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ABSTRACT

Iron oxides affect many elemental cycles in aquatic sediments via numerous redox re-
actions and their large sorption capacities for phosphate and trace elements. The reactive
ferric oxides and oxyhydroxides are usually quantified by operationally defined selective
chemical extractions that are not mineral specific. We have used cryogenic 5Fe M dssbauer
spectroscopy to show that the reactive iron oxyhydroxide phase in a large variety of
lacustrine and marine environments is nanophase goethite (a-FeEOOH), rather than the
assumed surface-complex—stabilized, two-line ferrihydrite and accompanying mixture of
clay and oxyhydroxide Fe-bearing phases. This result implies that the kinetic and stability
parameters of the type of nanogoethite that we observe to be present in sediments should
be first determined and then used in models of early diagenesis. The identity and char-
acteristics of the reactive phase will also set constraints on the mechanisms of its

authigenesis.

Keywords: iron oxides, goethite, Mossbauer spectroscopy, early diagenesis, sediments.

INTRODUCTION

Iron minerals in marine and lacustrine sed-
iments influence the cycling of C and S and
largely control the fates of key nutrients such
as P and of toxic heavy metals such as As
(Berner, 1973; Belzile and Tessier, 1990; Lov-
ley and Phillips, 1988; Raiswell and Canfield,
1998). Reactive iron oxides and oxyhydroxi-
des are reductively dissolved in anaerobic sed-
iments, releasing Fe?* ), which precipitates
as authigenic iron oxides and oxyhydroxides,
following the upward diffusion of Fe?* ,; and
its reoxidation (Froelich et al., 1979). Iron ox-
ides in aguatic sediments are thought to con-
gtitute a continuum from amorphous to crys-
talline structures; however, the main
diagenetic oxidation product is thought to be
ferrihydrite [Fh, often termed hydrous ferric
oxide, HFO, nominally Fe(OH); or FeOOH]
(Thamdrup, 2000). With few exceptions, e.g.,
Drodt et a. (1997), who identified goethite
and small amounts of hematite in a deep-sea
sediment core by Mossbauer spectroscopy, the
reactive iron oxides and oxyhydroxides have
been quantified by operationally defined se-
lective chemical extractions. Attempts at di-
rect detection, identification, and quantifica-
tion, using physical measurement methods
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such as X-ray diffraction (XRD) and trans-
mission electron microscopy, have been frus-
trated by the nanocomposite nature of the
minority-phase precipitate in aguatic sediments.
We have used cryogenic 5’Fe Mossbauer spec-
troscopy (MBS) to identify the reactive diage-
netic iron oxyhydroxide phase in a large variety
of lacustrine and marine environments.
Cryogenic MBS is well suited to identify
the reactive iron oxyhydroxide phase because
(1) MBS is resonantly sensitive only to Fe,
without any matrix artifacts, (2) it can resolve
and separately quantify al the known iron ox-
ides and oxyhydroxides (e.g., hematite, mag-
netite, maghemite, goethite, ferrihydrite), (3)
it can distinguish the oxides from the Fe-bear-
ing silicate, sulfide, and phosphate phases and
from surface-complexed Fe?* and organic
matter—complexed Fe, and (4) it deals equally
well with nanophase and amorphous materials
and with bulk crystalline materials. The hy-
perfine field is the effective loca magnetic
field experienced by the 5’Fe probe nucleus
that causes a Zeeman splitting into a sextet.
The iron oxides and oxyhydroxides are re-
solved through parameters that describe this
sextet. The important problem of the super-
paramagnetism of iron oxide nanoparticles,
which causes loss of hyperfine field splitting
and of resolution in room-temperature (RT, 22
°C) spectra, is solved in that all iron oxides
and oxyhydroxides are hyperfine split at liquid
helium temperature (LHT, 4.2 K). In addition,

an RT collapse of the sextet demonstrates
nanoscale size, and the temperature depen-
dence of the hyperfine splitting and spectral
line shape can be used to estimate particle size
(Rancourt, 2001).

MATERIALS AND METHODS

Sediment samples were freeze-dried for the
MBS measurements. Experiments on biogen-
icaly produced ferrihydrites show no conver-
sion to nanogoethite upon freeze-drying (Thi-
bault, 2002). Details on sediment collection
and handling can be found in Slomp et al.
(2002) for the Mediterranean core, in van der
Zee et al. (2002) for the other marine sediment
samples, and in Kliza and Telmer (2001) for
the boreal lake sediments.

The Mossbauer spectra were analyzed with
the extended Voigt-based fitting method of
correlated multiple hyperfine parameter distri-
butions (Lagarec and Rancourt, 1997) as im-
plemented in the Recoil spectral analysis soft-
ware. This method alows independent and
correlated distributions of hyperfine fields,
quadrupole shifts, quadrupole splittings, and
center shifts, for both sextet and doublet con-
tributions, with each distribution modeled by
the smallest statistically acceptable number of
summed independent Gaussian contributions.
The broadening of sextet lines is thereby mod-
eled as arising entirely from static hyperfine
field distributions (HFDs), to extract practical,
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operationally defined, characteristic spectral
parameters.

RESULTS

That the reactive citrate-dithionite-
bicarbonate (CDB)-extractable Fe (where
CDB should extract all free oxides except
magnetite) is nanophase goethite is most
clearly illustrated by examining the results for
a sediment core retrieved from the central part
of the eastern Mediterranean Sea (depth of
3390 m; see Table DR1! for sample descrip-
tions). The core consists of calcite-rich, or-
ganic matter—poor hemipelagic sediment over-
lying partially oxidized sapropel (S1). The
CDB-extractable Fe depth profile shows a
gradual increase in concentration as one
moves into the oxidized sapropel. The peak
value coincides with the current active oxi-
dation front (Slomp et a., 2002) and results
from the diagenetic precipitation of iron oxy-
hydroxide. The RT and LHT Mdssbauer spec-
tra of the core section having the maximum
CDB-extractable Fe are shown in Figure 1,
along with the fitted subspectral contributions.
At RT, the resolved contributions are (1) a fer-
ric doublet, (2) a ferrous doublet, and (3) a
broad ferric line. On going to LHT, the ratio
of the total ferric and total ferrous contribu-
tions is the same, within error, as at RT; how-
ever, magnetic hyperfine splittings now occur.
The broad ferric line has disappeared, as has
much of the spectral area of the ferric doublet,
because both now contribute to a new and
well-defined magnetic hyperfine sextet (solid
line comprising six absorption lines) that is
attributed to goethite (Murad and Johnston,
1987; Friedl and Schwertmann, 1996).

Goethite is identified as the mgjority oxy-
hydroxide phasein all core sections exhibiting
a sextet at LHT (see Table DR2 [see footnote
1] for reference materials). The sextet spectral
shapes and the fact that superparamagnetism
occurs at RT are consistent with nanogoethite
particles in the 2-12 nm size range (see dis-
cussion of goethite particle size section). The
percentage of the total area of the spectrum
that is related to each spectral component is
equal to the percentage of the total Fe that is
present in that component, assuming equal
Mossbauer recoilless fractions of al compo-
nents. The fraction of Fe corresponding to the
nanogoethite sextet closely follows the frac-
tion of total Fe that is CDB extracted (Fig. 2),
thereby establishing that the reactive authigen-
ic phase in this Mediterranean sediment is
nanogoethite.

1GSA Data Repository item 2003146, Tables
DR1 (sample descriptions) and DR2 (hyperfine pa-
rameters for reference materials), is available online
a www.geosociety.org/pubs/ft2003.htm, or on re-
quest from editing@geosociety.org or Documents
Secretary, GSA, PO. Box 9140, Boulder, CO
80301-9140, USA.
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Figure 1. Mdssbauer spectra (open circles)
of Mediterranean sample with highest citrate
dithionite-bicarbonate—extractable Fe con-
tent and model fits (main solid black line
through data points is sum of individual
components described in text). A: Room-
temperature (RT) spectrum composed of (1)
ferric doublet from superparamagnetic oxy-
hydroxides and paramagnetic Fe*-bearing
minerals (dashed line), (2) ferrous doublet
from paramagnetic Fe?*-bearing minerals
(dotted line), and (3) broad ferric line (col-
lapsed sextet) from superparamagnetic oxy-
hydroxide particles that have magnetic or-
dering temperatures near RT (solid
subspectral line). B: Liquid helium temper-
ature (LHT) spectrum composed of (1) ferric
doublet from paramagnetic Fe3*-bearing
minerals (dashed line), (2) ferrous doublet
from paramagnetic Fe?*-bearing minerals
(dotted line), (3) ferrous doublet from par-
tially magnetically hyperfine split Fe?*-
bearing minerals having magnetic ordering
temperatures near LHT (dot-dash), and (4)
sextet (solid line) arising from goethite.

A variety of additional marine sites was se-
lected for cryogenic and RT MBS: one in the
north Aegean Sea, one in the Mediterranean
Sea (southwest of Rhodes), and four from
contrasting depositional areas on the Iberian
margin (northeast Atlantic Ocean). Samples
were chosen from the depth intervals with the
highest concentrations of citrate-ascorbate-
bicarbonate—extractable and CDB-extractable
Fe (van der Zee et a., 2002). Lacustrine sam-
ples (core tops from each lake, which are oxic
or include the oxic-anoxic boundaries, and
some deeper core sections) from 7 boreal for-
est lakes (Canada) were selected from a large
array of 99 lakes from a previous study (Kliza
and Telmer, 2001), in order to span the full
range of lake water pH (3.7-9.1) and organic-
matter content (12%—74% dry weight). A
core-top sediment from Lake Biwa, Japan,
was also studied. We stress that in every sed-
iment sample measured, chosen to contain a
maximum amount of diagenetic oxyhydrox-
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Figure 2. Depth profile of Fe in Mediterra-
nean core. Open symbols—citrate-dithionite-
bicarbonate (CDB)-extractable Fe content
as percentage of total Fe. Closed symbols—
percentage of Fe in sextet as measured by
cryogenic Mdssbauer spectroscopy. Dotted
line indicates top of original sapropel, and
shaded area represents present-day sapro-
pel layer. Area between dotted line and top
of shaded area is that part of original sap-
ropel that is oxidized. Arrow indicates sam-
ple for which room-temperature and liquid
helium temperature Méssbauer spectra are
given in Figure 1.

ide, a sextet was observed in LHT spectrathat
was unambiguously attributed to nanogoe-
thite, as described in the next section.

SPECTRAL IDENTIFICATION

The sediment nanogoethite spectral contri-
bution can be identified by its hyperfine field
and quadrupole shift. Under static circum-
stances, a distribution of hyperfine fields—
characterized by the average hyperfine field,
<H>, the most probable hyperfine field,
Hpea: @nd the standard deviation, opep, of the
hyperfine field distribution (HFD)—arises
from the distributions of local chemical and
magnetic environments in the mineral. The
quadrupole shift parameter, €, describes the
effect of the local electric field gradient on the
sextet pattern and has its own largely inde-
pendent distribution characterized by the av-
erage <e>. The small magnetocrystalline an-
isotropy constant of goethite and the small
corresponding superparamagnetic fluctuation
barriers of goethite nanoparticles cause ho-
mogeneous line broadening even at LHT (Mu-
rad and Johnston, 1987; Rancourt, 2001), un-
like the situation with other nanophase
oxyhydroxides. Homogeneous broadening,
contrary to inhomogeneous or distribution
broadening of spectral lines, is due to dynamic
effects related to fluctuations in the local en-
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Figure 3. Key hyperfine parameters from lig-
uid helium temperature sextets of sediment
and reference oxides and oxyhydroxides. A:
Most probable hyperfine field, Hp.,, plotted
vs. average quadrupole shift, <e>, in natural
samples (solid circles—lacustrine sedi-
ments; upward-pointing triangles—marine
sediments; downward-pointing triangles—
oxidized sapropel) and reference materials
(empty circles) (Fh—ferrihydrites; Gt—
goethites; Hm—hematites). B: <e> vs. stan-
dard deviation (op) Of hyperfine field dis-
tribution (HFD) for sediment samples and
ferrihydrite and goethite reference materials.
Error bars show two standard deviations;
large values arise from those spectra with
smaller and broader sextet contributions. C:
Average hyperfine field, <H>, vs. oy, for
sediment and reference goethite (empty cir-
cles) samples.

vironment of the probe nucleus, such as those
arising from superparamagnetism. As aresult,
sediment nanogoethites exhibit a continuum
of spectral shapes, extending to large line
widths (modeled by the standard deviation,
onep, Of the HFD) and to small average hy-
perfine fields (<H>), beyond those of any
other oxyhydroxide material. This character-
istic and other features of the spectral identi-
fication are illustrated in Figure 3, in which
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the marine, oxidized sapropel, lacustrine, and
reference samples are compared. The refer-
ence samples shown include al those expect-
ed to be most relevant (Cornell and Schwert-
mann, 1996): synthetic microcrystalline
hematites (20-150 nm) (Dang et a., 1998),
synthetic nanohematite (8 nm), synthetic two-
line ferrihydrites, synthetic six-line ferrihy-
drite, natural As-rich and Si- and C-bearing
ferrihydrites (Rancourt et a., 2001), and a
suite of synthetic nanogoethites (7—35 nm).
We conclude that the sediment nanogoethite
must be significantly smaller than our smallest
synthetic reference goethite (211 m?g, 6.6
nm, Table DR2 [see footnote 1]; see goethite
particle size discussion).

Figure 3A shows the most probable hyper-
fine field, Hpyeq, Of the HFD as a function of
the average quadrupole shift parameter, <e>.
This plot alows the small-particle hematites
to be eliminated as potential candidates, be-
cause they have large Hpey Values character-
istic only of hematites. Bulk hematite has a
similar large Hpeyc Value and a positive <e>
because of the Morin transition. The spread of
values for the ferrihydrites is as large as can
be expected to occur in nature (Murad and
Johnston, 1987; Rancourt et a., 2001). The
disordered structures of ferrihydrites lead to
near-zero values of <e>. The sediment sam-
ples cluster around the reference goethites but
exhibit a large spread in <e> values. Figure
3B shows <e> vs. oypp. The large values of
opep Of the sediment sample sextets imply
that the sextets cannot be attributed to Fh-like
materials, and the <e> values suggest that
they are due to goethite. The reference syn-
thetic nanogoethite <e> vaues extend to-
ward the sediment points in the order of de-
creasing particle size. The sediment samples
probably contain a large range of goethite par-
ticle sizes, aways including smaller values
than those of the reference goethites, such that
oprp exhibits a gap between the smallest ob-
served sediment values and those of the ref-
erence materials. This finding is confirmed by
the spectral shapes, which often contain co-
existing sharp and broad sextet components,
and by Figure 3C, in which a nanogoethite
particle-size continuum clearly emerges in
terms of an inverse correlation between <H>
and oyep- Smaller particles have broader sex-
tet lines and thus larger values of oyep aswell
as lower <H> values compared to larger par-
ticles. We conclude that the predominant re-
active iron oxyhydroxide in marine and lacus-
trine sediments must be nanogoethite, on the
basis of this continuum of particle sizes and
other crystal-chemical features (OH-group—
Fe-vacancy complexes, cation substitutions,
particle coagulation vs. dilution by nonmag-
netic matrix material) that also affect the line
shapes (Murad and Johnston, 1987; Friedl and

Schwertmann, 1996; Rancourt, 2001). The
<e> valuesfor the oxidized sapropel samples
are systematically larger than those of the oth-
er sediment samples (Fig. 3B). This result
may be due to an admixture of ferrihydrite.
The less common magnetite, maghemite, |ep-
idocrocite, and akaganeite oxyhydroxides are
eliminated on the basis of their hyperfine pa-
rameters (Murad and Johnston, 1987).

GOETHITE PARTICLE SIZE

Nanogoethite particle sizes were estimated
as follows. Synthetic nanogoethite reference
materials have measured gas-adsorption spe-
cific surface areas that are consistent with
XRD line-width particle sizes, extracted from
Williamson-Hall plots. These samples are su-
perparamagnetic at RT for sizes (mean diam-
eters) 10.4 nm and smaller and hyperfine split
for sizes 14.4 nm and larger, suggesting that
all our natural diagenetic nanogoethites are
smaller than ~12 nm. In addition, the refer-
ence nanogoethites have RT average hyperfine
field reductions of ~10%, relative to the bulk
goethite RT value. This reduction is compa-
rable to that observed in our sediment samples
(~5%) at LHT, implying a superparamagnetic
barrier energy ratio of 4.2 K/295 K and a cor-
responding mean sediment nanogoethite size
of ~5 nm. These sizes are comparable to the
values 1-3 nm for natural and synthetic two-
line ferrihydrites.

DISCUSSION

The least stable and most reactive iron oxy-
hydroxide is ferrihydrite, and it is expected to
be the first precipitate formed under oxidative
and hydrolyzing conditions, in both the water
column and in sediments (Schneider, 1988).
Ferrihydrite occurs in large amounts in set-
tings of rapid oxidative precipitation, such as
at hydrothermal vents and at Fe-rich ground-
water outflows. However, it now appears that
the main diagenetic reactive precipitate in
aquatic sediments is goethite. This develop-
ment is an apparent contradiction because
there is a consensus (Schwertmann and Mu-
rad, 1983; Cornell and Schwertmann, 1996)
that goethite cannot form directly from ferri-
hydrite, as can hematite, but must instead di-
rectly precipitate from solution, a recent con-
trary suggestion (Banfield et al., 2000)
notwithstanding. This statement would be par-
ticularly true in natural settings in which co-
precipitation and surface complexation with
organic matter, silicate, arsenate, and phos-
phate would prevent ferrihydrite dissolution
(Cornell and Schwertmann, 1996). It therefore
appears that diagenetic Fe cycling near the
oxic-anoxic boundaries of lake and marine
sediments occurs under conditions that direct-
ly lead to goethite precipitation, with growth
poisoning from coprecipitation to produce
nanoscale crystallites. In hindsight, this effect
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is consistent with laboratory studies that show
goethite as the predominant synthesis product
under various conditions of slow hydrolysis:
(1) if pH isincreased slowly or the solution
is simply aged, without exceeding critical pH
and Fe concentration values for ferrihydrite
precipitation; (2) starting from Fe?* if oxygen
is admitted slowly; (3) under conditions in
which the Fe3* is supplied by the sow dis-
solution of ferrihydrite; or (4) by the slow re-
constructive oxidation of ferrous double-layer
hydroxides (green rust) (Schwertmann et al.,
1999; Murphy et a., 1975; Domingo et a.,
1993; Schwertmann and Fitzpatrick, 1992).

Because coprecipitation with and surface
complexation on the specific reactive iron
oxyhydroxide compound present play domi-
nant roles in the cycling and bioavailabilities
of both trace metals and key nutrients, as
much laboratory attention as has been given
to ferrihydrite (Dzombak and Morel, 1990)
will need to be directed to nanogoethites.
One might expect little difference between
nanogoethite and ferrihydrite, because the
surface area of iron oxyhydroxide has been
reported to control the rate of microbial Fe
reduction (Roden and Zachara, 1996). How-
ever, when Fe-reducing bacteria were grown
in a minimal-growth medium, instead of in
nutrient-rich broth that poorly mimics the
bacteria’s natural environment, the bacteria
were not able to reduce nanogoethite, in con-
trast to ferrihydrite (Glasauer et al., 2003).
The predominance of nanogoethite in aquatic
sediments changes our perspective in micro-
biological studies, such as in the fields of
microbe-mineral interactions (Newman and
Kolter, 2000; Lower et al., 2001; Childers et
al., 2002) and of primary productivity, as re-
suspended sedimentary iron oxyhydroxides
are an important source of Fe and P (Johnson
et al., 1999; Berner and Rao, 1994).
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