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Abstract—The Bemidji aquifer in Minnesota, USA is a well-studied site of subsurface petroleum contami-
nation. The site contains an anoxic groundwater plume where soluble petroleum constituents serve as an
energy source for a region of methanogenesis near the source and bacterial Fe(l11) reduction further down
gradient. Methanogenesis apparently begins when bioavailable Fe(l11) is exhausted within the sediment. Past
studies indicate that Geobacter species and Geothrix fermentensike organisms are the primary dissimilatory
Fe-reducing bacteria at this site. The Fe mineralogy of the pristine aquifer sediments and samples from the
methanogenic (source) and Fe(l11) reducing zones were characterized in this study to identify microbiologic
changes to Fe valence and mineral distribution, and to identify whether new biogenic mineral phases had
formed. Methods applied included X-ray diffraction; X-ray fluorescence (XRF); and chemical extraction;
optical, transmission, and scanning electron microscopy; and Mossbauer spectroscopy.

All of the sediments were low in total Fe content (= 1%) and exhibited complex Fe-mineralogy. The bulk
pristine sediment and its sand, silt, and clay-sized fractions were studied in detail. The pristine sediments
contained Fe(ll) and Fe(lll) minera phases. Ferrous iron represented approximately 50% of Feror. The
relative Fe(ll) concentration increased in the sand fraction, and its primary mineralogic residence was
clinochlore with minor concentrations found as a ferroan calcite grain cement in carbonate lithic fragments.
Fe(l1) existed in silicates (epidote, clinochlore, muscovite) and Fe(l11) oxides of detrital and authigenic origin.
The detrital Fe(l11) oxides included hematite and goethite in the form of mm-sized nodular concretions and
smaller-sized dispersed crystallites, and euhedral magnetite grains. Authigenic Fe(l11) oxides increased in
concentration with decreasing particle size through the silt and clay fraction. Chemica extraction and
Mossbauer analysis indicated that this was a ferrihydrite like-phase. Quantitative mineralogic and Fe(l1/111)
ratio comparisons between the pristine and contaminated sediments were not possible because of textura
differences. However, comparisons between the texturally-similar source (where bioavailable Fe(l11) had been
exhausted) and Fe(111) reducing zone sediments (where bioavailable Fe(l11) remained) indicated that dispersed
detrital, crystalline Fe(l11) oxides and a portion of the authigenic, poorly crystalline Fe(l11) oxide fraction had
been depleted from the source zone sediment by microbiologic activity. Little or no effect of microbiologic
activity was observed on silicate Fe(111). The presence of residual “ferrihydrite” in the most bioreduced, anoxic
plume sediment (source) implied that a portion of the authigenic Fe(l11) oxides were biologically inaccessible
in weathered, lithic fragment interiors. Little evidence was found for the modern biogenesis of authigenic
ferrous-containing mineral phases, perhaps with the exception of thin siderite or ferroan calcite surface

precipitates on carbonate lithic fragments within source zone sediments.

1. INTRODUCTION

The fate and transport of crude oil has been extensively
studied in a shallow groundwater aquifer near Bemidji, Min-
nesota, USA. These studies have documented subsurface mi-
crobiologic processes that oxidize soluble crude-cil compo-
nents and the terminal electron acceptors involved (Lovley et
a., 1989; Anderson and Lovley, 1999), the nature and evolu-
tion of the subsurface microbiologic community under such
conditions (Anderson et a., 1998; Rooney-Varga et al., 1999),
and the associated biogeochemical changes to water composi-
tion and sediment chemistry (Baedecker et a., 1992, 1993;
Bennett et a., 1993). While site specific in nature, these field
studies have provided an understanding of coupled subsurface
microbiologic and geochemical processes that have had broad
applicability to other sites, even to the biostabilization of sol-
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uble, polyvalent radionuclides released from DOE weapons
waste (NABIR Strategic Plan, http://www.Ibl.gov/nabir/).

Three primary biogeochemica zones have been recognized
within the contamination plume in the Bemidji aquifer (Bae-
decker et a., 1993; Bennett et a., 1993; Eganhouse et a.,
1993). At the distal end of the plume, a zone exists with
lowered dissolved O, where aerobic, bacterial degradation of
soluble hydrocarbons (e.g., low molecular weight saturated and
alicyclic hydrocarbons) is occurring (Eganhouse et a., 1993).
This aerobic respiration depletes dissolved O, closer to the
source allowing for the development of a zone where the
bacterial oxidation of aromatic compounds is coupled to dis-
similatory Mn(l11/1V) and Fe(lll) reduction (Lovley et d.,
1989; Eganhouse et a., 1993; Anderson and Lovley, 1999). A
final anoxic zone exists most proximate to the source where
methanogenesis is dominant. The shift from Mn and Fe respi-
ration to methanogenesis occurs after bioavailable Mn(l11/1V)
and Fe(111) has been depleted from the sediment (Anderson and
Lovley, 1999).

This article is a U.S. government work, and is not subject to copyright in the United States. |
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The dissimilatory bacterial iron reduction process, which is
the subject of this paper, influences the agueous geochemistry
and mineralogy of the anoxic plume region. Aqueous Fe in-
creases to millimolar concentrations in the region of active
Fe(I11) reduction (Baedecker et al., 1993; Bennett et al., 1993).
Parallel decreases in the concentration of extractable sedimen-
tary Fe(l11) oxides result from the reductive dissol ution process
(Anderson and Lovley, 1999). Bioavailable Fe(l11) is believed
to exist in the sediment in the form of a poorly crystaline
Fe(lll) oxide such as ferrihydrite, but its precise nature is
unknown. Mass balance geochemical calculations (Baedecker
et a., 1993) suggest that siderite and ferroan calcite precipita-
tion decreases down gradient Fe(ll) concentrations within the
anoxic zone. The formation of other authigenic ferrous-con-
taining phases in the anoxic zone, including magnetite, has also
been suggested based on mineralogic analyses of the sediments
(Baedecker et al., 1992).

Pure cultures of dissimilatory iron reducing bacteria (DIRB)
induce mineralogic transformation of Fe(lll) oxides in the
laboratory. Geobacter species, which are strict anaerobes, pro-
duce both fine-grained magnetite and siderite from ferrihydrite
(Lovley, 1990; Mortimer and Coleman, 1997). Facultative
Shewanella species may transform 2-line ferrihydrite to 6-line
ferrihydrite, goethite, hematite, lepidocrocite, siderite, magne-
tite, vivianite, and green rust (Fredrickson et a., 1998; Zachara
et al., 2002; Fredrickson et a., 2003; Kukkadapu et a., 2003).
Some of these biomineralization products exhibit distinct mor-
phology. Little is known about the biotransformation of ferri-
hydrite in the field, as its concentrations are typically low, and
its poorly crystaline character complicates its tracking by
techniques such as X-ray diffraction.

In this communication, we study sediments from pristine and
contaminated (methanogenic and iron-reducing) zones of the
Bemidji aquifer to provide insights on: i) the nature of the
bioavailable Fe(l11) fraction, ii.) changes in the mineralogy due
to bacterial utilization of Fe(lll) as an electron acceptor, and
iii.) postreduction biogeochemical reactions of Fe(ll) with the
sedimentary matrix. These goals are accomplished through
application of optical microscopy, X-ray diffraction, transmis-
sion and scanning electron microscopy with energy dispersive
analyses (EDS), and Mdssbauer spectroscopy. Our results both
support and repudiate previous findings regarding the bacterial
changes to the mineralogy of this site, and provide detailed
insights on the coupling of microbiologic and geochemical
processes in the field.

2. EXPERIMENTAL METHODS
2.1. Site Characteristics

Pristine and contaminated sediments were obtained from a shallow
groundwater aquifer near Bemidji, Minnesota. A small area of the
aquifer was contaminated by oil spillage in 1979. The site was exten-
sively studied after the oil spill by the U.S. Geological Survey (Bae-
decker et a., 1993; Bennett et al., 1993; Eganhouse et a., 1993;
Cozzardlli et a., 1994). The aquifer sediments are Pleistocene age
glacial deposits (outwash primarily) resulting from Wisconsin glacia-
tion. The mineralogy of the aguifer sediments reflects mixed prove-
nance from carbonate, igneous, and metamorphic geologic terrains.

Four samples were obtained from the site in 2000 that were obtained
by split-spoon coring: pristine aquifer sediment, and sediments from
the anoxic contaminant plume [source area (methanogenic), mixed
terminal acceptor (#534), and Fe-reducing (#531)]. The #534 sediment

is not discussed in this manuscript. The sediments were maintained in
anoxic state after sampling and were stored in the form of a sediment/
groundwater slurry. Sample volumes and masses of the contaminated
samples were limited and restricted certain types of analyses for these
samples.

2.2. Sediment Preparation

The pristine sediment was wet sieved at 2.0 mm using deionized
water. The coarse material (>2.0 mm) was dried at 70°C overnight.
The <2.0 mm fraction was sieved again at 53 um. The volume of the
<53 um fraction was reduced to 250 mL by centrifugation. The
suspension was equilibrated overnight and a final pH of 9.4 was
recorded. This high pH indicated the presence of carbonate mineralsin
the sediments. The centrifugal separation of the =2 um and 2-53 um
fractions was subsequently limited to three centrifugations to minimize
carbonate dissolution.

The source area and Fe(l11) reducing sediments were used without
size fractionation. Both of these sediments were <2.0 mmin size. All
three sediments and selected size (53-250 pwm; 250—2000 wm) and
mineralogic fractions from the pristine sediment were analyzed by
optical microscopy.

2.3. Chemical Extractions

Samples of the source area, Fe(l11) reducing, and pristine sediments
(<2.0 mm; 53-250 wm, 2-53 um, and <2.0 wm) were extracted for
3.5 h with 0.2 mol/L ammonium oxalate (at pH 3.0 with HCl; AOx) in
the dark to remove poorly crystalline Fe(l11) oxides. The extract was
separated by filtration (0.2 um) and was analyzed for Fe, Al, Si, and
Mn by ICP-MS. The extracts of the source area and Fe(l11) reducing
sediments were also analyzed for Fe(ll) using the ferrozine assay
(Stookey, 1970; Lovley and Phillips, 1986). The extracted sediment
was thoroughly washed with anoxic 0.1 mol/L NaClO, and 0.1 mol/L
NaHCO;, and then deoxygenated, deionized water to remove excess
salt. The sediment was dried under anoxic atmosphere before analysis
by Mdssbauer spectroscopy.

The source area, Fe(l11) reducing, and pristine sediments (<2.0 mm;
53-250 um, 2-53 um, and <2.0 um) were contacted with dithionite-
citrate-bicarbonate (DCB) according to Mehra and Jackson (1960) to
remove reducible crystalline and poorly crystalline Fe(I11) oxides. The
suspensions were placed on atray shaker and continuously agitated for
24 h at room temperature. The supernatant was removed after centrif-
ugation and the extraction repeated two more times. The three extracts
and three washings with 0.1 mol/L NaClO, were combined for analy-
sis. A subsample of the extract was filtered through a 0.2 um syringe
filter and analyzed for [Fe] using the ferrozine assay (Stookey, 1970;
Lovley and Phillips, 1986). The extracted sediment was transferred to
avacuum flask using anoxic deionized water and rinsed under vacuum
with deionized water to remove excess salt. The sediment was dried
under an anoxic atmosphere for analysis by Mossbauer spectroscopy.

Both replicate and single samples were extracted with AOx and DCB
depending on sample availability (Table 1). Replicates generally
showed a range in value that was < 10% of the mean.

2.4. X-ray Fluorescence Analysis (XRF)

The elemental composition of the background and contaminated
sediments was obtained by energy dispersive XRF spectroscopy
(KEVEX 0810A system) utilizing the backscatter fundamental param-
eter gpproach. Sediments were pelletized from approximately 500 mg
of <100 mesh dry materia into a 3 cm wafer. The analytical system
was comprised of awater-cooled tungsten X-ray tube, sample chamber
with multiple sample positions, a series of secondary targets (typically
Ti, Cu, Zr, Mo, Sn and Gd), a preamplifier, and a microprocessor. The
X-rays were detected by a cryogenicaly cooled solid-state lithium
drifted silicon detector connected to a multi-channel analyzer, which
provided counts per channel or peaks for subsequent data analysis. The
method of peak analysis is described in Nielson (1978), and Nielson
and Sanders (1982). The 1-sigma statistical variance of the element
concentrations due to counting error (Sc) was calculated from the
following formula:
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Table 1. Distribution of Fe in Bemidji sediment.
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Pristine Pristine Pristine Pristine Fe(l11) reducing
(<2.0 mm) (53-250 wm) (2-53 um) (<2.0 um) sediment Source
Fe-total® (%) 1.05 (+0.053) 2.42 (+0.12) 3.82 (+0.19) 10.7 (=0.54) 0.91 (+0.045) 0.94 (+0.047)
Fe(l11)-AOx (wmol/g) 12.0¢ ND 188¢ 655° 26 17.4°
(% of Feror) 6.60 27 33.6 15.7 10.2
Fe(111)-DCB (umol/g) 48.3¢ ND 304 1318° 29.24 22.3¢°
(% of Feror) 26.6 437 67.7 17.6 13.0
P.C. Fe(ll1) oxide” 24.8 61.8 49.6 89.0 78.0
Fe® (% of Feror) 73.4 38.2 323 82.4 87.0

2By XRF, variance due to counting error is noted
® Poorly crystalline Fe(l11) oxide as % of the extractable Fe(lll) [Fezy1] P.C. Fe(lll)oxide = [Fe-AOx(wmol/g)/Fe-DCB(umol/g)] X 100

€% of total Fe in silicates Fe) = Feror — Fepcg.
d Average of replicate analyses.
€ Single analysis.

S YA P-E

= T K

where

S, = standard error in pesk area

Y = anormalization factor to alter concentration unit
A, = self adsorption correction factor

P = particle size correction factor
E

T

K

the enhancement correction factor

the analysis life-time

= the element calibration factor (x-ray intensity per unit element
mass)

2.5. Powder X-ray Diffraction (XRD) Analysis

Analyses of the bulk pristine sediment and its various particle size
and mineralogic isolates were performed with a Philips PW3040/00
X'Pert MPD system using a Cu anode. The routine operating power
was 2000 W (40 kV, 50 mA). Powder samples were tightly packed into
the well (1/4-inch diameter) of low-background quartz XRD dlides for
analysis. Peak identification on the diffractograms was performed using
the JADE+, V5 (Materials Data Inc., Livermore, California) data
analysis software package.

2.6. Electron Microscopy (SEM/TEM) and Energy Dispersive
Analyses (EDS)

Specimens for TEM were prepared by applying the material onto a
Cu grid with a formvar support film coated with carbon. Imaging and
analyses were performed using a JEOL 2010 high resolution TEM
equipped with aL aB filament as an electron source operated at 200 kV
with nominal resolution of 1.8 A. Images were digitally collected and
analyzed using a Gatan Digital Micrograph. For elemental analyses, an
Oxford Link I1SIS X-ray EDS microanalysis system was used with a
650-nm diameter spot size. Emitted X-rays were detected by a Si(Li)
detector with 136-eV energy resolution. Samples for SEM analyses
were applied on carbon tape, sputter coated with carbon, and imaged in
LEO 924 FE SEM coupled with Oxford ISIS EDS and Rontec elemen-
tal mapping system.

2.7. Mossbauer Spectroscopy

Mosshauer spectroscopy was used to study the valence distribution
and structural environment of Fe in the sediments. Sediments and
mineral isolates were mixed with petroleum jelly in a0.5-inch thick and
0.375-inch Cu holder and sealed with clear scotch tape and an alumi-
nized-Mylar film. The pristine sediments (75-150 mg) were used in
air-dried form. Samples from the contaminated plume regions were
dried under anoxic conditions. We have used similar mounting proce-
dures for green rust compounds (that react rapidly with oxygen), and
have observed no oxidation (Kukkadapu et al., 2004). The sample
volume was equivalent to ~25% of that of the sample holder. Thick-

ness corrections were not applied because of low absorber densities.
Liquid nitrogen measurements were performed using a top-loading
Janis exchange-gas cryostat. The temperature was continuously moni-
tored with a Nichrome thermocouple. The temperature was adjusted
and maintained (+0.5 K) with a Lakeshore Model DRC-93CA tem-
perature controller. The entire drive-source assembly was externa to
the cryostat and only the sample was cooled to liquid nitrogen temper-
ature.

Spectra were collected using a °"Co/Rh single-line thin source, with
an initia activity of 50 mCi. The velocity transducer (MVT-1000;
WissEL ) was operated in the constant-accel eration mode (23 Hz, =5 or
+15 mm/s). Datawere acquired on 1024 channels and then folded with
the Recoil program (University of Ottawa) to 512 channelsto give aflat
background and a zero-velocity position corresponding to the center
shift (CS or §) of a metallic-Fe foil at room temperature. Calibration
spectra were obtained with a 20-um thick o-Fe foil (Amersham,
England) placed in exactly the same position as the samples to mini-
mize any error due to changes in geometry. The transmitted radiation
was recorded with an Ar-Kr proportional counter.

Mosshauer spectrawere evaluated with the Recoil program using the
Voigt-based hyperfine distribution method of Rancourt and Ping
(1991). Only one M dsshauer spectrum was collected for each sample or
sample treatment. The data analysis involved the fitting of the Mdss-
bauer spectrum with a hypothesized model of the contributing Fe sites
that were described as quadrupole splitting distribution sites (doublet)
or hyperfine field distribution sites (sextets). Goodness of fit of the
overall multiple-site model was described in terms x2. Spectral areas,
reported as percent of total, were computed for each of the contributing
sites. Statistics were computed for these spectral areas that were de-
pendent on the number of data points (that were the same for each
sample), the number of Fe sites, and the number of parameters describ-
ing each site. The coefficients of variation for the spectral areas of the
individual sites generally ranged between 2 and 5% of the fitted value.
The spectral areas were equated with the mass percentage of the
different components or sites given the assumption of a constant recoil
factor.

3. RESULTS
3.1. Optical Microscopy
3.1.1. Pristine sediment

The pristine sediment exhibited a faint brown-red color.
Optical examination of the 53-250 um and 250-2000 um
fractions of the pristine sediment showed it to be mineralogi-
caly complex and heterogeneous. Quartz was the dominant
mineral, with clear and milky varieties the most abundant, but
with a fair amount of translucent rose quartz. There were
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a)

1

34" Magnetite

Bemid)i Sail 32 5-34' Concretions

1 mm

Fig. 1. Optical micrographs of mineral particles isolated from Be-
midji pristine sediments. (a) Magnetite and (b) nodular concretions.
Scale noted.

fragments of hornblende and pyroxenes, and grains of olivine
(Mg rich-forsterite) and carbonates in the 53-250 wm fraction.
Variably weathered phyllosilicates, including muscovite and
chlorite were also evident. The 53-250 um fraction contained
many subrounded and subhedral grains of magnetite (Fig. 1a).
These mineral isolates were confirmed as magnetite by X-ray
diffraction and Mdssbauer spectroscopy (data not shown). The
magnetite grains were of a relatively uniform particle size.

Both the 53-250 wm and 250—2000 wm isolates contained
curious, reddish-black, rounded grains with botryoidal habit
that appeared to be iron containing, but were not magnetic (Fig.
1b). Their morphology and habit were insufficiently distinct to
allow mineralogic identification, but individual grains were
hand-picked for XRD and other analyses. There were also
small, dispersed, subrounded grains of hematite in both particle
size separates, and occasional polycrystalline aggregates that
had yellow staining reminiscent of limonite. The hematite
grainswere finely crystalline and blood red, but not translucent.
Fe(111) oxide also occurred as a coating on quartz fragments but
these grains were not abundant.

3.1.2. Contaminated sediments

The source area and Fe(l11)-reducing sediments exhibited a
greenish-gray hue. Optical microscopy revealed that the dis-
tinctive red-black nodular concretions (Fig. 1b) were absent
from the source area and Fe(l11)-reducing sediments. Consis-
tent with the noted color changes, Fe(lll) oxide-stained rock
fragments were not found in the source area or Fe(I11)-reducing
sediments as observed in the pristine sediment.

The Fe(l11)-reducing sediment was a well-sorted fine quartz
sand. There were abundant amphibole particles as found in the
pristine sediment, but fewer rock fragments. Of these frag-
ments, some had the appearance of being mafic. Very few
grains were observed with Fe(l11) oxide staining and these were
primarily weathered potassium feldspars. Unlike the pristine
sediment, quartz grains were generaly free of Fe(lll) oxide
coatings, and were angular, subangular, and subrounded. Pla-
gioclase and potassium feldspars were abundant in the Fe(I11)
reducing sediment. The potassium feldspar grains were smaller
than those observed in the pristine sediment. The Fe(lll) re-
ducing sediment contained abundant magnetite. The magnetite
grains were 10—20 um in size and were subhedral to anhedral
in morphology.

The source area sediment, which had been oil contaminated,
was washed free of oil residue using acetone. The acetone-
washed material was extracted with DCB and AOx, and an
untreated fraction was set aside for comparison. The three
sediments appeared visually identical and were similar to the
Fe(111) reducing sediment. Very few quartz grains had evidence
of Fe(I11) oxide coatings. Most of the quartz and feldspar grains
were fractured to subrounded. Amphibole grains were slightly
less abundant than in the Fe(l1l) reducing and pristine sedi-
ments. The source area material also had very few rock frag-
ments, relative to the pristine sediment. Epidote grains and
brilliant green amphibole grains were observed. The source
material contained only a few magnetite grains, which were
larger than those observed in the Fe(l11) reducing sediment. No
evidence was found for small, globular magnetite precipitates
characteristic of biogenic formation (Sparks et al., 1990;
Fredrickson et a., 1998), but the magnification power of the
optical microscope was not high enough to differentiate such
small particles. The source area sediment was compositionally
and texturally similar to the pristine sediment except for the
absence of the concretionary, nodular material.

3.2. X-ray Diffraction Analyses

The crystalline mineral composition of the pristine sediment
varied with size fraction. Quartz and feldspar were dominant in
the coarse fraction (Fig. 2), with minor calcite and dolomite
being evident. Calcite and dolomite contents increased in the
silt fraction (Fig. 2) and small peaks from clinochlore were
evident. Muscovite was the dominant component of the clay
fraction with minor amounts of clinochlore (Fig. 3). XRD
analyses were not performed on the contaminated sediments
because sample volumes were limited and oxidation during
analysis was a concern.

The Fe(ll1) oxide coatings visible by optical microscopy
were not evident by XRD. However, goethite and hematite, in
association with chlorite and quartz, were observed as signifi-
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Fig. 2. Powder X-ray diffractograms of the (a) silt and (b) sand
fractions of the pristine Bemidiji aquifer sediment. CC = clinochlore; M
= muscovite; C = calcite; Q = quartz; D = dolomite.

cant components of the nodular concretions shown in Figure 1b
(Fig. 4). Their nominal mass concentration in the <2.0 mm
pristine sediment appeared to be below the approximate XRD
detection limit of 5%.

3.3. Chemical Analyses

The total Fe in the pristine Bemidiji sediment as determined
by X-ray fluorescence measurement (XRF) was approximately
1% (see < 2.0 mm analyses, Table 1). Total-Fe increased with
decreasing particle size through the silt and clay fractions
(Table 1). A significant fraction of the total Fe in the pristine
sediment was extracted as Fe(I11) by AOx [poorly crystalline
Fe(I11) oxides] and DCB [tota reducible Fe(l11) oxides], Table
1. Poorly crystalline Fe(l11) oxides represented a small fraction
of total Fe in the < 2.0 mm sediment, but a larger fraction of
the Fe was reducible in DCB indicating a significant crystalline
Fe(I11) oxide content. The different amounts of Fe(l11) solubi-
lized by the two extractants (AOx and DCB) indicated that the
Fe(lll) oxides in the pristine sediment exhibited a range in

Intensity (counts)

06-0263> Muscovte-2M1 - KAIZ(SGAIOTO(ON 2

[ AT .Ii...l wall Ly el L

k) 2 E) E) 50 E) 7

2-Theta (%)

Fig. 3. Powder X-ray diffractogram of the clay-sized fraction of the
pristine Bemidji aquifer sediment. CC = clinochlore; M = muscovite.

700

— Goethite (PDF# 29-0713)
600 Hematite (PDF# 33-0664)

Q

500

400

300 -

Intensity (arb. units)

200 -
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0 T T
0 10 20 30 40

°20(CuKa)

Fig. 4. Powder X-ray diffractogram of ground nodular concretions
isolated from the coarse fraction of the pristine sediment. Goethite and
hematite powder diffraction file (PDF) patterns were overlaid as a
guide to the eye.

crystallinity. The Fe(l11) oxides were not in high enough con-
centration, however, to be observed by XRD (Figs. 2 and 3).
Generaly, the contaminated sediments had approximately
0.1% less total Fe (by XRF), and a smaller concentration of
total reducible Fe(lll) oxides than did the pristine sediment
(Table 1). Moreover, the source area sediments, where metha-
nogenesis predominates, had less extractable Fe(111) (both AOx
and DCB) than did sediment from the Fe(l11)-reducing zone.
The low AOx-extractable Fe(I11) concentration in the pristine
sediment (12.0 umol/g) was difficult to rationalize, but may be
related to the presence of the goethite/hematite nodular concre-
tions whose Fe(lll) could only be extracted with DCB. The
relatively small changein total Fe and extractable Fe(l11) in the
contaminated plume sediments (Table 1) was associated with a
major change in sediment color, indicating preferential bio-
dissolution of Fe(ll1) from grain surfaces/exteriors.

3.4. Iron Valence and Structural Environments

3.4.1. Room temperature Mossbauer measurements of the
pristine sediment

Mossbauer spectroscopy indicated the presence of both
Fe(ll) and Fe(ll1) valence states in the pristine sediment. The
mole fraction of Fe(ll) was highest in the coarse fraction (Fig.
5a) and decreased with decreasing particle size. The clay frac-
tion had the highest Fe(lll) content. This trend was evident
from the relative intensity of high-energy component of the
Fe(Il) doublet(s) (+2.5 mm/s; asterisk in Fig. 5). The larger
proportion of Fe(ll) in the coarse fraction was a so indicated by
the increased asymmetry of the central doublet (—0.6 to 1.3
mm/s). The calculated Fe(11) contribution to the spectra, (Table
2), was 10, 20, and 37%, for the clay, silt, and coarse fractions
respectively.

The Mossbauer parameters of the central doublet for the
clay, silt, and coarse fractions were typical of high-spin
Fe(l1),. Sites associated with ferrihydrite. The intensity of the
central doublet decreased with an increase in sediment particle
size, suggesting a lower content of ferrihydrite. The doublet
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Fig. 5. Room temperature (RT) Mossbauer spectra of size fractions
of the pristine sediment. Data points were connected with solid lines as
aguideto the eye. (a) Fine sand (53-250 wm), (b) untreated, AOx, and
DCB-treated silt fraction (2-53 um), and (c) clay (<2 um). The
high-energy Fe(I1) component of clinochloreisindicated by an asterisk.
Solid vertical lines indicate the position of epidote.

was not eliminated by AOx and DCB treatments of the silt
fraction (Fig. 5b); dropping 30 and 60%, respectively, in spec-
tral area (based on 77 K measurements, Fig. 6, Table 2). The
change in the Mdssbauer spectrum with AOx and DCB treat-
ments indicated that at least three pools of mineral Fe(lll)
contributed to the centra doublet: *“AOx-extractable
[Fe(lln),],” “DCB-extractable [Fe(lll)4],” and nonextractable
Fe(lll) present in silicates [Fe(lll)] such as clinochlore. A
fourth Fe(lll) phase was aso evident (indicated by solid
vertical lines in Fig. 5) that exhibited Mossbauer parameters
characteristic of epidote, a Fe(lll)-silicate [Ca,(Al,Fe);
(Si0,)5(OH); Bancroft et al., 1967].

Unlike Fe(l11), the Fe(ll) sediment component was not af-
fected by AOx and DCB extractions (Fig. 5b). The untreated,
AOX, and DCB-treated samples exhibited identical Fe(ll) peak
shapes, as evident from their high-energy components at 2.6
mm/s (Fig. 5b). The lack of change in the Fe(l1) spectrum with
AOx extraction (at pH = 3.5) indicated that carbonate Fe(l1)
was not present in sufficient concentration to influence the
Mossbauer spectrum. Electron microscopy measurements de-

scribed subsequently demonstrate that Fe-substituted carbon-
ates do exist in low concentration in the pristine sediment.
The RT Mosshauer spectrum of the clay fraction was fitted
with two Fe(ll) doublets and two Fe(lll) doublets (fit not
shown, Table 2). The Fe(l1) doublets were assigned to cis- and
trans-Fe(ll) sites of clinochlore. The calculated values were
similar to those reported by Suittill et al. (1982) for chlorites.
The central doublet in the RT Mdssbauer spectrum of the clay
fraction (Fig. 5¢) was fitted with one doublet [mixed Fe(l11)] in
order quantify the mass distribution of Fe(ll1) relative to Fe(ll)
(Table 2). This approximation was necessary because it was
difficult to fit unique parameters for the individual Fe(lll)
components to the RT data alone. Consistent with the DCB
extraction (Table 1), the mixed-Fe(l11) component dominated
the spectral area (79%) of the sediment. The DCB extraction, in
contrast, yielded 67.7%. The Mossbauer parameters of the
outer Fe(111) doublet (marked with vertical lines in Figure 5c),
were again, typical of epidote. This phase represented 7% of
the spectral area. The RT spectra (Fig. 5) of the different size
fractions of the pristine sediment indicated that mineral mass
distribution, but not identity, varied with particle size.

3.4.2. 77 K Mossbauer measurements of the pristine
sediment

Mossbauer spectra were collected for the pristine silt frac-
tions (untreated, AOx, and DCB extracted) at liquid nitrogen
temperature (77 K) to further characterize the Fe(lll) oxide
phases that contributed to the central doublet in Figure 5b.
Unlike the RT spectrum (Fig. 5b), sextets that represented
approximately 18% of the spectral area were evident in the 77
K spectrum of the untreated silt fraction (Fig. 6a, Table 2). The
sextets also appeared upon cooling the < 2 uwm and 53-250 um
size fractions to 77 K (data not shown).

Three operationally defined Fe(ll1) components (doublets)
were used to model the central doublet in Figure 6. These
components included Fe(lll), (the poorly crystalline Fe(lll)
oxide extracted by AOx), Fe(lll)gwo [@ more crystaline
Fe(ll1) oxide resistant to oxalate extraction, but extracted by
DCB], and Fe(lll), [residua Fe(lll) in silicates after DCB
extraction]. Accordingly, the untreated, AOx and DCB
treated silt samples (Fig. 6) were fitted with three [Fe(ll),,
Fe(l11) gowoy. and Fe(l11) ], two [Fe(l11) g0y and Fe(ll1)d, and
one [Fe(lll)J doublets, respectively.

The model [spectral areas of Fe(lll),, Fe(lll)gg, and
Fe(ll1)J was incrementally assembled by first fitting the DCB
extracted sediment (Fig. 6¢). The AOx treated sample (Fig. 6b)
was then modeled by: i) fixing the Fe(lll), area relative to
clinochlore Fe(ll), ii.) applying the Mdssbauer parameters for
clinochlore Fe(I1), Fe(l11),, and epidote Fe(l11) from Figure 6c,
and iii.) adding a fourth doublet, Fe(lll)4yo, to provide the
best match of calculation with experiment. A similar approach
was used to model the central doublet of the untreated sample
(Fig. 6a), except in this case the peak areas of both Fe(I11) 4
and Fe(l11), were fixed relative to clinochlore-Fe(I1). This mod-
eling approach yielded estimated concentrations of Fe(lll),,
Fe(l11) gwoy, and Fe(lll)g of 30%, 12%, and 12% of the total
area of the untreated silt fraction, respectively (Table 2).

The Mossbauer parameters for Fe(lll), (Fig. 6a, Table 2)
were typical of ferrihydrites (Zachara et al., 2002; Kukkadapu
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Table 2. Mossbauer parameters of the pristine sediment.

Mossbauer parameters®

Meas. CS, A, O g, o, OF Oy Byt Area®
Sediment temp. Fe-species” (mm/s) (mm/s) (mm/s) or T ()] (%)
<2.0 um (clay) RT Clinochlore-cis-Fe(Il) 1.09 2.75 0.20 — 10
Clinochlore-trans-Fe(11) 0.99 2.27 0.26 — 4
Epidote-Fe(I11) 0.39 1.90 0.45 — 7
Mixed-Fe(I11) (includes 0.38 0.64 0.30 — 79
clinochlore)
2-53 um (silt) 77K Clinochlore-Fe(l1) 124 2.77 0.29 — 20
Epidote-Fe(I11) 0.48 2.03 0.23 — 7
Fe(lll), 0.48 0.72 0.33 — 30
Fe(llD guoy 0.45 0.90 0.46 — 12
Fe(ll), 0.48 0.71 0.42 — 12
Goethite-Fe(I11) 0.53 —0.18 2 46.3 13
Hematite-Fe(l11) 0.7 -0.15 0.2 535 5
2-53 pm¢ (silt- 77K Clinochlore-Fe(I1) 1.25 2.84 0.28 — 39(32)
ammonium oxalate Epidote-Fe(I11) 0.38 2.09 0.23 — 9(7)
treated) Fe(ll) guuoy 0.44 0.89 0.465 — 25 (21)
Fe(l11)s 0.48 0.71 0.42 — 26 (21)
Magnetic-Fe(l11)¢ — — — — (18)
2-53 um (silt-DCB 77K Clinochlore-Fe(l1) 124 2.77 0.29 — 55
treated) Epidote-Fe(l11) 0.48 2.03 0.23 — 75
Fe(l11)s 0.48 0.70 0.42 — 37
53-250 pum (coarse) 77K Clinochlore-Fe(11) 125 2.78 0.28 — 37
Epidote-Fe(l11) 0.45 2.03 0.27 — 13
Fe(lll)g 0.48 0.72 0.41 — 31
Goethite-Fe(l11) 0.57 -0.17 194 49.7 14
Hematite-Fe(l11) 0.67 —0.03 0.8 52.9 6
<2.0 mm 77K Clinochlore-Fe(l1) 1.25 2.84 0.22 — 48
Epidote-Fe(l11) 0.47 217 0.23 — 9
Fe(l1 guo) 0.45 0.90 0.46 — 6
11)g 0.48 0.71 0.42 — 18
Goethite-Fe(l11) 0.54 -0.18 254 47,0 14
Hematite-Fe(l11) 0.81 —-0.23 0.2 53.9 5
<2.0 mm (ammonium 77K Clinochlore-Fe(l1) 1.25 2.83 0.25 — 43
oxalate treated) Epidote-Fe(l11) 0.49 217 0.23 — 11
Fe(l1 guo) 0.45 0.90 0.46 — 8
11)g 0.48 0.71 0.42 — 17
Goethite-Fe(l11) 0.57 -0.21 2.93 476 17
Hematite-Fe(l11) 0.84 -0.12 0.2 54.0 4
<2.0 mm (DCB treated) 77K Clinochlore-Fe(l1) 124 2.85 0.24 — 62
Epidote-Fe(l11) 0.48 2.08 0.23 — 14
Fe(lll)s 0.50 0.68 0.37 — 24

#Values derived from Voigt-based fits (Rancourt and Ping, 1991). CS,, is center shift, A,, or &,, is quadrupole splitting or quadrupole shift, o,

or o is hyperfine distribution width, and B, is magnetic hyperfine field.

DCB extractable Fe(Ill) = [Fe, + Feyue + magnetic Fe(lll)].
¢ The spectral area is a semi-quantitative measure of mass.

9 The magnetic Fe(lll) fraction is not included in the fit because the spectrum only ranged between —5 to +5 mmy/sec. The areas reported in
parentheses were calculated assuming magnetic Fe(l11) contribution identical to that derived for the untreated sample.

€ Goethite + hematite.
f Nature of Fe(lll) is not certain.

et a., 2003). It was not possible to unambiguously assign the
Fe(l11)gwoy doublet to a specific Fe(lll) oxide because small
particle size and/or isomorphous substitution of foreignionsin
crystalline Fe(l11)-oxides results in a doublet rather than a
sextet due to super paramagnetic relaxation. The Mossbauer
parameters derived for residual Fe(ll1), from Figure 6¢ (Table
2) were aso not easily matched with other known phases.
The hyperfine feature associated with crystalline Fe(l11) ox-
ides (e.g., peaks at approximately —7.5, —3.5, 5, and 8 mm/s,
Fig. 6a) was fitted with two sextets (Table 2). The derived
magnetic hyperfinefield B, value of 46.3 T for the major sextet
(13% spectral area) was similar to the values reported for small

particle, or poorly crystaline goethite (<15 nm, Janot et a.,
1973), Al substituted goethite (>12%, Vandenberghe et al.,
1990), and maghemite (Murad, 1988). The derived B, value of
53.3 T for the minor sextet (5% spectral area) was typical of
hematite (Fysh and Clark, 1982). The absence of sextets in the
DCB-treated sample (Fig. 6¢) was consistent with the presence
of goethite and hematite in the untreated sample, as these
crystalline Fe(l11) oxides are removed by DCB extraction. The
concentrations of AOx and DCB extractable Fe(lll) oxides
estimated from Mossbauer spectroscopy of the silt fraction
(Table 2) showed reasonable agreement with the extraction
values (Table 1). Our measurements implied that Fe(l1l), ex-
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Fig. 6. 77 K Mossbauer spectraand model simulations of the pristine
silt-sized fraction (2-53 um). (8) Spectrum for the untreated fraction
obtained from —10 to +10 mmy/s. (b) AOx-treated spectrum obtained
from —5to +5 mm/s. Sextet peaks 2 and 5 are indicated by an asterisk.
(c) DCB-treated spectrum obtained from —10 to +10 mm/s.

isted as coatings or intergrain precipitates on lithic fragments
predominantly in the clay and silt fractions.

Mosshauer spectra (77 K) were collected from the < 2.0 mm
pristine sediment, as well as AOx- and DCB-treated sub-
samples (Fig. 7) to facilitate comparisons between the bulk
pristine and contaminated sediments. A modeling approach like
that employed for Figure 6 was again used (see results of
modeling in Table 2). Consistent with the observations of
Figure 5, where Fe(ll) content was observed to increase with
sediment particle size, the spectrum of the untreated pristine

sample was dominated by clinochlore-Fe(ll) (Fig. 7a). Sextets
associated with hematite and goethite were also evident, aswell
as doublets resulting from epidote and Fe(l11). AOx-treatment
of the <2.0 mm pristine sediment had little effect on its
Maossbauer spectrum (Fig. 7b), attesting to the low overall
concentration of poorly crystalline Fe(l11) oxide [e.g., Fe(l11).].
DCB extraction eliminated the sextet feature associated with
goethite and hematite (Fig. 7), and removed spectral mass from
the central doublet attributed to Fe(lll)qn, (Table 2). The
invisibility of Fe(l1), in the bulk sediment was consistent with
the low values of AOx-extractable Fe(lll) in the < 2.0 mm
sediment (Table 1).
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Fig. 7. 77 K Mossbauer spectra and model simulations of the <2.0
mm pristine sediment. (a) Untreated sediment. (b) AOx-treated sedi-
ment. (c) DCB-treated sediment.
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Fig. 8. 77 K Mossbauer spectra of the < 2.0 mm pristine sediment
and the Fe(lll)-reducing sediment. (a) Spectra at —5 to +5 mm/s
showing a detailed comparison of chlorite and epidote peaks. (b)
Spectraat —10 to +10 mm/s. An asterisk indicates sextet peaks due to
magnetic Fe(lll).

3.4.3. 77 K Mossbauer measurements of the contaminated
sediments

The 77 K Mossbauer spectra of the source and Fe(lll)-
reducing zones were significantly different from the pristine
sediment (Figs. 8 and 10). However, the clinochlore and epi-
dote peaks in the contaminated sediments were identical to the
pristine sediment, indicating their stability under reducing con-
ditions.

The magnetic Fe(lll) feature (sextets; asterisks in Fig. 8b)
attributed to goethite and hematite in the pristine sediment (Fig.
6a and Figs. 7ab) was also observed in the Fe(lll) reducing
sediment. These sextets, however, were not apparent in the 77
K spectrum of source sediment (Fig. 9) where adoublet feature
dominated its spectrum. Apparently these phases were removed
as a consequence of subsurface DIRB activity, or they did not
exist in the pristine sediments in this region of the plume.

The relative contents of the various Fe-mineral phasesin the
two contaminated sediments were obtained by fitting their 77 K
spectra (Fig. 10). To model the data, the Mdssbauer parameters
of clinochlore and epidote, and magnetic-Fe(l11) due to goethite
and hematite [in the Fe(l11) reducing sediment] were fixed at
values used for the pristine sediment (Table 2). Also, the
Mossbauer parameters of Fe(lll), and its content [relative to

clinochlore-Fe(l1)] were fixed at values fitted in the DCB
treated pristine sediment (e.g., Fig. 7c). Both of these approx-
imations helped quantify the nonsilicate Fe contribution
[Fe(ll),d to the central doublet (Fig. 10, Table 3). Unlike our
modeling of the pristine sediment fractions, we did not divide
the Fe(lll),s into separate Fe(lll), and Fe(lll)q,q fractions.
Textural differences between the pristine sediment (more
coarse) and the contaminated sediments (more fine) precluded
such approach. Unexpected was a significant contribution of
nonsilicate Fe(l11) [e.g., authigenic Fe(l11) oxide] to the central
doublets of both anoxic plume sediments (7% in source and
26% in Fe(l11)-reducing sediment; Table 3) when this compo-
nent [e.g., Fe(l11)qwoy] Was barely evident in spectra for the <
2.0 mm pristine sediment (Fig. 7, Table 2). We believe that our
samples from the source and Fe(l11) reducing zones originated
from a finer textured facies of the aquifer than did the pristine
sediments.

The Fe(l11) .5 content of the source sediment derived from the
spectral analysis (7%) was similar to that extracted by DCB
(Table 1; 10% of Feror). A 77 K Mossbauer spectrum was
measured on the DCB-extracted source sediment (Fig. 9) to
document that the fitted Fe(lll), ¢ fraction was a reducible
Fe(l1l) oxide, and not an artifact of our assumption of a con-
stant [Fe(I11)J/chlorite-[Fe(11)] ratio. DCB-extraction removed
spectral areafrom the central doublet, indicating that authigenic
Fe(ll1) oxides [e.g., Fe(lll),J existed in the source sediment.
The high and low field regions of the two spectra (untreated and
DCB-treated) were virtually identical, indicating that the crys-
talline Fe(l11) oxides (goethite and hematite) that contributed to
the sextets in the pristine and Fe(l11) reducing sediments were
depleted in the source sediment.

The reducible Fe(l11)-oxide fraction of the Fe(ll1)-reducing
zone sediment estimated from the spectral analysis of Figure
10a [sum of Fe(l1l),s and goethite and hematite; Table 3], was
significantly higher than for the source sediment. The differ-
ence between the Fe(lll) reducing and source sediments was
apparent in the width of the central doublet. This result indi-
cated that Fe(l11) oxide depletion near the source of contami-
nation was higher than in the Fe(lll) reducing region of the
plume.

101 100.2

Source sediment (DCB extracted)
JUILUIPAS 22IN0S

— Source sediment 986
""" Source sediment (DCB treated)
96 98.4
5 4 3 2 A 0 1 2 3 4 5

Velocity (mm/sec)

Fig. 9. 77 K Mdssbauer spectra of the source sediment and the source
sediment after DCB extraction (—5 to +5 mn/s).
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Fig. 10. 77 K Mossbauer spectra and model simulations of (a) the
Fe(I11) reducing sediment and (b) the source zone sediment.

3.5. Electron Microscopy and EDS Analyses of Mineral
Separ ates

3.5.1. Nodular concretions

Nodular concretions isolated from the pristine sediments
were analyzed to establish whether these mineral particles

could conceivably be dissolved under Fe(l1)-reducing condi-
tions. The nodular concretions were primarily composed of
goethite and hematite, but also contained significant inclusions
of quartz (Fig. 4; Figs. 11a,b). The concretions were dense with
minimal internal porosity. Consistent with the XRD pattern,
iron was the primary metal cation in the concretions, followed
by lesser amounts Si, Al, and Mn (Table 4). The concretions
exhibited a visible rind (20 wm) in cross section (not shown),
that was aso evident in the EDS image (Fig. 11a). Quantitative
spot analysesindicated that the rind was partially depletein Mn
and Fe (Table 4), possibly indicating the temporal occurrence
of Fe(I1)/Mn(I11/1V) reducing conditions in the pristine aqui-
fer.

3.5.2. Carbonates from the pristine and contaminated zones

Carbonates isolated from the pristine and contaminated
zones were anadyzed to determine if Fe(ll)-carbonate precipi-
tation in the anoxic zone could be verified. Many carbonate
lithic fragments from the pristine sediments contained Fe as a
minor substituent that was distributed both homogeneously and
heterogeneously (Fig. 12). Fe valence was not measured on
these particles but Fe that was internal to the carbonate particles
was presumed to be Fe(ll). The heterogeneous particles also
showed discontinuous surface precipitation of Fe and a faint,
meshlike internal network of Fe within the carbonate matrix
(Fig. 12d). The internal zones of Fe concentration were com-
positionally distinct precipitates of ferroan calcite that outlined
grain boundaries and recrystallized zones (Fig. 13). The ubig-
uitous presence of these ferroan calcite cements, and their
crystallization within the rock fabric implied a detrital origin. A
different pattern of Fe accumulation was observed in other
pristine sediment carbonate particles (Fig. 14a) where Fe was
localized at specific regions of the surface, and in intragrain
channdls linked to the aqueous phase. We surmised but did not
document that these Fe-zones were Fe(l11) oxides.

Carbonate particles isolated from source zone sediments
where bacterial Fe(l11) reduction was greatest exhibited similar
characteristics to those from pristine sediment. Carbonate par-
ticles with both homogeneous and heterogeneous Fe distribu-
tion were isolated and analyzed. The intergranular ferroan
calcite cement in source zone carbonates was distinctive in

Table 3. 77 K Mosshauer parameters of the contaminated sediments.

M0osshauer parameters®

CSs, A, O ey oA or o
Sediment Fe-species (mm/s) (mm/s) (mm/s) or T By (T) Areadl (%)
Fe(I11) reducing sediment Clinochlore-Fe(11) 124 2.76 0.32 — 36
Epidote-Fe(I11) 0.48 2.03 0.23 — 6
Fe(l11)g 0.48 0.71 0.42 — 16
Fe(lll),s 0.48 0.44 0.22 — 26
Goethite-Fe(I11) 0.61 -0.21 19 47.9 10
Hematite-Fe(l11) 0.57 0.07 0.8 52.9 6
Source Clinochlore-Fe(1l) 122 271 0.29 — 47
Epidote-Fe(I11) 0.51 2.03 0.23 — 13
Fe(l11)g 0.47 0.72 0.42 — 33
Fe(lll),s 0.33 0.06 0.1 — 7

2Values derived from Voigt-based fits (Rancourt and Ping, 1991).
b The spectral area is a semi-quantitative measure of mass.
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SiKa. 232

500 pm

Fig. 11. EDS cross-sectional chemical images of a hematite/goethite-
containing nodular concretion from the pristine sediment, () Fe and (b)
Si. Color scales indicate relative concentration. Red is the highest
concentration, decreasing to yellow, then green and blue. Specific
analyses for the Fe domainsin () are reported in Table 4. The XRD of
this nodule is reported in Figure 4.

cross section (Fig. 14b) and small crystallites with nascent
rhombohedral morphology were evident in plan view (Fig. 14c)
as components of larger, carbonate cemented aggregates. A
potentially distinguishing characteristic of carbonates from the
source zone was the presence of generally continuous particle
coatings of Fe (compare Fig. 14b with Fig. 144), that could
represent ferroan calcite or siderite precipitated as an indirect
product of bacterial Fe(lIl) reduction.

In spite of these many examples of Fe in carbonate associ-
ation, spectral contributions of carbonate-Fe(ll) were not ob-
served in the Mdssbauer spectra of any of the size fractions of
the pristine or the source zone sediment. The low concentration
of Fein this structural environment prevented its identification.

Table 4. Chemica analyses of nodular concretions by EDS.

Core

n? Al Si Mn Fe

9 0822 (+.706) 5.60(+2.02) 1.37(*+0.19) 69.0 (+8.36)
Rind

n Al Si Mn Fe

10 1.06 (£0.910) 994 (+2.63) 0412 (+0.125) 565 (+6.59)

2n = number of spot measurements.

The high field component of the paramagnetic doublet for
Fe(ll) in carbonate fals at approximately 2.2 mm/s (Ono and
Ito, 1964; Kukkadapu et d., 2001), as compared to 2.4 mm/s
for chlorite.

4, DISCUSSION
4.1. Fe Mineralogy of the Pristine Sediment

The pristine sediment contained both Fe(I1) and Fe(l11) min-
eras. Ferrous iron represented approximately 48% (based on
Maossbauer fit; Table 1) of the total iron in the < 2.0 mm
pristine sediment. Clinochlore was the primary Fe(ll) reposi-
tory, with the remainder occurring as detrital magnetite and
ferroan-calcite intergrain fillings within silt-sized carbonate
lithic fragments.

The ferric iron mineralogy was complex (Table 5). Moss-
bauer spectroscopy indicated that approximately 20% of the
Fe(lll) existed in structural association in epidote and other
silicates (e.g., clinochlore, muscovite, and others). The remain-
der of the Fe(lll) existed as Fe(l11) oxides of differing forms.
Detrital magnetite [Fe(l1)Fe(111),0,], identified by its dodeca

500 um

Fig. 12. EDS cross-sectiona chemical images of two Fe-containing
carbonate grains from the pristine sediment, (a) Ca and (b) Fe for the
homogeneous carbonate, and (c) Ca and (d) Fe for the heterogeneous
carbonate. White intensity denotes relative concentration.
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Fig. 13. Backscattered electron SEM image and EDS analyses of high-Fe internal regions of the
heterogeneous carbonate. Light (white) regions are electron dense regions associated with elements of
higher atomic weight (e.g., Fe). The gray regions are the dolomite matrix.

hedral morphology and XRD pattern, was common at the
0.5% mass level in the pristine and contaminated sediments.
Mossbuaer spectroscopy of the magnetite phase showed it to
be relatively unweathered (spectra not shown). One curious
detrital form of Fe(I11) oxide were the silt- and sand-sized
nodular concretions (Figs. 1, 4, and 11) that contained
hematite as a dominant phase. The morphology and habit of
the concretions suggested origin in the taconitic, iron bear-
ing sediments south and west of Lake Superior that are
mined for hematite. A third form of Fe(lll) oxide was
observed primarily by optical microscopy. These were
small, goethite and hematite precipitates on quartz and felds-
par grain surfaces. The concretions and surface precipitates,
combined, yielded the 77 K sextet features attributed to
goethite and hematite in the bulk pristine sediment (Fig. 7).
In contrast, only surface precipitates contributed to the 77 K
sextets in the pristine silt fraction (Fig. 6) and the Fe(l1l)
reducing sediment (Fig. 10), because concretions were not
present in these materials. It is suspected that the goethite
and hematite associated with both the concretions and the
surface precipitates were of similar composition or crystal-
lite size, because neither showed magnetic ordering in their
room temperature Mossbauer spectra (see Fig. 5).

A fourth form of Fe(l11) oxide, and the one most important
to DIRB as an electron acceptor, was associated with the
central Mossbauer doublet of the pristine silt and clay frac-
tions (Figs. 5 and 6) and the Fe(Il1) reducing and source
sediments (Fig. 10). This material increased in mass percent
in the smaller size fractions of the pristine sediment (Fig. 5),
and was likely authigenic, finely distributed Fe(I11) oxide.
Approximately 60% of this material was soluble in AOx and
the remainder in DCB. The room temperature Mossbauer
parameters of the doublet were similar to those reported for
2-line (Zachara et al., 2002) and 6-line ferrihydrite (Kukk-
adapu et al., 2003). The incomplete solubility of this phase
in AOx implied partial crystallinity, possibly as 6-line fer-
rihydrite or cryptocrystalline goethite.

4.2. Microbiologic Changes to the Fe(l11) Oxide Fraction

The organisms primarily responsible for dissimilatory Mn
and Fe reduction in the Bemidji aquifer appear to be species of
Geobacter (Rooney-Varga et al., 1999) and Geothrix (Ander-
son et al., 1998; Coates et al., 1999). Geobacter readily utilizes
poorly crystalline Fe(I11) oxides as an el ectron acceptor through
direct cellular contact, but has difficulty reducing crystalline
Fe(l11) oxides (Lovley and Phillips, 1988; Lovley et al., 1991,
Nevin and Lovley, 2000). Geothrix, in contrast appears to
liberate a soluble extracellular organic compound that aids
electron transport from the cell to the oxide surface (Nevin and
Lovley, 2002).

Our initial intent was to identify biologic changes to the
Fe(l1l) mineralogy by direct comparisons of the pristine and
contaminated sediments. However, quantitative comparisons
between the pristine and contaminated sediments were not
possible because of textural differences between the sediments.
The pristine sediments were available in greater volume and
this allowed us to develop a detailed model of the identity and
size class distribution of the Fe(l11) oxides by studying different
particle-size fractions. The facies problem prevented us from
concluding whether the absence of the hematite/goethite nod-
ules in the contaminated zones (Table 5) was a result of
iron-reducing microbiologic activity, or simply that the nodules
were not there in the first place. We believe the latter explana-
tion is more logical because high crystallinity and low surface
area and porosity would have rendered the nodules recalcitrant
to biologic reduction.

Valid comparisons, however, were possible between the
source area and Fe(l11) reducing zone sediments as these were
of comparable texture. Significant differences in Fe(lll) oxide
mineralogy existed between the source and Fe(lll) reducing
sediments (Table 5). The Fe(l11) reducing zone sediments con-
tained disseminated goethite and hematite (16% of Feror,
Table 3), and authigenic, fine-grained, disordered Fe(l11) oxide
visible in the central doublet of the Mdssbauer spectra (26% of
Feror, Table 3). Methanogenic conditions prevail in the source
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Fig. 14. EDS elemental distribution maps of Ca (blue) and Fe (red)
in pristine and source zone carbonates. (a) Cross-sectioned particle
from pristine sediment. (b) Cross-sectioned particle from source zone
sediment. (c) Plan-view particle from source zone sediment.

zone sediments that were reported to have been depleted in
bioavailable Fe(lll) oxide needed to support Fe respiration
(Anderson and Lovley, 1999). Accordingly, our analyses of the
source area sediments defined the Fe(l1l) oxide fraction that

Table 5. Biogeochemical changes to Fe(l11) oxide mineralogy.

Pristine (<2.0 mm) Fe(lll)-reducing  Source

Hematite/goethite nodules Absent Absent
(sextet at 77 K) minor
component

Goethite/hematite coatings [ 19% Present 16% Absent
(sextet at 77 K) major
component

Disordered goethite Present
(doublet at 77 K, AOx 26%
resistant)

Poorly crystalline Fe(l11) oxide Present Present 7%
(doublet at 77 K, AOx
extractable)

More Reducing

could not be accessed by DIRB as an electron acceptor. The
Maossbauer analyses, which, in turn, were consistent with the
chemical extraction data (Table 1), showed the source area
sediments were completely depleted in dispersed goethite/he-
meatite, and partially depleted (to 7%) in the authigenic, disor-
dered Fe(111) phase (Table 5). The greatest mass percent change
in Fe(111) oxide occurred in the authigenic phase that was reduced
in concentration from 26 to 7% of Fe oy (Tables 2 and 3).

The analyses of the source and Fe(lll) reducing sediments
suggested two unexpected conclusions regarding the apparent
bioavailability of Fe(I11) oxidesto DIRB (Table 5). First, al of
the crystalline Fe(111) oxides that displayed a sextet in their 77
K spectra were depleted from the source sediment. Based on
laboratory study (Lovley et al., 1991), crystalline Fe(l11) oxides
are believed to be poorly available to the Geobacter species
that predominate the DIRB in the Fe(lll) reducing zone
(Rooney-Varga et a., 1999). The apparent absence of crystal-
line phases here indicates that the Bemidji DIRB can access
these phases over the time span and under the in-situ conditions
presented or, alternatively, that an abiotic reductive dissolution
process such as organic acids in combination with Fe(ll) (Her-
ing and Stumm, 1990) was operative. Organic analyses of
groundwater from the contaminated plume (Eganhouse et a.,
1993; Cozzarelli et al., 1994) has indicated the presence of a
wide range of organic acids resulting from the microbiologic
transformation of aromatic hydrocarbons under anoxic condi-
tions. Second, a significant residual concentration of the disor-
dered, authigenic Fe(l1l) oxide was found in the source sedi-
ment (7% of Feror by Mossbauer spectroscopy; 13.0% by
DCB extraction, Table 1). This material was predominantly
AOx soluble (Table 1), indicating that it was the most biocavail-
able of al the Fe(l11) oxides present in the pristine sediment. Its
lingering presence can only be attributed to physical inacces-
sibility. Perhaps this ferrihydrite exists as a weathering product
within the interstices of igneous and mafic rock fragments, and
is blocked from the aqueous phase by lack of continuous pore
channels with size below those negotiable by micron-sized
DIRB. The persistence of this more-soluble Fe(l11) oxide phase
in the source sediment argues against the widespread occur-
rence of solute-promoted abiotic (e.g., by organic acids as
mentioned above) or biotic (e.g., by Geothrix) reductive disso-
lution as soluble reductants should have access, abeit mass-
transfer limited, to lithic fragment interiors.
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4.3. Authigenic Mineral Phases

Previous mineralogic studies of sediments from the anoxic
plume have suggested that magnetite and ferroan calcite were
authigenic (Baedecker et al., 1992). Mass balance geochemical
modeling (Baedecker et ., 1993) implied the precipitation of
siderite (FeCO;) because groundwater within the anoxic plume
was supersaturated with this phase, and down gradient Fe(I1),,
concentrations decreased significantly before the onset of oxi-
dation. Here we observed little definitive evidence for authi-
genic Fe(ll) mineral formation. We did note that significant
concentrations of Fe(Il),, could be displaced from the anoxic
zone sediments with electrolyte, indicating an ion exchangeable
Fe(I1) fraction in the sediment. lon exchange was not included
in the geochemical modeling of Baedecker et a. (1993), pos-
sibly over estimating the importance of siderite or ferroan
cacite as the only attenuation mechanism to achieve mass
balance.

Small concentrations of magnetite were common to both the
pristine and contaminated aquifer sediments. This magnetite,
like that observed by Baedecker et al. (1992) exhibited euhedral
morphology characteristic of magmatic or metamorphic origin.
This magnetite was, consequently, considered detrital. We saw
no magnetite with size and morphology characteristic of topo-
tactic biologic formation from ferrihydrite (e.g., Fredrickson et
al., 1998; Zachara et a., 2002).

SEM/EDS analyses of carbonates from the pristine and an-
oxic plume regions showed that a ferroan calcite/siderite grain
cement was common to the interiors of the detrital carbonates.
Carbonates from the pristine sediment had discontinuous sur-
face accumulations of Fe (Figs. 12 and 14); however those from
the source area were veneered with anearly continuous layer of
Fe-calcite precipitate (Fig. 14). These observations provide
tentative support that siderite or Fe-calcite precipitation were
plausible reactions, amongst others, reducing down gradient
Fe(l1),, concentrations in the anoxic plume.

5. CONCLUSIONS

Significant differences in the mass content and identity of
Fe(I11) oxides were noted between the pristine Bemidji aquifer
sediment and those sampled from the anoxic plume where
DIRB activity was ongoing [Fe(ll1)-reducing zone] or had
ceased due to depletion of bioavailable Fe(lll) (source sedi-
ments). The source area sediment was more depleted in Fe(l11)
oxide phases than were the Fe(ll) reducing zone sediments.
Modeling of the Mossbauer spectral areas indicated that poorly
crystalline Fe(l11) oxide, goethite, and hematite were depleted
in the source area sediments through biologic and/or associated
chemical activity. A fraction of the potentially bioavailable,
AOx-extractible ferrihydrite, however, remained in the source
sediment and apparently was not bioavailable even under the
highly reducing conditions found in this sample. Because oxide
coatings were no longer visible by optical microscopy on
source areamineral grains or lithic fragments, it was concluded
that residua ferrihydrite existed in intergrain pores or fractures
in lithic fragments with restricted accessibility.

In contrast to the source area sediment, goethite and hematite
were not depleted in the Fe(l11)-reducing contaminated sedi-
ment. However, poorly crystalline Fe(lll) oxide was lower,

when referenced to other phases, than observed in the pristine
sample, signifying its partial dissolution by biologic and/or
chemical processes. In both reduced sediments, a proportionate
increase in the mass fraction of clinochlore occurred concom-
itant with the loss of reducible Fe(l11) oxides. Fe(l11) associated
with epidote or other silicates was not affected by microbial
reduction in either of the anoxic plume sediments.

The large indigenous Fe(ll) fraction made it difficult to
determine, by Mossbauer spectroscopy, whether small concen-
trations of authigenic ferrous minerals had formed in the anoxic
plume from DIRB activity. However, we saw no other evidence
for biogenic magnetite or green rust formation. Relatively thick
particle coatings of an Fe-containing phase imaged by SEM/
EDS on carbonate lithic fragments from the source zone pro-
vided presumptive evidence for the precipitation of ferroan
calcite in regions of the aquifer with elevated Fe(ll),, resulting
from DIRB activity.
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