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The speciation of iron in sediments and sedimentary rocks is a widely used proxy for the chemistry and
oxidation state of ancient water bodies. Specifically, the fraction of reactive iron out of the total iron
(FeHR/FeT) and the fraction of pyrite iron out of the reactive iron pool (FePYR/FeHR) are thought to constrain
the oxidation state and the presence of sulfide in the water column, respectively. This approach was
developed and tested against modern core-top sediments, but application to sedimentary rocks requires
consideration of the effects of diagenesis and lithification on iron speciation. Furthermore, the effects of
deep burial, metamorphism, and late-stage alteration during exhumation or sampling (e.g., oxidative
weathering) have not been systematically explored. To bridge this gap, we combined new data from four
sediment cores (n = 54) with an extensive literature compilation of modern sediments (2936 measure-
ments from 316 cores) and ancient sedimentary rocks (12,173 measurements spanning the
Neoarchean to Quaternary). The modern data include both surface and buried sediments, allowing an
investigation of the effects of diagenesis on iron speciation. Depending on the thresholds used to distin-
guish oxic from anoxic environments and ferruginous from euxinic environments, interpretation of the
modern sedimentary iron speciation data within the existing framework yields incorrect environmental
classifications up to �70% of the time. In modern sediments, diagenesis is the main reason that iron spe-
ciation does not represent the chemistry and oxidation state of the water column. We find that iron spe-
ciation correlates with porewater chemistry and that it changes with progressive burial along three
distinctive FeHR/FeT–FePYR/FeHR arrays, each of which represents a different set of diagenetic processes.
We suggest that similarly to modern sediments, stratigraphic variation in iron speciation in sedimentary
rocks primarily reflects progressive burial diagenesis or variation in depositional conditions rather than
temporal variation in water-column chemistry and oxidation state. Indeed, analysis of the geologic iron
speciation data reveals no statistically significant trends in either FeHR/FeT or FePYR/FeHR from the Archean
to the present day. The diagenetic FeHR/FeT–FePYR/FeHR arrays that we identified in modern marine sed-
iments suggest that under certain conditions, iron speciation analyses may be used to constrain FeHR/
FeT in the local sediment source(s). Hence, we suggest that iron speciation data, together with comple-
mentary petrographic, mineralogical and geochemical constraints, may be used to constrain the local iron
source(s) and early and late diagenetic processes, but rarely the chemistry or oxidation state of ancient
water columns.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

With few exceptions, iron (Fe) is present in most marine sedi-
ments at concentrations between 0 and �10 wt% (e.g., Clarkson
et al., 2014; Hardisty et al., 2018; Raiswell and Canfield, 1998). In
these sediments, Fe is sourced from riverine or wind-blown
particles, which are the products of continental weathering
(e.g., Lu et al., 2017; Poulton and Raiswell, 2002; Raiswell et al.,
2006). The sensitivity of secondary Fe mineralogy to the oxidation
state and chemistry of aqueous environments (e.g., the concentra-
tion of dissolved inorganic carbon and/or sulfide) has prompted the
use of the relative abundances of Fe(II)- and/or Fe(III)-bearing
minerals to constrain these environmental parameters. For exam-
ple, the presence or absence of Fe(II) carbonates in paleosols has
been used to constrain Precambrian atmospheric CO2 levels
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(e.g., Kanzaki and Murakami, 2015; Sheldon, 2006), whereas Fe
loss (as dissolved Fe2+) or retention (as Fe(III) minerals) in pale-
osols has been used to constrain atmospheric O2 levels (e.g.,
Sheldon et al., 2021). In another example, the ratios of Fe(III) to
total Fe in altered oceanic crust have been used to document a
Paleozoic increase in the O2 concentration of the deep ocean
(Stolper and Keller, 2018).

In addition to the aforementioned Fe-based proxies for atmo-
spheric and oceanic composition and oxidation state, indices of
Fe mineralogy in sediments (e.g., the degree of pyritization, DOP)
have been developed and used to reconstruct the oxidation state
and chemistry of local water masses immediately overlying the
sediment, and to study the controls on the formation of sedimen-
tary pyrite in modern sediments (Berner, 1964, 1984; Canfield
and Berner, 1987; Raiswell and Berner, 1986). To account for
extensive observational and experimental evidence for a range of
reactivity of Fe-bearing minerals towards sulfide (Anderson and
Raiswell, 2004; Canfield et al., 1996; Lyons, 1996; Lyons and
Severmann, 2006; Poulton and Raiswell, 2002; Raiswell and
Canfield, 1998; Scholz, 2018; Wijsman et al., 2001), these
approaches were refined to operationally classify Fe in sediments
according to its reactivity towards sulfide. Hence, presently applied
Fe classification schemes have converged on the quantification of
the highly reactive to total Fe ratio (FeHR/FeT) and the pyrite to
highly reactive Fe ratio (FePYR/FeHR). This ‘‘Fe speciation” proxy
for water-column chemistry and oxidation state has evolved over
the years (please refer to Raiswell and Canfield, 2012; Raiswell
et al., 2018 for a complete history), which may complicate compar-
ison of reconstructions of modern and ancient settings made since
this proxy was developed. Common to all iterations of this
approach is that they have been based on the differential reactivity
of Fe phases towards sulfide and the ability to extract and quantify
these different Fe phases.

Surficial marine sediments are generally characterized by
spatially-varying Fe concentrations of a few weight percent, either
in dissolved forms (free Fe2+ and organic and inorganic complexes
of Fe(II) and Fe(III)) or as fine-grained Fe (oxyhydr)oxides, all of
which react rapidly with dissolved sulfide to form pyrite (Berner,
1984). Aqueous sulfide will be scavenged from sediment porewa-
ters as long as sufficient amounts of dissolved and reactive partic-
ulate Fe species exist. Once these pools are exhausted, and even
though the sediment may still contain abundant Fe in less reactive
minerals (mostly Fe-bearing silicates), dissolved sulfide can start to
accumulate in the porewater. Based on laboratory experiments,
Canfield et al. (1992) estimated the rate constants for reaction of
Fe-bearing minerals with 1 mM dissolved sulfide. The dataset
shows a clear reactivity difference between the (oxyhydr)oxides
(i.e., lepidocrocite, ferrihydrite, goethite and hematite), which have
half-lives of hours to hundreds of days, and Fe-bearing silicate
minerals, which are characterized by half-lives of up to
84,000 years (Canfield et al., 1992; Raiswell and Canfield, 1996).
More recent experiments have verified these findings and refined
the dependence of the mineral half-lives on the sulfide and dis-
solved organic matter concentrations, the mineral grain size, and
the solution pH (Heitmann and Blodau, 2006; Hellige et al.,
2012; Peiffer et al., 2015; Peiffer and Gade, 2007; Poulton et al.,
2004; Wan et al., 2017; Wan et al., 2014).

Most recent studies rely on selective leaching protocols that
relate chemically mobilized Fe to specific mineral fractions charac-
terized by different reactivity towards sulfide (Hepburn et al., 2020
for a recent review). In a study that forms the basis of modern Fe
speciation schemes, Poulton and Canfield (2005) used powdered
synthetic minerals and measured the proportions of Fe extracted
in eight steps. Four steps are applied sequentially to one aliquot
212
of sediment, targeting Fe phases that react to form pyrite and other
Fe sulfides (e.g., mackinawite, troilite, pyrrhotite, marcasite, greig-
ite) on timescales relevant to early diagenesis (Canfield et al.,
1992): (1) sodium acetate targets iron carbonates,
(2) hydroxylamine-HCl mixtures target easily reducible Fe(III)
(oxyhydr)oxides (including ferrihydrite and lepidocrocite),
(3) sodium dithionite targets Fe(III) (oxyhydr)oxides such as
goethite, hematite, and akagenite, (4) ammonium oxalate targets
magnetite (Fe(II)Fe(III)2O4). A fifth step is applied to the same ali-
quot of sediment to extract the ‘‘poorly reactive” Fe (FePRS): (5)
boiling HCl targets the Fe not extracted in steps 1–4. One or two
additional steps are usually applied to a second aliquot of
sediment, to determine the abundance of Fe sulfide phases: (6)
reaction with strong HCl solutions at room temperature targets
acid-volatile sulfur species, such as mackinawite-like phases,
greigite or pyrrhotite, (7) chromium reduction targets all Fe
sulfides, and elemental sulfur. Under the assumption that meta-
stable acid-volatile sulfur species do not survive diagenesis and
lithification, most (�85%) Fe speciation studies of sedimentary
rocks perform only the chromium reduction step. An eighth, full
digestion step is sometimes applied to a third aliquot of sediment:
(8) HCl-HNO3-HF mixtures target all Fe phases. The sum of steps 6
and 7 gives FePYR, the sum of steps 1–4 and 6–7 gives FeHR, step 5
gives FePRS. Quantification of FeT is achieved either by step 8 or by
the sum of steps 1–7.

Recent exploration of the fidelity of the Poulton and Canfield
(2005) extraction protocol using complementary analyses
(e.g., magnetism, Mössbauer spectroscopy) has raised concerns
regarding the ability of this protocol to extract the targeted phases
in synthetic samples (pure and mixture), modern sediments and
sedimentary rock samples (e.g., Hepburn et al., 2020; Slotznick
et al., 2020). For example, the completeness of dissolution of
carbonate-associated Fe in step 1 appears to be highly dependent
on the abundance, grain size and mineralogy of these phases.
When incomplete, the residual carbonate-associated Fe is leached
in steps 2 to 4. Additionally, Fe(III) (oxyhydr)oxides, magnetite,
some Fe sulfides (not pyrite) and/or FePRS (e.g., berthierine and cha-
mosite) are sometimes prematurely removed relative to the oper-
ationally defined scheme. Although it was concluded that the
overall sequential leaching protocol is generally suitable for extrac-
tion and quantification of FeHR in sedimentary rocks (Hepburn
et al., 2020; Slotznick et al., 2020), it was noted that (i) a specific
Fe mineralogy should not be attributed to any of the operationally
defined steps, and (ii) some FePRS may be integrated into the FeHR
pool, thereby increasing FeHR/FeT ratios and influencing recon-
structions of the chemistry or oxidation state of past water
columns.

The above nuances notwithstanding, decades of work on the
behavior of Fe in modern sediments underpin the observation that
the FeHR/FeT ratio, also known as the indicator of anoxicity, tracks
water-column redox (Raiswell and Canfield, 1998; Raiswell and
Canfield, 2012; Raiswell et al., 2018). According to Poulton and
Raiswell, 2002, FeHR/FeT � 0.38 (representing the extreme upper
values for oxic Phanerozoic shales) are maintained in sediments
underlying oxygenated water columns (Fig. 1A). In contrast, values
above this threshold are commonly found when anoxic conditions
(ferruginous or euxinic) develop and persist. Phanerozoic
shales (n = 152) deposited from oxic seawater display mostly
FeHR/FeT � 0.22 (average 0.14 ± 0.08 2r), a lower threshold than
modern sediments (Poulton and Raiswell, 2002). Based on these
modern and ancient thresholds (Fig. 1A), sedimentary rocks have
been classified as having deposited in clearly anoxic
(FeHR/FeT > 0.38), clearly oxic (FeHR/FeT � 0.22) or intermediate
(0.22 < FeHR/FeT � 0.38) conditions. It has been suggested that



Fig. 1. Existing Fe speciation interpretive framework. A. Proposed diagnostic fields
for water column chemistry and oxidation state (Poulton and Canfield, 2011). Solid
lines are recommended boundaries for modern envirronments and dashed are
suggested boundaries for ancient sediments (Raiswell et al., 2018). B. Present-day
FeHR/FeT values of Fe inputs, where triangles show reported river suspended
sediment (Poulton and Raiswell, 2002), circles represent deep-sea red clays
(Poulton and Raiswell, 2002), stars represent sediments suspended in glacial
meltwater (Raiswell et al., 2006), and squares represent aeolian dust (Lu et al.,
2017; Poulton and Raiswell, 2002).
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intermediate FeHR/FeT values may still reflect anoxic conditions,
but in these cases, water column Fe enrichments may be masked
by rapid sedimentation (e.g., in turbidites, Lyons and Severmann,
2006; Raiswell and Canfield, 1998), or the FeHR pool may have been
depleted due to conversion of reactive Fe to less reactive Fe-
bearing sheet silicates during diagenesis or metamorphism (re-
viewed in Slotznick et al., 2018a).

By considering the extent to which FeHR is converted to pyr-
ite, as reflected by the FePYR/FeHR ratio, ferruginous conditions
may be distinguished from euxinic conditions (Fig. 1A; Raiswell
and Canfield, 2012; Raiswell et al., 2018). Based on modern
observations, FePYR/FeHR > 0.8 in sediments deposited under eux-
inic waters (e.g., Black Sea; Anderson and Raiswell, 2004;
Raiswell and Canfield, 2012). Other studies have suggested a
decrease of the FePYR/FeHR threshold to 0.7 for distinguishing fer-
ruginous from euxinic conditions for the Cretaceous Ocean
Anoxic Event (OAE) 3 (März et al., 2008) and 0.6 for the Quater-
nary Mediterranean Sapropelic Events S5 and S7 (Benkovitz
et al., 2020).

Deviations from the suggested Fe speciation systematics are
known to exist, owing to changes in sediment porewater chemistry
associated with microbial and abiotic reduction/oxidation (redox)
reactions (Aller, 2014; Egger et al., 2015a; Egger et al., 2016;
Egger et al., 2015b; Hutchings and Turchyn, 2021; Li et al., 2019;
Liu et al., 2020; Ma et al., 2018; Scholz et al., 2014a; Scholz et al.,
2019; Scholz et al., 2014b). By changing the oxidation state of Fe
in the sediments, these redox reactions often drive mineral disso-
lution (e.g., reductive dissolution of Fe(III) (oxyhydr)oxides;
Peiffer et al., 2015; Wan et al., 2017) and precipitation (e.g., pyrite,
the Fe(II) phosphate vivianite, and Fe(II) carbonate; Lenstra et al.,
2020; Vuillemin et al., 2019). These processes, collectively termed
diagenesis, affect FeHR/FeT and FePYR/FeHR ratios presumably inher-
ited from the water column. For instance, when sulfide pools in
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sediment porewater, modern observations reveal FePYR/FeHR ratios
that extend to values >0.7 in sediments deposited under an oxic
water column (Canfield, 1989; Canfield et al., 1992; Hardisty
et al., 2018; Liu et al., 2020; Meister et al., 2019; Scholz et al.,
2014b). In the case of FeHR/FeT ratios, the fragmented knowledge
of diagenetic deviations from water-column values leads to many
investigations that are conducted under the assumption of a con-
stant FeHR/FeT ratio with burial. Additionally, an assumption impli-
cit in many studies is that FeHR/FeT ratios are inherently rooted to
the uppermost values of Phanerozoic shales of 0.38 (Poulton and
Raiswell, 2002). However, rivers and abyssal surficial sediment
can deviate considerably from this value (Fig. 1B), covering a range
between �0.2 and �0.7 (Poulton and Raiswell, 2002). In this
framework, any values higher than 0.38 would be erroneously
interpreted to reflect ferruginous conditions. In the case of FePYR/
FeHR, sediments deposited under an oxic water column may show
significant variation of porewater chemistry and Fe speciation with
depth. For example, FePYR/FeHR ratios of 0.00 to 0.93 have recently
been reported in the Bornholm basin (Liu et al., 2020). As men-
tioned above, sulfide accumulation in porewater strongly affects
the FePYR/FeHR ratio, irrespective of the seawater redox state. The
above deviations all suggest that early diagenetic processes or vari-
ation in the depositional conditions may strongly impact Fe
speciation-based water-column chemistry and redox
reconstructions.

The shortcomings of Fe speciation-based reconstructions of
ancient seawater chemistry and redox stem in part from inherent
differences between modern sedimentary and ancient geologic Fe
speciation data. The interpretive framework of FeHR/FeT and FePYR/
FeHR ratios arises from extensive studies of surficial sediments
(mostly 0–0.5 m below the sediment surface) in well-constrained
environments, and this has allowed discussion of specific local con-
trols on Fe speciation (e.g., Aller et al., 2010; Aquilina et al., 2014;
Ma et al., 2018; Scholz et al., 2019). In contrast, geologic Fe speci-
ation data come from sedimentary sequences that most commonly
represent accumulation and progressive burial of sediments. Any
point within such sequences is expected to have traversed through
a range of depths below the ancient sediment–water interface as it
got progressively buried. As such, these sequences are expected to
record the variations in FeHR/FeT and FePYR/FeHR ratios associated
with, e.g., redox reactions, sulfide accumulation, and mineral disso-
lution/precipitation, as discussed above. This questions the utility
of FeHR/FeT and FePYR/FeHR ratios in the existing framework for con-
straining water-column chemistry and redox (e.g., Eroglu et al.,
2021; Hutchings and Turchyn, 2021). Furthermore, the exact depo-
sitional context of geologic Fe speciation data is sometimes over-
looked. The depositional context is crucial for evaluating the
effects on Fe speciation of, e.g., the weathered lithology contribut-
ing to local Fe inputs, the organic carbon loading, and the deposi-
tion rate (e.g., Ahm et al., 2017).

Given the above, it appears that an understanding of the con-
trols on Fe speciation requires consideration of modern sediments
to a greater depth than 0.5 m below the sediment–water interface,
and in the context of their depositional environment. Here, we
compiled, curated, and reassessed published and newly measured
Fe speciation data from modern marine sediments. This global
compilation was used to identify the factors governing modern
FeHR/FeT and FePYR/FeHR ratios. Specifically, we attempted to
address the following questions: How do FeHR/FeT and FePYR/FeHR
vary with seawater oxygenation, porewater chemistry, water
depth, geographic location, and depositional environment? What
is the original variability in FeHR/FeT and FePYR/FeHR at the sedi-
ment–water interface, and how do post-depositional processes
affect the original ratios? How does knowledge related to the
above questions affect interpretations of Fe speciation-based
paleo-reconstructions?
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2. Materials and methods

2.1. Materials

Below we describe the materials analyzed in this study, which
include a comprehensive compilation of existing Fe speciation data
(n = 15,109) and new data (n = 54). The new data come from two
drill cores in different and well understood modern depositional
settings, and we present these together with previously published
data from two other drill cores in well understood sites. The data
from these four sites, which are described below, offer an opportu-
nity to study the different environmental controls on the evolution
of FeHR/FeT and FePYR/FeHR ratios during early diagenesis.
2.1.1. New Zealand
We selected a total of 42 samples (26 new and 16 previously

reported by Pasquier et al., 2021a) from shelf and basin settings
in the East New Zealand (ENZOSS) sedimentary system, from bore-
holes drilled by the International Ocean Discovery Program Leg
317 – site 1352 (44.9374�S, 172.022692�W, 344 m water depth)
and Ocean Drilling Program (ODP) Leg 181 – site 1123 (41.786�S,
171.499�W, 3290 mwater depth). Despite their proximity and con-
temporaneous deposition, these two records preserve radically dif-
ferent pyrite sulfur isotope compositions (d34SPYR), which result
from differences between the shallow and deep depositional envi-
ronments (e.g., distance from land and sedimentation rate) over
the last 40 Myr (Pasquier et al., 2021a). Of the 42 samples, 26 are
first reported in the present study and come from borehole
U1352, east of the southern island of New Zealand. These samples
were selected to capture the onset of the cyclic glacial–interglacial
sedimentation over the last 40 Myr. The drill site is located on the
upper slope, 70 km east of the Waitaki river. Porewater chemistry
reveals rapid sulfate consumption over the first 15 m below the
seafloor (mbsf), and the presence of methane accumulation start-
ing at 11 mbsf (Fulthorpe et al., 2011). The additional 16 samples,
originally reported in Pasquier et al. (2021a), come from the off-
shore 1123 site. Here, the sampling strategy targeted the evolution
of a sediment drift sequence to glacial–interglacial couplets over
the last 40 Myr. No methane was detected along this borehole
(Turchyn et al., 2006). Porewater sulfate concentrations decrease
with depth, showing a concave down shape, typical of consump-
tion by organoclastic sulfate reduction (Turchyn et al., 2006). Fur-
ther details about these sequences can be found in Fulthorpe et al.
(2011) and in Carter et al. (1999), respectively.
2.1.2. Gulf of Lion
We report 28 newly measured samples from the European pro-

ject PROMESS (PRofiles across Mediterranean Sedimentary Sys-
tems) – PRGL 1–4 (42.693�N, 3.84167�W). The drilling site is
located in the Gulf of Lion (GoL), a prograding passive margin char-
acterized by a significant subsidence rate (Rabineau et al., 2014),
and high sediment inputs, mainly from the Rhône river (�80%;
Durrieu De Madron et al., 2000, Révillon et al., 2011). The water
depth at the coring site (298 m) ensures continuous sedimentation
under well-oxygenated conditions over the entire borehole length.
Porewater chemistry was not measured during the coring cam-
paign, yet pockmark features on the seafloor around the coring
location may indicate the presence of a deep methane reservoir
(Riboulot et al., 2014). Further details about this sequence can be
found in Pasquier et al., 2017. Given the long residence time of sul-
fate in the modern ocean (i.e., 13 Myr; Kah et al., 2004), strati-
graphic fluctuation in d34SPYR (�76‰) at our Gulf of Lion site
have been interpreted to reflect variable degree of porewater
sulfate restriction over glacial–interglacial cycles, induced by
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modification of the local sedimentation rate associated with
glacio-eustatic sea level variations (Pasquier et al., 2017).

2.1.3. Peru margin
We report 25 samples from ODP Leg 201 – site 1229

(77.958017�S, 10.976083�E), which were previously reported in
Pasquier et al. (2021b), but were not used to systematically under-
stand the controls on Fe speciation during early diagenesis. The
drilling site is located on the Peruvian continental shelf, in the Sal-
averry basin, within the modern oxygen minimum zone (�150 m
water depth), where dissolved O2 concentrations in bottom waters
are between 5 and 15 lM (Scholz et al., 2017). Sediments are char-
acterized by alternations of olive-green, well-laminated diatom
ooze and a silty-clay diatom ooze with high organic matter content
(Pasquier et al., 2021b). Porewater chemistry reveals sulfate con-
sumption through the top 30 mbsf with an upper sulfate-
methane transition zone (SMTZ) between 25 and 35 mbsf and a
deeper SMTZ around 90 mbsf (D’Hondt et al., 2003). Dissolved sul-
fide was detected throughout the entire core, attesting to ongoing
microbial sulfate reduction (MSR; D’Hondt et al., 2002), i.e., a
microbial metabolic process during which sulfate is reduced and
sulfide produced by anaerobic oxidation of organic matter (organ-
oclastic sulfate reduction, OSR) and/or methane (AOM-SR;
Jorgensen et al., 2019). Further details about this sequence can
be found in D’Hondt et al. (2003).

Over the sampling interval (0–44 m), substantial variations in
organic carbon deposition fluxes on the timescale of glacial–inter-
glacial cycles have been recently interpreted to affect in-situ MSR
activity and pyrite formation, resulting in the preservation of
coherent stratigraphic d34SPYR variations (i.e, �30‰; Pasquier
et al., 2021b).

2.2. Methods

2.2.1. Fe speciation
Iron speciation measurements were made at the Weizmann

Institute of Science using the calibrated extraction of Poulton and
Canfield (2005), as modified for application to recent sediments
(e.g., Goldberg et al., 2012; Matthews et al., 2017). Based on SEM
observation of pseudomorphic transformation of pyrite into Fe
(III) (oxyhydr)oxides, which likely resulted from post-sampling
oxidation of Fe(II) phases due to storage in oxygenated conditions
(Fig. S1), we adopted the extraction protocol modified by Goldberg
et al. (2012), in which ferrihydrite extracted by 0.5 N HCl is consid-
ered to be an oxidation product of pyrite (discussed below). The
extracted fractions are defined operationally (Henkel et al., 2016;
Hepburn et al., 2020). Unsulfidized Fe phases, e.g., surface-bound
Fe(II), carbonate/phosphate-associated Fe(II), and AVS were tar-
geted first using a 0.5 N HCl extraction for 1 h at room temperature.
As sulfur extractions in all four cores studied here indicated that
the AVS component is negligible, we assume that no Fe(II) is asso-
ciated with other Fe-sulfides and assign the Fe(II)HCl pool to non-
sulfidized Fe(II) minerals (i.e., mostly carbonates). Also extracted
with the 0.5 HCl extraction are some of the most reactive Fe(III)
minerals such as ferrihydrite, which we termed Fe(III)HCl. Due to
its rapid kinetics of sulfidization (Poulton et al., 2004) and transfor-
mation to more crystalline Fe(III) (oxyhydr)oxides, it is highly unli-
kely that the ferrihydrite extracted by 0.5 N HCl was a part of the
original sediment. Instead, we consider the Fe(III)HCl fraction in
these cores, which were not stored under anoxic conditions, to
most likely represent the oxidation product of pyrite or other Fe
(II)-bearing phases. Accordingly, the Fe(III)HCl fraction was added
to the chromium-reducible fraction to correct the pyrite abun-
dance for post-sampling oxidation. More crystalline Fe(III) (oxy-
hydr)oxides (e.g., goethite and hematite) and mixed Fe(II)-Fe(III)
(oxyhydr)oxides (e.g., magnetite) were subsequently leached using
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a buffered Na-dithionite solution (termed Fedi-ct). A third extrac-
tion step targets magnetite, using Na-oxalate (termed Feoxa). A
fourth extraction step targets pyrite by reduction with chromium
(termed FeCRS). As mentioned above, we added Fe(III)HCl to FeCRS
to estimate the original amount of pyrite present in the cores.
FeT was calculated by adding all previous extractions with Fe
recovered after 1 min boiling 12 N HCl, which targets poorly reac-
tive Fe in silicates (termed FeHCl-1min). A comparison with a subset
of 24 samples (from all boreholes except 1229) with total Fe con-
centration obtained by quantitative digestion yields a slope of
0.97 (R2 = 0.97; Fig. S2). The Fe concentration extracted by quanti-
tative digestion was determined by inductively coupled plasma-
optical emission spectrometry (ICP-OES; Ultima 2, Horiba) at the
Pôle Spectrométrie Océan (PSO, UBO/CNRS/Ifremer, Brest, France).

The Fe(II)HCl, Fedi-ct and Feoxa and FeCRS fractions were deter-
mined by spectrophotometry using a ferrozine assay (Stookey,
1970), 2 h after completion of the extraction. Determination of
the Fe(III)HCl abundance requires reduction of all Fe(III) to Fe(II),
which is achieved by reaction with ascorbic acid. The total FeHCl

is then measured by spectrophotometry, and the Fe(III)HCl abun-
dance is determined by subtraction of Fe(II)HCl from the total FeHCl.

As no international standards for Fe speciation were available at
the time we performed the Fe sequential extractions, five samples
were measured in replicate analyses in each batch to monitor pre-
cision. The replicate analyses show relative reproducibility better
than 8%. Error propagation of individual steps on the calculation
of the FeHR pool, FeHR/FeT and FePYR/FeHR ratios yielded relative
standard deviations better than 0.05, 0.05 and 0.02 wt%,
respectively.
2.2.2. Pyrite sulfur content and isotopic composition
Sulfur was extracted using the chromium-reduction method

(Canfield et al., 1986). This method allows recovery of all reduced
sulfur present in sedimentary samples (denoted CRS and including
pyrite, elemental sulfur and other Fe-sulfides phases). During
extraction, approximately 2 g of bulk sample was reacted with
�25 mL of 1 M reduced chromium chloride (CrCl2) solution and
25 mL of 6 N HCl for four hours just below the boiling point, in a
specialized extraction line under a N2 atmosphere. The liberated
hydrogen sulfide was reacted in a silver nitrate (0.1 M) trap, recov-
ering the sulfide as Ag2S with a reproducibility better than 5% for
repeated analyses. Precipitated Ag2S was rinsed three times using
Milli-Q water, centrifuged, completely dried, and homogenized
prior to analysis.

At least five bulk samples at each location and at a depth range
covering the entire core were treated with 25 mL of 6 N HCl for 2 h
to release acid volatile sulfur (AVS, mainly other Fe-sulfides). The
H2S liberated was then converted to Ag2S via reaction with silver
nitrate (0.1 M). None of the acid-treated samples yielded enough
Table 1
Statistical parameters of Fe speciation in modern sediments (i.e., compiled and new meas
numbers in the square brackets are the [25th–75th] percentile.

Depositional environment n FeT FeHR

wt.% wt.%

Open oceans (�1000 mbsl) 163 3.13 [2.46–3.99] 0.87
Open shelves and slopes (�1000 mbsl) 435 3.29 [2.79–3.94] 1.07
Interior seas 1464 3.29 [1.99–4.44] 1.22
Shore (�15 mbsl) 422 3.03 [2.55–4.03] 1.32
Salt Marshes 37 4.31 [3.73–4.71] 2.21
Upwelling 120 2.17 [1.65–2.94] 0.91
Hydrothermal systems 18 25.50 [10.6–32.2] 17.0
Lakes 293 4.68 [3.02–5.96] 1.58
Coral reefs and carbonate platforms 13 0.41 [0.13–0.64] 0.22
All shallow (�1000 mbsl) 2387 3.19 [2.16–4.47] 1.20
All 2990 3.18 [2.15–4.38] 1.17
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Ag2S to be weighed. Following these exploratory extractions, we
assume that the AVS component is negligible in our samples.
2.2.3. Data compilation
The dataset contains new analyses performed in this study

(n = 54) and a compilation of all published Fe speciation data avail-
able at the time of submission (n = 16,192 before curation). Data
were available from 61 studies of modern marine sediments
(3385 samples before curation) and 171 studies of Fe speciation
in sedimentary rocks (12,807 samples before curation), with ages
spanning the last 2690 Myr. A full reference list is provided in
the Supplementary Materials. Samples in which only some of the
Fe pools were quantified, but without the full set needed to calcu-
late both FeHR/FeT and FePYR/FeHR, where excluded (n = 407). We
excluded cases in which FeHR/FeT and FePYR/FeHR ratios exceed
unity (622 cases). Higher than unity FeHR/FeT and/or FePYR/FeHR
may occur, for example, when FeT is measured in a separate extrac-
tion rather than as the sum of all extracted fractions or when
chromium-reducible sulfur (considered to represent Fe sulfides
and other reduced sulfur species) contains non-Fe sulfide minerals
and organic or elemental sulfur, respectively. This left a total of
15,163 samples, almost 3 times more numerous than previous data
compilations in modern marine sediments (n = 2990 here com-
pared to n = 1068 in Hardisty et al., 2018) and in sedimentary rocks
(n = 12,173 here compared to n = 4300 in Sperling et al., 2015;
Hutchings and Turchyn, 2021).

The majority of samples are fine-grained clastic sediments (i.e.,
shale), though some are carbonate rocks (10% of the entire dataset),
which were measured following recent verification of the suitabil-
ity of the sequential Fe extraction protocols for carbonate rocks
(Clarkson et al., 2014). A minority of the geologic samples (692)
contain less than the recommended (Raiswell and Canfield, 2012;
Raiswell et al., 2018) threshold of 0.5 wt% total Fe. However, when
these samples were used in published studies to reconstruct past
depositional environments, we included them in the compilation.
A test revealed that our results are robust to the inclusion or exclu-
sion of these Fe-poor samples (Table S1). Each sample was coded
according to its age and depositional environment (i.e., inner shelf,
outer shelf and basinal; see Sperling et al., 2015 for a complete
description). While reported in the data compilation, we did not
use the published sample’s age, but all samples were binned into
16 geologic periods and/or eras according to the GSA geological
timescale v.5 (Walker, 2019). The age bins are 0–2.58 Ma, 2.58–
23.03 Ma, 23.03–66 Ma, 66–145 Ma, 145–201.3 Ma, 201.3–
251.9 Ma, 251.9–298.9 Ma, 298.9–358.9 Ma, 358.9–419.2 Ma,
419.2–443.8 Ma, 443,8–485.4 Ma, 485.4–541 Ma, 541–1000 Ma,
1000–1600 Ma, 1600–2500 Ma and > 2500 Ma. These ages were
used in the binned and statistical analyses (i.e., kernel probability
density) throughout the manuscript (Tables 1–6). Additional infor-
urements, after curation). The first number in each table cell is the median, and the

FePYR FeHR/FeT FePYR/FeHR

wt.%

[0.58–1.20] 0.20 [0.03–0.70] 0.29 [0.21–0.41] 0.39 [0.05–0.67]
[0.62–1.56] 0.20 [0.12–0.38] 0.32 [0.22–0.52] 0.29 [0.10–0.49]
[0.74–1.80] 0.42 [0.10–0.91] 0.40 [0.30–0.54] 0.40 [0.11–0.64]
[0.80–1.88] 0.28 [0.12–0.61] 0.40 [0.31–0.55] 0.23 [0.09–0.37]
[1.82–2.58] 1.52 [0.41–1.87] 0.52 [0.42–0.72] 0.60 [0.22–0.81]
[0.46–1.44] 0.54 [0.18–1.07] 0.41 [0.26–0.49] 0.68 [0.40–0.81]
0 [5.8–20.8] 10.94 [0.1–14.8] 0.60 [0.41–0.72] 0.64 [0.19–0.70]
[0.68–2.29] 0.14 [0.03–0.50] 0.37 [0.29–0.51] 0.12 [0.02–0.56]
[0.09–0.23] 0.02 [0.01–0.04] 0.52 [0.39–0.67] 0.23 [0.08–0.27]
[0.71–1.81] 0.28 [0.09–0.68] 0.38 [0.29–0.53] 0.32 [0.09–0.56]
[0.70–1.78] 0.31 [0.09–0.77] 0.38 [0.28–0.54] 0.34 [0.09–0.60]



Table 2
Probability of accurate reconstruction of water-column chemistry and oxidation state
using FeHR/FeT and FePYR/FeHR. The total number of analyses corresponding to a
specific water-column chemistry and oxidation state (n, after curation) is shown in
the second column. The probability and number of accurate reconstructions
according to the suggested field boundaries for modern environments (Poulton and
Canfield, 2011) and ancient sediments (Raiswell et al., 2018) are shown in the third
and fourth columns, respectively.

Seawater
chemistry
and oxidation
state

Accurate reconstructions [%(n)]

n Modern criteria Ancient criteria

FeHR/
FeT = 0.38

FePYR/
FeHR = 0.7

FeHR/
FeT = 0.22

FePYR/
FeHR = 0.8

Oxic 1803 55% (987) 19% (350)
Low O2 564 45% (255) 5% (26)
Ferruginous 95 83% (79) 100% (95)
Euxinic 528 32% (168) 25% (132)
All 2990 50% (1489) 20% (603)

Table 5
Statistical parameters of Fe speciation in sedimentary rocks grouped by Phanerozoic
geologic periods. The first number in each table cell is the median, and the numbers in
the square brackets are the [25th–75th] percentile.

Phanerozoic period n FeHR/FeT FePYR/FeT

Quaternary 2990 0.89 [0.28–0.54] 0.34 [0.09–0.60]
Neogene 200 0.56 [0.46–0.64] 0.70 [0.52–0.82]
Paleogene 108 0.52 [0.46–0.59] 0.77 [0.72–0.80]
Cretaceous 514 0.65 [0.42–0.81] 0.58 [0.21–0.72]
Jurassic 248 0.52 [0.35–0.74] 0.61 [0.16–0.77]
Triassic 438 0.68 [0.48–0.79] 0.01 [0.00–0.30]
Permian 376 0.55 [0.40–0.71] 0.45 [0.01–0.67]
Carboniferous 143 0.73 [0.49–0.89] 0.15 [0.00–0.69]
Devonian 324 0.30 [0.21–0.70] 0.78 [0.68–0.85]
Silurian 153 0.34 [0.19–0.45] 0.48 [0.16–0.70]
Ordovician 970 0.42 [0.28–0.63] 0.58 [0.33–0.71]
Cambrian 2672 0.50 [0.28–0.75] 0.25 [0.01–0.62]

Table 6
Probability of accurate reconstruction of porewater chemistry and oxidation state
using FePYR/FeHR. The total number of analyses corresponding to a specific water-
column chemistry and oxidation state (n, after curation) is shown in the second
column. The probability and number of accurate reconstructions according to the
suggested FePYR/FeHR boundary (i.e., 0.7; Hardisty et al., 2018) is shown in the third
column.

Porewater chemistry and
oxidation state

Accurate reconstructions [%(n)]

n FePYR/FeHR = 0.7

Fe-dominated 981 91% (893)
Sulfidic 1076 31% (341)
All 2057 45% (1234)

Table 3
Statistical parameters of Fe speciation in sedimentary rocks. The first number in each
table cell is the median, and the numbers in the square brackets are the [25th–75th]
percentile.

Sample n FeHR/FeT FePYR/FeHR

Depositional environment
Shallow 1275 0.40 [0.21–0.65] 0.05 [0.00–0.56]
Shelves and slopes 6844 0.47 [0.28–0.69] 0.36 [0.02–0.69]
Basinal 4054 0.40 [0.24–0.67] 0.27 [0.03–0.65]

Lithology
Siliciclastic 10,697 0.43 [0.25–0.66] 0.34 [0.03–0.69]
Carbonate 1431 0.51 [0.28–0.75] 0.03 [0.00–0.35]
Chert 45 0.73 [0.65–0.84] 0.51 [0.21–0.66]

Type
Core 5115 0.44 [0.24–0.68] 0.57 [0.23–0.79]
Outcrop 7058 0.44 [0.26–0.67] 0.08 [0.00–0.50]

Table 4
Statistical parameters of Fe speciation in sedimentary rocks grouped by geologic era.
The first number in each table cell is the median, and the numbers in the square
brackets are the [25th–75th] percentile.

Geologic era n FeHR/FeT FePYR/FeT

Cenozoic 3298 0.41 [0.29–0.55] 0.39 [0.10–0.65]
Mesozoic 1200 0.63 [0.42–0.79] 0.41 [0.01–0.70]
Paleozoic 4638 0.47 [0.28–0.72] 0.43 [0.04–0.70]
Neoproterozoic 3095 0.38 [0.23–0.62] 0.04 [0.00–0.34]
Mesoproterozoic 1281 0.35 [0.17–0.54] 0.33 [0.05–0.76]
Paleoproterozoic 1193 0.39 [0.21–0.62] 0.31 [0.06–0.62]
Neoarchean 458 0.35 [0.23–0.61] 0.51 [0.28–0.81]
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mation, such as the sampling strategy (i.e., core vs outcrop) and the
lithology (as mentioned in the original publications), are also
reported for all samples and discussed, as necessary.

Modern samples were also classified by water depth (meters
below sea level, hereafter mbsl), latitude (degrees decimal min-
utes), longitude (degrees decimal minutes), depositional environ-
ment (open oceans (>1000 mbsl), open shelves and slopes
(�1000 mbsl), interior seas (e.g., Black Sea, Baltic Sea or Fjords),
shallow sub-wave base (�15 mbsl), salt marshes, upwelling zones,
hydrothermal vents, coral reefs and carbonate platforms), ocean
basin, seawater oxygenation state (oxic, low O2, ferruginous, eux-
inic), and porewater chemistry (Fe-dominated, sulfidic). For each
modern sample, the seawater chemistry was assigned according
to the overlying seawater dissolved O2, H2S and Fe2+ concentra-
tions at the time of sampling. For long boreholes, when the seawa-
ter chemistry at the time of deposition is unknown, we assigned
the seawater chemistry according to Fe speciation as reported in
the original manuscript. Thus, for this subset of samples, agree-
ment between Fe speciation-based and ‘‘true” water-column
chemistry is complete. Consequently, the finding of any statistical
discrepancy (at the level of the entire compilation) between true
and Fe speciation-based water column chemistry is based on a con-
servative approach, which is to say that agreement between true
and speciation-based chemistry in our analysis is probably more
common than in reality. Low O2 was defined as <15 lM dissolved
O2 but lacking detected sulfide. When possible, porewater chem-
istry was assigned as mentioned in the original publication. When
no porewater chemistry was mentioned, we attempted to find the
missing information in the available literature, yet 32% of samples
(n = 933) remained without porewater chemistry information.
3. Results

3.1. Iron speciation in modern river sediments

The FeHR/FeT ratio of suspended sediments from the Waitaki
River, New Zealand (0.30 ± 0.01, 2r), measured in this study, falls
within the range of previously reported river suspended sediments
(Poulton and Raiswell, 2002).
3.2. Iron speciation in modern marine sediments

Wemeasured Fe speciation in 54 samples from 2 long sedimen-
tary cores (i.e., >50 cm). These new measurements were compiled
and compared with published data (2936 samples) from �316
cores located worldwide (Fig. S3). The complete database
(n = 2990) is available in the Supplementary Materials.

We grouped the data by the chemistry and oxidation state of
the overlying water-column, by the porewater chemistry, by the
parameters of the depositional environment (i.e., water depth,
FeT, and depositional setting) and by geographic location (latitude,
longitude, basin). No dependence of FeHR/FeT or FePYR/FeHR on any
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of the depositional or geographic parameters was observed
(Figs. S4 and S5, respectively).

The values of FeHR/FeT in modern marine sediments vary
between 0.03 and 0.99, with a median value of 0.38 and 0.29 at
water depths� 1000 m and >1000 m, respectively (Table 1). Values
of FePYR/FeHR range from 0 to 0.98 with a median of 0.32 and 0.39 at
water depths � 1000 m and >1000 m, respectively. The choice of
1000 m as the limit between shallow and deep depositional envi-
ronments allows direct comparison with the results of Poulton and
Raiswell (2002). There is no observable relationship of FeHR/FeT or
FePYR/FeHR with FeT (Figs. S4 and S5, respectively).

Many samples deposited under either oxic or anoxic conditions
lead to false seawater oxygenation reconstruction, mostly in shal-
low depositional environments (interior seas, open shelves and
slopes, and upwelling regions; Figs. S4 and S5, respectively). For
example, only 52% of modern samples deposited under oxic condi-
tions display FeHR/FeT values below the 0.38 threshold suggested
for modern marine sediments, and only 16% display FeHR/FeT val-
ues below the 0.22 threshold suggested for geologic samples. The
remaining 48% or 84% are characterized by FeHR/FeT values that
incorrectly infer anoxic conditions. Similarly, 4% and 37% of sam-
ples deposited from anoxic waters display false-oxic FeHR/FeT val-
ues below the 0.22 and 0.38 thresholds, respectively. Similar
misbehavior of FePYR/FeHR values is observed, where only 25% of
euxinic samples have ratios above the suggested 0.8 threshold
(39% if the 0.7 threshold is used). In the absence of knowledge
on the euxinic nature of these modern environments, the remain-
ing 61–75% of samples would lead to an incorrect inference of oxic
or ferruginous conditions (equally distributed between oxic and
ferruginous using the thresholds suggested for modern sediments,
and 7% oxic, 93% ferruginous using the thresholds suggested for
geologic samples). False-euxinic conditions would similarly be
inferred from 3% to 11% of samples from oxygenated environments
(for a FePYR/FeHR threshold of 0.7 and 0.8, respectively). Overall, the
probability that an Fe speciation analysis yields a correct classifica-
tion of water-column chemistry (Table 2) is 50% using the thresh-
olds suggested for modern sediments (FeHR/FeT = 0.38, FePYR/
FeHR = 0.7) and only 20% using the thresholds suggested for geo-
logic samples (FeHR/FeT = 0.38, FePYR/FeHR = 0.7).

The mismatch between actual conditions and those inferred
from Fe speciation is observed at all water depths (Figs. S4 and
S5). The limited number of observations obtained at water
depth > 1000 m (only 20% of the dataset) does not allow determi-
nation of a robust depth dependence of this mismatch (Figs. S4 and
S5). However, it appears that a higher proportion of false-anoxic
and false-euxinic conditions are inferred in shallow-water sedi-
ments. Samples from different depths within the sediment show
no statistically significant change in FeHR/FeT for any of the
water-column oxygenation conditions (Fig. 2). An increase in
FePYR/FeHR from �0.15 at the top 2 cm of sediment to �0.40 in dee-
per sediments, which is observed in the overall population of sam-
ples, appears to be driven mainly by increases in FePYR/FeHR in
sediments overlain by water with �15 lM O2.

When FeHR/FeT and FePYR/FeHR are grouped by porewater chem-
istry, rather than seawater chemistry, 68% of sulfidic samples plot
below the threshold indicative of sulfide accumulation in porewa-
ter (i.e., 0.7; Hardisty et al., 2018). Similarly, 9% of samples depos-
ited in Fe-dominated porewater condition display FePYR/FeHR

values above the 0.7 threshold. These large deviations show no
clear dependence on geography or parameters of the depositional
environment (Figs. S4 and S5, respectively). As in the case of group-
ing by seawater chemistry, no statistically significant change in
FeHR/FeT is observed with depth in the sediment (Fig. 3). The
increase in FePYR/FeHR observed in the compilation of all sediments,
from �0.15 in the top 2 cm of sediment to �0.40 in deeper sedi-
ments, is a frequency-weighted average of FePYR/FeHR increases
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with depth in the sediment in sub-populations with
Fe-dominated (�0.10 to �0.30), sulfidic (�0.45 to �0.75) and
unspecified (�0.05 to �0.4) porewater chemistry.

3.3. Iron speciation in sedimentary rocks

We compiled Fe speciation data in 7666 samples from >500
locations. The newly compiled measurements were combined
and compared with previously compiled datasets (n = 207 and
4300; Guilbaud et al., 2015; Sperling et al., 2015 respectively),
resulting in a total of 12,173 Fe speciation data. The complete data-
base is available in the Supplementary Materials.

We grouped the data by lithology (siliciclastic, carbonate,
chert), by the depositional environment (inner shelf, outer shelf
and basinal), and by the sampling method (core, outcrop).

The values of FeHR/FeT in the geologic record vary between 0
and 0.99, with a median value of 0.46 and 0.40 for shallow and
basinal environments, respectively (Table 3). Values of FePYR/FeHR
range from 0 to 0.99 with a median of 0.31 and 0.27 for shallow
and basinal environments, respectively (Table 3). The classification
of the depositional environments follows the strategy of Sperling
et al. (2015), allowing direct comparison with their results.

The geologic era-level results are provided in Table 4. No statis-
tically significant temporal variation in FeHR/FeT and FePYR/FeHR (at
the 25th–75th percentile level) is observed among eras spanning
the Neoarchean to the Cenozoic. The geologic period-level results
for the Phanerozoic Eon are provided in Table 5, and these do not
show coherent secular variation either. In the absence of clear tem-
poral trends, anomalously high and low era/period-specific distri-
butions of FeHR/FeT and FePYR/FeHR may result from a small
number of sampling locations (Fig. 8) or from post-depositional
alteration.
4. Discussion

Below, we separately discuss the distributions of FeHR/FeT and
FePYR/FeHR ratios in surface (depth 0–2 cm) and subsurface
(depth > 2 cm) sediments. We take variations in FeHR/FeT and
FePYR/FeHR ratios in surface sediments to represent the variability
of natural sources and the earliest diagenetic reaction and mobi-
lization of iron (Section 4.1). Variations in deeper sediments repre-
sent the effect of burial diagenesis on Fe speciation (Section 4.2).

4.1. Modern variability in surface sediments

In surficial sediments (depth 0–2 cm), the distributions of FeHR/
FeT ratios in oxygenated (including low-O2) and euxinic environ-
ments do not differ statistically (Fig. 2). Furthermore, the range
of values encountered in both oxygenated and euxinic environ-
ments is similar to the FeHR/FeT range observed in river suspended
sediments (Fig. 1; Poulton and Raiswell, 2002). A possible excep-
tion to the above is a tail towards high FeHR/FeT ratios observed
in surface sediments from oxic environments, which may be
related to redox mobilization of iron during early diagenesis, as
discussed in Section 4.2. The ferruginous environments studied
and included in the compilation display a narrow range of FeHR/
FeT ratios that differs from the oxygenated and euxinic environ-
ments (Fig. 2), but the small number of ferruginous locations stud-
ied does not permit a generalization of these results.

The similarity between surface sediment FeHR/FeT ratios in oxy-
genated and euxinic environments casts doubt on the use of this
ratio in sedimentary rocks to reconstruct water-column chemistry.
Moreover, we find that in sediments with a low degree of pyritiza-
tion, as in some of our Gulf of Lion and New Zealand shelf samples,
the FeHR/FeT ratio of the local Fe source is preserved, persisting



Fig. 2. Compiled Fe speciation data classified by seawater chemistry and oxygenation at the core location, and depth intervals within the cores. A. The proportion of samples
underlying oxic (green), low O2 (yellow), ferruginous (red) and euxinic (purple) water columns. B. Distributions of FeHR/FeT at different depth intervals in the cores. Upward-
pointing triangles show the median values for each depth interval, and downward-pointing triangles show the median values for each seawater chemistry/oxygenation state.
Colors as in panel A. C. Distributions of FePYR/FeHR at different depth intervals in the cores. Symbols and colors as in panel B. D. FeHR/FeT against FePYR/FeHR. Colors as in panel A.
Low oxygen is defined as <15 lM O2 but lacking detectable sulfide. When available, Fe from acid-volatile sulfur extraction has been included in both the FePYR and FeHR pools.
Solid lines are recommended field boundaries for modern envirronments (Poulton and Canfield, 2011) and dashed are suggested boundaries for ancient sediments (Raiswell
et al., 2018).

V. Pasquier, D.A. Fike, S. Révillon et al. Geochimica et Cosmochimica Acta 335 (2022) 211–230
even in subsurface sediments that were subject to diagenesis
(Fig. 4A). This suggests that Fe speciation in the local source exerts
an important control on FeHR/FeT ratios in the sediments, but to the
best of our knowledge, the FeHR/FeT range of the Fe source has not
been considered in past reconstructions. Though deep-sea red
clays (n = 6) may display less variability (if the single datum at
FeHR/FeT of 0.69 is considered an outlier), samples used for paleo-
reconstructions are almost always obtained from shallow deposi-
tional environments (Peters and Husson, 2017).

Our results also suggest a wide range of FePYR/FeHR ratios in sur-
ficial sediments, with a median(quartile) value of 0.14(0.34)
(n = 346). Again, there are too few ferruginous data to confidently
constrain the behavior of FePYR/FeHR ratios in such environments.
Unlike the similar FeHR/FeT ratios, the FePYR/FeHR distribution is
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wider in euxinic environments (0–0.85) than in oxygenated envi-
ronments (0–�0.6), and the median value is higher (0.52 vs
0.10). However, we note that (i) 77% and 90% of FePYR/FeHR ratios
in the sulfidic samples are below the 0.7 and 0.8 thresholds,
respectively; (ii) both the oxygenated and sulfidic samples display
a wide range of FePYR/FeHR ratios, so that a small number of mea-
surements may lead to mischaracterization of the water column
paleochemistry. Overall, the probability that an Fe speciation mea-
surement yields the correct water-column chemistry is 50% and
20% with the modern and geologic thresholds, respectively
(Table 2). Based on only 95 samples, the probability of an accurate
ferruginous reconstruction is higher (83% and 100%, respectively),
but the probability of a euxinic reconstruction is lower (32% and
25%, respectively). As discussed below, the low probability that a



Fig. 3. Compiled Fe speciation data classified by porewater chemistry, and depth intervals within the cores. A. The proportion of samples without porewater sulfide
accumulation (blue), with porewater sulfide build-up (dark purple), and from publications without porewater information (grey). B. Distributions of FeHR/FeT at different
depth intervals in the cores. Triangles-up show the median values for each depth interval where triangle-down refer to the median values of each SW oxygenation state.
Colors as in panel A. C. Distribution of FePYR/FeHR as function of depth intervals in cores. Upward-pointing triangles show the median values for each depth interval, and
downward-pointing triangles show the median values for each seawater chemistry/oxygenation state. Colors as in panel A. C. Distributions of FePYR/FeHR at different depth
intervals in the cores. Symbols and colors as in panel B. D. FeHR/FeT against FePYR/FeHR. Colors as in panel A. When available, Fe from acid-volatile sulfur extraction has been
included in both the FePYR and FeHR pools. Solid lines are recommended field boundaries for modern envirronments (Poulton and Canfield, 2011) and dashed are suggested
boundaries for ancient sediments (Raiswell et al., 2018).
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euxinic reconstruction is correct may reflect the tendency of diage-
netic processes in sulfate-rich environments to increase FePYR/FeHR,
thereby increasing the proportion of euxinic reconstructions. The
relatively high probability of correct ferruginous reconstructions
may reflect the low likelihood that diagenetic processes increase
FeHR/FeT while decreasing (or keeping constant) FePYR/FeHR.

We note that in all depositional environments, including those
overlain by oxygenated water columns, there is appreciable pyriti-
zation in surface sediments (i.e., FePYR/FeHR up to �0.2 under oxic
waters and up to �0.5 under low-O2 waters). It is clear that this
pyritization does not represent conditions in the water column
or detrital pyrite, which does not survive transport and settling
in an oxygenated water column (Gartman and Luther, 2014;
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Johnson et al., 2014). Instead, we suggest that this pyrite is the pro-
duct of earliest diagenesis and propose that higher FePYR/FeHR
ratios should be encountered in depositional environments in
which diagenetic reactions dominate porewater chemistry very
close to the sediment–water interface. Examples of conditions that
would lead to the existence of sulfide near the sediment–water
interface include high sedimentation rate and/or high organic mat-
ter content. High rates of MSR, whether in the surficial sediments
themselves or at greater depth from which sulfide diffuses
upwards, may lead to sufficient sulfide for pyrite generation (Liu
et al., 2020; Mossmann et al., 1991; Pellerin et al., 2018). Addition-
ally, even very close to the sediment–water interface, MSR in
organic-rich niches may control the chemistry of these microenvi-



Fig. 4. New Fe speciation data and proposed diagenetic arrays. A. FeHR/FeT against FePYR/FeHR in four sediment cores analyzed in this study. Solid lines are recommended field
boundaries for modern envirronments (Poulton and Canfield, 2011) and dashed are suggested boundaries for ancient sediments (Raiswell et al., 2018). FeHR/FeT in local inputs
is shown in upward-facing triangles. Squares, dots and diamonds represent glacial, interglacial and samples deposited prior to the onset of glacial-intergalical cycles,
respectively. B. Schematic visualization of the 3 arrays defined in the main text. Numbers next to Array 1 indicate the proportion of FeHR lost to form FePYR, whereas numbers
next to Array 3 indicate the partitioning of the exogeneous Fe between pyrite and other authigenic minerals. Coloring in these plots corresponds to the redox interpretation
color scheme used throughout this manuscript (refer to Fig. 1).
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ronments, making them suitable for pyrite formation, while the
bulk sediment at these depths may still be oxygenated. Lastly,
the availability of dissolved and particulate oxidants in surface
sediments is expected to give rise to sulfur species of intermediate
oxidation state (e.g., elemental sulfur, polysulfides, various sulfur
oxyanions), which have been argued to increase rates of pyrite for-
mation (Peiffer et al., 2015; Rickard, 2012a). Thus, the timescale for
pyrite formation may be relatively short in surficial sediments,
possibly contributing to the elevated FePYR/FeHR ratios.

4.2. Evolution of Fe speciation during early diagenesis

From the distribution of FeHR/FeT and FePYR/FeHR ratios in mod-
ern marine sediments, it appears that the chemical composition
and oxidation state of the water column is only rarely recorded
in Fe speciation data. Once deposited, sediments are subject to a
wide range of diagenetic processes, including microbially-
mediated redox reactions and mineral formation reactions. Upon
the exhaustion of dissolved O2, remineralization of organic matter
by anaerobes proceeds by a succession of terminal electron accep-
tors, the reduction of which provides progressively less energy
(Berner, 1981; Froelich et al., 1979). Of these, dissimilatory micro-
bial reduction of Fe(III) (oxyhydr)oxides (DIR) is expected to mobi-
lize Fe that was locked in mineral form. The dissolved Fe(II)
released by these reactions is free to diffuse and react with other
porewater compounds. MSR produces sulfide, which reacts with
various forms of Fe, including solid Fe(III) (oxyhydr)oxides and dis-
solved Fe(II), to form Fe sulfide minerals. Thus, DIR and MSR affect
both the transport of Fe and its reaction, thereby potentially affect-
ing Fe speciation in the sediment.

To interpret Fe speciation data from buried sediments and sed-
imentary rocks it is crucial that we understand the effects of the
above diagenetic processes on Fe speciation. The changes in Fe spe-
ciation expected to arise from diagenetic processes may be
observed by dividing the sediments into depth bands below the
sediment–water interface. The depth intervals chosen for this anal-
ysis were 0–2 cm (surficial sediments, discussed above), 2–50 cm
and >50 cm. We observe no statistically significant change in FeHR/
FeT ratios over these depth bands (Figs. 2 and 3), despite clear evi-
dence for anaerobic remineralization of organic matter (DIR and/or
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MSR) in most of the profiles included in the porewater compilation.
The FeHR/FeT ratio over most of four profiles measured in this study
closely corresponds with the FeHR/FeT ratio of the local Fe source
(Fig. 4). We suggest that depth-invariant average FeHR/FeT ratios
(Figs. 2 and 3) likewise reflect the local sources of Fe to the com-
piled sediments.

In contrast with approximately depth-invariant average FeHR/
FeT ratios, a clear increase in FePYR/FeHR ratios is observed with
depth in the sediment, indicating diagenetic pyrite formation.
The peaks of FePYR/FeHR distributions shift to higher values and/or
the distributions develop high FePYR/FeHR tails, irrespective of
water-column chemistry (Fig. 2). As expected, the trend of increas-
ing FePYR/FeHR ratio with depth becomes less clear when porewater
chemistry is considered, with ferruginous porewater consistently
displaying low FePYR/FeHR ratios (although a slight increase is
observed), and sulfidic porewater displaying higher FePYR/FeHR
ratios. In samples for which porewater chemistry was not mea-
sured (�30% of compiled modern sediments), the distribution of
FePYR/FeHR ratios remains relatively unchanged in our two upper
depth bins (0.2 cm, 2–50 cm), but substantial pyritization is
observed at greater depths (Fig. 3C). Of the samples deposited from
an oxygenated water column that display FePYR/FeHR ratios higher
than the 0.7 threshold (i.e., false-euxinic samples), at least 67%
may be explained by the existence of sulfide in the porewater
(for 17% there is no information on the presence/absence of pore-
water sulfide). On the other hand, �68% of all samples with known
porewater sulfide plot below the 0.7 threshold. That is, the Fe spe-
ciation in these samples does not reflect the chemistry of the pore-
water. Overall, only 45% of reconstructions accurately capture
porewater chemistry and oxidation state (Table 6). As in the case
of water-column chemistry and oxidation, the proportion of cor-
rect reconstructions of porewater chemistry and oxidation is high
in depositional environments with Fe2+-dominated porewater
(91%) and low in environments with sulfidic porewater (31%).

Other than the global depth-dependent trends in FePYR/FeHR
ratios in modern marine sediments, examination of data from indi-
vidual sediment cores in FeHR/FeT–FePYR/FeHR space reveals three
types of arrays. The first of these arrays (henceforth Array 1) is evi-
dent in the shallow parts of Fe speciation depth profiles in sedi-
ments that become anoxic (Fig. S6 and Table S3). Array 1 is



Fig. 5. Probability density of Fe speciation data as a function of seawater chemistry
and oxidation (columns), and depth within the sediment (rows). Low O2 is defined
as <15 lM dissolved O2 but lacking detectable sulfide. When available, Fe from
acid-volatile sulfur extraction is included in both the FePYR and FeHR pools. Solid
lines are recommended field boundaries for modern envirronments (Poulton and
Canfield, 2011) and dashed are suggested boundaries for ancient sediments
(Raiswell et al., 2018).

Fig. 6. Probability density of Fe speciation data as a function of porewater
chemistry (columns), and depth within the sediment (rows). Definitions and fields
are as in Fig. 5.
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characterized by an appreciable decrease in FeHR/FeT accompanied
by variable increase in FePYR/FeHR with depth over the first few cen-
timeters of the sediment (Fig. 4B). We suggest that in this left-
leaning trajectory, FeHR is microbially reduced but not all the
released Fe2+ precipitates in pyrite (or AVS). Some of the Fe2+ dif-
fuses upwards and is oxidized at the chemocline to form particu-
late Fe(III) (oxyhydr)oxides. Thus, the uppermost sediments are
enriched in FeHR relative to the local input. At a steady state, the
deeper sediments converge on the FeHR/FeT of the local sediment
source, and so, the lowest FeHR/FeT in Array 1 is expected to most
closely represent FeHR/FeT in the sediment source. The slope of
the negative correlation in FeHR/FeT–FePYR/FeHR space depends on
the proportion of the reduced FeHR that ends up in pyrite (or
AVS). Array 1 was mostly observed in surface shelf sediments from
the oxygenated parts of the Black-Sea or the Peru margin (e.g., core
ID 117–120, 8 or 16–17 in the compilation; Lenstra et al., 2019;
Scholz et al., 2014b; Wijsman et al., 2001, respectively). In addition,
Array 1 was observed in the vicinity of hydrothermal vents in the
Bransfield Strait (e.g., core ID 114; Aquilina et al., 2014) and
Guyana Basin (e.g., core ID 25; Scholz et al., 2019). In these loca-
tions, the release of Fe2+ and its transport in bottomwater (initially
in dissolved form and eventually as Fe(III) (oxyhydr)oxide
nanoparticles) has been shown to increase the FeHR/FeT ratio in
the surrounding surface sediment (relative to the regional sedi-
ment source). Despite occurring under oxic water columns, by
increasing surface FeHR/FeT ratios, redox shuttling and hydrother-
mal Fe inputs may lead to false ferruginous reconstructions.

The second array (henceforth Array 2) shows increasing FePYR/
FeHR, by as much as 0.5–0.6, at a near-constant FeHR/FeT ratio,
defining an approximately vertical array in FeHR/FeT–FePYR/FeHR

space (Fig. 4B). Statistically, this trend emerges in �60% of the
cores included in the modern compilation in all seawater and pore-
water redox conditions and give rise to increasing FePYR/FeHR with
depth in the sediment, especially in the 2–50 cm depth band
(Figs. 5 and 6, Table S3). In line with previous observations, the
most likely mechanism behind this vertical array is progressive
pyritization in the MSR zone, where the most highly reactive Fe
minerals, for example, ferrihydrite and hematite, rapidly react with
porewater sulfide to form pyrite (Berner, 1984; Canfield et al.,
1992; Poulton et al., 2004). Sulfide production and pyritization
may extend down to the zone of AOM-SR (e.g., Dale et al., 2009;
Egger et al., 2016; Jørgensen et al., 2019; Peketi et al., 2012). Sup-
port for progressive pyritization of Fe (oxyhydr)oxides comes from
the correlation between FePYR/FeHR and the sulfur isotopic compo-
sition of pyrite (d34Spyr) observed in the Gulf of Lion, New-Zealand,
and Peru cores (Fig. 7A). In these and other sediments, drawdown
and isotopic (Rayleigh-type) distillation of porewater sulfate by
MSR enriches the residual sulfate in 34S (Fernandes et al., 2020;
Liu et al., 2020; Pellerin et al., 2018; Raven et al., 2016). Porewater
sulfate d34S values increase with depth in the sediment, as do those
of the sulfide product of MSR and pyrite formed from it (see Fike
et al., 2015). Although d34Spyr also reflects depositional conditions
and sedimentary sulfur cycling over the period of pyrite formation
(e.g., Liu et al., 2020; Pasquier et al., 2021a; Pasquier et al., 2021b),
in the majority of cases d34Spyr also increases with depth in the sed-
iment. Thus, with increasing degree of pyritization (i.e., FePYR/FeHR),
it is expected that d34Spyr values increase, as observed (Fig. 7A).

We note that in anoxic environments the overall increase in
FePYR/FeHR observed in the sediment may be smaller due to pyrite
formation in the water column (Li et al., 2011; Wilkin et al., 1996).
In such cases, the FePYR/FeHR ratio is already high (0.7–0.8) at the
sediment–water interface (e.g., core ID 4 and 129 in the compila-
tion; Pasquier et al., 2021b; Wijsman et al., 2001, respectively)
and it increases by a smaller amount in the sediment (i.e., Array
2 is shorter). Where covariation of FeHR/FeT and FePYR/FeHR along
Array 1 is not observed, the FeHR/FeT value of the vertical Array 2
221
is expected to reflect the local Fe source. For example, Array 2 in
the Gulf of Lion and New-Zealand cores starts at the FeHR/FeT of
sediments suspended in the Rhone and Waitaki Rivers, respec-
tively (Fig. 4A). Where both Arrays 1 and 2 are observed, mass bal-
ance requires that their intersection is at the FeHR/FeT of the local
inputs, as argued above for the lowest FeHR/FeT value on Array 1.
Thus, the approximately constant FeHR/FeT in Array 2 may gener-
ally be taken to represent the sediment source. This implies that
locally high FeHR/FeT in sediment inputs (i.e., >0.38) and progres-
sive pyritization will shift sediments into the ferruginous field,
possibly leading to false-ferruginous reconstructions, as observed
in the Gulf of Lion.

The third array (henceforth Array 3) intercepts Array 2 at high
FePYR/FeHR ratios and displays concurrent increases in FeHR/FeT
and FePYR/FeHR along trajectories with variable slope (Fig. 4B).
The increase in FeHR/FeT requires addition of FeHR or transforma-
tion of some of the poorly reactive Fe to FeHR. The apparent gain
of FeHR is observed in �30% of the cores included in the modern



Fig. 7. Covariation of new Fe speciation data with d34SPYR. A. FePYR/FeHR against d34SPYR. B. FeHR/FeT against d34SPYR. When available, Fe from acid-volatile sulfur extraction is
included in both the FePYR and FeHR pools. Solid lines are recommended field boundaries for modern envirronments (Poulton and Canfield, 2011) and dashed are suggested
boundaries for ancient sediments (Raiswell et al., 2018).
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compilation (Table S3), mostly in those in which sulfide accumu-
lates in the porewater (Fig. 6). In such sediments, sulfide accumu-
lates as its production rates locally exceed its removal by reaction
with dissolved Fe2+, Fe-bearing minerals or organic matter. It is
possible that prolonged exposure of less reactive Fe-bearing miner-
als, such as Fe silicates, to pooled sulfide is the reason for the
apparent FeHR gain (e.g., Eroglu et al., 2021). However, we note that
the kinetics of these microbially mediated and abiotic reactions are
slow, with half-lives > 1 � 106 years (Aeppli et al., 2022; Canfield
et al., 1992; Poulton et al., 2004; Rickard, 2012b), which is several
orders of magnitude longer than the time elapsed since the depo-
sition of most cores included in the data-compilation. Thus, the
FeHR is gained either by another mechanism, possibly exogenous,
as discussed below, or by reaction with sulfide of Fe-bearing min-
erals that are thought to react slowly with sulfide (e.g., siderite and
various silicate minerals; Canfield et al., 1992; Raiswell and
Canfield, 1998). The ratio of FeT/Al may serve to distinguish
between an exogenous origin and sulfidization of progressively
less reactive Fe-bearing minerals as the source of the extra Fe in
Array 3 (e.g., core ID 306 in the compilation; Eroglu et al., 2021).
The FeT/Al ratio is expected to increase together with FeHR/FeT
and FePYR/FeHR in the former case, but not in the latter.

As an alternative to gradual reaction of less reactive Fe-bearing
minerals, the additional FeHR required for Array 3 may originate
outside the studied sediments. For example, resuspended Fe (oxy-
hydr)oxides from sites with oxygenated bottom water could be
transported to sites with sulfide at or close to the SWI. The subse-
quent pyritization of this exogenous Fe would lead to concurrent
increases in FeHR/FeT and FePYR/FeHR (e.g., core ID 125, 132–133,
119 in the compilation; Kraal et al., 2017; Kraal et al., 2019;
Lenstra et al., 2019, respectively). If the exogenous Fe were deliv-
ered at a constant rate, the result would just be an Array 2 with
a higher FeHR/FeT origin than that of the local sediment input. How-
ever, temporal variations in the rate of FeHR addition are expected
to lead to covariation between FeHR/FeT and FePYR/FeHR, as observed
in Array 3.

An additional source of exogenous Fe may be related to the
effects of methane production and consumption on Fe(III)-
bearing minerals that are otherwise bio-unavailable or slow to
react with aqueous sulfide (e.g., Beal et al., 2009; Egger et al.,
2015b; Jiang et al., 2013; Kato et al., 2012; Norði et al., 2013;
Sivan et al., 2011; Sivan et al., 2014; Sivan et al., 2016; Zhuang
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et al., 2015). In this case, Array 3 is expected to occur deeper in
the sediments (e.g., Figs. 5 and 6), as dissolved Fe2+ released in
the methanic zone diffuses upwards to the SMTZ, where it reacts
with sulfide to produce pyrite, thereby elevating both FeHR/FeT
and FePYR/FeHR. Migration of the SMTZ could lead to variable
degrees of Fe enrichment, giving rise to covarying FeHR/FeT and
FePYR/FeHR (i.e., Array 3). The GoL and NZ shelf cores may be
examples in which methane-related processes explain the
observed Fe sulfide enrichment (i.e., an Array 3 with a slope
�1), driving the FeHR/FeT ratio above the local sediment inputs
concurrently with an increase in d34Spyr associated with the con-
sumption and isotopic distillation of sulfate at/near the SMTZ
(Fig. 7A). Indeed, during glacial times, local modifications of the
depositional environments (i.e., higher sedimentation rate,
including organic matter and Fe (oxyhydr)oxides) induced by
low sea level, resulted in higher rates of OSR and AOM-SR, which
likely led to episodic upward migration of the SMTZ (Pasquier
et al., 2021a, 2017). At the Peru margin, similar migration of
the SMTZ may be linked to local variations in the organic deposi-
tional flux rather than changes in sedimentation rate (Contreras
et al., 2013; Pasquier et al., 2021b). In all cases, rapid upward dis-
placement of the SMTZ reduces the exposure time of lithogenic Fe
(oxyhydr)oxides to dissolved sulfide, possibly allowing a greater
proportion to be preserved below the newly established SMTZ,
and facilitating Fe2+ release via Fe(III)-driven AOM.

Irrespective of the source of additional FeHR, the slope of Array 3
should be governed by the partitioning of the added FeHR between
pyrite and other authigenic Fe-bearing minerals (Fig. 4B). Such
minerals include Fe(II)-rich carbonates or the Fe(II) phosphate
vivianite, among others (Dijkstra et al., 2016; Egger et al., 2015b;
Kubeneck et al., 2021). The apparent FeHR gain mostly in cores with
sulfidic porewater may explain the predominantly positive slopes
of Array 3 in modern sediments (Figs. 6 and S5), which suggest that
the majority of added FeHR is sequestered in pyrite and not in other
Fe-bearing diagenetic products. Again, irrespective of the source of
additional FeHR, and depending on the FeHR/FeT ratio of local sedi-
ment inputs, the processes described above, which give rise to con-
current increases in FeHR/FeT and FePYR/FeHR, may lead to false-
ferruginous or false-euxinic reconstructions.

Importantly, we note that the existence of any of the arrays
described above in sedimentary sequences does not necessarily
imply an evolution with burial depth and/or time (see Fig. S7).
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Although burial depth trends in Fe speciation often display the pat-
terns described above (e.g., early increase in FePYR/FeHR as in Array
2, followed by coupled increase in FeHR/FeT and FePYR/FeHR as in
Array 3; Fig. S5), such arrays could also represent a variable degree
of diagenetic evolution from the same starting conditions (i.e.,
from the same local inputs at the sediment–water interface). The
GoL and NZ cores provide examples, in which glacial samples
(squares in Fig. 4) cluster at relatively high FeHR/FeT and FePYR/FeHR,
interglacial samples (dots in Fig. 4) have relatively low FeHR/FeT
and FePYR/FeHR, and the space between these extremes is populated
by samples depending on the degree of glaciation. In these cases,
Arrays 2 and 3 reflect changing diagenetic regimes rather than evo-
lution with depth in the sediment (Fig. S7). Since Arrays 1, 2 and 3
are statistically observed irrespective of classification by seawater
redox, porewater chemistry or depth intervals (Table S3), we sug-
gest that the existence of these arrays in sedimentary rocks may be
used to make inferences about past diagenetic processes (i.e., redox
surface mobilization, pyritization and extra-Fe pyritization). For
example, we found that �21% of boreholes/outcrops included in
our geologic compilation show the existence of Array 2-type evolu-
tion, and �18% show Array 3-type evolution (Table S4). These per-
centages should be considered underestimates, because a
significant number of boreholes/outcrops do not contain enough
data to confidently identify the arrays (i.e., 13–26% of boreholes/
outcrops are characterized by <5–10 Fe speciation data), and
others may have suffered from late-stage pyrite oxidation (see Sec-
tion 4.3). Hence, with sufficient sampling frequency, and account-
ing for post-depositional oxidation, we suggest that Fe speciation
in about half of the sections in the sedimentary rock record could
be used to constrain diagenetic processes. It is less clear that these
same proxies inform the water-column chemistry or oxidation
state.
4.3. Implications for Fe speciation-based reconstructions of seawater
chemistry

In addition to investigating the controls on Fe speciation trends
in modern marine sediments, we compiled previously published
geologic Fe speciation data (Figs. 8 and 9). Below we discuss obser-
vations based on this compilation, including sampling biases, long-
term trends, and possibly incorrect seawater chemistry and oxida-
tion state reconstructions.

About 50% and 22% of all Fe speciation analyses come from Pre-
cambrian and early Paleozoic units, respectively. The time span-
ning the Mesoproterozoic to the end Cambrian, which saw
substantial geochemical shifts and biological innovations, hosts
approximately 58% of all analyses. Though this temporal sampling
bias results in uncertainty on trends observed in the compiled data,
only 3 time bins contain <200 samples; these are the Paleogene,
Carboniferous and Silurian with 108, 143 and 153 samples, respec-
tively (Table 5).

Within uncertainty, no clear secular trend in FeHR/FeT is
observed over the past �2,500 million years (Fig. 8), despite radical
changes to the chemistry of the oceans and atmosphere over this
time interval. Similarly, no clear secular trend is observed in FePYR/
FeHR (Fig. 8). A possible exception to the above is the occurrence of
elevated FePYR/FeHR values in the late Paleozoic and in the Meso-
zoic, though it is unclear that changes in seawater chemistry are
the causes for this change, as discussed below. The absence of
meaningful trends over the last �2,500 Myr (i.e., a period over
which the increase in the oxidation state of Earth’s atmosphere
and oceans is well documented; e.g., Cole et al., 2016; Farquhar
et al., 2000; Hardisty et al., 2014; Partin et al., 2013; Stolper and
Keller, 2018) reinforces the notion, based on our analysis of mod-
ern marine sediments, that Fe speciation data do not constrain
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water-column chemistry, reflecting instead the local sediment
source and diagenetic processes.

A close examination of the last 200 Myr of the geologic compi-
lation, excluding extensively sampled Quaternary marine sedi-
ments, reveals that �75% of the available data originate from the
so-called Ocean Anoxic Events (OAEs). During these events, high
concentrations of organic carbon in sedimentary rocks accompa-
nied by shifts in Fe speciation have been interpreted to reflect epi-
sodes in which parts of the ocean became temporarily anoxic, in
response to global changes in climate, solid-Earth emissions or bio-
geochemical cycles (e.g., Jenkyns, 2010). However, as sedimentary
organic carbon is the main driver of metabolic activity during bur-
ial, including MSR, any increase in its concentration and/or reactiv-
ity is expected to exert a strong local control on the preserved Fe
mineralogy (e.g., Pasquier et al., 2021b), and thus may have led
to false-anoxic reconstructions. For example during the
Cenomanian-Turonian OAE event, stratigraphic variations and/or
compiled datasets show clear evidence of a diagenetic influence
on Fe speciation (i.e., Arrays 2 or 3; Fig. S8), suggesting that
false-anoxic reconstructions are possible.

Irrespective of Fe speciation-based reconstructions of seawater
chemistry during the OAEs, the dominance of OAEs in the Fe speci-
ation data (�75%) is contrasted by both their relative infrequency
(9 occurrences) and their short duration (<100 kyr; Jenkyns,
2000), which means that they collectively represent only �0.5%
of the last 200 Myr. The OAEs serve to demonstrate that interesting
episodes in Earth history are preferentially sampled, irrespective of
how well they represent the long-term properties of the Earth sys-
tem. Like OAEs, times of mass extinction are likely overrepresented
in Phanerozoic datasets, and in some cases, a connection between
periods of reconstructed anoxia and mass extinctions has been
proposed (e.g., Bond and Grasby, 2017). However, many of these
cases are in fact associated with periods of sea-level fall, which
have been shown to affect the local diagenetic regime through
changes in sedimentation rate (Pasquier et al., 2017, 2021a), as in
the GoL and NZ sediments studied here. The sampling biases
described above suggest that the accepted history of seawater
chemistry and oxidation state may rely too heavily on time inter-
vals that are not representative of long-term average conditions.
The kernel density plots of Fe speciation data binned according
to geologic era and period may support this notion, as the Archean
and Proterozoic time bins preserve apparently more oxic condi-
tions than Paleozoic and Mesozoic time bins (Fig. 9), despite an
established increase in the oxidation state of Earth’s atmosphere
and oceans over time (Cole et al., 2016; Farquhar et al., 2000;
Hardisty et al., 2014; Partin et al., 2013; Stolper and Keller, 2018).

In addition to unrepresentative sampling of depositional envi-
ronments and time intervals that record the long-term average
conditions in the ocean, we suggest that sampling artefacts and
post-depositional processes further influence Fe speciation-based
reconstructions. Raiswell et al. (2018) provided several crucial
guidelines for assessment of the fidelity of Fe speciation data,
including (i) selection of ‘‘fresh un-weathered” material, (ii) exclu-
sion of samples subjected to extensive alteration by metamor-
phism or interaction with post-depositional fluids, and (iii)
rejection of samples with low FeT and/or low TOC. The first two cri-
teria are qualitative, providing some freedom in sample inclusion.
In many cases the TOC concentrations are not released together
with the Fe speciation data, making it difficult to evaluate compli-
ance with this aspect of the third criterion. The FeT threshold for
reliable reconstructions has been recommended as 0.5 wt%
(Raiswell and Canfield, 2012; Raiswell et al., 2018), though we have
shown that samples with FeT at and above this threshold often
yield Fe speciation-based classifications that do not agree with
the actual water-column chemistry. Overall, we found that only a
few percent of all studies in which Fe speciation data are presented



Fig. 8. Compiled Fe speciation data in modern sediments and sedimentary rocks. A. The proportion of samples indicating oxic (blue), possibly anoxic (purple), ferruginous
(orange), possibly euxinic (red), and euxinic (black) conditions using the existing Fe speciation interpretive framework, binned by geologic era/eon. Numbers within charts
indicate the proportion of samples. Era/eon median and 25th to 75th percentiles (in square brackets), and the total sample number are shown below and above the pie charts,
respectively. B. Box and whisker plots for FeHR/FeT (black boxes) and FePYR/FeHR (white boxes) binned by geologic period. Dashed horizontal lines show the recommended field
boundaries in the modern ocean and solid lines show suggested boundaries for ancient sediments and sedimentary rocks. C. Stacked proportions of samples indicating oxic,
possibly anoxic, ferruginous, possibly euxinic, and euxinic conditions, using the existing interpretive framework and binned by geologic period. Bin age boundaries are
indicated on top of the geologic timeline according to the GSA geologic time scale v.5 (Walker et al., 2018). Colors are as in panel A. Total sample numbers and the number of
sampled locations (in parentheses) are shown above the column charts.
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Fig. 9. Probability density of Fe speciation data as a function of geologic periods
(i.e., Quaternary to Cambrian) and eras (i.e., Neoproterozoic to Neoarchean). Solid
lines are recommended field boundaries for modern envirronments (Poulton and
Canfield, 2011) and dashed are suggested boundaries for ancient sediments
(Raiswell et al., 2018).
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reported compliance with all three screening requirements. A
higher threshold of 5 wt% has been suggested, to avoid diagenetic
overprinting by sulfidization (Hutchings and Turchyn, 2021), and
naturally, even a smaller percentage of studies would comply with
such a threshold.

Despite reported efforts to avoid weathered surfaces in most Fe
speciation studies, there is a marked difference in FePYR/FeHR (but
not in FeHR/FeT) between drill-core and outcrop samples (Fig. S9;
e.g., Ahm et al., 2017), with outcrop samples tending towards
lower FePYR/FeHR. Though it is possible that pyrite-rich rocks are
less frequently sampled in outcrop due to an expectation of poor
preservation, we suggest that lower FePYR/FeHR in outcrop samples
is most readily explained by a greater degree of oxidative alter-
ation of outcrop samples than drill-core samples. Under today’s
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oxygenated atmosphere, pyrite and FeS readily oxidize in most
rocks, even away from outcrop faces, at depth in unexposed units,
and in units with poor hydraulic connectivity (Gu et al., 2020a,
2020b; Kemeny et al., 2021a, 2021b; Wan et al., 2019). A decrease
in FePYR/FeHR concomitant with no change in FeHR/FeT is naturally
explained by oxidation of pyrite to form Fe(III) (oxyhydr)oxides,
potentially leading to false-ferruginous reconstructions. Perhaps
most clearly, we consider the presence of ferrihydrite, which
rapidly reacts with dissolved sulfide (Canfield et al., 1992;
Poulton et al., 2004) or transforms to more crystalline (oxyhydr)ox-
ides (e.g., goethite), as a strong indication for late-stage oxidation
of Fe(II)-bearing minerals, notably FeS and pyrite. Hence, we sug-
gest that any Fe recovered by selective leaching of ferrihydrite
(Henkel et al., 2018; Henkel et al., 2016; Hepburn et al., 2020)
should be considered as part of the FePYR pool. We note that pyrite
and FeS oxidation is not limited to the field and may occur during
sample storage unless efforts are made to exclude O2.

Avoidance of oxidatively altered samples may be achieved by
systematic use of detailed petrographic analyses and/or X-ray ele-
mental mapping (SEM-EDS). Prior to crushing or chemical extrac-
tion of Fe (or other wet-chemical protocols), such analyses
should be able to reveal pyrite cores surrounded by rims of Fe
(III) (oxyhydr)oxides at the grain scale (i.e., approximately 5 lm;
see examples in Gu et al., 2020a; Mahoney et al., 2019 among
others). Additionally, measurements of S speciation and isotopic
composition could valuably inform the pre-alteration Fe specia-
tion. For example, low d34S values of soluble sulfate typically indi-
cate an origin from oxidation of sulfide minerals or organic S,
especially if carbonate-associated sulfate displays higher d34S val-
ues (e.g., Bowman et al., 2021; Shawar et al., 2018; Wotte and
Strauss, 2015). Quantifying the amount of such soluble sulfate,
for example using coupled Fe-S speciation and S isotopes, provides
a lower limit on the amount of late-stage (in-situ or during han-
dling and/or storage) FeS and pyrite oxidation, as some of the sul-
fate produced is likely to have remained in solution and mobilized.

Lastly, because Fe is mobile during sub-greenschist or higher-
grade metamorphism (see Slotznick et al., 2018a), geologic Fe spe-
ciation data may be further compromised by metamorphic pro-
cesses. For example, formation of pyrrhotite from Fe-bearing
carbonate is well documented, even at relatively low burial tem-
perature (i.e., �75–100 �C; e.g., Asael et al., 2013; Bosco-Santos
et al., 2020; Doyle et al., 2018; Gilleaudeau and Kah, 2015;
Nguyen et al., 2019; Partin et al., 2015; Poulton et al., 2010;
Reinhard et al., 2013; Reuschel et al., 2012; Slotznick et al.,
2018a). As pyrrhotite is extracted together with pyrite during the
chromium reduction step, and this may lead to spuriously high
FePYR/FeHR. Metamorphic formation of Fe-bearing silicates, such
as garnet and amphibole, may additionally depress FeHR/FeT
(Slotznick et al., 2018a). Careful petrographic study to identify
the presence and history of pyrrhotite and Fe-bearing carbonates
and silicates is thus crucial for accurate reconstructions of the orig-
inal Fe speciation in metamorphosed rocks. If such measures are
not taken, samples containing pyrrhotite and/or those with a com-
plex metamorphic history should be avoided.

In summary, our compiled Fe speciation data do not show sta-
tistically significant secular trends in either FeHR/FeT or FePYR/FeHR,
despite the presence of independent indications for changes in the
oxidation state of Earth’s oceans and atmosphere (e.g., Cole et al.,
2016; Farquhar et al., 2000; Hardisty et al., 2014; Partin et al.,
2013; Stolper and Keller, 2018). We suggest that this reflects sam-
pling biases and diagenetic alteration, despite best practices aimed
at minimizing the effects of post-depositional alteration on Fe spe-
ciation data, as discussed above. As such, it may be necessary to
revisit many of the paleo-environmental inferences based on
sequential Fe extraction schemes. Furthermore, even if published
paleo-environmental reconstructions relied on well-preserved Fe



Fig. 10. FeHR/FeT in modern sediments and sedimentary rocks that display Array 2
variations in Fe speciation (i.e., FePYR/FeHR increase with little or no change in the
average FeHR/FeT). The variation in FePYR/FeHR is interpreted to reflect progressive
sulfidization of reactive Fe species.
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speciation data, stratigraphic variation in the data is most com-
monly interpreted to reflect temporal variation in seawater chem-
istry rather than spatial variability associated with a change in the
depositional environment. Our modern marine data compilation
reveals large spatial variability in Fe speciation at a fixed and
well-characterized point in Earth history. This highlights the
necessity to consider similar variability in past environments and
its implications for interpretation of stratigraphic variation in Fe
speciation data. Finally, the geologic record comes mostly from
continental margins and slopes (e.g., Peters and Husson, 2017).
These depositional environments host many of the water-column
and diagenetic (bio)geochemical processes that impact Fe specia-
tion, and more generally, elemental cycling in the ocean. However,
these environments are not representative of the majority of the
ocean’s volume and area, and it seems optimistic to be able to con-
fidently extrapolate data from shallow marine sedimentary rocks
to reconstruct the past chemistry and oxidation state of the ocean
as a whole.

4.4. Using FeHR/FeT to constrain local Fe sources

Mass balance dictates that steady-state FeHR/FeT ratios at the
leftmost end of Array 1 or along Array 2 converge on FeHR/FeT ratios
in the local sediment source. Indeed, we observe close similarities
between the lowest FeHR/FeT in Array 1 and/or the approximately
constant FeHR/FeT in Array 2 and sources of Fe to the local deposi-
tional environment of cores deposited within 300 km of the Rhone,
Waitaki, Mississippi, Danube and Yangtze rivers (Fig. S10). Hence,
we suggests that geologic FeHR/FeT data may serve to constrain
local Fe sources. If confirmed by further studies, these constraints
are expected to be robust to any alteration process that does not
involve transformation of reactive to unreactive Fe or vice versa.
Among these processes are diagenetic and metasomatic pyrite for-
mation that does not involve the release of extra Fe (i.e., along
Array 2), and pyrite oxidation during exhumation, exposure, sam-
pling, or storage.

Processes that are expected to compromise FeHR/FeT-based con-
straints on the local Fe source include metamorphic or diagenetic
formation of Fe-bearing silicates. These processes transfer Fe from
reactive minerals ((oxyhydr)oxides, sulfides, carbonates) to more
slowly reacting minerals (silicates), thereby decreasing FeHR/FeT.
In contrast, extra Fe pyritization transfers Fe from the poorly reac-
tive pool to the reactive pool, and FeHR/FeT increases. Extra Fe pyri-
tization and some of the Fe silicate-forming processes may be
identified by covariation between FeHR/FeT and FePYR/FeHR (e.g.,
along Array 3). If sampling frequency precludes the construction
of arrays in Fe speciation space, based on the four cores measured
in this study, we suggest low bulk d34Spyr values as possible indica-
tors of pyrite that did not form in association with extra Fe release
(Fig. 7B). Low d34Spyr values (i.e., offset by �40–50‰ from coeval
estimates of seawater d34S) are expected along Array 2 and indicate
a lesser degree of isotopic distillation, possibly during the earlier
stages of diagenesis, before extra Fe pyritization occurs. Lastly,
careful petrographic work may reveal late-stage shifts of Fe
between the reactive and poorly reactive pools.

If robust global geologic records of FeHR/FeT in local Fe sources
can be constructed on the basis of the above guidelines (no
FeHR/FeT–FePYR/FeHR covariation, low d34Spyr values, no petro-
graphic evidence of Fe shifts between pools), one might expect
lower FeHR/FeT early in Earth history. With progressive oxygena-
tion of the atmosphere, increasingly effective oxidative weathering
is expected to have increased the proportion of Fe (oxyhydr)oxides
relative to Fe silicates in suspended river sediments (Slotznick
et al., 2018b). Additionally, with increasing atmospheric O2 levels
and decreasing seawater silica concentrations in response to the
evolution of silicifying organisms, the formation of Fe-bearing
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authigenic clays (reverse weathering) is thought to have decreased
in the early Paleozoic (Isson and Planavsky, 2018). The decrease in
the delivery of Fe-bearing silicates in rivers and in Fe silicate authi-
genesis in marine sediments is expected to have led to progres-
sively higher FeHR/FeT in marine sedimentary rocks over time.
Though d34Spyr values are available for only some of the samples
in our literature compilation, and petrographic information is
almost entirely unavailable, we curated the compilation to include
only samples that appear to be on Array 2 in a FeHR/FeT–FePYR/FeHR
field (i.e., where Fe transfer between its reactive and poorly reac-
tive pools is not expected). As metamorphism is unlikely to shift
FeHR/FeT in all samples in a section by the same amount, the inclu-
sion of samples only on Array 2 decreases the probability that the
curated dataset is substantially affected by metamorphism. The
curated dataset shows a Neoproterozoic-Cambrian increase in
the range of FeHR/FeT (Fig. 10), in accordance with the expectations
discussed above. It is not possible to confidently identify the rela-
tive importance of an increase in the efficiency of oxidative Fe-
silicate weathering or a decrease in reverse weathering rates as
the drivers of the apparent increase in FeHR/FeT.
5. Conclusions

The speciation of sequentially extracted Fe in sedimentary rocks
has been widely used to constrain the chemistry and oxidation
state of Earth’s oceans over time. This approach was based on a rel-
atively small dataset (n = 255) of modern marine surface sediments
(Raiswell and Canfield, 1998). Though all sedimentary rocks in
which Fe speciation measurements were made have undergone
diagenesis, the effects of diagenesis on the preserved Fe speciation
have not been systematically studied. A more recent and larger
(n = 1068) survey of Fe speciation in modern marine sediments still
included mostly surface sediments (Hardisty et al., 2018), and
insights into the effects of diagenesis on Fe speciation have thus
remained limited. We compiled and curated data from 316 long
boreholes in which Fe speciation measurements were made
(n = 2990). The compilation included locations in which the sedi-
ments were deposited under oxic, low-O2, ferruginous and euxinic
water columns. The inclusion of buried sediments in the compila-
tion, not only surface sediments, allowed systematic investigation
of the effects of diagenesis on Fe speciation.

In surficial sediments, we do observe a higher median FePYR/
FeHR in association with euxinic water columns (�0.53) than with
oxic or low-O2 water columns (�0.1), as found in previous studies.
However, FePYR/FeHR in the surficial sediments underlying euxinic
water columns spans a wide range between 0 and �0.8, and most
of these surficial sediments (�75%) display FePYR/FeHR that would
incorrectly classify them as oxic (i.e., <0.7; Fig. 2C). When including
buried sediments (depth > 2 cm), our compilation reveals that
between �50% and �80% of samples inhabit an ‘‘incorrect” part
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of the FeHR/FeT–FePYR/FeHR field, depending on the FeHR/FeT thresh-
old used to distinguish oxic from anoxic environments (0.22 or
0.38) and the FePYR/FeHR threshold used to distinguish ferruginous
from euxinic environments (0.7 or 0.8).

Our results allow exploration of the evolution of Fe speciation
during diagenesis, and on this basis, we suggest that the incorrect
classifications stem from the effects of diagenesis on Fe speciation.
Specifically, FeHR/FeT–FePYR/FeHR data are generally observed to
vary along three types of arrays (Fig. 4B), which are linked to differ-
ent diagenetic processes. We suggest that variation along Array 1,
which is typically encountered in the shallow sediments, repre-
sents mobilization of Fe by reductive dissolution of Fe(III) (oxy-
hydr)oxides near the sediment–water interface and subsequent
oxidation of the dissolved Fe2+ at the oxycline. Array 2 (increase
in FePYR/FeHR and no change in FeHR/FeT) represents sulfidization
of readily reactive Fe species, such as oxides and oxyhydroxides,
and Array 3 (positive FeHR/FeT–FePYR/FeHR covariation) represents
sulfidization either of progressively less reactive Fe-bearing phases
(e.g., silicates) or of exogenously sourced Fe (e.g., effects of
methane production and consumption on Fe(III)-bearing minerals
at and/or below the sulfate-methane transition zone). The three
modes of FeHR/FeT–FePYR/FeHR covariation typically occur at differ-
ent depths within the sediment, with Array 1 present mostly close
to the sediment–water interface and Array 3 appearing deepest
within the sediments. This order of appearance is expected, given
the typical order of proposed processes responsible for generating
the different covariations. Our results then suggest that strati-
graphic variation in Fe speciation may in many cases represent
progressive burial rather than variation in water-column
chemistry.

Based on the above, we suggest that Fe speciation in marine
sediments and sedimentary rocks, if well preserved, represents
mostly the early diagenetic conditions rather than water-column
chemistry and oxidation state. This holds irrespective of whether
Fe speciation data are in the form of stratigraphic variation in a sin-
gle location, an average in a single location, or the statistics of
many different locations binned in time or space. Furthermore,
late-stage alteration may compromise the Fe speciation acquired
during diagenesis. For example, metamorphism may shift Fe from
its reactive pools to unreactive phases (decreasing FeHR/FeT),
whereas oxidation during exposure, storage and/or sampling may
shift Fe from the pyrite to the non-pyrite reactive pool (decreasing
FePYR/FeHR). Such alteration complicates interpretations of Fe speci-
ation data.

We suggest that FeHR/FeT in many marine sediments and sedi-
mentary rocks, if primary, may be used to constrain the FeHR/FeT
in the local sediment source, even when considering the diagenetic
controls on Fe speciation. Specifically, FeHR/FeT in sample suites
that display progressive sulfidization of reactive Fe species (i.e.,
the lowermost FeHR/FeT in Array 1 and the average FeHR/FeT in
Array 2) are expected to resemble the sediment source. Samples
that indicate extra-Fe sulfidization (i.e., along Array 3) or those in
which Fe has been shifted between its reactive and unreactive
pools (e.g., by metamorphism) may not be used to reconstruct
the FeHR/FeT in the local sediment source. We suggest that the exis-
tence of Array 2-type variation, low pyrite d34S values, and petro-
graphic evidence for the absence of Fe transfer into silicate
phases are indicative of FeHR/FeT values that represent the local
sediment source. Though petrographic and sulfur isotopic data
do not exist for most of the samples in our compilation, by screen-
ing to include only data along occurrences of Array 2, we find a
possible increase in FeHR/FeT over Earth history. Such an increase
is expected if atmospheric O2 levels increased, and seawater silica
concentrations decreased over time. These secular changes in the
chemistry of Earth’s surface environment may be expected to
cause increasingly efficient oxidative weathering of silicate rocks
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on land and a reverse weathering Fe sink of decreasing importance,
both of which favor preservation of higher FeHR/FeT.

In summary, the speciation of Fe-bearing phases in marine sed-
iments and sedimentary rocks reflects the local/regional Fe source,
depositional properties, diagenetic processes, metamorphism, and
late-stage alteration. Considering these multiple controls on Fe
speciation, interpretations of FeHR/FeT–FePYR/FeHR data within the
accepted framework, which is based on modern surface sediments
and does not account for the effects of diagenesis, often yield incor-
rect insight into ancient depositional environments and waters.
Petrographic, mineralogical, and complementary geochemical con-
straints, when used with the understanding of the multiple con-
trols on Fe speciation described in this study, may allow the use
of Fe speciation data to constrain the Fe source and the mode of
diagenesis, but almost never the chemistry or oxidation state of
the water column.
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