([O2] > 0.1 μM; D’Hondt et al., 2015). While oxic 
diagenesis may re-distribute some metals (e.g., Dymond et al., 1984; 
Homoky et al., 2013), porewater concentrations of Fe are consistently 
low at oxic sites (≤10 μM; e.g., the South Pacific Gyre; D’Hondt et al., 
2011), and estimated exchange of dissolved Fe with solid-phase (oxy) 
hydroxides is slow enough to be negligible (1.1 × 10−12 cm2 yr−1; 
Marcus et al., 2015; Horner et al., 2015; Gorski and Fantle, 2017). The 
oxic sediment is in contrast to reducing sediments, where Fe is sub
stantially remobilized via subseafloor diagenesis (e.g., Burdige, 1993). 
Accordingly, the Fe isotope composition is more likely to be well pre
served in oxic sediments. 

The dominant lithology in oxic sediments is pelagic clays. Pelagic 
clays have expansive spatio-temporal coverage. Deposits are found in 
every ocean basin—covering nearly half of the ocean floor (e.g., Dut
kiewicz et al., 2015) — and on oceanic crust from every epoch since the 
Late Cretaceous. Fine-grained (≤10 μm; Dubois et al., 2014) pelagic 
clays accumulate slowly (~1 m Myr−1) below the calcite compensation 
depth on the abyssal plains (e.g., Leinen, 1989; Dunlea et al., 2018). 
With slower accumulation rates of aluminosilicates (dust and volcanic 
ash) and biogenic material, the (oxy)hydroxides removed from seawater 
are less diluted and become more concentrated in the sediment (e.g., 
Dymond et al., 1973). Fe2O3 concentrations in pelagic clays can be as 
high as 50 wt% of the bulk sediment (e.g., Dymond et al., 1973; Dunlea 
et al., 2015a, 2017). Bioturbation is estimated to mix up to 5–30 cm, 
corresponding to several to tens of thousands of years of the sediment 
record. The result is a ‘smoothed’ long-term record that spans the entire 
Cenozoic at many sites (Meadows and Meadows, 1994). While pre
cluding higher-resolution thousand-year timescale studies, these quali
ties make pelagic clays suitable for studying basin-wide changes over 
million-year timescales. 

Determining the age of pelagic clay lithologies often requires the use 
of non-traditional chronostratigraphic approaches (e.g., Zhou and Kyte, 
1992; Kyte et al., 1993; Dunlea et al., 2015b) because poor preservation 
of microfossils prohibits typical biostratigraphic dating techniques. One 
useful approach is osmium isotope chronostratigraphy, which can date 
pelagic clay sequences since the late Cretaceous (e.g., Klemm et al., 
2005; Peucker-Ehrenbrink and Ravizza, 2000, 2012). Osmium is scav
enged from seawater into pelagic clays, such that the hydrogenous 
component of the clay captures the 187Os/188Os of coeval seawater. 
There are known characteristic temporal variations in the 187Os/188Os of 
seawater since the late Cretaceous (Pegram et al., 1992; Peucker- 
Ehrenbrink et al., 1995; Peucker-Ehrenbrink and Ravizza, 2000, 2012). 
Thus, by comparing the hydrogenous Os isotopes measured in unknown 
sediment samples to the known reference curve for seawater since the 
late Cretaceous, the time of deposition can be approximated. 

Oxic pelagic clays have not yet been explored as an archive of past 
changes in hydrogenous Fe isotope composition. The goal of this study 

was to test their potential. The first step was to investigate how to isolate 
and separate the targeted hydrogenous isotope signatures preserved in 
the (oxy)hydroxides from the aluminosilicates mixed in the bulk sedi
ment (dust and volcanic ash; Dunlea et al., 2015a). We repeatedly 
leached a near-core top, metal-rich, oxic pelagic clay with variable time, 
temperature, and acid molarity, measuring the Fe isotopes, Os isotopes, 
and element concentrations of each permutation. By identifying the el
ements that behave similarly amidst the permutations of the leach 
experiment, we fingerprint the components being dissolved and check 
the hydrogenous phase was targeted. We apply the optimal leach 
selected for Fe and Os isotope analyses to samples downcore. The results 
suggest the site records changes in the Fe cycling in the South Pacific 
since the late Cretaceous. These techniques, when applied to records 
from additional locations, promise novel insights into the long-term 
evolution of the marine Fe cycle spanning the major tectonic, biogeo
chemical, and climatic upheavals over the past ~100 Myr. 

2. Methods 

2.1. Sample description 

Samples used in this study are from Site U1366 in the South Pacific 
Gyre (26◦03′S, 156◦54′W), which was drilled during Integrated Ocean 
Drilling Program Expedition 329. The sediment lithologies are described 
as metalliferous pelagic clay with a homogenous grain size (D’Hondt 
et al., 2011; Dubois et al., 2014). Broadly, the mineralogy is described as 
smectite, mica-group members, zeolites, and abundant red-brown to 
yellow-brown semi-opaque ferromanganese oxides (D’Hondt et al., 
2011; Yang et al., 2016). The porewaters at Site U1366 are completely 
oxygenated from the seafloor to the basalt and Fe concentrations are 
consistently low throughout (<9 μM; D’Hondt et al., 2011, 2015). These 
qualities, along with prior work on aluminosilicate provenance 
modeling (Dunlea et al., 2015a) and an independent cobalt-based age 
model on these samples (Dunlea et al., 2015b), make Site U1366 ideal to 
test and apply the methods discussed in this study. 

For the leaching experiment, a sufficiently large pelagic clay sample 
was prepared to test each leach permutation on aliquots of the same 
sediment powder. Near-core top material (<1.5 m below seafloor) from 
Site U1366 was hand-powdered and homogenized in an agate mortar 
and pestle. Using models of bulk sediment provenance (Dunlea et al., 
2015a), we calculated the non-aluminosilicate concentration of each 
metal (Supplementary Table S1). Sediment at the seawater interface 
may be undergoing oxic diagenesis and thus the composite nature of the 
sample ensures that the test sample represents the pelagic clays bio
turbated near the surface and buried in the South Pacific over the past 
≈2.5 Myr (based on hydrogenous cobalt ages; Dunlea et al., 2015b). 

Fe isotope reference values for the hydrogenous component of the 
composite test sample are taken from a hydrogenetic ferromanganese 
nodule collected using a multi-core sampler during the site survey cruise 
for IODP Expedition 329 Site U1366 (Knox02RR cruise, Site SPG-2, 
26◦03.090’ S, 156◦53.650’ W, 5126 m water depth; Marcus et al., 
2015). Over the past 4 million years, the hydrogenetic nodule had a 
constant Fe isotope composition of δ56Fe IRMM-14 = −0.12 ± 0.07‰ (±2 
SD; n = 10; see Section 2.4.3. for notation) even amongst variations in 
mineralogy, alterations, and element concentrations throughout the 
interior and exterior layers (Marcus et al., 2015). The average isotope 
value measured is within the range of δ56Fe observed in the reactive 
fraction of particulates in the nearest benthic nepheloid layer measured 
in the South Pacific Gyre (<2000 km away), which record a weighted 
average of δ56Fe of the particulates in the overlying water column 
(Marsay et al., 2018). Thus, given that the metals in this nodule are 
entirely hydrogenetic (i.e., from seawater and not aluminosilicate pha
ses) and match within uncertainty with water column measurements, we 
consider the δ56Fe of the nodule over the past 4 Myr (Marcus et al., 
2015) as our reference value for the hydrogenous fraction of the com
posite test sample. 

A.G. Dunlea et al.                                                                                                                                                                                                                              



Chemical Geology 575 (2021) 120201

3

There is no discernable systematic and global change in marine Os 
isotope values over the past 2.5 Myr, and many measurements of marine 
sediment deposited in this timeframe suggest that seawater 187Os/188Os 
ranged from 0.90–1.07 (Peucker-Ehrenbrink and Ravizza, 2000, 2012). 
Thus, we expect the composite test sample in our study to possess an Os 
isotope composition close to modern seawater values (187Os/188Os =

1.031 ± 0.005, 95% C.I.; Sharma, 2019) or close to sediments deposited 
over the ≈2.5 Myr (187Os/188Os 0.90–1.07; Peucker-Ehrenbrink and 
Ravizza, 2000, 2012). 

Forty-five downcore samples from Site U1366 were also analyzed. To 
estimate the concentration of each element in the aluminosilicate (dust 
and volcanic ash) components of the sediment, we used multivariate 
statistical models of bulk sediment provenance (Dunlea et al., 2015a). 
Then we subtracted the concentration in the aluminosilicates from the 
concentration in the bulk sediment and use the ‘non-detrital’ amount of 
that element as an estimate for the hydrogenous component. 

2.2. Leach experiment design 

The goal of our leaching experiment was to find an appropriate 
chemical treatment that would amplify the hydrogenous component of 
the sediment above the non‑hydrogenous fractions, while retaining 
maximum fidelity of the hydrogenous Fe and Os isotope values. 

A major challenge when selecting a leach is that they are highly 
dependent on the sediment matrix and there are no matrix-matched 
certified standard reference values for leached components. Although 
reagents widely used in sequential leaching protocols perform as ex
pected in mono-mineral mixtures, many studies have demonstrated non- 
discriminatory or incomplete dissolution of targeted mineral phases in 
multi-mineral mixtures with variable matrices (Kryc et al., 2003; Poul
ton and Canfield, 2005; Gutjahr et al., 2007; Slotznick et al., 2020; 
Hepburn et al., 2020). Previous studies have leached certified standard 
reference materials and compared the Fe isotope composition of the 
leach to the ‘known’ value of the bulk sediment (e.g., Revels et al., 
2015). Other studies show that Fe isotope values in natural samples vary 
amongst the different fractions separated by sequential leaching (Scholz 
et al., 2014a; Henkel et al., 2016). The presence of different phases in 
diverse matrices will cause leaching reagents to interact differently with 
the targeted phases. Leaching experiments investigating Fe isotopes in 
reducing sediment (Scholz et al., 2014a, 2014b; Henkel et al., 2016, 
2018) or low-Fe standard reference material (e.g., Revels et al., 2015) 
may not be optimal for Fe and Os isotopes in oxic pelagic clays where Fe 
concentrations can be as high as 50 wt% Fe2O3, with 40% to 100% of the 
total Fe estimated to be from hydrogenous sources (Dunlea et al., 
2015a). Attention must be given to the unique properties of each sedi
ment matrix to ensure that the leach is releasing the appropriate com
ponents and faithfully extracting the targeted isotope signatures. 

The hydrogenous Fe within the sediment may have been incorpo
rated into a variety of (oxy)hydroxide phases or authigenic aluminosil
icates that may react differently in the leach and amidst different 
experimental parameters. Accordingly, we developed a factorial exper
iment to explore the effects of—and interactions between—varying re
agent molarity (0.05 to 2 M HCl), reagent temperature (4 ◦C to 180 ◦C), 
and leach duration (1 h to 48 h; Table 1). This parameter space was 
defined based on sediment leaching experiments that successfully used 
hydrochloric acid (HCl) to interrogate Fe oxide cycling (e.g., Canfield, 
1989; Raiswell et al., 1994; Kostka and Luther III, 1994; Scholz et al., 
2014a). 

The HCl reagent was selected for four reasons. First, low molarities of 
HCl have been shown to primarily dissolve amorphous, but not crys
talline Fe oxides (e.g., Kostka and Luther III, 1994); any method that 
dissolves the latter would likely also dissolve detrital dust grains and 
(altered) volcanic ash, which are not part of the hydrogenous fraction. 
For example, during sequential leaching experiments Na-acetate ex
tractions (Hepburn et al., 2020) or oxalate extractions (e.g., Slotznick 
et al., 2020) un-intentionally attacked Fe-bearing clay minerals and thus 

we avoid them. A single HCl leach may not discriminate between 
different reactive Fe phases (e.g., sorbed Fe, amorphous Fe oxides, 
poorly crystalline Fe oxides), which each could have unique Fe isotope 
value (e.g., Scholz et al., 2014a; Henkel et al., 2016). However, we re
gard each of these phases as part of the hydrogenous Fe signal and thus 
combining them provides an integrated perspective of the hydrogenous 
component. Second, proton-promoted dissolution of Fe oxides does not 
cause appreciable fractionation of Fe isotopes (Wiederhold et al., 2006), 
which is not always true for ligand- (e.g., dithionite) or reductive-based 
(e.g., oxalate) techniques (e.g., Wiederhold et al., 2006, 2007; Morgan 
et al., 2010). Third, HCl is easier to purify than other leaching reagents 
(e.g., oxalate-EDTA; Revels et al., 2015), minimizing problems with Fe 
blanks. Lastly, use of HCl ensures that Os leached from the sediment 
remains in a reduced, non-volatile state in the leach solution prior to 
isotope analysis (e.g., Gilchrist, 1931; Hassler et al., 2000), which is 
essential if analyzing Fe and Os on the same leach solution. 

2.3. Sample preparation 

For each permutation in the leaching experiment, 200 mg of sample 
was weighed into either high-density polyethylene (HDPE) vials (for 
leaches performed at ≤20 ◦C) or perfluoroalkoxy alkane (PFA) vials (for 
leaches heated on hot plates) and 5 mL of HCl was added. The vials were 
capped and agitated until the sediment was suspended in the reagent. 
The samples that were leached at 20 ◦C were placed on an orbital shaker 
table to ensure adequate exchange between the leach solution and the 
sediment. Following the leaching treatment, the residual powder was 
separated from the leachate via centrifugation (3000 rpm for 10 min), 
and two small subsamples containing less than 5% of the total volume 
(100 μL each) were aliquoted for Fe isotope and trace element analyses. 
Finally, the leachate was dried to less than 1 mL of solution by sub- 
boiling (90 ◦C or less to minimize Os losses by volatilization) and 
stored until Os isotope analysis. 

2.4. Analyses 

2.4.1. Element concentrations 
Major and trace element concentrations were measured using the 

Thermo iCAP-RQ inductively-coupled plasma mass spectrometer (ICP- 
MS) in the Woods Hole Oceanographic Institution (WHOI) Plasma Fa
cility (Supplementary Table S1). We diluted the post-leaching sample 
aliquots (100 μL) to 2 mL with 2% HNO3 and doped them with an 

Table 1 
Leach experiment. The experimental parameters used for the eighteen leaches of 
the Site U1366 near-core-top clay in each permutations of the leach experiment. 
Columns 5 and 6 report the measured 187Os/188Os and δ56Fe (‰), respectively, 
for each permutation of the leach experiment. Uncertainty for 187Os/188Os is 
±0.04 (1 S.D.) and for δ56Fe is <±0.1‰ (2 S.D.).  

Exp. # [HCl] (M) Temp. (◦C) Time (hrs) 187Os/188Os δ56Fe (‰) 

1 0.1 20 1 0.90 0.31 
2 0.1 20 24 0.89 0.49 
3 0.1 120 1 0.88 0.28 
4 0.1 120 24 0.84 0.16 
5 1 20 1 0.90 −0.18 
6 1 20 24 0.95 −0.20 
7 1 120 1 0.93 −0.16 
8 1 120 24 0.89  
9 0.5 70 0.1 0.93 −0.08 
10 0.5 70 48 0.94 −0.03 
11 0.5 4 12.5 0.91 −0.11 
12 0.5 180 12.5 0.91 −0.05 
13 0.05 70 12.5 0.71 −0.08 
14 2 70 12.5 0.94 −0.13 
15 0.5 20 1 0.93 −0.07 
16 0.5 20 12.5 0.94 −0.07 
17 0.5 70 1 0.91 −0.02 
18 0.5 70 12.5 0.94 −0.04  
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internal indium (In) standard to achieve a final concentration of 1 ng In 
per mL. Measured ion beam intensities were corrected for drift using the 
In internal standard and blank. Six multi-element standards spanning 
the full range of element concentrations in the samples were used to 
construct a calibration curve (r2 > 0.999) and convert counts per second 
of the samples to concentrations. The instrument response was linear 
across the measured range of concentrations. To quantify precision, we 
leached an in-house sediment standard four independent times 
following the optimal leach determined in the leaching experiment in 
this study. The full procedural precision (one standard deviation / 
average of the four leaches) for the concentrations of Mg, Al, P, Ca, Ni, 
Cu, Sr, Y, Cd, Ba, La, Ce, Nd, Sm, Gd, Dy, Er, Yb, Tl, Pb, Th, and U was 5% 
or better. The full procedural precision for Li, Fe, V, Mn, Ti, Mo, Co, Zn, 
and Cr was between 5% and 9%. 

2.4.2. Osmium isotope compositions 
Analytical procedures for Os follow those described by Sen and 

Peucker-Ehrenbrink (2014). Briefly, Os isotope compositions were 
measured using the Thermo Finnigan Neptune multi-collector ICP-MS 
(MC-ICP-MS) of the WHOI Plasma Facility. After samples were oxidized, 
diluted, and chilled, Os was sparged into the MC-ICP-MS by bubbling an 
Argon (Ar) carrier gas through the sample solution directly into the 
instrument (Hassler et al., 2000). The sample gas flow rate was adjusted 
to maximize ion beam intensity on m/z 192 (Os, Pt). Liberal use of 
polytetrafluoroethylene (PTFE) thread-seal tape applied between the 
vial and the sparging cap was found to strongly reduce differences in 
optimal flow rates between different vials. Optimal gas flow was typi
cally ≈1.1 Ar L min−1. Osmium isotope data acquisition was performed 
dynamically using three multiple ion counters to serially measure m/z 
185 (Re), 187 (Os, Re), 189 (Os); 188 (Os), 190 (Os, Pt), 192 (Os, Pt); 
190, 192, and 194 (Pt); and, 192, 194, and 196 (Pt) on the MC-ICP-MS. 
Repeating thirty one cycles of these dynamic measurements for each 
solution analyzed allowed us to monitor and correct for offsets in 
counting efficiencies between detectors, the decay in the signal over the 
course of a measurement, and isobaric interferences. Contributions from 
blanks were negligible. 

To assess the accuracy of 187Os/188Os measurements, a dilute in- 
house LoOsStd reference standard ([Os] = 0.61 pg/g) that yielded 
count rates similar to the samples was analyzed before each batch of 
samples in this experiment and other recent analyses of leached sedi
ment. The averages of these analyses over separate analytical sessions 
yielded a mean 187Os/188Os = 0.1069 ± 0.0355 (±1 SD; n = 9), which 
agrees with the reference value (0.1069 ± 0.0015, n = 26; Nowell et al., 
2008; Sen and Peucker-Ehrenbrink, 2014). 

2.4.3. Iron isotope compositions 
Iron isotope analyses were performed in the W. M. Keck Foundation 

Laboratory for Environmental Biogeochemistry at Arizona State Uni
versity (ASU). Fe splits were dried and then refluxed in 250 μL of 
concentrated HNO3 and 100 μL of concentrated H2O2 to oxidize any 
residual organic matter. To ensure no HNO3 or H2O2 remained, the 
samples were dried down again and subsequently reconstituted in 1 mL 
of 7 M HCl. Fe was purified from the sample matrix following estab
lished anion exchange techniques (e.g. de Jong et al., 2007; Majestic 
et al., 2009). Briefly, the samples were loaded onto acid-cleaned 
AGMP1-M resin, and the matrix was eluted using 7 M HCl. Fe was 
subsequently eluted with 0.5 M HCl into trace-metal acid-cleaned PTFE 
vials. The quantitative Fe yields, as well as the major and minor ele
ments in each sample, were measured on a Q-iCAP-MS at ASU. After the 
yields were confirmed, isotope analysis of each sample was performed 
on a Thermo Neptune MC-ICP-MS at ASU. Purified Fe samples and 
standards were doped with a Cu solution and instrument mass bias was 
corrected by monitoring the fractionation of 65Cu/63Cu. Sample- 
standard bracketing of the Cu-corrected Fe isotope data was used to 
determine the final 56Fe/54Fe ratios versus the IRMM-524a standard 
(Institute for Reference Materials and Measurements, Geel, Belgium), 

which has the same isotope composition of IRMM-014 (Craddock and 
Dauphas, 2010; Dauphas et al., 2017). Iron isotopes are reported using 
standard δ56Fe notation (Coplen, 2011): 

δ56Fe =
(56Fe

/54Fe
)

sample

/(56Fe
/54Fe

)

IRMM−524a − 1 

During the analysis, the MC-ICP-MS measured 56Fe/54Fe, 57Fe/54Fe, 
and 58Fe/54Fe simultaneously. As a quality control measure, analyses 
that did not demonstrate the expected mass-dependent relationship 
within 0.03‰ per amu between these ratios were rejected and rean
alyzed. Each samples solution was analyzed three times and 2×standard 
error of the triplicate analyses were consistently less than 0.09‰. An in- 
house marine sediment standard, TAG (e.g., Wolfe et al., 2016), was 
measured as an unknown several times throughout the analysis. The 
2×standard deviation of the TAG measurements during the analysis (n 
= 13) was 0.08‰ and the average was within uncertainty of the known 
value. The maximum measurement uncertainty (2σ) is less than ±0.1‰ 
of the reported δ56Fe value. The Fe blank for this overall procedure was 
determined to be 35 ng, which is negligible considering our typical 
samples size of 1000 ng. 

2.4.4. Statistical treatment of data 
The reactivity of various phases (e.g., (oxy)hydroxides or alumino

silicates) within the sediment will change depending on the experi
mental parameters of the leach. Thus, different leaches may release a 
unique combination of elements affiliated with the phases being dis
solved. To help understand how each experimental parameter—and 
interactions between parameters—affected observed element concen
trations in the leaches, we devised a metric to assess the relative 
importance of each experimental variable with respect to each element. 
For this metric, a series of seven regression models (in natural log–na
tural log space) were fit to the measured dataset using the seven possible 
permutations of experimental parameters as variables in the equation 
(Supplementary Table S2). The equation for the full model was as fol
lows: 

ln([element]) = a1ln([HCl]) + a2ln (time) + a3ln(temp.)

where a1, a2, and a3 are coefficients that scale the variables acid 
molarity, time, and temperature, respectively, to best fit the measured 
element concentration, [element]. The other six partial models included 
only a single variable ([HCl], time, or temperature) or combinations of 
any two experimental variables. From this set of regression models, we 
calculated the ‘relative importance’, a metric for the change in fit (R2) 
between the model and data every time a new variable is removed from 
the equation (Table 2; Supplementary Table S2). Thus, the relative 
importance identifies how necessary that parameter/variable is to pre
dict the outcome. The metric is instructive for identifying the reactive
ness of each element to the experimental variables and whether the 
sensitivities are shared by other elements. The similarities between the 
sensitivity of Fe and other elements can help identify the different 
phases leached in each permutation of the leach experiment. 

3. Results 

3.1. Leaching experiment 

3.1.1. Isotope results 
The results of our leaching experiment suggest that Os isotope and Fe 

isotope values are most influenced by the molarity of HCl used in the 
leach rather than time or temperature. For the samples leached with HCl 
≥ 0.5 M, the 187Os/188Os ranged from 0.89 to 0.95 with an average of 
0.92 ± 0.02 (Fig. 1A). These isotope values overlap with the values that 
we expected for marine sediment deposited within the last ≈2.5 Myr 
(the mean age of the composite sediment sample), which vary from 
187Os/188Os 0.90 to 1.07 (Peucker-Ehrenbrink and Ravizza, 2000, 
2012). 
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The δ56Fe is constant within analytical precision in all leaches con
ducted at 1 or 2 M HCl Fig. 1B), despite almost two orders of magnitude 
differences in measured Fe concentration (Fig. 2; Supplementary 
Table S1). The δ56Fe of the samples leached with 1 M and 2 M HCl 
(−0.17 ± 0.03‰, n = 5) are similar to those of the hydrogenetic ferro
manganese nodule recovered from the same site (δ56Fe IRMM-14 = −0.12 
± 0.07‰; Marcus et al., 2015). The sediment and nodule have δ56Fe 
similar to the reactive fraction of deep seawater particulates collected 
from the western-most site of GEOTRACES GP16, which are the nearest 
water column particulate measurements to Site U1366 (approximately 
−0.1‰ to −0.3‰; Marsay et al., 2018). 

3.1.2. Relative importance of experimental parameters on element 
concentrations 

We examined the reactivity of different elements to the experimental 
parameters explored in the leach test, accounting for potential syner
gistic interactions between variables (Table 2, Supplementary Table S2). 
For some elements, these sensitivities are readily apparent from single 
parameter–element plots. For example, similar to the patterns of Os and 
Fe isotopes, at higher acid molarities some of the element concentrations 
(P, Cu, Pb, U, Y, La, Nd, Sm, Gd, Dy, Er, Yb) plateau at the concentrations 
estimated to be in the hydrogenous component of the bulk sediment 
(Supplementary Table S1 and Fig. S1). However, other element con
centrations exhibit more complex behaviors that depend on interactions 
between the experimental parameters. 

To further explore the more complex behaviors, we calculated a 
relative importance metric to deconvolve how much time, temperature, 
and acid molarity can contribute to the variability of the element con
centrations leached (Table 2). For some elements that did not reach a 

plateau, acid molarity was still the most important parameter to predict 
the concentration leached, while the effects of time and temperature 
were insignificant (e.g., Ti and Th; Table 2; Fig. 2A and B). Other ele
ments exhibit almost no dependence on [HCl], but are sensitive to time 
and temperature (e.g., Ni; Table 2; Fig. 2E and F). The majority of ele
ments analyzed exhibit dependencies intermediate between these two 
extremes (V, Fe, Ce, Tl, Zn, Co, Al, Mn, Cr, Mg, Li; Table 2). Accordingly, 
most of the element concentrations that do not plateau are best pre
dicted by including multiple experimental parameters in the multivar
iate regression model. The relative importance calculation suggests that 
the amount of Fe liberated during leaching is strongly dependent on 
[HCl] (Table 2, Fig. 2C), but time and temperature are more important 
when [HCl] ≥ 0.5 M (Fig. 2D). 

3.2. Downcore profiles 

We processed 45 oxic pelagic clay samples from Site U1366 ac
cording to the identified optimal leach (1 M HCl, 24 h, 20 ◦C; see Section 
4.1.). The results indicate systematic downcore variations in Os and Fe 
isotope compositions as well as Fe concentrations (Fig. 3; Supplemen
tary Table S3). The 187Os/188Os of the reactive sediment component 
leached decreases from modern sediment values near the seafloor (0.95) 
to values expected for sediment deposited earlier in the Cenozoic in 
deeper samples (0.3–0.5; Fig. 3a; Peucker-Ehrenbrink and Ravizza, 
2012). 

Table 2 
Relative importance of leach parameters on element concentrations. Select 
element concentrations from the leach that can be well predicted by a 
regression model using three experimental parameters, time, temperature, 
and acid molarity, as variables. The R2 of the full model is reported in the 
second column. Columns 3–5 report the relative importance of each 
experimental parameter; i.e., the average amount the R2 would decrease if 
that parameter was removed from the regression model. The elements are 
ordered by the relative importance of acid molarity. The gradient shading 
highlights the most important to least important parameters for each 
element. 
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Fig. 1. Osmium and Fe isotope results from leaching experiment. The molarity 
of HCl used in each permutation of the leach experiment plotted against (a) 
187Os/188Os and (b) δ56Fe (‰) results. Colors and symbols indicate temperature 
and time, respectively (see legend). The isotope values plateau at the higher 
molarities used in this experiment and are within the expected range (shaded in 
yellow; Peucker-Ehrenbrink and Ravizza, 2000, 2012; Marcus et al., 2015). The 
optimal leach identified by this study is circled. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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Fig. 2. Element concentration related to experi
mental parameters. The natural log of concen
trations (Ti (wt%), Fe (wt%), and Ni (μg g−1) 
along top, middle, and bottom rows, respectively) 
against the natural log of [HCl] (left column) and 
the sum of the natural logs of temperature and 
time (right column) for the permutations of the 
leach experiment. All symbols and colorization as 
per Fig. 1, except for the size of each symbol, 
which has been scaled based on HCl molarity to 
facilitate comparison of results between the two 
columns.   

Fig. 3. Depth (modified meters below seafloor; Dunlea et al., 2015a) of samples from Site U1366 plotted against: (a) 187Os/188Os of leaches; (b) Fe concentration (wt 
%) of the leaches (blue), the bulk sediment (black), and estimates of Fe concentrations not from aluminosilicates (grey dotted line); (c) Ratio of Fe (wt%) to Ti (wt%) 
in the leach (blue) and bulk sediment (black); (d) The δ56Fe (‰) of leaches (blue). Bulk sediment data and estimates of non-aluminosilicate Fe concentrations are 
from Dunlea et al. (2015a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Iron concentrations in the leach show minimal variation (0.8 to 1.3 
wt%) in the shallowest 11 m below seafloor (mbsf), but become more 
variable amongst the deeper samples (0.11 to 2.01 wt%; Fig. 3b). The 
concentrations of Fe in the leach broadly reflect the patterns of Fe 
concentration in the bulk sediment and the estimated fraction that is 
non-detrital (Fig. 3b; Dunlea et al., 2015a). The Fe:Ti ratio (wt%: wt%) 
of the leaches (Fig. 3c) are significantly higher than the bulk sediment 
Fe:Ti, average upper continental crust (9.2 wt%: wt%; UCC; Rudnick 
and Gao, 2014), and post-Archean average Australian shale (7.6 wt%: wt 
%; PAAS; Taylor and McLennan, 1985), indicating significant amplifi
cation of hydrogenous Fe above the detrital component. The range of 
δ56Fe measured at Site U1366 is small (−0.22‰ to −0.08‰) from 0 to 
11 mbsf with a slight increase with depth (Fig. 3d). Deeper than 11 mbsf, 
the δ56Fe is more variable. 

4. Discussion 

4.1. Identification of an optimal leach 

4.1.1. Fe and Os isotopes 
The data from the leach experiment enabled us to select an ‘optimal’ 

treatment for extracting hydrogenous Fe and Os isotope compositions 
from oxic pelagic clays. We defined the optimal treatment as the set of 
parameters that best amplifies the hydrogenous signal of the sediment 
over that of the non‑hydrogenous component, while preserving the fi
delity between the leachates and that expected for the test sample. As 
shown in Fig. 1, both Fe- and Os- isotope values reach a plateau at 1 M 
HCl. Importantly, the values at which the Fe and Os isotopes plateau 
respectively match the expected δ56Fe of the hydrogenetic ferroman
ganese nodule at Site U1366 (Marcus et al., 2015) and the 187Os/188Os of 
recent-sediment (Peucker-Ehrenbrink and Ravizza, 2000, 2012). 

The plateau trend observed in the Fe and Os isotope values strongly 
suggests a phase control over the measured compositions, whereby new 
phases are accessed by higher molarities of HCl. At 0.1 M HCl, a sorbed, 
highly-reactive, or loosely-bound Fe with a heavier δ56Fe may have been 
leached. The amount of Fe in the sediment that is released in these 
leaches is low (0.01 to 0.04 wt%; Fig. 2), and perhaps some of the heavy 
δ56Fe is derived from sediment porewaters. In leaches with 1 M and 2 M 
HCl, a higher concentration of Fe is released into the leach (>0.5 wt%) 
with a lighter δ56Fe that dominates the δ56Fe of the mixture. The leaches 
with 0.5 M HCl likely represent a ‘mixed’ signal of easily-HCl extractable 
and recalcitrant-HCl-extractable or sorbed and reactive Fe within the 
sediment; Scholz et al., 2014a; Henkel et al., 2016). Because the oxic 
pelagic clays are so enriched in Fe, the Fe isotope composition of the 
sorbed/loosely bound Fe is overwhelmed at HCl ≥ 1 M. 

At 1 M HCl, the Fe concentrations vary by 4 wt% (Fig. 2C and D), yet 
the Fe isotope compositions are constant to within ±0.02‰ (1 SD; n =
3). Such behavior is consistent with results from several studies indi
cating that partial dissolution of Fe oxides does not render significant Fe 
isotope fractionation if proton promoted (e.g., Wiederhold et al., 2006). 
It is also possible that Fe in different phases within the sediment possess 
similar δ56Fe. Aside from the sorbed/loosely bound Fe released at 0.1 M 
HCl, the δ56Fe may be constant amongst different (altered) mineral 
oxide compositions with different reactiveness, similar to Fe isotopes of 
the ferromanganese nodule (Marcus et al., 2015). Thus, the δ56Fe of the 
Fe leached would be representative of the total hydrogenous Fe minerals 
formed under oxic conditions. 

The 187Os/188Os values are less radiogenic at HCl ≤ 0.1 M possibly 
because of dissolution of different Os complexes, Os-bearing phases (e. 
g., extraterrestrial contributions; Peucker-Ehrenbrink, 1996; Ravizza, 
2007), or local unradiogenic sources of Os. In the leaches with HCl ≥ 0.5 
M, the 187Os/188Os consistently approaches that of seawater and recent 
sediment (Peucker-Ehrenbrink and Ravizza, 2012; Fig. 1A). 

More broadly, the results of the leach experiment indicate that 1 M 
and 2 M HCl recover ambient Fe and Os isotope compositions from 
pelagic clays. While any of these leach parameters with 1 M or 2 M HCl 

yield similar isotope results, we selected a 24-h leach at room temper
ature treatment given the comparative ease of the procedure, their 
reproducibility, and the minimal risk for volatilizing Os at higher tem
peratures. We henceforth refer to this treatment as being ‘optimal’. 

4.1.2. Fingerprinting operationally defined components 
Although the Fe isotope data from the leaching experiment suggests 

a representative fraction of the hydrogenous Fe is leached, the patterns 
of the element concentrations can provide additional insight into the 
sediment phases leached in each permutation. Overall, the composition 
of the leachate is ‘operationally defined’— the amount of each element 
dissolved is highly dependent on the leaching environment and does not 
reflect a single mineral phase within the sediment. By grouping the el
ements that behave similarly amidst the permutations of the leaching 
experiment, we identify three phases that were dissolved to varying 
degrees in the permutations of the leach experiment: a loosely bound or 
highly reactive fraction, (oxy)hydroxides, and aluminosilicates. We re
gard the first two components as the ‘hydrogenous’ fraction we target, 
although authigenic aluminosilicates (e.g., nontronite) may have also 
included Fe from the water column. In this section, we identify the 
experimental controls on the dissolution of each of the three components 
and demonstrate that the hydrogenous fraction dominates the Fe isotope 
composition while contributions from aluminosilicates are negligible. 

The element concentrations that exhibit behaviors most similar to 
the Fe and Os isotope trends in the leaching experiment are P, Cu, Pb, U, 
Y, La, Nd, Sm, Gd, Dy, Er, Yb (Supplementary Fig. S1). Broadly, these 
elements have variable concentrations in the leaches performed with 
0.05 M and 0.1 M HCl but reach an asymptote concentration at HCl ≥
0.5 M that matches the expected hydrogenous concentration (Supple
mentary Table S1 and Fig. S1). Because P is included in this group, it is 
possible that a phosphorus mineral enriched in rare earth elements, such 
as apatite, is being dissolved (e.g., Toyoda and Tokonami, 1990; Rut
tenberg, 1992). Alternatively, or additionally, P and these other ele
ments may be loosely adsorbed to an oxide phase and easily removed in 
the leach (e.g., Ruttenberg, 1992; Clarkson et al., 2020). Both of these 
phases would have been derived from seawater, indicating a highly 
reactive hydrogenous phase is being leached. 

The release of metals typically affiliated with (oxy)hydroxide phases 
in bulk marine sediment (Fe, Mn, Co, Ni, Zn, Ce, Tl) is controlled by a 
combination of HCl molarity, time, and temperature in the leaching 
experiment. When [HCl] ≥ 0.5 M, time and temperature are the most 
important experimental parameters and the effects of molarity are 
negligible for these metals (Fig. 2; Supplementary Fig. 1D). Thus, while 
each metal within the (oxy)hydroxide phase may have different re
activities, broadly, time and temperature seem to be the most important 
controls in releasing this component when sufficient protons are sup
plied by the molarity of the HCl. The dissolution of (oxy)hydroxides adds 
to the ‘hydrogenous’ signal. 

Our data suggest that dissolved aluminosilicates did not significantly 
influence the hydrogenous signal. Although Ti and Th are found in trace 
amounts in hydrogenous ferromanganese deposits (Dunlea et al., 2018) 
and seawater scavenging can enrich Th (Bacon and Anderson, 1982), Ti 
and often Th are predominantly in the aluminosilicate component (e.g., 
dust or volcanic ash) of typical bulk marine sediment (e.g., Dunlea et al., 
2015a). Both of these element concentrations in the leach experiment 
strongly depend on acid molarity while the effects of time and temper
ature are negligible (Table 2). The dissolution behavior of Ti and Th is 
distinct from the elements interpreted to be (oxy)hydroxides (Supple
mentary Fig. S1). The release of Ti and Th into the leach may be inter
preted as dissolution of an aluminosilicate phase. An authigenic 
aluminosilicate would contribute Fe to the targeted hydrogenous signal, 
while a detrital aluminosilicate would not. Even if the Ti and Th were 
exclusively from detrital aluminosilicates, concentrations of Ti occur in 
very low abundances throughout the permutations of the leach experi
ment (<0.07 wt%) compared to average continental crust (0.6 wt%; 
Taylor and McLennan, 1985). Additionally, the range of leached Fe:Ti is 
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higher than the Fe:Ti of the bulk sediment (12.5; Dunlea et al., 2015a), 
indicating that all of the leaches in our experiment amplified the hy
drogenous Fe component better than what bulk dissolution would have 
allowed. 

Assuming that all the Ti in the leach is from the dissolution of dust 
with a typical Fe:Ti (PAAS; Taylor and McLennan, 1985), we calculate 
the corresponding amount of Fe potentially released from aluminosili
cates. Performing a ‘dust correction’ for the leached Fe concentrations 
and measured δ56Fe does not substantially change the results (Fig. 4). 
For the leach we favor in this study, the corrected values are within the 
uncertainty of the uncorrected values, indicating that any unintended 
aluminosilicate contributions of Fe are minimal. Our estimate is likely 
an upper limit of possible dust contributions because some of the low 
abundances of Ti may be hydrogenous, rather than all from 
aluminosilicates. 

In summary, we broadly conclude that every leach in the experiment 
isolated and extracted the hydrogenous Fe for isotope analysis far better 
than what would have been achieved with a digestion of bulk sediment. 
Element concentration patterns amongst the leach permutations suggest 
that hydrogenous components are primarily being dissolved, with 
minimal aluminosilicate contributions (e.g., dust and volcanic ash). 

4.2. A record of changes in the iron cycle 

Following the results of the leaching experiment, we applied the 
optimal leach to 45 oxic pelagic clay samples downcore at Site U1366. 
Using sample ages estimated from cobalt mass accumulation rates 
(Dunlea et al., 2015b), we examine the changes in 187Os/188Os and δ56Fe 
over the Cenozoic (Fig. 5). Our interpretations of the record follow 
similar logic applied to Fe isotope records derived from ferromanganese 
crusts in other regions of the ocean (e.g., Levasseur et al., 2004; Chu 
et al., 2006; Horner et al., 2015). In this section, we compare the vari
ations in Os isotopes to known changes in global seawater over the 
Cenozoic (Fig. 5a), summarize the δ56Fe of the three major Fe sources 
and cycling within modern seawater, and then interpret downhole 
trends in the δ56Fe to examine past changes in the Fe cycle (Fig. 5b). 

4.2.1. Downcore trends in 187Os/188Os 
The 187Os/188Os values measured at Site U1366 exhibit trends 

similar to the known changes in 187Os/188Os over the Cenozoic (Fig. 5a; 
Peucker-Ehrenbrink and Ravizza, 2012). While there is uncertainty in 
the cobalt-based technique (see Dunlea et al., 2015b), the broad 
agreement between the two techniques is further evidence that the 
leached Os isotope composition successfully records hydrogenous 

187Os/188Os. In addition to the long-term trend, the known 187Os/188Os 
pattern over the Cenozoic contains short-term excursions that are 
characteristic of specific boundaries (e.g., Eocene–Oligocene boundary, 
Cretaceous–Paleogene boundary) or events (e.g., impacts, hyper
thermals). Replicates of the few anomalous 187Os/188Os measurements 
were within uncertainty of each other, differing significantly from the 
neighboring values downcore (e.g., the sample at ~5.75 mbsf). These 
samples with anomalous 187Os/188Os possibly reflect short-term excur
sions in global seawater that have not yet been documented, such as 
from a large impact or locally abundant micrometeorites. Higher- 
resolution sampling at this site and nearby sites is necessary to 
discriminate between these possibilities and would further improve age 
constraints. 

4.2.2. Controls on sedimentary δ56Fe 
To interpret the significant variations in δ56Fe downcore, we must 

first address the distinct isotope compositions of the three major sources 
of Fe to modern seawater (dust, continental margin sediment, hydro
thermal fluids) and the secondary processes within the ocean that 
modify the initial isotope composition. Dust derived from average upper 
continental crust has a well-constrained and well-defined Fe isotope 
composition (δ56Fe ≈ 0.1 ± 0.1‰; Beard et al., 2003a, 2003b; Waeles 
et al., 2007). When dust dissolves and releases Fe into seawater, organic 
ligands stabilize and fractionate the Fe such that the dissolved Fe pos
sesses a heavier isotope composition than crustal silicates (Δ56FeSeawater- 

Crust ≈ +0.6 ± 0.1‰; Conway and John, 2014). When (oxy)hydroxides 
form in equilibrium with seawater, they preferentially incorporate 
lighter Fe from this ligand-stabilized reservoir of Fe (Δ56FeFeMn-Seawater 
≈ −0.8 ± 0.1‰; Horner et al., 2015). There is evidence that these 
fractionation factors have not changed substantially over geologic time 
(see Horner et al., 2015). The net result of these fractionation effects in 
seawater is that (oxy)hydroxides incorporating ligand-stabilized dust- 
derived Fe will have a δ56Fe of ≈−0.1 ± 0.1‰, which is similar to, but 
slightly lighter than the Fe isotope composition of dust. 

Non-reductive dissolution of marine sediments on the continental 
shelf supplies Fe to seawater with an isotope signature similar to dust 
(δ56Fe ≈ +0.2 ± 0.2‰; e.g., Lacan et al., 2008; Radic et al., 2011; 
Homoky et al., 2013; Labatut et al., 2014). If margin sediment dissolves 
under reducing conditions, the isotope signature of Fe released is 
significantly lighter, with end-member δ56Fe between −3 and −4‰ (e. 
g., Severmann et al., 2006, 2010; John et al., 2012). Additional pro
cesses further modify the δ56Fe, but the combined effects result in 
reducing continental margins supplying very light dissolved and par
ticulate δ56Fe to the water column (Severmann et al., 2010; John et al., 
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Fig. 4. Molarity of HCl used in each permutation of the leach experiment plotted against (a) δ56Fe (‰) and (b) Fe (wt.%). Black outlined shapes indicating the 
estimated “dust corrected” values, assuming all the Ti in the leach is from dissolution of aluminosilicates. Most of the corrected values are within uncertainty of the 
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2018; Marsay et al., 2018). 
End-member hydrothermal fluids have been estimated to possess 

δ56Fe between −0.2‰ to −0.6‰ (e.g., Beard et al., 2003a, 2003b; 
Severmann et al., 2004; Rouxel et al., 2016; Marsay et al., 2018). Within 
the first tens of meters of plume rise, the precipitation of Fe sulfides 
dominates and preferentially incorporates isotopically light Fe, in 
contrast to above ten meters where the precipitation of Fe (oxy)hy
droxides favors isotopically heavy Fe (e.g., Severmann et al., 2004; 
Lough et al., 2017). The availability of reduced sulfur controls the extent 
of Fe-sulfide versus Fe-oxide precipitation and modifies the δ56Fe 
observed in the hydrothermal plume farther from the vent (e.g., Bennett 
et al., 2008, 2009; Rouxel et al., 2016; Lough et al., 2017). Farther from 
the ridge, dissolved Fe in the plume is stabilized by ligands and 
exchanging with reactive particulate Fe (Fitzsimmons et al., 2017). In 
the GEOTRACES GP16 transect in the South Pacific, the δ56Fe of the 
plume is constant (−0.25 ± 0.14‰) with distances farther than 100 km 
from the ridge, suggesting that transformations occurring during plume 
advection do not appreciably fractionate Fe isotopes (Fitzsimmons et al., 
2017; Marsay et al., 2018). 

4.2.3. Insights into South Pacific Fe cycling since 95 Ma 
The downcore results show that the leaching methods tested in this 

study can successfully generate a sediment record that reflects variations 
in the hydrogenous Fe isotope composition over time. With only the Fe 
isotope data, the most confident interpretations we can make are to 
identify time periods dominated by dust-like or non-dust Fe sources. 
However, context clues derived from models of the bulk sediment and 
tectonic plate reconstructions that backtrack the location of the site over 
time contribute additional evidence that allows us to speculate on the 
changes in the Fe cycle at Site U1366 over the past 95 Myr. 

From 95 to 70 Ma (32 to 16 mbsf) at Site U1366, most samples have a 
δ56Fe outside the narrow range of (oxy)hydroxides incorporating ligand- 
stabilized dust-derived Fe (−0.1 ± 0.1‰), indicating that the dominant 
source of Fe was not dust (Fig. 5). While some of the lower Fe isotope 
values might indicate contributions of Fe from reductive margin sedi
ments, tectonic plate reconstructions and backtrack paths indicate that 
the site was not close to margin sediment in the Cretaceous (Fig. 6). 
Instead, the proximity to two mid-ocean spreading ridges at this time 
(Fig. 6) and rapid accumulation of (oxy)hydroxides (Fig. 3b; D’Hondt 
et al., 2011; Dunlea et al., 2015a, 2015b) suggest the more likely source 

Fig. 5. Sample ages estimated from cobalt-based method (Dunlea 
et al., 2015b) plotted against (a) the 187Os/188Os of leached samples 
from Site U1366 (blue dots) and the known changes in seawater 
187Os/188Os (grey squares; Peucker-Ehrenbrink and Ravizza, 2012) and 
(b) the δ56Fe (‰) of the leached samples from Site U1366 (blue dots) 
and the δ56Fe (‰) of a nodule collected with a multi-corer at the same 
latitude and longitude as Site U1366 (grey; Marcus et al., 2015). The 
green bar indicates the δ56Fe expected for ligand-stabilized dust- 
derived Fe incorporated into particulates. The orange bar indicates the 
δ56Fe of the Fe derived from the hydrothermal plume in the South 
Pacific farther than 100 km from the mid-ocean ridge. (For interpre
tation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 6. Location and backtrack paths of Site U1366 at (a) 80 million years ago and (b) present day plotted on a background map of the age of the oceanic lithosphere 
(see legend). Maps were generated using GPlates open source software and plate reconstructions (Seton et al., 2012; Gurnis et al., 2012). Backtrack paths are plotted 
against a latitude/ longitude reference frame. 
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of Fe was hydrothermal vents. Samples within this interval range from a 
δ56Fe within the range of end-member hydrothermal fluids or are 
heavier than that range, with a maximum of 0.1‰ in the oldest sample. 
The heavy δ56Fe values may be from the kinetic fractionation of Fe 
during rapid oxidation near the ridge that preferentially precipitates 
heavier isotopes. As Site U1366 tectonically migrates farther from the 
ridge, there is an overall decrease of δ56Fe with time. The decrease might 
reflect the transition from the kinetic fractionation near the ridge to a 
more distal ligand-stabilized equilibrium fractionation farther from the 
ridge that incorporates the lighter isotopes into the particulates. 
Changes in ocean currents or the sporadic appearance and disappear
ance of vent fields may explain the scatter of the δ56Fe during this in
terval. Site U1366 may have been receiving hydrothermal Fe from two 
different nearby spreading ridges active at the time: the East Pacific Rise 
and the now-extinct Osbourn Trough (Fig. 6). The Osbourn Trough 
ceased spreading between 71 and 84 Ma (Billen and Stock, 2000; Dunlea 
et al., 2015a) and a disappearance of a hydrothermal source of Fe may 
have caused the abrupt change in δ56Fe at ~70 Ma. 

From 70 to 62 Ma (16 to 14 mbsf) at Site U1366, the hydrogenous 
δ56Fe ranges from 0.07‰ to 0.11‰ and the concentrations of Fe are 
relatively low compared to neighboring samples (Fig. 3, Fig. 5). Back
track paths and extremely slow accumulation rates during this time in
terval (~0.2 m/Myr; Dunlea et al., 2015b) show that the site was far 
from any source that was rapidly depositing Fe (Fig. 6). The heavy δ56Fe 
values cannot be explained by distal hydrothermal plumes with stable 
δ56Fe nor by reducing continental margins, as both have a δ56Fe that is 
lighter than the observed signal. The δ56Fe values are similar to non- 
reductive dissolution of dust or margin sediment derived from conti
nental crust, but are slightly heavier than the (oxy)hydroxides precipi
tating from ligand-stabilized Fe derived from the non-reductive 
dissolution dust or margin sediment. The heaviest particulate δ56Fe 
observed along the GEOTRACES GP16 transect in the South Pacific are 
located far from the mid-oceanic ridge and are described as ligand- 
bound background particulate Fe (Fitzsimmons et al., 2017; Marsay 
et al., 2018). Thus, we interpret the heavy δ56Fe accumulating during 
extremely slow sedimentation rates from 70 to 62 million years as rep
resenting a source of ligand-stabilized Fe that has been stabilized and 
transported far from the source. Although this distal “background” Fe 
isotope signature is also observed in the water column (e.g., Marsay 
et al., 2018), the processes that cultivate it are unclear. 

From 62 to 50 Ma (14 to 12 mbsf), the δ56Fe of the hydrogenous Fe 
returns to the lower values ≈−0.2‰, similar to the mean composition 
from 80 to 75 Ma (Fig. 5). These values are lower than the range of Fe 
derived from dust, suggesting that dust is not the dominant source of Fe. 
The δ56Fe may reflect a resurgence of distal hydrothermal plume pre
cipitates, although contributions of Fe from reducing continental mar
gins cannot be ruled out. A hydrothermal source seems more likely, 
however, since Site U1366 would have been closer to known hydro
thermal vent fields than the continental margin at this time (Fig. 6). The 
end of this interval (50 Ma) coincides with the beginning of the sepa
ration of Australia from Antarctica and the opening of the Tasman 
Gateway (Barker et al., 2007; Egan et al., 2013). The shifting tectonic 
plate position may have reorganized ocean currents around the South 
Pacific, possibly changing again the transport of Fe from either hydro
thermal vents or continental margins. 

From 40 to 0 Ma (12 to 0 mbsf) at Site U1366, δ56Fe ranges from 
−0.08 to −0.22‰ ± 0.05‰, which is within uncertainty of the value 
expected of ligand-stabilized dust-derived Fe incorporated into a par
ticulate (oxy)hydroxide. The range is also the same within the uncer
tainty of the hydrogenetic ferromanganese nodule δ56Fe (−0.07 to 
−0.17‰ ± 0.09‰) recovered from the same site, which was also 
interpreted as Fe derived from dust (Marcus et al., 2015). Multivariate 
statistical models of the bulk sediment suggest that the accumulation 
rate of dust began increasing around 50 to 40 Ma and has increased to 
the present day at three sites in the South Pacific Gyre (Sites U1366, 
U1369, and U1370; Dunlea et al., 2015a). Collectively, the evidence 

suggests that dust became the dominant source of Fe to the water col
umn at Site U1366 between 50 and 40 Ma and imparted a δ56Fe of 
ligand-stabilized, dust-derived Fe onto the hydrogenous (oxy)hydrox
ides removed to the seafloor. 

Interpreted within the context of the history of the site, the δ56Fe 
reflects changes in cycling of hydrothermal Fe with distance from the 
mid-ocean ridge, an enigmatic background Fe supply, and Fe likely 
derived from dust and stabilized by ligands. Using δ56Fe to identify the 
significance of multiple Fe sources adds a new dimension to the re
constructions of the Fe cycle derived from dust accumulation rates alone 
(e.g., Ziegler et al., 2008; Martínez-Garcia et al., 2011). The δ56Fe ex
cursions observed in this study coincide with major tectonic and 
biogeochemical reorganizations. Multiple paleoceanographic events (e. 
g., cessation of hydrothermal field or changes in ocean currents) provide 
possible explanations for the changes in the δ56Fe record at Site U1366. 
Distinguishing the processes driving changes in the marine Fe cycle 
would require records from multiple sites that collectively record a 
regional history. Ideally, reconstructions of δ56Fe would be combined 
with additional source constraints from statistical modeling of sediment 
components and should be a priority for future research. 

5. Conclusions 

The overall goal of this study was to test the potential of oxic pelagic 
clays to reliably record marine Fe isotope chemistry. We performed a 
leaching experiment to identify a chemical treatment that would 
amplify the hydrogenous component of the sediment above the 
non‑hydrogenous fractions, while retaining maximum fidelity for the 
hydrogenous Os and Fe isotope values. Then we applied the ‘optimal’ 
leach to downcore samples to construct a record of changes in Os and Fe 
isotopes. 

The isotope results of the leach experiment indicate that 1 M and 2 M 
HCl recovered hydrogenous Fe and Os isotope compositions from 
pelagic clays. Element concentrations suggested that the dissolution of 
(oxy)hydroxides is controlled by time and temperature when HCl 
molarity is higher than 0.5 M, while acid molarity controls the disso
lution of loosely bound phases and aluminosilicates. The loosely bound 
phases may affect Fe isotope composition when HCl is less than 0.5 M, 
but at 1 M and 2 M the (oxy)hydroxide component dominates the Fe 
isotope values with negligible contributions from aluminosilicates. For 
the ‘optimal’ leach, we selected the lowest acid molarity with accurate 
hydrogenous isotope compositions (1 M) leached for a longer time (24 h) 
at lower temperatures (25 ◦C) to minimize the risk of volatizing Os. 

The Fe:Ti of the downcore leaches further supports the conclusion 
that the hydrogenous (oxy)hydroxide component was extracted and 
isolated by the leach better than could be achieved with a bulk disso
lution. The 187Os/188Os values decrease with increasing depth and 
match the known changes in 187Os/188Os of global seawater. The 
downcore Fe isotope record exhibits significant variations that we 
interpret as a shift from non-dust Fe sources to dust-like sources of Fe 
during the Cenozoic. The δ56Fe of the Fe interpreted to be from hydro
thermal vents shows changes with distance from the ridge and is distinct 
from the heavier δ56Fe of background Fe. The record produced is a 
critical step towards unraveling the complexities of multiple sources of 
Fe in the past, which may benefit from statistical modeling of leached 
sediment components in the future. Similar records from additional sites 
will help constrain the sources and local-versus-regional changes of the 
Fe cycle over time. 
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