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The isotope composition of reactive iron (Fe) in marine sediments and sedimentary rocks is a promising tool for
identifying Fe sources and sinks across ocean basins. In addition to cross-basinal Fe redistribution, which can
modify Fe isotope signatures, Fe minerals also undergo diagenetic redistribution during burial. The isotope frac-
tionation associated with this redistribution does not affect the bulk isotope composition, but complicates the
identification of mineral-specific isotope signatures. Here, we present new Fe isotope data for Peru margin sed-
iments and revisit previously published data for sediments from the California margin to unravel the impact of
early diagenesis on Fe isotope compositions of individual Fe pools.

Sediments from oxic California margin sites are dominated by terrigenous Fe supply with Fe release from sedi-
ments having a negligible influence on the solid phase Fe isotope composition. The highly reactive Fe pool
(sum of Fe bound to (oxyhydr)oxide, carbonate, monosulfide and pyrite) of these sediments has a light isotope
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Sl}utﬂe ) composition relative to the bulk crust, which is consistent with earlier studies showing that continental

Diagenesis weathering shifts the isotope composition of Fe (oxyhydr)oxides to lighter values. Ferruginous sediments within

?;;lggreergg minerals the Peruvian oxygen minimum zone are depleted in Fe relative to the lithogenic background, which we attribute
-] X

to extensive Fe release to the water column. The remaining highly reactive Fe pool has a heavier isotope compo-
sition compared to California margin sediments. This observation is in agreement with the general notion of an
isotopically light benthic Fe efflux. Most of the reactive Fe delivered and retained in the sediment is transferred
into authigenic mineral phases within the topmost 10 to 20 cm of the sediments. We observe a first-order rela-
tionship between the extent of pyritization of Fe monosulfide and the isotope composition of authigenic pyrite.
With increasing pyritization, the isotope composition of authigenic pyrite approaches the isotope composition of
the highly reactive Fe pool. We argue that the isotope composition of authigenic pyrite or other Fe minerals that
may undergo pyritization may only be used to trace water column sources or sinks if the extent of pyritization is
separately evaluated and either close to 100% or 0%. Alternatively, one may calculate the isotope composition of
the highly reactive Fe pool, thereby avoiding isotope effects due to internal diagenetic redistribution. In deposi-
tional settings with high Fe but low sulfide concentrations, source and sink signatures in the isotope composition
of the highly reactive Fe pool may be compromised by sequestration of Fe within authigenic silicate minerals.
Authigenic silicate minerals appear to be an important burial phase for reactive Fe below the Peruvian oxygen
minimum zone.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction the ocean's redox structure (e.g., Raiswell and Canfield, 1998; Poulton
et al., 2004, 2010; Canfield et al., 2008; Poulton and Canfield, 2011;
Marz et al,, 2012). Reactive Fe is defined as the fraction of Fe in marine

sediments (chiefly Fe (oxyhydr)oxides) which readily reacts (or has al-

1.1. Scientific rationale

An increasing number of studies use the concentration and specia-
tion of reactive iron (Fe) within marine sediments or sedimentary
rocks to infer past processes related to Fe biogeochemical cycling and
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ready undergone reaction) with hydrogen sulfide to form Fe sulfide
minerals such as Fe monosulfide (FeS) and eventually pyrite (FeS;)
(Berner, 1970, 1984; Canfield, 1989). To assess these operationally de-
fined species, various sequential extraction techniques have been devel-
oped and applied to bulk sediments and rocks (Canfield, 1989;
Huerta-Diaz and Morse, 1990; Kostka and Luther, 1994; Raiswell et al.,
1994; Poulton and Canfield, 2005). Reactive Fe is typically calculated
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as the sum of Fe extracted by dithionite (or equivalent) and Fe present
as pyrite (Raiswell and Canfield, 1998, 2012; Raiswell and Anderson,
2005; Lyons and Severmann, 2006). An alternative approach to sequen-
tial extractions uses total Fe to aluminum ratios (Fer/Al) to assess reac-
tive Fe enrichments (Lyons et al., 2003; Lyons and Severmann, 2006).
The advantage of this latter approach is that elevated Fer/Al (over
lithogenic background) is preserved even when some of the reactive
Fe has been transferred to the silicate fraction through diagenetic or
metamorphic processes, i.e., it is independent of the specific reactive
phases (Lyons and Severmann, 2006).

Generally speaking, enrichments of reactive Fe occur when Fe is
transferred from an area of high Fe solubility (e.g., with reducing but
non-sulfidic conditions) to an area of low Fe solubility (e.g., with oxic
or sulfidic conditions). If this transfer operates on the scale of ocean ba-
sins it is typically referred to as a redox shuttle. Prominent examples of
areas where a redox shuttle has been observed are anoxic and sulfidic
(i.e., euxinic) basins (e.g., the Black Sea and Baltic Sea Deeps), where
Fe is mobilized from reducing shelf sediments and scavenged from the
euxinic water column through syngenetic pyrite formation (Canfield
et al,, 1996; Wijsman et al., 2001; Anderson and Raiswell, 2004; Lyons
and Severmann, 2006; Dellwig et al., 2010; Fehr et al., 2010; Scholz
et al., 2013). This euxinic Fe shuttle is identified in sedimentary records
by a high proportion of reactive Fe to total Fe (or high Fey/Al) coupled to
a high proportion of pyrite in the reactive Fe pool (i.e., a high extent of
pyritization) (Raiswell et al., 1988; Raiswell and Anderson, 2005;
Lyons and Severmann, 2006; Raiswell and Canfield, 2012). In contrast
to euxinic settings, a high ratio of reactive Fe to total Fe coupled to a
low extent of pyritization has been attributed to ferruginous settings,
i.e., those with abundant dissolved Fe but no hydrogen sulfide (H,S)
in the water column. This kind of environment is limited to isolated
lakes today (e.g., Lake Matano, Indonesia; Crowe et al., 2008) but was
likely dominant in the ocean during the Archean and much of the Prote-
rozoic (Canfield et al., 2008; Poulton et al., 2010; Poulton and Canfield,
2011). Findings from a recent study (Scholz et al., 2014) suggest that
shuttle-related Fe enrichments may also occur in association with con-
temporary oxygen minimum zones (OMZs). Scholz et al. (2014) report-
ed elevated Fer/Al ratios in sediments underneath the lower boundary
of the Peruvian OMZ and attributed this observation to a net lateral
transfer of Fe from reducing sediments within the OMZ.

In addition to sequential extraction techniques, Fe isotope systematics
have been suggested as a potentially powerful tool for constraining Fe
transport across basinal redox gradients. Fe that is mobilized through re-
ductive dissolution has a low &°°Fe relative to lithogenic Fe (Bergquist and
Boyle, 2006; Rouxel et al., 2008; Severmann et al., 2010; John et al., 2012).
Depending on the efficiency of the Fe trapping mechanism within the
basin and the extent of isotope fractionation during re-precipitation, the
sediment-derived Fe may be traceable within the sedimentary bulk Fe
pool (i.e., 8°Fer # §°°Fejithogenic) (Scholz et al., 2014). A highly efficient
sink is characteristic of isolated euxinic basins where the mobilized Fe is
quantitatively trapped within basin sediments (Fehr et al., 2008, 2010;
Severmann et al., 2008). In many open-marine settings, however, the
trapping efficiency and proportion of shuttle-derived Fe in the sediment
are small and deviations in §°°Fer from é‘)SGFe“thogemC cannot be resolved
analytically (Scholz et al., 2014). Analyzing the isotope composition of
specific authigenic Fe mineral phases, which are part of the reactive Fe
pool, could be an appropriate solution to identifying primary signatures.
However, interpreting the isotope composition of authigenic Fe minerals
is complicated by early diagenetic processes such as, e.g., reductive disso-
lution of Fe (oxyhydr)oxides, partial loss of dissolved Fe across the
sediment-bottom water interface and re-precipitation of Fe as carbonate,
monosulfide and pyrite (e.g., Berner, 1970; Canfield, 1989, 1993; Haese
et al,, 1997; Pakhomova et al,, 2007). Unless all of the trapped reactive
Fe is transferred into one single mineral phase prior to burial, these
processes are likely to result in a variable isotopic offset among different
authigenic Fe fractions (Severmann et al., 2006; Staubwasser et al.,
2006). Extracting information on water column Fe cycling from the

isotope composition of individual authigenic Fe pools therefore requires
a more complete understanding of Fe isotope fractionation during early
diagenesis. Here we continue the discussion on how and under what
circumstances an open-marine Fe shuttle may be tracked in sedimentary
archives (cf. Scholz et al.,, 2014). Specifically, we evaluate how a shuttle-
related isotopic fingerprint in the reactive Fe pool may be distinguished
from fractionation effects inherited during early diagenesis. Our findings
provide useful constraints on the interpretation of Fe isotope variability
in reactive Fe minerals in the geological record.

1.2. Prior work and open questions

This study is based on samples that were taken on a sediment core
transect across the Peru upwelling area at 11°S (Figs. 1 and 2A). Previ-
ous work on benthic Fe fluxes as well as bulk Fe concentrations
(Fig. 2B) and isotope data (Fig. 3A) for the same sediment cores
(Noffke et al., 2012; Scholz et al., 2014) suggests that terrigenous reac-
tive Fe undergoes a redox-dependent lateral relocation across the
Peruvian continental margin. The findings of these previous studies
will be briefly summarized in the following paragraphs, followed by
an outline of the major goals of the present study.

The physical environment and general biogeochemistry of the
Peruvian continental margin have been discussed extensively within
the literature (Brink et al., 1983; Reimers and Suess, 1983; Strub et al.,
1998; Levin et al,, 2002; Boning et al., 2004). Briefly, off the Peru coast
upwelling of oxygen-depleted and nutrient-rich water leads to a near-
complete oxygen drawdown in the water column overlying the upper
slope and shelf. The OMZ ([0,] < 0.5 ml L™ ! ~ 22 uM; definition after
Levin et al., 2002) resulting from this mechanism extends from less
than 100 m to roughly 700 m water depth (Fuenzalida et al., 2009).
Where the OMZ comes into contact with the seafloor, Fe reducing con-
ditions prevail close to the sediment-bottom water interface. Because of
the high mobility of Fe under anoxic but non-sulfidic conditions, Fe dis-
solved in pore water may escape into the water column without being
immobilized while transiting the sediment-bottom water interface
(Noffke et al., 2012). Sediments within the permanent OMZ (~300-
700 m water depth) are characterized by Fer/Al below the regional
lithogenic background (Fig. 2B), which has been attributed to long-
term Fe loss to the water column inferred from benthic flux data
(Scholz et al., 2011). Sediments underneath the lower boundary of the
OMZ display Fer/Al above the lithogenic background (Fig. 2B) indicating
that they are enriched in Fe relative to the lithogenic background
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Fig. 1. Location map showing the sediment core transect (bathymetric data from GEBCO).
The transect is subdivided into three domains corresponding to sediment cores from the
shelf, from within the OMZ and from below the OMZ.
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