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ABSTRACT. Oceanic anoxia—including euxinic settings defined by the presence of water
column hydrogen sulfide (H2S)—is minor in the ocean today. Such conditions, however,
were common or even dominant in the past, particularly during the Precambrian and
Phanerozoic oceanic anoxic events. Thelatter are associated with massive petroleum and
mineral reserves and many of the major extinction eventsin the paleontological record.
Our ability to recognize ancient oxygen deficienciesrelies strongly on paleontological data
viewed in combination with geochemical tracers, and geochemistry istypically our only
window onto ancient marine redox during the Precambrian when diagnostic skeletal and
behaviorial traces of oxygen-dependent animals are mostly missing. So far no approach
has gained wider acceptance than theiron proxies, which rely generally on quantification
of the extent to which reactiveiron (asoxides principally) is converted to pyrite. The
promise of these approachesliesin part with the relative ease of measurement, but it isthis
ease and the corresponding widespread use that has also led to misuses.

Much of therecent confidencein theiron paleoredox proxies lies with
sophisticated deconstruction of the reactive Fe pool via mineral-calibrated wet chemical
gpeciation. These validations and calibrations, mostly in the modern ocean, exposethe
challenges, while at the same time opening other doors of opportunity asthe catalog of
controlling factor s extends beyond water column redox to include sedimentation rate,
sedimentary Fe remobilization, signals of oscillatory redox, and hydrothermal versus other
primary Feinputsto the ocean, among other factors. Also key isa deep understanding of
the limitationsimposed—or at least the due diligence required—as linked to mineral
transformations during burial and metamorphism. Thisreview seeksto highlight many of
the key issues, including appropriate sample choices, asa roadmap for those keen to apply
Feproxiesin their studies of ancient oceans and their relationshipsto co-evolving life.
Among the critical messagesto take away isthevalue of robust Fe-based measures of local
redox that, when combined with elemental mass balances and isotopic proxies dependent
on those local conditions, can shed light on the global redox state of the oceans through
time and related implicationsfor the history of life on Earth.
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INTRODUCTION

Iron geochemistry has arguably become the most widely pgedach to assess local
oxygen conditions in ancient marine environments. Thedssed methods have heightened
utility because of studies over the past two decade$dvatexplored their mechanistic
underpinnings, particularly in modern analog settings, amaitfin increased interest in time
periods, particularly in the Precambrian, when paleorelotherwise difficult to assess in the
absence of unambiguously diagnostic fossils. Added vakialsa come from coupling of Fe-
based paleoredox proxies with other methods, such asmeteégeochemistry and isotope
work, that together yield more convincing, and often more cedyrviews of ancient aquatic
settings on a range of spatial scales. These ir¢inotte are grounded in careful development of
a sequential wet chemical extraction scheme calibratedsagmire mineral phases and through
extensive analysis of modern marine sediments, whereitt dir@asures of the oxygen and
hydrogen sulfide availability in the water column are possilhh very simple terms, the
methods are predicated on the observation that ironAlgeauineral phases (oxides and
carbonates in particular) that are reactive towacdidgen sulfide on short, diagenetic time
scales are enriched relative to the total iron pooldinsents deposited beneath anoxic waters
that are either ferruginous or sulfidic (see Appendidigiinitions). Furthermore the extent to
which this iron is converted to pyrite (see Appendix) tlesaly to the presence or absence of
sulfide. However, since the iron proxies are empiricedlybrated they can be misapplied and
care must be taken to ensure that the samples beingemhalg equivalent in fundamental ways

(for example, lithology) to those against which the prexere calibrated.

A major strength of the iron proxies is the ease witich data can be generated on
relatively small samples. Prior to the developmenhe$¢ proxies, different depositional redox
environments were recognized by paleoecological or microp@legical techniques, organic
geochemical indicators, carbon-sulfur relationshipgomnbinations of isotopic data and
mineralogy. All of these methods had disadvantages ariging fbssil preservation/availability
issues, sample size, time-consuming separations, expemstingrientation, or ambiguities due
to compositional effects (Raiswell and others, 1988). Wihemergence of the first of the iron

proxies, the Degree of Pyritization (see Appendix), mdriiese difficulties were overcome;
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sample sizes were small, the analytical methodology ingdesand required only basic
instrumentation, and the method was supported by ead@destof Fe mineral diagenesis in
modern marine sediments. Despite this important step fdrneamplications soon emerged,
leading to the development of refined proxies (Poulton amdi€ld, 2005), but additional steps
remain to be taken. As will be seen below, there ameynissues that require further
consideration, such as the impact of high sedimentedik®s, fluctuating redox conditions, iron
enrichment mechanisms, diagenetic/metamorphic remohalizaand mineralogical/lithological

variations.

In recent years, we have observed examples whemthds ranging concerns are
not considered adequately. Crucially, we have learned thaeprshould be considered in a
holistic context to optimize interpretations, a messtnat will be repeated in the examples that
follow. Our goal in this review is to walk through the varionsiproxies, provide historical
context on their development (for more detail on tais Raiswell and Canfield, 2012), and to
illustrate, through a set of case studies, ways in whielptoxies can forward our
understanding-or lead to ambiguous conclusions. It is not our intenréeige a
comprehensive critique of all recent applications ofiritve proxies. Rather, our aim is to build a
foundation that captures the state of the art while @ffering suggestions for best practices as
the field moves forward. A glossary in the Appendix providesking definitions of relevant

terms used throughout the text.
DEGREE OF PYRITIZATION

The Degree of Pyritization (DOP) was originally develofmedxplore the effects of
iron limitation on pyrite formation in modern marisediments (Berner, 1970) and vaay
subsequently used to recognize the degree of bottom water oxggenairganic carbon-
bearing marine sediments and ancient rocks (Raiswell &edsptl988). The foundation here is
that pyrite formation requires three major componefitsn, organic carbon, and sulfateind
each component can limit pyrite formation as a fumctibthe first-order environmental
conditions (fig. 1). Specifically, fresh waters and s@ady Precambrian marine systems may
be limited in their supplies of sulfate. Organic carboneatintontrols pyrite formation in anoxic,
non-sulfidic porewaters beneath oxic bottom waters (Somettermed normal marine,

following Raiswell and others, 1988), while iron imitationndicated when sulfide builds up in
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those porewaters. Finally, iron is always limiting witeimd beneath anoxic/sulfidic (euxinic; see
Appendix) bottom waters (Berner, 1984; Raiswell and Bed®85). In anoxic bottom waters
and porewaters, anaerobic microbes initiate the procgsgitd formation through sulfate
reductior—and the more organic C present, the more hydrogen sulfideqged and pyrite
formed (until iron becomes limiting). Within this frameskpwe can imagine that Degreefs o
Pyritization, and thus extents of Fe limitation, costichightforwardly fingerprint ancient
euxinia, and so methods were developed that allow us to qudifitgrent Fe mineral pools.

DOP was defined by Berner (1970) as:

Pyrite Fe
DOP = 1
Pyrite Fe + HCl-soluble Fe ( )

where HCI-soluble Fe is extracted using concentrated td@le(1). This method completely
dissolves fine-grained iron (oxyhydr)oxides, magnetite, eowddarbonates and partially extracts
iron from some iron silicates (micas and clays irtipalar), such as nontronite, chlorite, and
biotite (Raiswell and others, 1994). This HCI-soluble iron veasiaed to provide a rough
measure of the sediment iron that was reactive towaltfidesut was hypothesized (Raiswell

and others, 1988) that DOP might increase through increasedroption of HCI-soluble Fe in
depositional environments where there is increased oppiyrfaniexposure to dissolved sulfide,
such as sites marked by euxinia. DORsi#bsequently measured in a range of Jurassic,
Cretaceous, and Devonian sediments from depositional enwrdgarthat were grouped into

three categories representing a range of decreasing bottenoxygenation:

(1) Aerobic (normal marine): homogeneous bioturbated sedéméth trace fossils and an
abundant and diverse benthic fauna dominated by epifaivades. These sediments were

deposited from bottom waters that were fully oxygenated.

(2) Restricted (normal marine): poorly laminated sedimeitts sparse bioturbation and
bivalves mainly comprising infaunal deposit feeders. Bottomnwatere poorly oxygenated or

fluctuated between oxic and anoxic.

(3) Inhospitable bottom water: finely laminated sedimentb little or no bioturbation and a
benthic fauna, if present, comprised of epifaunal suspefsemiers. Bottom waters were anoxic

(contained no dissolved oxygen).

5



140 The aerobic normal marine sediments (hereafter teaxiedl had values of DOP

141 <0.45 and were clearly separated from restricted (herehfteixic; see Appendix) samples with
142 DOP values ranging from 0.45-0.80. Samples with inhospitiaditom waters contained only a
143 very limited fauna and must have been mostly anoxic bug wetr necessarily sulfidic (euxinic).
144  There was some overlap in samples from dysoxic and pitabte bottom waters (hereafter
145 anoxic, with DOP values of 0.55-0.93), but a boundary at 0.7%atedamore than 90% of the
146 samples from these two sets. The overlapping DOP veleesattributed to temporal

147 fluctuations between low oxygen and anoxic conditions, suiggesiat unambiguous proxy
148 signals can only result from stable depositional enviromsndiinally, the relatively high DOP
149 values in most anoxic samples were attributed to the presdsulfide in the bottom waters,
150 which provided an opportunity for detrital iron minerals to re@th dissolved sulfide both in
151 the water column and during burial after deposition. In otlwds, high euxinic DOP values,
152 approaching unity, were thought to result from nearly coragigtitization of all the HCI-

153 extractable iron-thanks to its long exposure to sulfide in the water collonrthe seafloor, and
154  during burial.

155 The idea that protracted sulfide exposure alone explanikigh DOP values of

156 euxinic sediments turned out to be incorré@tte explanation lies instead with the unique iron
157 properties of such settings. Most pyrite forms from ff@xyhydr)oxide minerals that are

158 reactive towards sulfide on timescales of less thggaa, whereas many other iron minerals
159 react, if at all, on timescales of thousands of yé@esfield, 1989; Canfield and others, 1992,
160 Raiswell and Canfield, 1996For example, the iron extracted by HCI from nontromtdgrite,
161 and biotite (see Berner, 1970) is scarcely able to reactHa#htto form pyrite, and thus the

162 measurements of HCI-soluble Fe by Raiswell and others (19883 le minerals that cannot be
163 significantly pyritized. Consistent with this, Canfielddaothers (1992) found that all the iron
164 (oxyhydr)oxides were sulfidized in the sediments from thenéis of Anoxic Mud (FOAM) site
165 in Long Island Sound, but only intermediate DOP values (~Qvé83 reached despite exposure
166 to porewater sulfide concentrations of up to 6 mM for thousandsof yeee Case Study 1 and
167 Hardisty and others, in review). These data show that@R values in euxinic sediments
168 could not arise as a result of exposure of poorly reakt@esoluble Fe minerals to high

169 concentrations of sulfide for long periods of time. éast, these high DOP values must result
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from elevated concentrations of the easily pyritized {oxyhydr)oxide minerals as compared to

oxic sediments.

The potential for iron-bearing silicates to react witliidalwas further examined in
separate Black Sea studies by Canfield and others (1996 fdeép basinal, euxinic sediments
and by Lyons and Berner (1992) for shelf margin sediments$wabidites deposited rapidly
under euxinic conditions. Canfield and others (1996) used a ditniextraction (table 1) to
search for iron (oxyhydr)oxide minerals, with negligibffeets on the silicates that are partially
dissolved in the overly aggressive boiling HCI (see Ralsavel others, 1994). This work,
combined with pyrite extractions, showed that the Black s&eliments contained very little
unreacteddgxyhydr)oxide Fe but had 2-3 times more readily pyritized gompared to typical
continental margin sedimentBhe conclusion was that ‘extra’ highly reactive iron (see
Appendix) wasneeded to produce high DOP values. Various mechanisms were sddgeste
explain how additional reactive iron could be derived fraenwater column.

The Lyons and Berner (1992) study found that shelf margimsats and turbidites
deposited rapidly under euxinic conditions, in contrast cedghed intermediate DOP values
(see Case Study 2). This relationship was attributed tortd deposition and the associated
presence of smaller amounts of readily reactive iron coedga more slowly accumulating
euxinic sediments, even though the these sites of rapakdlien experienced long exposure to
high levels of sulfide during burial. Conversely, high DOP &lnghe deep, slowly
accumulating Black Sea basin were attained rapidly in therwalumn and in the uppermost
sediment layers. This observation further confirmed risactive iron enrichments (and not
sulfide exposure) were necessary for high DOP values measingdthe HCI method, while
also asserting the need to consider the sedimentol@gictext and the possible sources and
controls for inputs of additional iron. These issuesthe focus of discussions below. In
conclusion, high values of DOP (>0.75) almost universallyergfeuxinic conditions, and low
values (<0.45) generally typify oxic depositional conditidhswever, it is important to realize
that intermediate values can arise both from fluatgadepositional environments and persistent
exposure to sulfide-limited porewaters, as well as from dtesdimentation that are

sufficiently high to dilute the additional reactive ironder euxinic conditions (Lyons, 1997;
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Werne and others, 2002; Cruse and Lyons, 2004; Lyons and Seve@@86nLyons and others
2009.

Modern sediments with relatively high concentratioh8\6S (Acid Volatile Sulfides;
see Appendix) are better characterized by defining a Def§i®elfidation (DOS; see Appendix),
rather than DOP. DOS is derived by the addition of AVS-@ated Fe to the numerator and
denominator of DOP;

Pyrite Fe+AVS Fe
Pyrite Fe+AVS Fe+HCl-soluble Fe

DOS (2)

DOS is preferred over DOP for euxinic systems when AVS ieptes appreciable amounts
(Boesen and Postma, 1988; Hurtgen and others, 1999; Lyons amth&ewe2006; Middelburg,
1991). However we emphasize that the calibration of D@msirical and that the
paleoenvironmental boundary values cannot be directly us&d&:. The same is also true
where HCI-soluble Fe is replaced by other Fe extractioty total Fe.

Regardless of the above, DOP remains a valid paleoenardahproxy subject to the
constraints listed below which will, however, be amerniddtie following discussionsFrom

these collective observations, basic ground rules emerged:

(1) Appreciable organic C (>0.5%) should be present. Sethn®m in organic C undergo little
or no sulfate reduction, and, for example, freshwatédfafsdlimited) and oxic marine sediments
can be impossible to distinguisfimportantly, high amounts of pyrite with very lowganic C

can, in theory, be a fingerprint of euxinia).

(2) Fresh outcrop or drill material should be used to mirerttie loss of pyritic sulfur by
oxidative weathering. Ahm and others (2017) found that weathessgdmf pyrite could be
found even in freshly exposed rock and weathering effeats ardy completely absent in

samples taken beneath a drill core surface.

(3) Sediments should contain sufficient fine-grained ticlason-containing material. Raiswell

and others (1988) suggested that clastics are sufficienthdahtias longsthere is less than



225 65% skeletal debris, although recent work suggests that céebocés may offer greater
226  promise than suggested by this earlier work (see later).

227  (4) No additions or losses of sulfur should have occurredrasult of sediment maturation o
228 metamorphism. The formation of metamorphic pyrrhotite beliconsidered in Case Study 5.

229 (5) Sediments containing late diagenetic, iron-rich cetimmary carbonates should be avoided,
230 as iron migration may have added substantial amoui€bgoluble Fe.

231 (6) Raiswell and Berner (1986) also suggested that sedimentgt@dethe Devonian should be
232 avoided because their associations with more-reaatgen@ C (in the absence of poorly-

233 metabolizable, terrestrial plant-derived organic C) prodoeee pyritic sulfur per unit of organi
234 C. However, as will be discussed, there has beencagasing appreciation that the reactive iron
235 flux to the sediment is the predominant control on DOR,rammerous studies have applied

236 these methods to very old, even Precambrian rocks.

237 Constraints 1-5 exclude many common rock types such &s ewaporites, and

238 sandstones-also cherts and limestones with a low clastic confEme compositional constraints
239 defined by (1) to (5) are re-visited below. Consistent Withidea that the reactive iron flux

240 dominates DOP, Raiswell and Al-Biatty (1989) fouhd DOP boundary at 0.75 also separates
241 early Paleozoic samples deposited in oxic or dysoxic bottatars from those deposited under

242 euxinic conditions.
243 THE INDICATOR OF ANOXICITY (Feqr/Fer)

244 The iron extracted by boiling HCI includes iron present inemals that are too

245 recalcitrant to be pyritizedn turn suggesting the need for a more accurate measure iobh

246 that was truly highly reactive towards sulfide. The high D@Res observed in modern

247 euxinic sediments (such as the Black Sea; Lyons and B&i9@2; Canfield and others, 1996;
248 Wisjman and others, 2001) were found to result from a largergfan delivered as

249 (oxyhydr)oxides (larger than that found in oxic sedimeatsl/or througladditional iron

250 supplied in the dissolved ferrous farnron as (oxyhydr)oxides (table 1) can be measured by a
251 dithionite extraction (Canfield, 1989), thus allowing highlyctéa iron (Fer) to be defined as
252 the dithionite-extractable iron (oxyhydr)oxides iron frant{Fenx, with high potential to form
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pyrite) plus iron already present as pyritep(}-eIn contrast, the HCI-soluble Fe includes all
the Fe minerals soluble in dithionite plus other mooals#trant Fe minerals that cannot be
pyritized— at least on short diagenetic time scalesportantly, the boiling HCI method should
only be used to approximaferif authigenic iron silicates are present (see Case Study 6),
otherwise false signals of reactive iron enrichment can be produced (Werhers)] 2014).

Measuring Fer as Fex+ Fay, Raiswell and Canfield (1998) showed that modern oxic
continental margin and deep sea sediments exhibit a odifigeer contents. Table 2 shows Hee
Feir/Fer values (which define an Indicator of Anoxicity; see Apperadid Raiswell and others,
2001) for oxic, modern continental margin and deep seasets along with data from settings
with fluctuating/dysoxic conditions and from the euxinia&{ Sea and Cariaco Basin. Mean
Feir/Fer ratios from continental margin and deep sea sedinf@r&6+0.08) are similar to those
from fluctuating/dysoxic sediments (0.28+0.10), but both ararly separated from the Black
Sea (0.70+0.19) and the Cariaco Basin (0.51+0.03). A threshhld of 0.38 was found to
separate the highest oxic data from the lowest anoxic/ewstios. However, intense
weathering environments (high rainfall and temperatures) catupe highefFe r/Fer values
(ranging up to 0.52; Shi and others, 2011; Raiswell and others, 20ti#rlg high values
occur through intense physical or biological re-workingharginal marine environments (Aller
and others, 1986). As such, there is no a priori reaswegtrd the 0.38 threshold as a definitive
boundary throughout Earth history, and values falling neabtusdary should be regarded as
ambiguous (as addressed in discussions below). Strongatedé-er/Fer ratios by definition
identify anoxic water columns that are either ferrugsor euxinic, and dysoxic regimes (low
oxygen but neither euxinic or ferruginous) and those witttdlating dysoxic conditions are
therefore not discernable from oxic environments (RaiswedllGanfield, 1998) and require

additional tools to delineate (see table 2).

In recent yeardrer/Fer has been refined in response to an improved understanding
of highly reactive iron (Poulton and others, 2004) based oretioginition that rocks often
contain highly reactive iron minerals other than gyeihd iron (oxyhydr)oxidesin particular,
magnetite, siderite, and ankerite. An analytical sehess developed (Poulton and Canfield,

2005) to measure Fe present in these minerals, leadingete dgfinition of highly reactive Fe

10
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based on Fe present as carbonatesgFeodium acetate-soluble Fe), oxideso(Fdithionite-
soluble crystalline Fe oxides), magnetites(fgeoxalate-soluble Fe) and pyrite ghe

Feir= Fecarb + Fax + Fénagt Fay (3

In the case of modern sedimeR&sir would also include the Fe present as AVSa(Ep This
newer definition demands that we consider whether the thiéstadue defined earlier— based
onFeqr data that excludeBesars and Feag— should be modified. There is no simple answer to
this question. In some cases, the addition e@kfmay have little impact on Re/Fer for typical
oxic sediments (see Case Study 1; Hardisty and othersyiew; Goldberg and others, 2012). In
other cased;enag has been found to represent a significant fraction @ fer example, in

some glacially derived sediments; Mérz and others, 2012). Reyeon all Fer data in our
discussions are derived using the Poulton and Canfield (20059 aodtlyy (unless otherwise
specified).

This methodological issue may also be relevant to bsereations of Poulton and
Raiswell (2002), who examined the iron speciation of anceditrents ranging in age from
Ordovician to Jurassic and characterized as oxic (normahen&aiswell and Berner, 19860
the basis of paleoecology and DOP values. Defifimg asFexx+ Fay (that is. not including
Fecarnand Fenag they found that the meandréFer values for these Cretaceous, Jurassic,
Silurian, Ordovician, and Cambrian sediments ranged from 0.13#®@&7+0.11 (average
0.14+0.08)—values that are significantly lower (at the <0.1% configdereel) than those from
modern sediments (0.26+0.08). Poulton and Raiswell (2002) a¢dilbese low Fe/Fer
values to reductive transformation of residual iron oxiéesaining after pyrite formation to
poorly reactive silicate Fe during buridhis process has been identified in a number of ancient
settings and has been attributed to the transfer of utizelfi Fer to poorly reactive sheet
silicate Fe during early-late diagenesis in low-sulfatel(hence low sulfide) marine sediments

(for example, Poulton and others, 2010; Cumming and others, 2013).

However, Farrell and others (2013) argued that this differevagebe due to the
inefficiency with which dithionite extracts iron carbé@and magnetite which produces low
values of Fgr. This difficulty, they argued, may be common in Paleoroaks because lower

sulfate concentrations in the oceans might havdtegsin less conversion of ke to pyrite,

11
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leaving residual ke to form iron carbonate and magnetite. Thus, the pcesehiron carbonate
and magnetite in Paleozoic rocks examined by the sequeetihodology of Poulton and
Canfield (2005) could potentially produce higher measrfeer values, similar to those found in
modern sediments (0.26+0.08) rather than the lower vélu#4+0.08) found by summing oxide
and pyrite Fe only (see also Farrell and others, 20133 densequence, the oxic threshold in
Paleozoic rocks should be re-evaluated using the sequeetiabdology of Poulton and
Canfield (2005). In the interim a pragmatic solution todéermination of ke in Paleozoic
samples that excludesd&gand Faagcould be a threshold value of <0.22 based on the mean
plus one standard deviation (0.14+0.08) for Ordovician-Jurasgiments (Poulton and
Canfield, 2011). However, this value is also not without ristabee it assumes that iron
carbonate and magnetite are insignificant. In respétmdion and Canfield (2011) proposed
that Fer/Fer ratios from 0.22-0.38 should be considered equivocal, gscthéd represent oxic
conditions or anoxic conditions when high sedimentatades have masked water columpade
enrichments or when ke has been transferred to poorly reactive silicate Fe gldiiagenesis.
Sperling and others (2016) point out that the lowest valuEs-@fFer in rapidly sedimented
anoxic samples are ~0.2 (Raiswell and Canfield, 1998) and iakers are very likely to be

oXic.

There are also important compositional constraintssenof theFer/Fer ratio for the
oxic/anoxic threshold in carbonate-rich sediments.kS@m and others (2014) used the Poulton
and Canfield (2005) methodology on sediments containing 65-88éree, finding that the
thresholdFesr/Fer <0.38 was valid as long &&r >0.5%. However, oxic, carbonate-rich
sediments with Fe<0.5% and organic C <0.5% routinely gave spuriously higl/FFer ratios
that would falsely indicate deposition under anoxic conditiddste also that analytical errors
on iron species in carbonate-rich rocks (or any rodits law values of Fgr and/or Fe) may
propagate through to produce values ofdfeer that apparently exceed threshold values (Ahm
and others, 2017). Fluid alteration processes in carb®adso result in addition of iron
(including the formation of Fe-rich dolomites), and steess the need for caution in dealing with

rocks altered by burial/metamorphic processes (see Cadg Dt

Values forFesr/Fer in dysoxic sediments are essentially similar to thoseia

sediments (<0.38), and, in general, integrated, multi-pgexgchemical approaches are required

12
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for recognizing fluctuations in bottom water oxygenation $iRail and Canfield, 1998). For
example, Boyer and others (2011) examined Devonian blacksshitepaleontological data
(ichnofabric index, species richness) that clearly show-$aon fluctuations in bottom water
oxygenation that fail to produce distinct shiftHesr/Fer. This situation arises because
geochemical sampling of rocks inevitably homogenizes thegeal record over a significant
period of time, limiting our ability to recognize short-teredox variations. However, the
paleontological data of Boyer and others (2011) wereusstl when a combination of
extremely low bottom water oxygenation and/or intermitteix&/euxinia precluded clear-cut
biological signals. In these cases, finely laminatethseats failed to produce positive signals
for anoxia or euxinia based on the threshol&ek/Fer> 0.38 (or by elevated values of other
proxies, including DOP). In all casthreshold values should be applied with caution, with
consideration as to depositional environment, sediment cgitiggg and Fgr extraction

methodology.
THE Fe/Al RATIO

Alternative methods for detecting the iron enrichmerds éhe diagnostic for
anoxic/euxinic sediments were developed by Werne and others (20@2)sed the F£Ti
ratio, and Lyons and others (2003), who used théAFeatio. The Fe/Al ratio is more widely
used tharrer/Ti (see Lyons and Severmann, 2006), and onlygafAl is considered here-
although the same principles apply to bdthe Fer/Fer and Fe/Al proxies assume that the
enrichment of highly reactive iron is sufficient to prodi@measurable and meaningful increase
(relative to possible variation in the detrital baselit?Ngrmalization (use of ratios) also allows
for corrections for dilution by carbonate or silica-begtiogenous sediment. Thedréer and
Fer/Al indicators both track enrichments that arise from thatiaadof highly reactive iron, but
only the former is sensitive to enrichments that arisen the conversion of an unreactive
portion of Fe to Fer. The use of FAl ratios to detect iron enrichments requires a baseline
against which enrichment can be asses&ashmmon threshold for this purpose are FHeg/Al
ratios in average shale, which range from 0.50 to 0.5@&Kample Clarke, 1924; Ronov and
Migdisov, 1971; Taylor and McLennan, 1985). Although these avemrg&ot permit the use of
statistical tests to assess the probability that amaddenrichment is significant, this problem

can be overcome by using a mean and standard deviatian &ppropriate FéAl data set.
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Raiswell and others (2008) foundrF& to be 0.53+0.11 (confidence limits hereon are
for one standard deviation unless otherwise specified) ilnRateoxic marine shaled more
recent study (Clarkson and others, 2014) demonstrated ¢haetiAl ratio averaged 0.55+0.11
in modern marine sediments deposited under oxic condiindghat this value was independent
of carbonate content (up to 80%). Cole and others (2017)a¢stmFer/Al ratio for 4850 soils
collected over a wide area of the continental USA. @hts: set averaged 0.47+0.15 which Cole
and others (2017) suggest should be used in conjunction witifidertce limit of two standard
deviations (0.47+0.30)- in effect defining enrichment as+al > 0.77. Our preference is to
use the sediment data base threshold with a confidiemtef one standard deviation (and thus
to define enrichment as H#Al > 0.66) and to require supporting proxy or geological evidence

for enrichment.

However, the best approach is to define an oxic thresbolahfy particular geological
setting (Lyons and others, 2003; Lyons and Severmann, 2006; fPaotiamthers, 2010
Sperling and others, 2013; Clarkson and others, 2014). Fopéxa Neoproterozoic samples
from the Fifteen Mile Group (Sperling and others, 2013) hadamrRe/Al ratio of 0.34 with
variations occurring down to &l ~0.20; similarly samples from the Windermere Supergroup
(Sperling and others, 2016) hkdr/Al of 0.32+0.17 also with variations down to ~0.2 or less.

Clearly it is optimal to consider local detrital{#&l for a given locality.

The level of enrichment reflected in therA ratio depends on the geologic setting
and the mechanism of enrichment, but values rising ab®@are conservatively diagnostic of
enrichment (whether via chemocline addition, euxinia, or tipéronal activity; see Case
Studies 2 and 3). Large and variable enrichments have teed &t hydrothermal sites close to
mid-ocean ridges (F#Al = 3.0+3.8; Clarkson and others, 201@yer half these samples had
Fer/Al >2.0 and it seems that #&l values above 2.0 most often arise from hydrothermal
addition (see Case Study 4). A cautionary note ariseause Fe enrichments can be swamped at

high siliciclastic sedimentation rates (see Lyons an@®eann, 2006).
THE Fey/Feur RATIO

The Fey/Feir indicator tracks the extent to whi€ler is converted to pyritePoulton
and others (2004) were the first to #ss,/Feqr, stating that values 0.87+0.04 were consistent
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with those found in modern euxinic sediments by AndersorRamlvell (2004). Canfield and
others (2008) concluded that values commonly exceeded 0.8 badexeuxinic data
(0.80+£0.06) in an unpublished database compiled for Raiswell ance@a(if®98). This ratio
reaches values >0.70 to 0.80 in two fundamentally diffesettings: under euxinic conditions
and in the sediments of oxic continental margins wherewaters accumulate sulfide at depth,
resulting in near complete conversion ofikt Fgy (see Case Study 1). These two scenarios
can be distinguished by considering Eegy/Feqr ratio in conjunction withFer/Fer and Fer/Al;
oxic continental margin sediments hdwer/Fer <0.38 and detrital ReAl ratios, whereas
euxinic sediments haueair/Fer >0.38 and elevated HAIl. Poulton and others (2004) used
Fe,/Fer (at >0.80) to distinguish euxinicity froferruginous conditions (indicated b, /Fer
<0.80 in combination witlrer/Fer >0.38).

As mentioned earlier, this assessment oFdagFer threshold is based on modern
sediments for whickenagand Fearnwere not determined. Having results Feam and F@agin
these (or other) euxinic samples would be an important tegxt Is their absence, the data in
table 3 show that the meanpf#€er for the BlackSea i90.88+0.02 (with only five
measurements below 0.80) and 0.89+0.02 for the Cariaco Bhasivever addition of as little as
0.10% of Fenag+ Fean) to the Far values for the Black Sea sediments would be sufficient to
decrease the meang/€ear to 0.81 (with 40% of the values below 0.80). A recent study of
Phanerozoic euxinic sedimerthat includedremag + Fearnsuggested a slightly lower threshold
value of 0.70 for Fg/Feyr (see Case Study 4 and Poulton and Canfield, 2011). In thisvigh
agree that the 0.70 threshold of Poulton and Canfield (2011benayore appropriate, while
sharing their greater confidence in values >0Mi@st importantly, we emphasize that these
thresholds should not be held as absslatel encourage caution during interpretations of data
falling on or near the transitions. Many common circamsés, such as fluctuating redox
conditions, can yield exceptions to these rules, demgnuterpretation in light of other data,

including a strong geologic context.
PROXIES: THE GROUND RULES

The previous sections have drawn attention to importassreations that apply to all
applications of the iron proxies. These are listed baloa/then are examined in more detail in

the Case Studies that follow:
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430 e The iron proxies should be interpreted within a broad seatiotogical and

431 paleoecological context, taking into account rates of sigdpn and the extent of

432 reworking by physical or biological processes.

433 e The threshold values defined f6e+r/Fer, Fgy/Feqrand Fe/Al are not prescriptive, and
434 areas of doubt exist. Specifically, ambiguous signals rnayran environments of

435 marginal or fluctuating redox, settings affected by rapidtdésedimentation, or due to
436 post-depositional transformation of unsulfidizedi&® poorly reactive silicate Fe.

437 e Use of the proxies is particularly risky in cases wheeasured values ¢fer or organic
438 C are small (<0.50%).

439 e Samples should be examined petrographically/mineralogicaligvidence oFer (and
440 Feir) and S secondary mobilization (that is, loss or adddianing burial or

441 metamorphism).

442  With these caveats in mind, table 3 and figure 2 preserduttrent best practice threshold values

443 for the iron proxies.
444 CASE STUDY 1: INSIGHTS FROM DETAILED SPECIATION STUDIES.

445 Raiswell and Canfield (1998) originally defined-k@s the sum of pyrite Fe and the Fe
446 extracted by dithionite. More recently, however, detasleelciation data from multiple studies
447 have expanded the definition (see eq 2) as operationdiiheddy Poulton and Canfield (2005)
448 This detailed speciation approach, as presented in the follodasg Study, further refines our
449 understanding of the ke/Fer andFe,/Fesrthreshold values for distinguishing among oxic,
450 ferruginous, and sulfidic bottom waters and specifically dematest the influence of magnetit

451 on Fegr measurements.

452 The Friends of Anoxic Mud (FOAM) site in Long Island Sound, UB4an oxic setting
453  with porewater sulfide concentrations as high as 6 mMst@line Fe oxides (kg in FOAM

454  sediments (fig. 3) are most abundant above the zosglftde accumulation and then decrease
455 rapidly down core (Canfield, 1989; Canfield and others, 1992; Haralisl others, in review).
456 This trend reflects the expected consumptioRefand is similar to other oxic sites with

457  sulfidic porewaters, such as the margin of the Black (8ésjman and others, 2001). FOAM

16



458 sediments, however, havedr#-er ratios <0.38 (Raiswell and Canfield, 1998; Hardisty and

459 others, in review), consistent with their deposition urzdéc conditions as is also indicated by
460 Fer/Al ratios with values ~0.50 (fig. 3; see also Krishnaswamiahdrs, 1984; Hardisty and

461 others, in review). In contrastg,/Feqr ratios at FOAM exceed 0.80 and approach 1, consistent
462  with porewater sulfide accumulation and the near comptateersion of Reto pyrite in these

463 relatively organic C-rich sediments (fig. 3). Similatationships may occur in other continental
464 margin sediments with high porewater sulfide. However thitss can be distinguished from

465 euxinic waters by consideririgg,y/Fesrratios in conjunction with Fg/Fer ratios.

466 The original data from FOAM used onlydrand Fex to define the highly reactive pool
467 and yielded &e r/Ferratio of 0.20-0.30 and kgFer values >0.90 (and approaching 1) within
468 the zone of sulfide accumulation (Raiswell and Canfied98; Hardisty and others, in review).
469 Inthe case of FOAM, more detailed speciation base@oant measurements ofpf;é=ex, and
470 Femagproduces little change in the ratios, with the new vatié¢sr/Fer = 0.20-0.30 and

471 Fey/Feyr=0.80to 1.0, suggesting that the contributions af:f® Fesr are insignificant.

472 However, in other continental margin sediments, witfdamentally different sediment sources,
473 the inclusion of magnetite in Femight produce a significant decrease in ratios fQy/Feqr,

474  which could be particularly important for values are nibarferruginous threshald

475 For example, application of an adapted Poulton and Caiifiél@b) sequential extraction
476 scheme to glacially derived non-sulfidic sediments @v&rd others, 2012), sulfide-limited

477 continental margin sediments (Goldberg and others, 20d4@Baltic Sea sediments with

478 fluctuating redox states (Hardisty and others, 2016) shawag Fepresenting significant

479 fraction of the highly reactive Fe pool. In the cakthe glacially derived sediments, =g

480 comprises 0.10-0.52% of the dry sediment weight in a highlstiree iron pool of 1-3% (Marz
481 and others, 2012). From this, we acknowledge the potenti&bfagto be an important fraction

482 of the highly reactive Fe pool that can potentially affest/Feir andFeqr/Fer.

483 The addition of Feagand Feanis expected to be most important for the recognition of
484  ferruginous environments. Examinations of modern ferruginaarine settings (for example the
485 Orca Basin chemocline) via Fe paleoredox proxies are fewritber because of the rarity of this
486 condition in the modern ocean (Hurtgen and others, 1999:slgond Severmann, 2006; Scholz

487 and others, 2014a,b), but common ferruginous settings hawveirferred from detailed Fe

17



488 speciation in the geologic past (for example, Poultwh@anfield, 2011; Planavsky and others,
489 2011, Sperling and others, 2015). Sperling and others (2015) presditeemtare compilation
490 of detailed Fe speciation spanning 2300 to 360 million years ago, ahwBP70 data points
491 each include kg, Fex andFearns A filtering of a subset of these data forke€0.40 (as defined
492 by Fey + Fey) reveals the potential for major differences forshene data set when highly

493 reactive Fe is defined by the sum of pyrite, dithioroteglate, and sodium acetate Fe (compare
494 fig. 4A and 4B). The implication of this comparison iatteome sediments require measurement
495 of the larger highly reactive Fe suite in order to inticdeposition beneath anoxic bottom

496 waters. The lack of kegand Feamnmeasurements may give falsely |&&r/Fer values

497 (indicating an absence of anoxicity), specifically forigeohts deposited beneath ferruginous
498 bottom waters— where there is greater capacity for magnetite (inclucabey loverprints), and
499 Fe-carbonates to form and be preserved.

500 In conclusion, we stress that these threshold valhesgh proven as useful redox

501 indicators, should be viewed as guidelines and that theuitdl gf speciation data can be

502 essentialApplications of the updated sequential extraction schemettem marine sediments
503 are scarce, with data still lacking for sediments frondeno dysoxic, euxinic, fluctuating anoxic
504 or euxinic, and deep sea settings. Considering the srmaberuof modern settings with full

505 sequential Fe data and the importance of factors susddamentation rate, threshold values for
506 Fesr/Fer and Fgy/Feqr should be interpreted cautiously alongside complemggeschemical

507 and paleontological data.

508 CASE STUDY 2: RECOGNIZING DEPOSITIONAL IRON ENRICHMENTS

509 Recognition of iron enrichment underpins the#Eer and Fe/Al threshold values that
510 distinguish between oxic and anoxic depositional environm@atgect interpretation of the
511 threshold values requires an understanding of the meamsoisiron enrichment, which vary
512 among different depositional environments. Enrichment ocayr at the time of deposition via
513 the transport of iron from the shelf to a euxinic deefnbay diagenetic iron mobilization at
514 sedimentological/geochemical boundaries, by detritaivsat delivery, or by upwelling of deep
515 water Fe(ll) sourced from hydrothermal vents or porewaiénese examples are discussed
516 below.
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517 The Black Sea

518 The Black Seas the world’s largest euxinic basin, with a pycnocline facilitating redox
519 stratification characterized by an oxic shelf and euxioiddions from the shelf margin to the
520 deep basin. Rapidly deposited sediments occur along the upperwhere deposition rates
521 range from 0.77 cm/yr or are even instantaneous in tieeoddsrbidites (Crusius and Anderson,
522 1991, Anderson and others, 1994), and enhanced siliciclastic mptsthe flux of water

523 column-derived iron— in contrast to the deep basin abyssal plain where seditiantates are
524 0.02 cm/yr (Rozanov and others, 1974; reviewed in Lyons antkBer992. According to

525 current models, iron enrichments in the deep basinahieusediments reflect microbial Fe
526 reduction on the oxic shelf, diffusion of reduced irow itite overlying waters, followed by
527 transport of a proportion of the resulting iron to tleepbasin, where it is captured by the
528 sulfidic water column and precipitated as pyrite. The operation of this ‘iron shuttle’ (see

529 Appendix) allows the accumulation ofdrein euxinic settings (Wijsman and others, 2001,
530 Raiswell and Anderson, 2005; Lyons and Severmann, 2006; Severnthothars, 2008,

531 2010).

532 Important details have emerged from careful considerafi@O® values in different
533 Black Sea depositional environments. Rapidly depositing fadsath a sulfidic water column
534 along the basin mangreveal DOP valuesf ~0.40 (Lyons and Berner, 1992; Canfield and
535 others, 1996; Lyons, 1997; Wijsman and others, 2001; Lyons andnsewer2006), Re/Fer
536 <0.38 (Wisjman and others, 2001), and/Rératios of ~ 0.50 (Lyons and Severmann, 2006)
537 similar to the Black Sea shelf where bottom waters atieoxggenated (Wijsnan and others,
538 2001) and to other oxic sites like FOAM in Long Island Sounddkadder and others, 1977;
539 Canfield and otherd 992; Raiswell and Canfield, 1998; Hardisty and others, in revigy)
540 contrast, the deep euxinic basin of the Black Sea dsp@pP values frequently >0.70 (Lyons
541 and Berner, 1992; Canfield and others, 1996; Lyons, 1997; Wijsmautlaers, 2001; Lyons
542 and Severmann, 2006), {réFer >0.38 (Wijsman and others, 2001), and/Bératios of ~0.60
543 (Lyons and Severmann, 2006), which together witly/Fe4r > 0.80, are a euxinic fingerprint
544  The contrasting dampening of DOP dfghr/Fer, and Fe/Al ratios in turbidites and slope

545 settings of rapid deposition is tied to the balancelioidastic versug-eqr input, where

546 relatively high rates of siliciclastic deposition mute fer enrichment from the shuttle and are
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thus unfavorable for expression of a anoxic fingerprigfardless of the redox conditions during
deposition. Pyritization of the remaining detrital iraryoproduces spurious proxy values that
are comparable to continental margin sediments, like FQz&d above). The importance of
considering the depositional influences on proxies emgraesrfully from figure 5, where

there is a clear inverse relationship betweetiAteand siliciclastic accumulation rates (Lyons
and Severmann, 2006).

The non-detrital R input to anoxic settings is regulated by a shelbasin shuttle and
has been studied in detail in the Black Sea (Canfield amispth996; Lyons and Severmann,
2006; Severmann and others, 2008yst of the iron diffusing into the overlying waters on the
oxic shelf is rapidly oxidized and re-deposited to surface saasron the shelf but eventually
escapes from the shelf despite many reduction-oxidatidasgicyons and Severmann, 2006).
Escape creates a deficit of highly reactive iron on tiedf §Wijsman and others, 2001; Lyons
and Severmann, 2006; Severmann and others, 2010) that is\asted by depletions in the
lighter Fe isotope on the oxic shelf compared to the input ftetrital weathering and the
sediments in the deep euxinic basin (Severmann and a208&). The implication is that some
isotopically light iron produced during microbial iron reductamthe shelf has been exported

from that location and accumulates in the deep basin.

The Black Sea shows us that iron enrichment in euxedarents depends on the
amount of Fgr added to the sediments versus the amount of siliciclastierial. Enhanced
delivery of Fe produces an enrichment that can be observegh Fa/Al and Fer/Fer ratios,
in parallel with the high DOP and fyA-e+rvalues that reflect the ubiquity of sulfide in the

euxinic system.
The Orca Basin

The Orca Basin is a 400 Krdepression, on the continental slope of the northwesgtoGul
Mexico, produced by salt tectonics. Water depths at the basiare ~1800 m, increasing to
more than 2400 m within the basin. A brine pool occupieboitim 200 m of the basin, and the
strong density gradient limits physical exchange betweebrthe and overlying seawater.
Dissolved oxygen is rapidly depleted at 2200 m depth, and ithe liielow that depth is

permanently anoxic, with ferruginous conditions atgipenocline and euxinia in the deepest
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waters. A large fraction of the particulates settling itite basin are trapped along a sharp
density interface, producing a dramatic rise in particlHatat the brine/redox interface (Trefry
and others, 1984; Van Cappellen and others, 1998).

Lyons and Severmann (2006) studied sites on the oxic mardiwighin the adjacent
anoxic basin, as well as in the intermediate, chemegortion of the water column. They
reported data for HCI-soluble iron, sulfidic iron (both giand AVS), Fe and Al. Sediments
on the oxic margin consist of homogenous, bioturbatee-dirown to light gray muds with Fe
sulfide levels falling below the detection limit. By caadt, sediments within the anoxic basin are
soupy, black laminated muds containing ~1% AVS and ~0.1% pyrite S.

DOS values in the Orca Basin sediments below the chemaatige from 0.40 to 1.0
(Lyons and Severmann, 2006). Sediments within the chemotIZ#48 m are brick red with
gray mottling, and the sulfide contents here are alsavbeddection limits, resulting in near-zero
DOS values. Iron enrichment in the chemocline is cleastythe result of sulfide precipitation
but instead is produced by the deposition of iron (oxyhydr)oxidese the particulate iron
maximum impinges on the seafloor. This particulate iron (oxyjgxide maximum is sourced
by the oxidation of reduced iron supplied from the underlying aneaters to the oxic-anoxic
boundary at the chemocline. Lyons and Severmann (2006) mattetthe iron enrichments in the
chemocline are not expressed in elevated DOS values. Nondtithitata were reported, but the
absence of sulfides requires,jfEeyr to be near-zero. Total iron extraction does, however,
produce elevated &\l values (fig. 6). Together, the low DOS and enriched/Adand
presumably high k&/Fer and low Fgy/Feqr) specifically identify a ferruginous setting at the
pycnocline, consistent with water column observatione@ddx zonation within the Orca Basin
(Van Cappellen and others, 1998)

The Peruvian Oxygen Minimum Zone (OMZ)

Similar to the Orca Basin chemocline, enriched values gAFbave been noted along
the oxic-anoxic boundary of the Peruvian OMZ (Scholz ahdrst 20144p), where dissolved Fe
accumulates in the waters but dissolved sulfide is al§€#ever and others, 2015). In this case,
however, it was specifically observed that/A¢and Fe isotopes within the core of the Peruvian

OMZ, where conditions are most reducing, did not retcanoxic setting. Instead, these values
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were similar to those of the oxic shelf of the Black $®dicating that the sediments and water
column in the low oxygen setting similarly remobilize and $pat Fer to environments more
favorable for deposition— in this case the anoxic-oxic boundary (Scholz and gtBéiAa,b)
Feir/Fer and Fgy/Feir were further evaluated as part of the study (using Ed-ex + Feay),
revealing elevated values near or at the previously disctgsecholds’ for euxinic water

column at the OMZ anoxic-oxic boundary. Water columfideilaccumulation was not noted.
These indications of euxinia may be a function of mg&eyr fractions, which would otherwise
yield the appropriate ferruginous signal (see Case Studyfge concentrations of glauconite
(up to 15 wt. %) are being produced fronnyk&actions due to the oscillatory nature of the
fringes of the OMZ. Glauconite (with both ferric and ¢ers Fe) is essentially insoluble in
dithionite (Raiswell and others, 1994), and failure to accourthi®isource of ke produces a
falsely high Fg/Feqr signal for euxinia. Alternatively, similar to the diaganeemobilization
scenarios discussed as part of Case Study 3, exposure of the ‘highly reactive’ Fe to porewater
sulfide at the fringes of the OMZ may promote diagensatitipation of the Far pool, leading

to a false euxinic signal. Regardless, these scenan@sthe potential to produce false euxinic
signals for the oxic-anoxic (ferruginous) transitiofréf proxies are used alone. We stress that
such settings can be distinguished in the geologic deegrthey lack the Mo enrichments typical

of euxinia.
Quaternary Glacial Sediments

Depositional iron enrichments have also been documemtsetliiments from glacial-
interglacial cycles in the Quaternary Arctic (Marzlarhers, 2012). The Central Arctic Ocean
contains prominent, basin-wide brown layers enrichednrakll Fe (oxyhydr)oxides that occur
during interglacial intervals. These horizons show highesof Fe/Al (up to 0.68) that are
typical of euxinic or ferruginous conditions. Howewile mean values of Il are 0.59 in
both the glacial and interglacial intervals, whiclygest a high local baselinehde is a near-
complete lack of pyrite in these organic-poor sedimérag/Feqr is <0.05), and thus DOP is
low, and euxinia would not be predicted. Thed&Eer ratio in the interglacial intervals (0.45-
0.60) lies above the oxic/anoxic threshold, but théAealata are <0.66. The ke'Fer data
suggest a ferruginous depositional environment that requiregffumtrestigation via the

geochemical, sedimentologic and paleoceanographic context.
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The interglacial intervals correspond to decreases andlFe, which suggest an
important sedimentological/provenance control (Marz ahdrst 2012). High baselinefal
may be partially responsible for the apparently ferruggnee/Al values, but Marz and others
(2012) also suggest that the peaks have been blurred by postidegbsiigration of Fe from
anoxic porewaters up to the sediment surface where Fe @mjygkides are precipitated. This
mechanism requires oxic bottom waters. The proxy datasrsequence suggest anoxic bottom
waters, but crucially, there is no paleoceanographic evidenseidespread ferruginous bottom
waters in the Arctic during the last 13,000 yr. Thus, Madz@thers (2012) show that the
interglacial periods produced enhanced transport @t ffem the Arctic rivers and into the deep
basin, coupled with early diagenetic enrichment of FeMam@t the sediment/water interface.
Here, resolution of ambiguous proxy signals has ultimdtegn possible only because an

oceanographic context is available for recent sediments.

CASE STUDY 3: RECOGNIZING DIAGENETIC IRON ENRICHMENTS

Cases of diagenetic remobilization and enrichment risaylee difficult to recognize
from proxy data alone but should be considered wherever ha juxtaposition of sediments
with compositions that have different potentialsd@yenetic reactions involving organic C,
sulfur, and iron. Berner (1969) designed experiments to stedyidlyenetic behavior of organic
C-rich layers enclosed by organic C-poor sediment. Tdifessxent cases were recognized based
on the relative amounts of reactive Fe and dissolu#idie — described as having high, low, or
intermediate Fe contents, which determined whether sufid®n diffused into the organic C-
rich sediments. The addition of sulfide or iron from shkerounding sediments potentially
confounds the use of iron proxy data to determine the dep@digdomironments of the organic

C-rich horizon and the surrounding organic C-poor sediments

The high Fer model was arbitrarily defined by Berner (1969) as applying to organic
rich sediments generating sulfide but with a high enough Eentent to maintain sulfide at low
levels. Dissolved iron in the organic C-poor sediments bétwrom the water column above)
can then diffuse to the base of, or into, the organiciClayer to form pyrite. The addition of Fe
(which is fixed by sulfide) may be sufficient to produce sigregwf euxinia in the organic C-

rich layer.
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The low reactive Fe model of Berner (1969) occurs wheratsuléduction produces
sufficient sulfide to consume all the drewithin the organic C-rich layer. Sulfide then diffuses
downwards into the organic C-poor sediment, where it formtepgt the edges of the
lithological transition using F& contained within the sediment and porewater Fe along the
migration pathway. Sulfide migration alone is the keyaigre for this model. In the absence of
iron enrichment within the organic-rich layer, the origimeic sediment signatures of the
organic C-poor sediments would remain unaltered, bytFearmay approach euxinic levels.
The association of oxiEesr/Fer values with high Rg/Fesris inconsistent with euxinia and
indicates that porewaters were Fe-limited during diagenetiteggrimation. In this case, the
influence of migration can becognized because the high.ffEe4r values cross a prominent
lithological boundary and because oxic values are still decbby Fer/Fer, Fer/Al, and DOP
(see also Owens and others, 2012

The Mediterranean Sapropels

At intermediate reactive iron contents, dissolvedidgimigrates downwards from an
organic C-rich layer into an organic C-poor layer whereeaets upward diffusing Fe (Berner,
1969). The depth of pyrite formation then depends on tague rates of supply of sulfide and
dissolved Fe. This model has been used to explain thetimigfand enrichment) of both Fe and
sulfide in the Mediterranean sapropels, where depositiongainic C-rich sapropels occurs
within a thick sequence of organic C-poor sediments. Unfortynabelre are no k@ data for
the sapropels, but Passier and others (1996) show that timecd®gech sapropel layer {$n
core GC17) is enriched in organic C (2-3%), pyrite sulfdrRg), and Fe (the FR&A ratio is
~0.70), which is consistent with a euxinic origin (fig. 7)e®ediments about 5 cm below the
sapropel have essentially the same compositions, butdimesgs 15 cm below have lower
organic C contents (<0.3%), lower S contents (~0.1%), andF0.50, consistent with

deposition under oxic conditions.

Passier and others (1996) interpret the sapropel to haee le@an deposited under
sulfidic bottom waters or to have produced sufficient sulfideonsume all the e and
generate sulfidic porewaters. Sulfide then diffused downwatdshe organic C-poor sediment
immediately below to produce enrichment in pyrite sulfur (fig.However the sediment below

the sapropel (depths ~0.25 to 0.30 mbsf) is also enriched ith® producing ReAl ratios
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comparable to those in the sapropel and much higher thha sulfide-poor sediments below
0.3 mbsf. Hence, pyrite has formed using#eontained within the sediment plus dissolved iron
diffusing upwards that is liberated fromdran sediments lower in the sequence. Migration of
Fe upwards to this horizon has to occur to produce the obseexedesl F&/Al values in the
organic-poor sediments that were deposited beneath oxic betters. This migration of Fe
confounds the use of the Fe proxies, as the horizon ba®gapropel now contains proxy
signals that have been altered by the addition gk @ yield Fer/Al >0.55 (and likelyFeqr/Fer
>0.38, and~e,y/Feqr ratios of 0.80-1.0). These signals are consistenteuikinia, in clear
contradiction with the depositional environment, but theierice of migration can be
recognized in this case because the high proxy values persiss #te prominent lithological
boundary between the organic C-rich and organic C-poor setinehe sedimentological

context provides key insight.
The Baltic Sea

The Baltic Sea represents a unique depositional setting wi&&p kyr ago, rising sea
level transitioned the Baltic basin from a freshwaa&elto the modern brackish conditions. This
transition is recognized throughout the basin by changesimal communities and
sedimentology, as well as a change from low to high orgasm@ntents (Andrén and others,
2011). Directly following this salinity transition, the emsysilled basin formed a halocline,
resulting in an anoxic period lasting ~4 kyr and recognimaddltiple sub-basins in the Baltic
Sea by lamination records (Zillén and others, 2008). In litle thvese relationships, multiple
geochemical records show elevated DOP (and DOS)AE-d-er/Fer, Fa,/Fer, and trace
metals indicative of a euxinic water column in some lsakins, all coincident with increases in
organic C >4 wt.% (Boesen and Postma, 1988; Fehr and others J#Bé&;and Slomp, 2013;
Lepland and Stevens, 1998; Sohlenius and others, 1996, 2001; Handistthars, 2016). The
Baltic sediments have a particularly high abundand®8 that requires the use of the Degree
of Sulfidation (DOS) and (kg + Fenvs)/Feqr, Which is preferred (see earlier) over DOP and

Fen/Feqr for euxinic systems when AVS is present in appreciable amounts

In the lacustrine, organic C-poor clay sediments direstijerlying the brackish muds,
multiple studies have observed the mobilization of selléatd sulfide downwards from the

overlying brackish sediments, as in Berner’s low Fe model. In this case, unlike the intermediate
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Fe model, upward fluxes of porewater Fe from the lacustedéments constrain downward
dissolved sulfide migration, and hence post-depositiogaahd Fgy enrichments occur directly
along the margins of the sediment transition. As altrdse enrichment produces elevated
Fer/Al and DOS as well as ke/Fer. Multiple studies have noted enrichments of pyfie,
monosulfides, greigite, and elemental S in the lamestediments directly underlying the
brackish sapropel (for example Boesen and Postma, 1988kiist and others, 2014)
Reported DOS values in these lacustrine sedimenty@cally near 0.4, elevated from a
baseline of DOS ~0 through post-depositional enrichments@oand Postma, 1988). DOS ~0.4
is consistent with an oxic setting and indicates thifidstion of the in situ Fes pool is more
important than addition from upward diffusing dissolved Rastpreventing false anoxic signals
in these cases.

Sulfur Isaope Signals of Fe Enrichment

Iron enrichments in the Mediterranean sapropels anBah& Sea are recognized by
multiple, elevated proxy values that occur across pramisedimentological boundaries. These
circumstances in the Recent and Phanerozic recordft@anbe identified by sulfur isotope data
even with limited other proxy data. The early stages lditeureduction are characterized by the
production of isotopically light sulfide (typically §34S <-40 to -20%). Continued sulfate
reduction produces heavier dissolved sulfide, which can difiwsay to form pyrite with
relatively heavy isotopic values in adjacent sedimeéviiddelburg (1991) demonstrated iron
enrichment across a marine-freshwater boundary in KaylBdgnesia) using sulfur isotope
data. Here, marine sediments are being deposited from betiters that are commonly low in
oxygen and non-sulfidic but intermittently euxinic. In fheest, the basin became isolated from
the ocean and brackish/freshwater sediments were depdgieze. are only two samples from
the brackish/freshwater sediments, and proxy dataraited. Nevertheless, Middelburg (1991)
showed that the marine, brackish and freshwater sedirhaxe rather similar organic C
contents (3-5%), but the freshwater sediments arehattiin sulfide sulfur, which is isotopically
heavier (534S up to +159%) than the overlying marine sediments (534S -24 to -17%). Isotopically
heavy sulfides also occur across lithological boundamigise Cariaco Basin (Lyons and others,

2003) as well as in the freshwater sediments of the EBaek(Jorgensen and others, 2004),
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753 where methane diffuses upward into iron-rich sediments anelsdsulfate reduction to produce
754  an isotopically heavy sulfidiion front (534S +15 to +34%).

755 In conclusion we note that diagenetic iron enrichmentsliaven by depositional and

756 associated geochemical discontinuities (non-steadyg sbnditions), and all these cases require
757 careful consideration of proxy data in relation to tleeiochemical and sedimentological comtex
758 and the depositional environment more generally. Intergrestio changes at facies/lithological

759 boundaries requires extreme caution.

760 CASE STUDY 4: RECOGNIZING ENRICHMENT PROCESSES WITH Mo ABUNDANEE
761 AND Fe ISOTOPES

762 Case Studies 2 and 3 explored mechanisms of localizednrarhment in marginal
763 basins and epicontinental seas, as these have beewcukeof many previous studies using the
764 iron proxies. However, multiple enrichment processes opayate on an ocean-wide scale

765 where signals from localized processes may occur togeitiebasin-wide processes.

766 Resolving complex, mixed signals, requires additional ecelérom other geochemical proxies,

767 as well as careful consideration of the geological exint
768 Cretaceous Black Shales with Shuttle and Hydrothermal Fe Sources

769 This example considers the geochemical signaturesmiginous or sulfidic bottom
770 waters in an oceanic depositional environment where theaestial for hydrothermal activity.
771 This case study (from Marz and others, 2008) is basedcoreaetrieved during ODP Leg 207
772 at site 1261 on the Demerara Rise in the equatorial Atlartie sediments consist afinely

773 laminated black claystone that spans the Cretaceous Odeaniic Event (OAE 3)OAE 3

774  corresponds with a period of enhanced hydrothermal actdotyels and Jenkyns, 2001) and
775 thus, the possibility that hydrothermal fluxes would haached the Demerara Rise at this time

776 cannot be ignored.

777 The core was analyzed for-@l, and inorganic C, with iron speciation carried out by
778 sequential extractions to quantfgar, Fésx, Femag andFey, the sum of which defines ke
779 The calcium carbonate (CaG)@ontent is typically ~60% and rarely exceeds 8B&p,contents

780 average ~1% (only one sample contains <0.5%,) and orgattat€nts are always >2%hese
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compositions allow use of the iron proxies (see tabl@ 3 Feqr/Fer ratios mostly lie between
0.40 and 0.65 except for a few intervals wheeer/Fer >0.80, and thus iron enrichment is
clearly indicated (fig. 8)Further detail emerges by considering thg/lFe4r data, which vary
between approximately 0.60 and 0.90, with many values lying aboveif.#@(range of
possible euxinia), but only five samples h&ag/Feir >0.80 (and give clear euxinic signals).
None of these five hasFer/Al ratio >0.60, but figure 8 shows that-#&l frequently lies below
0.50, which suggests that the local threshold fafAenrichment is significantly below 0.55.
These subdued HAIl signals are inconclusive evidence for euxinia but the/fer >0.40
suggests the sequence is genefadhenriched and possibly euxinic (whEaqr/Fer >0.70.

However, Mo abundance provides crucial diagnostic evidenéez(&hd others, 2008).
The behavior of Mo has been discussed in detail in &odtbthers (2008) and Scott and Lyons
(2012), among many other papers, and only brief detailsippied here. Molybdenum
enrichments exceeding 100 ppm are strong evidence for trenpeesf hydrogen sulfide and
abundant dissolved Mo in the water column. However, enrénts above the crustal average (1-
2 ppm) and below 25 ppm indicate that dissolved sulfide wasmirest only in the porewaters.
Concentrations between 25 and 100 ppm are characteristgcidétory or seasonal euxinia or
restricted systems with persistent euxinia that draw dbenMo reservoir (Scott and Lyons,
2012). Marz and others (2008) show that the sediments at site M8Ishew Mo <50 ppm,
and there are prolonged periods with Mo >100 ppm. These higsakiples have a mean
Fe,/Feir of 0.68:0.06, close to the lower limit of 0.70 for euxinicity (table 3heTMo signals
of euxinia clarify the iron proxy signals and support therpretation of Marz and others (2008)
that persistent euxinia was punctuated by brief periods of @nwm-sulfidic bottom waters-
that latter being recorded in the transitional Fe data.F&Al values at this site are <<2.0 and
are more likely to result from euxinicity than a hydrethal source (see fig. 9 and earlier). We
caution, however, that these Mo relationships can beamised at time of widespread euxinia
when the global marine inventory is drawn down and sedisr@ithments in individual euxinic

settings are correspondingly muted (for example Scott dmtpt2008).

Cretaceous Black Shales with Multiple Iron Sources
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In this Case Study, we discuss Deep Sea Drilling Project (DSIB#R)1®5, 367, and 144
using data from Owens and others (2012), who explore the aafuses enrichment in a basin-
wide context. In this case several contemporaneoushament processes occur to varying
degrees, and their relative contributions can only be derd by using iron proxy data
supported by Mo abundance and iron isotopes. These sedimpositeld during OAE 2 record
the pervasive deposition of black shales on the con@ihehelves extending to deep waters.

Deposition at Site 105 is marked by alternating organic-gmaiyrbated green claystone
(with organic C ~1%) and black shales (organic C up to 25%) ldeatycrecord fluctuating
redox conditions. Site 367 is the deepest and is locatedheeancestral mid-ocean ridge. Prior
to, and during the OAE, deposition at this site consistechuh&ted, organic C-rich sediments
(up to 40% organic C) with biomarker evidence that suggests eugimiitions extended into
the photic zone. Site 144 sediments consist of interély laminated carbonaceous limestone
and calcareous clays (organic C up to 30%) that were depostedllaiv depths on the mid-
ocean ridge. The origin of OAE 2 has been postulated tcteth expansion of hydrothermal
activity that generated iron-rich conditions in the fh@one which stimulated enhanced primary
production, even prior to the OAE. However, iron-enricheiraents can also be produced by
shuttle delivery and diagenetic remobilization, and Owedsoémers (2012) sought to
distinguish these, and the hydrothermal, signals using\Faata supported by Mo abundance

and iron isotopes.

Iron isotopes provide additional perspective because spenifichment mechanisms can
havediagnostic isotopic signatures. Hydrothermal iron shows relatively little deviation in §°%Fe
from average igneous rocks (~0.0 to -Och%lowever, operation of an iron shuttle requires that
high concentrations of porewater Fe are formed by irdaat®on, which produces isotopically
light dissolved iron that diffuses into the overlyingwater and is transported to basinal areas.
Transported iron encountering sulfidic conditions is jitatied, often quantitatively, and the
resulting pyrite is isotopically light. Isotopically light pigialso forms when porewater iron is
mobilized and precipitated as pyrite during diagenesis, usublyaxsediments with very

different organic C contents are interlayered (see Gasdy 3).

Sediments at Site 144 show high values afAeeven before the OAE (fig. 10) but with

considerable variability from <0.50 to >1.5. All the Fe isotope data are uniform, with §°°Fe
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averaging ~0.0 %both before and during the OAE. High values of/ Rewith iron isotope

data that inversely track the level of enrichment woesllt from shuttle delivery (Severmann
and others, 2008), while the absence of co-variation re mansistent with a hydrothermal
source (Owens and others, 2012). The location of Site 3GYasea of pervasive euxinicity
(indicated by Mo values >100 ppm and consistent witli/&tevalues ~2.0). A hydrothermal
contribution is likely at this locatiobut there are weak shifts in §°°Fe towards negative values
that suggest a minor shuttle contribution. However theme isorrelation between the shifts in
5°%Fe and Fe/Al, which should occur if shuttle sources predominated. Toestibutions must
have been minor compared to hydrothermal inputs (Owens ang,atBd?2). Site 105 shows
complex, fluctuating patterns wherein high-/2d values correspond with very negative §°°Fe

(fig. 10), which would indicate substantial shuttle contrimgidHowever Mo concentrations are
mostly <16 ppm, and thus persistent euxinia is unlikely. Idstée interlayering of organic C-
rich and organic C-poor sediments indicates that thHahiéity in Fe enrichments and isotope
composition most likely result from diagenetic remobti@a (see Case Study 3). These
examples from Owens and others (2012) show the value oficgUyd concentrations with iron

isotope and speciation data.

CASE STUDY 5: RECOGNIZING THE INFLUENCE OF BURIAL AND METAMORPHISM

The iron proxies have often been applied to ancient setsiathough there is
potential for the abundances of Fe and S species tgmiécantly modified by deep burial or
metamorphic fluid processes that add or remove Fe andi8ptheir speciation. There are
numerous potential reactions that can involve the additioemoval of iron as carbonates,
oxides, sulfides, and silicates during burial or metamonplisd special care is therefore
needed to avoid false signals in deeply buried and highly mephoged sediments (Raiswell
and others, 2011; Asael and others, 2013; Reinhard and others, B@2R3ick and others,

2017). An important first step is to examine the petrograplsgmples representative of the
major lithologies for any evidence that the sediment&ween or closed to fluids that added or
removed Fe and S. Addition may be recognized by late owgtiggan diagenetic phases or by
the occurrence of new, late-stage minerals. In some,caseay be possible to use petrographic,
trace element or isotopic data to quantify the extent otiaddr loss, and the speciation data

can then be corrected back to their pre-alteration véardbe samples can be avoided).
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The simplest cases will be those where iron is aeaggrecognized by uniform
Fer/Al) but transferred among different carbonate or oxideispéhat contribute to ra. A plot
of Fer/Al may provide a preliminary indication of open versus clasgddem behavior for iron
during metamorphism, but caution is needed as secondary ioterpight also reflect Fe
migration at lithological boundaries or a varying deposdi environment. There is also
potential for proxy data to be altered where systems aretopba transfer of C-O-S-H species
that may alter speciation (Asael and others, 2013; Reinharotles, 2013; Slotznick and
others , 2017). Further, it is also imperative, whereiplesgo use a local threshold to define
iron conservation-as the following example will show. Figure 11 incluéfes/Al data from Jia
(2006) from the Paleozoic Cooma metamorphic complex (SEalag. At this location,
metapelites of uniform age and composition occur acrosatmaous metamorphic grade from
subgreenschist (~ 15C) to upper amphibolite (761C) facies. The mean H&l ratio of the
subgreenschist facies sediments is 0.39, which is used eshakl for local oxic (non-Fe
enriched)conditions. Thus, we define A Fet/Al as (Fa/Al) - (Fer/Al);, where the subscripts t
and |, denote respectively therF ratio for any temperature t and for the loEal/Al ratio
threshold I. A set of Feand Al data are also available in Yui and others (2009) oseradler
temperature range (100-435) for pelites of Tertiary age with essentially thensamineral
composition and the mean-#&l ratio of the zeolite facies (0.47) is used as a ltwashold..
Figure 11 reveals little variation in A Fet/Al for both sets of data as a function of temperature,
and iron has clearly been conserved in both casessasubstantial temperature gradients.
Slotznick and others (2017) also found near-conservatioeraddtoss metamorphic grade and
hence proxy data from DOP, fy#-eqr, Fair/Fer, and Fe/Al will all remain valid provided

there are no speciation changes resulting from theiaaslivf C-O-S-H-bearing fluids.

A more complex case arises where changesqifAFean be identified. Such changes
may occur where the depositional environment changes hetwézand euxinic or where
boundary effects produce iron migration (see Case Studh83e cases may be recognized by
lithological discontinuities and by changes in DOP andfoamterpretation of samples in their
lithological context may avoid false signals. However @alddition or removal of iron by during
metamorphism may add or remove Fe froms@nd/or Fgy and will produce false signals

unless such changes are identified by petrographic or isatatac
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Changes in both iron and sulfur speciation can arisecasnsequence of metamorphic
reactions by which pyrite is altered to pyrrhotite (Rerdhend others, 2013; Slotznick and
others, 2016). Slotznick and others (2017) found pyrrhotite foomaliat was a major influence
on iron speciation data. In theory, however, proxy databe corrected by apportioning
pyrrhotite into different iron pools, assuming that piatite Fe can be accurately determined.
Asael and others (2013) extracted crystalline pyrrhotite usiieg B8N HCI distillation with
SnCbacting as a reductant. This method is too aggressive faothplete separation of pyrite
from pyrrhotite in modern sediments but in ancientam®rphosed sediments, where pyrite is
more crystalline, the relative yields of pyrrhotitelgyrite can be quantified as the difference
between chromium reducible sulfur (which extracts bothgyuitd pyrrhotite; Canfield and
others, 1986) and the sulfur extracted by HCl/SnRiovided pyrrohotite concentrations are
low, the cautious interpretation of all chromous chlorideaeted S as pyrite will not introduce

major errors.

Large concentrations of pyrrhotite present intraet@obblems because different
pyrrohotite-forming reactions derive iron from differémn pools and thus have different
consequences for the iron proxies. Pyrite can be dlterpyrrhotite using k& or Fe from
silicates, can be converted to pyrrhotite by the introdoatf Fe-bearing fluids, and can be
formed by the thermal decomposition of pyrite. Thesetiens all have different consequences
for total sulfur, total iron, ke, and sulfide species and thus for the iron proxies.darih
determination of pyrrhotite sulfur would allow the pre-altem rock composition to be derived,
provided the correct reaction can be identified and assuming only one process is inVoked.
overarching message is that rocks with significant canatgons of pyrrhotite are best avoided
unless Fe speciation can be constrained by petrograpfieddobservations (Slotznick and
others, 2017).

The presence of diagenetic carbonates may also esigriicant effect on the
determination of Re (Slotznick and others, 2017). Clarkson and others (2014) finandte
ratio Feir/Fer in modern carbonates with minimal diagenetic overtpgnbehaves essentially
the same as siliciclastic rocks. However deep burialnditiation using an external source of
iron severely compromises proxy data and Clarkson and q&@t4) suggested that ankerite-

rich samples are best avoided. Slotznick and others (208rjound that Fe/Fer signals were

32



930
931
932
933
934
935
936
937
938
939
940
941
942

943

944
945
946
947
948
949
950
951
952
953
954
955

956
957
958
959

potentially compromised by trace amounts of Fe in carbenbét produced false signals for a
ferruginous water column. It was concluded that sampldspr@iportionately high ke, should
be investigated petrographically to determine whether the rad® are primary or reflect
diagenetic/metamorphic processes. The problem essengialtgs to the source of iron which
may not necessarily be derived from other in Bisr phases, and may be derived instiead

an external source. Iron from an external sourcepnaguce high FAIl values and such
samples with high concentrations otdmeshould be subjected to further detailed petrographic,
microprobe and/or isotopic analysis. We are in full agreéméh Slotznick and others (2017)
that mineralogical and petrographic approaches should be comhtheicdow speciation data to
disentangle the effects of post-depositional processesetamorphic rocks ultimately to
provide an accurate picture of paleoenvironmental redox eomslittn sum, proxy data must be
used with extreme caution when metamorphic overprintsustantial (Slotznick and others,
2017).

CASE STUDY 6: PRECAMBRIAN SEDIMENTS: BRINGING IT ALL TOGETHER

Our Case Studies have illuminated a range of potential prolietng/e now revisit in
relation to applications in Precambrian sediments wheigua challenges exist for several
reasons. First, the absence of fossils makes itssiple to calibrate the thresholds against
paleoecological observations, and caution must be exeéricigxtrapolating threshold values
derived from younger rocks. Second, complications may se metamorphic and
compositional effects that make it difficult to defithe original depositional e contents of
these rocks. Third, the Proterozoic oceans displayesiderable spatial and depth variability in
composition, with weakly oxygenated surface waters overlyinggminantly ferruginous water
columns with mid-depth, near-shore euxinia (for examplatBn and others, 2004, 2Q14nd
reviewed in Lyons and others, 2014). Multiple, basin-widétians may require that all
available proxy data are considered in a holistic conféms. section begins by discussing how

these challenges may be addressed for each of theediffanoxies.

We have seen that DOP values are robust and can fheatie@d by burial/metamorphic
alteration Specifically,DOP values are calculated from Fe data derived from boiling HC
which includes much iron present in minerals formed post-aepwly (whether syngenetic,

diagenetic, or metamorphic) from phases that would hegeally been reactive towards
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dissolved sulfide, carbonate, or silica in Precambridimsents. Thus boiling HCI quantitatively
removes all the iron present in the post-depositiahehtes greenalite, stilpnomelane, and
minesotaite but only 26% of the total iron in iron chlo(deamosite). The failure to extract Fe
as chamosite could potentially lead to an overestimate of @@Rhreshold values need to be
interpreted cautiously in this context.

The Fe/Al ratio is clearly sensitive to iron enrichment (prowdebaseline can be
established). Ideally, the threshold is defined using oxitreads in the particular
geological/basinal setting. However, suitable oxic sediseray be difficult to identifyn the
Precambrian record, in part because oxic conditions f&etess common. Enrichment may
arise from the addition of Fe by a shedtbasin shuttle or by hydrothermal activity. Iron inputs
in marginal marine basins and oceanic areas remote frdrotinermal activity can reasonably
be interpreted as due to the operation of a shuttle. Nelest; it may still be difficult to
recognize shuttle activity in oceanic settings whereasopbraneous hydrothermal activity is
occurring—because the influence of hydrothermal inputs into a ferougitmcean can be

widespreagin contrast to more localized impacts in a mostly oxieam.

As discussed earlier, critical issues with Begr/FeT ratio relate to the methodology
used to measure feand with the definitions of the oxic and anoxic thregboT he thresholds
were originally defined based é®@4r as the sum of gand Fex, and oxic deposition was then
proposed for settings withe:r/FeT <0.38, while anoxic (sulfidic and ferruginous) deposition
was fingerprinted vi&e r/FeT ratios >0.38. This approach assumes that the comrbutom
iron carbonate and magnetite are minimal. However phasely gotuble in dithionite
(magnetite and some iron carbonates) are commoregaRibrian sediments (and possibly also
in Paleozoic sediments; see earlier). In these cstamaes, a better measure offs obtained
as the sum of kgn+ Fax + Fanag+ F&y. In such cases, the original value of the oxic thriesho
at <0.38 should be used with caution (bearing in mind thag tieare been no such measures of
Feqrfor Precambrian sediments that have been independenified as reflecting oxic
depositon). A more conservative approach, based onvabiess of Fer/Fer in Paleozoic

sediments, places the threshold for oxic depositiomdreat rocks at 0.22.

Euxinia is expressed e, /Fer ratios by near-complete consumption ofdre&ia pyrite

formation. The original threshold, based onxfFdefined euxinia by values >0.80, Itdir
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measured as the sum ofckret+ Fax + Fanag+ Faywill be larger than Fg (significantly so if
Fe.arnand Feagare high). In these cases, a lower threshold (>0.70)stsused to recognize
euxinia, with some uncertainty for values falling betw@at® and 0.80 (Poulton and Canfield,
2011). We can explore these Precambrian complicalelasv in a specific example.

The Mount McRae Shale

The importance of considering multiple proxy indicators en emphasized in recent
studies of the McRae Shale, which consists of two pyntiganic C-rich shales (the Lower and
Upper Shale Units) interbedded with a sideritic bandedfoonation and occasional carbonates
(Kaufmann and others, 2007; Anbar and others, 2007). Iron dpadiata (Reinhard and
others 2009) provided evidence for an anoxic water column that was nfaimlyginous but
with euxinic intervals where oxidative weathering on thetinents supplied sulfate for sulfate
reduction, forming pyrite on the continental sh&lie following examples show how single
proxy data are vulnerable to misinterpretation and how tmmgntary data are needed to

illuminate ambiguous signals in Precambrian rocks.

(i) Reinhard and others (2009) measufegk content as the sum of &@ + Fex + Fénag
+ Fay. Depth variations in ke/Fer (fig. 12) show most samples lying close to the oxic/anoxic
boundary at 0.38 except in the Upper Shale Interval (WBigre euxinia is indicated yOP
>0.75 and Fg/Feir>0.70. The Lower Shale Interval (LSI) has values eizFeer close to the
0.38 threshold, but FAAI ratios are >10 in this unit which Reinhard and others (2009)
considered to provide unequivocal evidence for iron additiintlaus a ferruginous water
column. The consideration of complementary/Aedata by Reinhard and others (2009)
avoided a potential pitfall.

The lowFesr/Fer values in the LSI arose because carbonate Fe (ankedtsiderite)
was only partially extracted by acetate and by oxalate. Thei®stimates of lze were too low,
andFe r/Fer appeared close to the oxic threshold (fig. 12). The MdRdeonates can, however,
be quantitatively extracted by cold 10% HCI (Raiswell and oft&€%1), and the higher values
of Fe4r then result in higlresr/Fervalues that are unequivocally anoxic (fig. 12) and congisten
with the Fe/Al data. Methodologies should always be cross-checkedstare that completion

extraction has occurred.
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(i) The USI samples from approximately 140-150 m show ctamgly high values of
DOP and Fg/Fe4r that Reinhard and others (2009) interpreted as euxinic basedrathe
abundance of Mo. High values of DOP angyfér on their own are not unambiguous
evidence for euxinia because such results are also produeee f@iruginous bottom waters
occur over sulfidic porewaters. Molybdenum abundandbkis case provided the crucial
diagnostic evidence for euxinia, as it does in Case Study

SUMMARY AND RECOMMENDED APPROACH

A flowpath for decision making is illustrated in figure 13lamould be used in
conjunction with the summary table for the proxy val(iable 3).The text provides essential
further details. Specifically, we encourage users of theppeoach to:

1. Record the main geological features of the sequencestoidied—for example, depth of
burial, basinal history, thermal maturity, and/or metgrhar grade. Collect thin sections of

representative lithologies and determine mineralogy, giae et cetera

2. Produce a stratigraphic section (see for exampleiSgarid others, 2016) that records grain
size, color, bed characteristics, et cetera. Thie e¢dhe log should distinguish the sampled bed
(or beds) and the presence of fossil material, veingretanary or coarse iron minerals, or any

other conspicuous heterogeneitiee@delow).

3. Aim to sample unweathered shales, siltstones, ookatés (ideally core material) that are
fine-grained and relatively dark in color, consistent \lih presence of at least some organic
matter and clays/silicates. Coarse sands and sandstangdd be avoided. The analyses require
~0.5 g of sediment (approximately equivalent to a cube wigie® of ~ 5mm). Grind away any

weathered surfaces.

4. Study the samples for the presence of heterogertihiiesay now be apparent on the freshly
exposed faces. Crush the samples gently to produce graineughly around 1 mm in
diameter and scan the fragments again for the presdéimoarse iron minerals. Cut or handpick

out any coarse minerals, such as macroscopic pyriters. Viehe aim is to collect representative
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samples rather than large, anomalous heterogengitigget effects) that can skew the data.
Crush samples to a powder.

5. Analyze samples for inorganic C and organic C, and tetald Al, pyrite sulfur, HCI-soluble
Fe and dithionite-soluble Fe for Jxgas a minimum, extractions specific ta.dneand Faag may
also be necessary; see text). Samplesketh»0.5% and organic C <0.5% should be treated

with caution

6. Examine sediment texture and mineralogy for eviden&eaafdition or loss. Regional
remobilization may be indicated by pyrite grain-size amtute and is most likely in thermally

mature or metamorphosed sediments.

7. Examine sediment iron mineralogy for evidence of I6ealemobilization and the formation
of late diagenetic and metamorphic Fe minerals (for pl@mmagnetite, siderite, and iron
silicates). Magnetite and siderite require the use oPthdton and Canfield (2005) protocol.
Local remobilization of Fe into iron silicates will invaédite all proxy data except DOP and

Fer/Al, assuming that the secondary silicates are solubleiiimdgp HCI| for DOP measurement.

8. Examine sediment sulfide mineralogy. The presena@wimonosulfides (AVS, pyrrhotite)
require that Fer is calculated using the appropriate mineral stoichiomé&trg.presence of other
sulfides related to secondary mineralization should b&lad (or removed by handpicking, if

possible) during sampling and should be ignored during the tenvaf Fer and Fegy.

9. Examine proxy data. Table 3 provides a simple (not pres@)pentry-point guide to proxy
values, which should not be interpreted in isolatiorhefdetailed discussions in the text. DOP
values of <0.45 suggest an oxic or dysoxic environment and data silggest a euxinic
depositional environment. Oxic/dysoxic environments may be fucthairmed by Fgr/Fer
<0.22 (ancient) or <0.38 (modern), although we caution thsd feositive signals for
oxic/dysoxic conditions in the ancient record are possibor example, under high rates of
sedimentation. Values &%r/Al = 0.551£0.11 can confirm oxic/dysoxic deposition provided the
local source has similar values and there are no dilutfenteffrom high sedimentation rate.
Values offer/Al >0.66 indicate anoxic deposition but require supporting proxyca

geological evidence. Samples withrFAd = 0.66-2.0 should be examined for theer/Fer and

Fe,/Feir properties to demonstrate a ferruginous or euxinic depodieoraonment. Samples
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with Fer/Al >2.0 require supporting geological evidence for/against logditothermal addition.
Intermediate values of DOP require careful considaratifd-er/Al, Fer/Fer, and Fg/Feqr,
along with other proxy data, for an unambiguous interpogtatas they can reflect sulfidic pore
fluids beneath oxic/dysoxic waters.

Despite the many caveats and considerations offertdisineport, we end on an
optimistic note. Many factors can control the distritwg of reactive iron in marine sediments
and sedimentary rocks, but we can minimize the risk of ambigatargretations when the
diverse controlling factors are viewed within a multi-prorgyiext. Such an approach offers
unique perspectives on, for example, rates of sedimemtantid Fe source-sink relationships, and
corresponding Fe capture pathways. At the same timeaseslzonstraints on local paleoredox
allow us to interpret independent trace metal recordginstef seawater inventories modulated
by local basinal restriction or the global redox laagecof the oceans and atmosphere. These
and other opportunities explain why the Fe proxies have brekwill continue to be at the
center of studies aimed at tbe-evolution of the oceans and their life.
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APPENDIX

This appendix present simple explanations for the teamsT®nly used in discussing the iron
proxies. It is intended to make the text accessible tot®tewithout a formal background in

sediment geochemistry and it should be used as only gnparit into the relevant literature.
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Acid Volatile Sulfide (AVS): The operationally defined acid vaéasulfides consist of metastable
iron sulfide minerals and dissolved sulfide species timittld>S when treated with strong acids.
AVS is largely transformed to pyrite during diagenesis.

Anoxic: Waters that contain no dissolved oxygen and may eitheairtodissolved iron
(ferruginous) or dissolved sulfide (euxihic

Degree of Pyritization (DOP): Defined as the ratio betweenelatand the sum of pyrite Fe
plus the iron soluble in concentrated boiling HCI. It wagigsaged that all the iron minerals
dissolved by HCI could react with dissolved sulfide (andth first attempt to estimate Highly
Reactive Iron; see below). However this aggressive ekiradissolves a wide range of iron
minerals some of which have little or no capacity to reafdrta pyrite.

Degree of Sulfidation (DOS): DOS is derived by the addition of Esgmt as AVS (see above)
to the numerator and denominator of DOP

Pyrite Fe+AVS Fe

DOS -
Pyrite Fe+AVS Fe+HCl-soluble Fe

DOS is often preferred over DOP for systems when AVSeasgnt in appreciable amounts.

Dysoxic: Waters that contain low levels of dissolved oxyfjess than saturation levels) but are

neither ferruginous nor sulfidic.

Euxinic: Anoxic waters that contain dissolved sulfide and néxdgigconcentrations of dissolved

iron.

Ferruginous: Anoxic waters that contain dissolved iron antigielg concentrations of

dissolved sulfide.

Highly Reactive Iron: The iron present as sediment mindnatsare capable of reacting with
dissolved sulfide to form pyrite or AVS. Estimated asghm of pyrite iron (which has formed
from iron minerals that have already reacted witsaliged sulfide) plus the iron present as the

(oxyhydr)oxide minerals soluble in dithionite. It is noweuated, however, that highly reactive
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iron also includes the minerals siderite, magnetitesank@rite, in addition to iron
(oxyhydr)oxides.

Indicator of Anoxicity: Defined as the ratio between (Highly Readtive)/Total Fe, where
highly reactive iron is measured as pyrite Fe plus theokeble in dithionite. This term is now
largely obsolete as Highly Reactive Iron is more cdlyetefined to include siderite, magnetite
and ankerite (see Highly Reactive Ijon

Iron Shuttle Iron enrichments in the deep basinal euxinic sedimentsoaneed by microbial Fe
reduction in oxic shelf sediments, diffusion of reduced into the overlying waters, followed
by transport of a proportion of the resulting iron (nowd@ed to Fe (oxyhydr)oxides or still

dissolved) to the deep basin, where it is captured by thdiswifater column and precipitated as
pyrite.

Pyrite Iron: The iron present as pyrite, excluding AVS. Th8 produced by sulfate reduction
reacts with Fe minerals to form FeS (measured as AVS), wiechreacts with partially

oxidised sulfide species or8. FeS can also react directly withS+Ho produce pyrite.
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Figure Captions.

Fig. 1. Schematic model of pyrite formation (afterrger 1984 and Hurtgen and others, 1999).
H>S produced by sulfate reduction reacts with Fe minerals o F@S, which then reacts with
partially oxidised sulfide species. FeS can also readattlyineith H.>S to produce pyrite.

Fig. 2. Diagnostic fields of k@gFeir and Far/Fer. Solid lines are recommended values and
dashed line is a suggested boundary for ancient sedimenpts onl

Fig. 3. FOAM porewater and sediment variations with depthdisiay and others, in review).
Feox represents dithionite-soluble Fe. DOP values are siiifdrose previously reported at
FOAM (Canfield and others, 1992). DOP values below the greydasymefine oxic conditions
as do values of Re/Fer <0.38 and FgAI ~0.55 (table 3). Sulfidic pore waters commonly
produce values of kgFeir>0.8.

Fig. 4 A) Compilation of Fgr versus total Fe for modern oxic marine basins. Red sircle
indicate studies where keis the sum of pyrite Fe and dithionite Fe (Raiswedl €anfield,
1998; Wisjman and others, 2001). Green circles represent studies kgaeis the sum of pyrite
Fe, dithionite Fe and oxalate Fe (Goldberg and others, PEtdisty and othersn review). The
dashed line has a slope of 0.38 which is that found to conettigimodern marine basins in
previous studies (Raiswell and Canfield, 19%9)Compilation of Fgr versus total Fe for a
literature compilation spanning from 2300 to 360 million years ager(i8g and others, 2015)
Red circles represent samples viinr/Fer <0.38 with Fgr measured as the sum of pyrite Fe
and dithionite Fe (excluding g and Fean following Raiswell and Canfield, 1998). Green
circles show the highdfe r data obtained for the same samples whera Bethe sum of pyrite

Fe, dithionite Fe and oxalate Fe (as proposed by Poultb@anfield, 2005). The differences
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between the red and green circles shows how the diffeyémspeciation methodology affect
interpretation of the ke/Fer threshold.

Fig. 5. Dilution effect of siliciclastic accumulatiortea on Fe&/Al (from Lyons and Severmann,
2006).

Fig. 6. Fe/Al ratios for Orca Basin sediments (from Lyons and &aeaan, 2006). Dashed line

represents mean ratio in modern sediments (see table 3)

Fig. 7. Depth variations in organic C, total S ané//&kfor sapropel S1 in core GC17 (from
Passier and others, 1996). Enrichments in pyrite S afidlFseee found within the sapropel and
in the sediments below.

Fig. 8. Variations in the iron proxies (FFAl, Fexr/Fer and Fgy/Feir) through core at site 1261
(from Mérz and others, 2008)eqr/Fer values >0.38 indicate Fe-enrichment, values of
Fe,/Feir>0.70 are possibly euxinic.

Fig. 9. Maximum Feg/Al values in modern (blue) and ancient (red) euxinic sedisngrom

Raiswell and others, 2011).The two values above 2.0 are frecambrian sediments (see text).

Fig. 10. Stratigraphic variations in+4l, 5°®Fe and Mo abundance at DSDP sites 367, 144 and
603B (from Owens and others, 2012). Error bars represent preoisD.08%. The grey bar
shows the location of OAE 2. HAl values of 1-2 are Fe-enriched witto >100 ppm indicating

euxinicity.

Fig. 11.A Fer/Al variations with temperature (blue squares data fron20i@6; red circles data
from Yui and others, 2009)

Fig. 12. Depth variations in Ee/Fer and Mo content in the Upper (USI) and Lower Shale
intervals (LSI) of the McRae Shale. Red circles use: Eata from Reinhard and others (2009)
and black crosses aredradata from Raiswell and others (2011). The dashed line repsabent
anoxic threshold (Fe/Fer = 0.38).

Fig. 13. Decision schematic for valid proxy interpretation
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