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Abstract

The microbial catalysis of Mn(II) oxidation is believed to be a dominant source of abundant sorption- and redox-active
Mn oxides in marine, freshwater, and subsurface aquatic environments. In spite of their importance, environmental oxides
of known biogenic origin have generally not been characterized in detail from a structural perspective. Hyporheic zone
Mn oxide grain coatings at Pinal Creek, Arizona, a metals-contaminated stream, have been identified as being dominantly
microbial in origin and are well studied from bulk chemistry and contaminant hydrology perspectives. This site thus presents
an excellent opportunity to study the structures of terrestrial microbial Mn oxides in detail. XRD and EXAFS measurements
performed in this study indicate that the hydrated Pinal Creek Mn oxide grain coatings are layer-type Mn oxides with dom-
inantly hexagonal or pseudo-hexagonal layer symmetry. XRD and TEM measurements suggest the oxides to be nanopartic-
ulate plates with average dimensions on the order of 11 nm thick � 35 nm diameter, but with individual particles exhibiting
thickness as small as a single layer and sheets as wide as 500 nm. The hydrated oxides exhibit a 10-Å basal-plane spacing and
turbostratic disorder. EXAFS analyses suggest the oxides contain layer Mn(IV) site vacancy defects, and layer Mn(III) is
inferred to be present, as deduced from Jahn–Teller distortion of the local structure. The physical geometry and structural
details of the coatings suggest formation within microbial biofilms. The biogenic Mn oxides are stable with respect to trans-
formation into thermodynamically more stable phases over a time scale of at least 5 months. The nanoparticulate layered
structural motif, also observed in pure culture laboratory studies, appears to be characteristic of biogenic Mn oxides and
may explain the common occurrence of this mineral habit in soils and sediments.
1. INTRODUCTION

Manganese oxides, reactive high surface area particles,
play innumerable roles in the transformation and cycling
of major and trace elements in freshwater and marine envi-
ronments (Murray, 1975; O’Reilly and Hochella, 2003;
Tebo et al., 2004; Villalobos et al., 2005b; Webb et al.,
2005b,c). Mn oxides are among the strongest of naturally
* Corresponding author. Fax: +1 650 926 4100.
E-mail address: bargar@slac.stanford.edu (J.R. Bargar).
occurring metal sorbents and oxidatively degrade or trans-
form numerous organic and inorganic compounds, includ-
ing humic and fulvic acids, aromatic hydrocarbons, Cr(III),
Co(II), and hydrogen sulfide (Jenne, 1967; Huang, 1991).
Oxidation of Mn(II) in surface and near-surface environ-
ments is believed to be dominantly mediated by microbes
(Tebo et al., 2004). This belief is based primarily upon the
ubiquity of Mn(II)-oxidizing microorganisms in the envi-
ronment (Tebo et al., 2004) and upon the much faster rates
of Mn(II) oxidation at circum-neutral pH when catalyzed
by microorganisms as compared to rates of homogeneous
or surface-mediated abiotic mechanisms (Morgan, 2005).
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Fig. 1. Ball-and-stick representation of biogenic hexagonal birnes-
site structure with 15% Mn layer site vacancies. Mn3+ ions (grey)
are indicated above and below layer Mn(IV) site vacancies.
It has been suggested that biogenic Mn oxides dominate the
pool of reactive Mn oxides in the environment. However,
laboratory-produced bacteriogenic Mn oxides are reactive
and may transform into abiotic secondary Mn oxides in
the presence of the common solutes (e.g., Bargar et al.,
2005; Webb et al., 2005a). The assertion that ‘‘primary”

biogenic Mn oxides dominate Mn oxide chemistry in aqua-
tic environments thus remains open to testing. A more in-
formed understanding of these important natural
materials is required and must rest upon observations at
field sites where biogenic Mn(II) oxidation has been clearly
established as the dominant process. Remarkably few such
studies have been performed (Lind and Hem, 1993; Best
et al., 1999; Bilinski et al., 2002).

We report here detailed structural characterizations of
terrestrial microbial Mn oxides obtained from the hypor-
heic zone in the perennial reach of Pinal Creek, AZ. Pinal
Creek is a low-gradient, sand and gravel bed stream, origi-
nating in the Pinal Mountains, south of Globe, Arizona,
that has been impacted by Cu mining activities in the Pinal
Creek watershed. Extensive Mn oxide coatings (<1 to ca

35 lm thick) have developed over streambed sediments in
the perennial reach of the stream following discharge of
Mn(II)-bearing ground water to the creek. At least three
studies have investigated the processes responsible for Mn
oxide formation in the hyporheic zone of Pinal Creek. Har-
vey and Fuller (1998) studied Mn(II) oxidation by hypor-
heic zone sediments in batch experiments using natural
and artificial stream water (pH 7, �0.7 mM Mn2+) in the
presence and absence of microbial poisons (NaN3, tetracy-
cline, and penicillin). They found that Mn(II) oxidation was
strongly enhanced in the presence of microbial activity.
They subsequently proposed that microbial Mn oxidation
coupled with hydrologic exchange of stream water with
the streambed (hyporheic zone) dominates the downstream
attenuation of dissolved Mn. Subsequently, Marble et al.
(1999) conducted batch incubations of streambed sediments
in artificial stream water with and without the microbial
poison NaN3 at various Mn(II) concentrations (0.2–
1.5 mM), O2 concentrations, and pH values (6–7.8). They
reported significantly faster Mn(II) oxidation in unpoi-
soned sediments, from which they concluded that the hyp-
orheic zone Mn oxide grain coatings were primarily of
biotic origin. Robbins and Corley (2005) investigated Mn
oxidation using glass slides emplaced above and in the sed-
iment bed in Pinal Creek. They noted that biofilms com-
monly formed on their samples within 30 days of
exposure. Above the sediment bed, most of the Mn oxida-
tion was described as being associated with Ulothrix sp.
(green alga) and holdfasts of Leptothrix discophora, a
known Mn-oxidizing bacterium (Tebo et al., 2004). At the
transition zone in shallow sediments, they noted that Mn
oxidation was associated most with holdfasts of L. disco-

phora, ‘‘brown rod” microbes, and thinly coated bacterial
filaments. These observations establish microbial Mn(II)
oxidation as the dominant source of the hyporheic zone
coatings and suggest that biofilms were important forma-
tion environments for biogenic Mn oxides.

Recent investigations have provided significant new
information regarding the structures of bacteriogenic Mn
oxides produced in pure cultures in the laboratory. X-ray
diffraction and EXAFS spectroscopy measurements of bac-
teriogenic Mn oxides produced by the common soil and
freshwater bacterium, Pseudomonas putida, MnB1, show
these materials to be a poorly-crystalline birnessite-like lay-
ered Mn oxide having hexagonal symmetry and containing
only edge-sharing Mn4+O6 octahedra, with one-sixth of the
cation (Mn4+) sites vacant (Villalobos et al., 2003, 2006).
Similarly, Mn biooxides produced by the marine bacterium,
Bacillus sp., strain SG-1, were found to be layered Mn oxi-
des possessing hexagonal layer symmetry with abundant
layer Mn(IV) site vacancies (Bargar et al., 2005; Webb
et al., 2005b,c). It was posited that protons, Mn3+, and
Mn2+ bonded to the sheets above or below these vacancy
sites, along with solvated interlayer cations, help to balance
charge. The basic layer structure with Mn3+ bonded above
vacancies is depicted in Fig. 1. Consistent with these conclu-
sions, bacteriogenic Mn oxides produced by L. discophora

SP-6 have been reported to be composed of single birnessite
layers (Jurgensen et al., 2004). The lack of (001) X-ray dif-
fraction maxima in SG-1 Mn biooxides was attributed to a
lack of stacking of the particles along the c direction (i.e.,

perpendicular to the layers), and/or to long-range disorder
within the sheets. It can thus be concluded that this nanop-
articulate layered structural motif is characteristic of (but
not necessarily unique to) laboratory biogenic Mn oxides.
These conclusions lead one to question if environmental bio-
genic Mn oxides exhibit such characteristics (intriguingly,
such features are frequently reported for poorly crystalline
natural Mn oxides of possible biogenic origin (Post, 1999;
Manceau et al., 2005; Bodei et al., 2007)). Establishing sim-
ilarity between laboratory and environmental biogenic Mn
oxides, were it to occur, would represent a significant step
forward because it would provide the scientific basis to
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model the behavior of environmental Mn oxides based on
data from laboratory studies.

Following reaction with solutes such as Mn2+ or Ca2+,
SG-1 biooxides showed increased stacking and in-plane
layer ordering (Bargar et al., 2005; Webb et al., 2005b,c),
indicating that these solutes were reacting with the bioox-
ides to produce more crystalline products. It can thus be
concluded that, in sea water, SG-1 biooxides exhibited a
strong affinity for Ca2+ as the interlayer cation, in spite of
the fact that Mg2+ is present at higher concentration. Inter-
estingly, the concentration of Ca2+ in Pinal Creek ground
water, ca 10 mM, is the same as in sea water. The associa-
tion of Ca with Mn in Pinal Creek biooxides, if found to
occur, would be consistent with a biogenic origin.

We have used bulk and microfocused synchrotron-based
X-ray diffraction (SR-XRD) and Extended X-ray Absorp-
tion Fine Structure (EXAFS) spectroscopy coupled with
electron microscopy to address the mineralogy of Pinal
Creek hyporheic zone grain coatings. Microprobe measure-
ments allow spatial separation of the grain coatings from
the much more abundant host grains that would otherwise
interfere with analysis. Bulk measurements (millimeter-size
beam spot), which were performed on grain coatings that
had been mechanically abraded off of mineral grains (re-
moves about 20% of the total sediment Mn content), aver-
age over all species and environments present in the
samples. The two spatial length scales thus provide comple-
mentary views of the chemical and physical make-up of the
Mn oxide coatings.

1.1. Background

1.1.1. Pinal Creek site description

Relevant aspects of the geology, geochemistry, and
hydrology of Pinal Creek (Brown and Eyechaner, 1996;
Brown et al., 1999) are briefly summarized here. The 5- to
7-km perennial reach of Pinal Creek relevant to this study
is a sand- and gravel-bed stream with an average slope of
1%, an average width of 2.3 m, and an average depth of
15 cm. Pools are almost nonexistent and riffles or cascades
are fairly unusual (Harvey and Fuller, 1998). Perennial flow
begins about 5- to 7 km upstream of Inspiration Dam
(Fig. EA-1) and results from constriction of an alluvial
aquifer by underlying bedrock in the Pinal Creek basin.
Copper mining operations have generated acidic ground
water (pH <4, 18 mM Fe, 1.5 mM Cu) in the alluvial aqui-
fer upgradient of the perennial reach that has formed a
plume of partially neutralized (pH 5–6.5), contaminated
ground water with elevated dissolved Mn, Co, Ni, and Zn
(up to 1.5 mM, 20 lM, 25 lM, and 25 lM, respectively
(Stollenwerk, 1994)). Water chemistry of the perennial
reach of Pinal Creek is dominated by discharge of this neu-
tralized, contaminated ground water, which occurs over the
upper 2–3 km of perennial flow and contributes about 50%
of the base-flow discharge (Eychaner, 1991) at the exit of
the alluvial basin. Stream-water chemistry is characterized
by high dissolved solids (e.g., 11–14 mM SO4

�2 and 8–
12 mM Ca2+) and elevated dissolved Mn, Co, Ni, Cu,
and Zn. Stream water pH increases from about 6 near the
head of perennial flow to about 7.8 at Inspiration Dam
due to CO2 outgassing (Choi et al., 1998). Dissolved Mn
concentrations in stream and shallow ground water in-
creased from background levels in 1984 to levels approach-
ing 1.3 mM by 1990 with little subsequent change through
1999 (Brown et al., 1996). Hyporheic exchange of stream
water into the streambed coupled with ongoing microbial
Mn(II) oxidation was proposed to result in the observed
attenuation of 20% of the Mn load and up to 70% of the
Co, Ni and Zn contaminant loads over 5 km of stream flow
(Fuller and Harvey, 2000). At the time of sampling (1997
and 1998), crusts of Mn-oxide cemented sediments covered
the streambed in some reaches of the stream.

Interception and remediation of the acidic ground water
plume began in 1999 with the installation of an imperme-
able barrier with extraction wells, and a lime treatment
plant upgradient of the perennial stream reach with dis-
charge of treated water to the ephemeral stream channel
at a flow rate equal to historic base flow at the basin outlet.
The remediation effort has contributed to decreases in dis-
solved Mn concentrations at the basin outflow to less than
5% of the pre-remediation levels (Table EA-1).

1.1.2. Pinal Creek sediment mineralogy

Cemented Mn oxide crusts and noncemented Mn oxide-
coated grains have been studied previously using bulk XRD
and electron microscopy. Major minerals identified in
crusts and streambed sediments include quartz, feldspar,
and magnetite (Lind and Hem, 1993; Best et al., 1999; Bilin-
ski et al., 2002). Trace minerals include mica and chlorite
(non-magnetic fraction), ilmenite, and hematite (magnetic
fraction). Bilinski et al. (2002) studied the mineralogic com-
position of black cemented streambed Mn oxide crusts that
were in direct contact with stream flow at Inspiration dam
and Setka Ranch (Fig. EA-1). They observed a Mn oxide
mineral having a 10.1-Å peak resembling buserite (a layered
Mn oxide) that could not be attributed to mica (intense 4.49
and 3.66 Å mica peaks were not present, and further, the
10.1-Å peak disappeared following 2 M HCl digestion).
The 10.1 Å peak was found to persist after dehydration at
110� C, leading to the conclusion that it is a tunnel-struc-
tured material (as opposed to a layered Mn oxide). A 7.5-
Å peak was observed and attributed to the Ca birnessites,
rancieite ((Ca,Mn(II))Mn(IV)4O9�3H2O, Ca > Mn(II)) or
takanelite (Mn(II) > Ca). A minor peak at 7.15–7.20 Å
was attributed to a birnessite phase, which was postulated
to be a dehydration product of buserite. Best et al. (1999)
reported that uncemented Mn oxide grains from the R2B
site samples collected at the same location and time as those
discussed in this study contained the minerals birnessite,
rancieite, rhodochrosite, pyrolusite, and cryptomelane (in
approximate decreasing order of relative concentration).
These authors noted that Pinal Creek stream water at the
R2B location plots across several Mn mineral stability
fields, including birnessite, and pyrolusite. Lind and Hem
(1993) reported that the <63 lm size fraction from recently
formed crusts collected near Inspiration Dam contained a
mixture of rancieite and takanelite. The average Mn oxida-
tion state in the <75-lm size fraction was found to be
3.78 ± 0.04. Sediments from Setka Ranch were found to
contain Na birnessite.



2. MATERIALS AND METHODS

2.1. Sample collection and preparation

Pinal Creek sample description, names, and analysis
procedures are summarized in Table 1. Samples of stream-
bed uncemented sediment grains from Pinal Creek were col-
lected at sites Z9A, R2B, AK1, and SIQ (names designated
at time of field experiments) 1–2 km downstream of the dis-
charge of metal contaminated ground water, (Fig. EA-1) in
June 1998, May 1997, and February 2000, respectively. The
Z9A site corresponds to site 5 of Fuller and Harvey (2000),
whereas the R2B site is located about 50 m upstream of site
7 and is the most downstream hyporheic flow path site de-
scribed in Fuller and Harvey (2000). These sites were cho-
sen because they were located in the reach of Pinal Creek
where reactive loss of Mn from stream water has been pre-
viously documented. Water chemistry for overlying stream
water and for shallow ground water (1 m) below the
streambed was similar at the two sites (Table EA-2). At
both sites, the streambed was comprised largely of sand-
sized sediments in the form of elongated bars devoid of alga
and aquatic plants. The sediment likely represents recent
deposition because it was not cemented by Mn oxides into
impenetrable crust found at many other locations in Pinal
Creek (Eychaner, 1991). At site R2B, dissolved bromide
from an upstream tracer injection was detected at depths
up to 17 cm in the streambed illustrating the exchange of
surface water into the streambed at this site (Fuller and
Harvey, 2000). Details of the SIQ site are provided in Sec-
tion 2.1.3.

Sediments at site R2B were collected by carefully scoop-
ing from the upper 3 cm of streambed and by using a push
corer. Sediments were collected one day after sampling for
interstitial water chemistry. The 24-cm core was sectioned
in 3 cm intervals upon recovery. Sediment and interstitial
water metals concentration profiles from this site are pre-
sented in Fuller and Harvey (2000). The upper 3 cm of
the sediment surface at site Z9A was collected by scooping
in June, 1998. Although hyporheic zone interstitial water
Table 1
Key information for Pinal Creek samples. All l-XRD/XAS/SXRF samp
mounted on a glass slide.

Name Collection
site

Depth
(cm)a

Size fraction
(lm)

Description

R2B R2B 0–3b Bulk coatings Coatings abra

R2B1 R2B 3–6c 250–1000 Sized sedim., m

R2B2 R2B 3–6c 250–1000 Sized sedim., n

R2BX11 R2B 3–6c 125–1000 Sized sedim., n
Z9A Z9A 0–3b Bulk coatings Coatings abra
SIQ Z5.7 0–6 250–1000 Clean, quartz

PVC tube (Co
AK1 AK1 0–10b Bulk coatings Coatings abra

a Sampling depth in streambed.
b Less than one millimeter surface sediment, scooped.
c Streambed push-core interval.
profiles were not measured at this site, the elevated sedi-
ment metal concentrations, grain size and streambed mor-
phology are similar to R2B, indicating active hyporheic
exchange and metal attenuation were likely occurring. Sur-
face sediments were collected from the upper 10 cm of the
creek bed at site AK1 (located about 300 m upstream of
the Z9A site) by scooping in February 2000, 3 months after
the start of treated water discharge to the stream channel
above the head of perennial flow. The returned treated
water had no measurable dissolved metals and accounted
for 70–80% of stream flow, with the balance of flow coming
from discharge of the remnant ground-water contaminant
plume (containing up to 1 mM Mn2+) over a 2-km reach
upstream of site AK1. Surface sediment samples from all
three sites were sieved through 1 mm screen in the field
using ambient stream water to remove coarse grained
(>1 mm) sediments (Kay et al., 2001). Surface sediment
samples were stored at 4 �C, with an air headspace, and
maintained moist with ambient stream water until use. Core
intervals and subsamples of surface samples were air dried
for partial and total chemical extraction, and for prepara-
tion of thin sections. Magnetic minerals (7 and 15 wt% at
Z9A and R2B, respectively) were removed from sediments
by repeated passes of a magnet encased in a centrifuge tube.

Metal concentrations of streambed sediments (<1 mm)
and abraded coatings were determined following partial
chemical extraction using 0.1 M hydroxylamine HCl in
0.05 N HNO3 (HH) at room temperature for 1 h as previ-
ously described (Fuller and Harvey, 2000). Mn extracted
by this technique is operationally defined and intended
for comparison to our previous work. Drying samples via
this technique is not expected to change the HH-extractable
Mn (Thomson et al., 1980). Total metal concentrations
were determined following total dissolution of separate sed-
iment samples using HF–HNO3 digestion. The resulting
extraction and total dissolution samples solutions were ana-
lyzed by ICP-OES (see Fuller and Harvey, 2000, for details,
including replicate procedures to assess reproducibility).
Bulk sediments had HH-extracted Mn concentrations of
3930 and 4000 ppm and total Mn concentrations of 4810
les were mounted on Kapton film, except for R2BX11, which was

Analysis techniques

ded off nonmag. frac. XRD, XAS, and
TEM

agnetic frac. l-XRD, XAS, SXRF
and SEM

onmag. frac. l-XRD, XAS, SXRF
and SEM

onmag. fraction l-SXRF and SEM
ded off whole sedim. XRD and XAS
sand incubated on streambed in slotted
ndon, 2003)

XRD and XAS

ded off whole sedim. XAS
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and 4670 ppm for R2B and Z9A sites, respectively. The
HH-extracted Mn concentration of the AK1 bulk sediment
was 3150 ppm. Replicates of HH extractions and total dis-
solutions of bulk sediments yield variability of ±8% and
±2% for Mn concentration, respectively. Metals content
in the abraded coating fractions (R2B/Z9A) as determined
by HH-extraction were 137,600/132,000 ppm (Mn), 1380/
1290 ppm (Zn), 1920/1830 ppm (Co), 1590/1530 ppm
(Cu), 630/650 ppm (Ni), 4180/3890 ppm (Fe), and 6470/
5880 ppm (Al). Total metals content from HF–HNO3

digestion of abraded coatings provided similar values for
all metals except for Fe (29,100/31,000 ppm) and Al
(58,200/56,950 ppm), indicating that Fe- and Al-rich phases
are also present in association with the coatings, and that
trace metals are likely in association with the Mn oxides
(Fuller and Harvey, 2000).

2.1.1. Preparation for bulk analysis

Analyses were conducted on bulk grain coatings recov-
ered from wet grains to investigate the Mn oxide bulk min-
eralogy, including impacts from drying. Mn oxide coatings
were abraded off of sediment grains by shaking about 20 g
(dry weight) of the <1-mm size fraction surface sediments in
an artificial stream water of similar major ion content and
pH of the stream, but without dissolved metals (ASW, see
Harvey and Fuller, 1998, for composition), followed by set-
tling for one minute, and then decanting. Abraded sedi-
ments were rinsed three times, decanted, combined, and
concentrated by centrifugation. This method removed
about 20% of the Mn content of the bulk sand, �0.5% of
the sand mass. No measurable release of Mn was detected
in the ASW or rinses. Total carbon concentrations in
streambed coatings were determined using a Carlo Erba
NA1500 elemental analyzer (EA), calibrated with NIST
standards (Manies et al., 2004). Total carbon is assumed
to be dominantly organic carbon because of the low car-
bonate content of Pinal Creek sediments. Replicate analy-
ses of samples agreed within 5% of each other. The bulk
coatings contained total organic carbon of 3 and 2%
(R2B and Z9A sites, respectively).

2.1.2. Preparation for microbeam analysis

Room-temperature air-dried streambed sediment
(<1 mm) grains from the R2B, Z9A, and AK1 sites (Table
1) were cast into Scotchcast resin mounts by Spectrum Pet-
rographics, Inc., Scotchcast resin was chosen because it has
a low tendency to promote redox changes in samples under
X-ray illumination and is low in trace metals. Double-pol-
ished petrographic thin sections (30 lm thickness) of mag-
netic and non-magnetic fractions were separately
prepared. To enable transmission micro-focused EXAFS
and XRD measurements, all but one of the thin sections
were subsequently removed from their glass slide backings
by immersing in acetone for less than 1 min and carefully
removing from slide using a razor blade. The delaminated
thin sections were mounted on 0.000500 Kapton tape on
an Al frame for micro-XAS and -XRD measurement. Mn
oxide coatings on non-magnetic grains exhibited similar
morphological characteristics, dimensions, and composi-
tions as coatings on magnetic grains as judged by optical
and scanning electron microscopy-EDS. The non-magnetic
fraction was subsequently the focus of most of the spectro-
scopic analyses because (a) the abundant Fe, presence of
background Mn, and relatively high density of the magnetic
fraction complicated bulk spectroscopic analysis, and (b)
microprobe beam time was not sufficient to permit compre-
hensive analysis of both fractions.

2.1.3. Mn oxide coatings formed in-situ on stream-incubated

quartz (SIQ site)

The origin and formation conditions of Mn oxide coat-
ings on sediments collected from the R2B, Z9A, and AK1
sites was generally not known due to channel scouring
and bed load redeposition. To obtain Mn oxide coatings
formed at a known streambed location, cleaned quartz sand
(<1 mm diameter Granusil 4095, Unimin Corp.) was incu-
bated in a slotted PVC tube on the streambed at site SIQ
(Fig. EA-1) from June 21 to November 27, 2001 (153 days)
(Condon, 2003). This site is located about 150 m down-
stream of site 3 of Fuller and Harvey (2000) and 850 m up-
stream of site Z9A. The incubation tube was found buried
in the streambed at the end of the period, likely from natu-
ral scour and deposition processes. The timing of this
experiment was about 1.5 years after treated water was re-
turned to the stream channel above the head of perennial
flow. While the treated water had no measurable dissolved
metals, as described above for the site AK1 sample, the
remnant contaminant plume still contributed significant
dissolved Mn2+ to the stream. The pH at the incubation site
varied between 6.4 and 6.8 during the incubation. Dissolved
Mn was 96 lM in June; 91 lM in August, and 60 lM in
November Dissolved Co, Ni and Zn were below the ICP
detection limit (0.3 lM). Coatings were removed from the
sand for bulk analysis using the abrading process described
in Section 2.1.1. The resulting stream incubated quartz sand
had 3030 ppm Mn; 35 ppm Fe, and <2 ppm Co, Ni, Cu,
and Zn as determined by HH-extraction. The material
was stored frozen until use.

2.2. Electron microscopy

Carbon-coated epoxy-impregnated thin sections were
analyzed by SEM-EDS in a JEOL 5600 full field emission
scanning electron microscope operated at an energy of
15 keV. Because of the presence of the epoxy impregnation,
the vacuum in the electron microscope is unlikely to have
induced morphological changes in the samples. Elemental
compositions of the Mn oxide coatings were estimated
using electron stimulated energy dispersive spectroscopy
(EDS) using X-ray fluorescence. The integrated counts of
major cations (Mn, Fe, Ca, Mg, Si, and Al) were deter-
mined for over 130 individual points from R2B sediment
coatings on three sand grains. TEM samples were prepared
from abraded R2B coatings, which were suspended in iso-
propanol at room temperature and subsequently ultrasoni-
cally dispersed. A droplet of the suspension was placed on a
porous carbon film supported on a copper grid (200 mesh).
TEM measurements were performed using a JEOL 1230
transmission electron microscope operating at 80 kV at
the Geballe Laboratory for Advanced Materials at Stan-



ford University. High-resolution TEM imaging of the R2B
coatings was carried out on a JEOL JEM2010F FASTEM
field-emission gun high-resolution TEM/STEM instrument
operating at 200 kV in the Department of Earth and Plan-
etary Sciences, University of New Mexico. Prior to
HRTEM imaging, qualitative energy dispersive X-ray spec-
tra of individual particles were obtained on the JEOL
2010F using an Oxford Instruments INCA 250 EDS system
with a Pentafet ultrathin window detector. Digital images
were obtained using the CCD camera on a GATAN GIF
200 system and were processed using GATAN Digital
Microscopy Suite software. Fast Fourier transforms
(FFT) of the high-resolution images were used to measure
lattice spacings with an estimated ±3% error. Details of
HRTEM imaging techniques and image interpretation
can be found in Buseck (1992) and Self (1992).

2.3. X-ray imaging and structure techniques

2.3.1. Imaging

Synchrotron l–X-ray fluorescence (l-SXRF) image
maps of thin sections were recorded using monochromatic
radiation at Advanced Light Source (ALS) beam line
10.3.2 (Marcus et al., 2004). X-ray energy was generally
10 keV. Beam size on the sample varied from 17 lm (hori-
zontal) � 5 lm (vertical) full width at half-maximum
(FWHM) to a minimum of 5 � 5 lm. X-ray fluorescence
data were recorded using a 7-element Ge solid-state detec-
tor (Canberra).

2.3.2. X-ray diffraction

Bulk XRD intensity data were collected on abraded Mn
oxide coatings in transmission geometry at SSRL beam line
11-3 using a MAR 345 image plate detector (150 lm beam,
k = 0.975 Å). In all cases, calibration was maintained using
diffraction from LaB6. Wet samples were placed in a trans-
mission sample cell with Lexan windows. Bulk XRD data
were corrected for variations in sample thickness as a func-
tion of 2h, and background contributions from Lexan win-
dows and water in the sample were removed by subtraction.
Micro-XRD (l-XRD) intensity data were collected at ALS
beam line 7.3.3 in transmission geometry (room tempera-
ture). A MAR CCD detector was used to record the data,
binned into 512 � 512 or 1024 � 1024 pixels. Incident en-
ergy was set to 9 keV (k = 1.378 Å). Exposure times varied
from 3 to 15 min. Typical beam size was 10 lm � 4 lm at
the sample. Micro-XRD intensity data backgrounds were
fit and subtracted to remove scattering from Mn K fluores-
cence emission, air scattering, and other sources of low-fre-
quency background variation. XRD maps were obtained
by rastering the sample in front of the beam and recording
XRD data at each point (Manceau et al., 2002).

2.3.3. XANES and EXAFS spectroscopy

Bulk Mn K-edge EXAFS and high-resolution XANES
spectra from dry and wet sediment coatings were measured
in transmission mode at room temperature at SSRL beam
line 11-2 (variable-exit Si(22 0) monochromator). Harmonic
content in the X-ray beam was attenuated by use of a col-
limating mirror set at 11.5 keV and by detuning the mono-
chromator. Samples were loaded into rigid thermoplastic
sample holders with Lexan windows to maintain hydrated
conditions (if necessary). Energy calibration was monitored
using the pre-edge peak of KMnO4 (6543.34 eV). Beam
dimension at the sample at BL 11-2 was typically 5 mm
(horizontal) � 0.5 mm (vertical), with a flux density of ca

1010 photons/s. Reduction of Mn(IV) to Mn(II) was not
observed. Mn K-edge (bulk) EXAFS were stable over sev-
eral hour exposures, indicating that the unfocused X-ray
beam at BL 11-2 did not damage the sample. Typically
one or two EXAFS scans were measured on each sample
(30–60 min).

Micro-EXAFS (l-EXAFS) spectra were measured from
delaminated thin-sections (cf., Section 2.1.1) at room tem-
perature in transmission geometry at the ALS beam line
10.3.2 (Si(111) monochromator operated in variable-exit
mode) at room temperature. l-EXAFS and l-XRD data
generally were not measured at exactly the same points
on the samples because it was necessary to record the data
at different beam lines (i.e., l-EXAFS at ALS 10.3.2, and l-
XRD at ALS 7.3.3). In spite of this, every effort was made
to acquire l-XAS and l-XRD in proximal locations and
especially from points on the same contiguous grain coat-
ings. Beam dimensions for l-EXAFS were up to
17 lm � 5 lm at the sample, whereas l-SXRF image maps
were measured using a 5 � 5-lm beam. Multiple-scan expo-
sure tests showed that reduction of Mn(IV) occurred to a
detectable extent in the highly-focused X-ray beam after
exposures as short as 20 or 30 min. Consequently, Mn K-
edge EXAFS were measured in a single scan (�25 min) at
each point. It was generally necessary to measure EXAFS
spectra from coatings for which the minimal cross-sectional
thickness was Pca 10 lm in order to obtain good quality,
distortion-free spectra.

XANES transmission spectra were background-sub-
tracted, normalized, and fit with linear combinations of
spectra from acid birnessite and Mn2+(aq) using SIX-
PACK/IFEFFIT (Newville, 2001; Webb, 2003). Other
spectra attempted as references included: d-MnO2, syn-
thetic manganite (c-MnOOH), groutite (a-MnOOH), syn-
thetic feitknechtite (b-MnOOH), bixbyite ((Mn,Fe)2O3),
synthetic hausmannite (Mn3O4), pyrolusite (b-MnO2, Al-
drich), nsutite (c-MnO2, Nsuta, Ghana), and synthetic tod-
orokite ((Na,Ca,K)(Mg,Mn)Mn6O14�5H2O). Synthesis/
origin and identification of reference spectra were described
in detail previously (Villalobos et al., 2003; Bargar et al.,
2005). Estimated standard deviations (ESDs) for fits to
Mn K-edge data were obtained by analysis of transmission
spectra measured from a series of well defined mixtures of
MnSO4, Mn2O3, and d-MnO2, diluted and homogenized
into a LiCO3 matrix. Linear regression analyses of these
references provided 1r error estimates: 1.7% for Mn(II) as
MnSO4, 2.6% for Mn(III) as Mn2O3, and 2.9% for Mn(IV)
as acid birnessite. These values are distinct from and sub-
stantially larger than the fit-derived ESDs (which typically
had values of �0.5%). Thus, fit-derived ESDs are not
reported.

EXAFS spectra were background-subtracted, normal-
ized, and analyzed in SIXPACK/IFEFFIT. Phase and
amplitude files for the EXAFS fitting were created with
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FEFF6 (Rehr et al., 1992). Mn EXAFS were fit using a
model based on a phyllomanganate structure developed
by Webb et al. (2005b), described below.

3. RESULTS

3.1. X-ray diffraction

3.1.1. Bulk XRD data

Background-subtracted XRD data for wet and dry Pinal
Creek bulk coatings and for hexagonal birnessite are shown
in Fig. 2 (bottom). All of these patterns exhibit a broad
(001) reflection at 7.4 Å (dry) or 10 Å (wet), and a pair
of strongly asymmetric peaks at ca 2.48 and 1.44 Å, which
originate from the in-layer (200)/(110) and (31 0)/(020)
birnessite reflections, typical of turbostratically disordered
phyllomangantes (Reynolds, 1989; Villalobos et al., 2006).
Turbostratic disorder implies that successive layers of the
structure are rotated and sheared relative to one another,
destroying long-range structural coherence. As a result,
(hk l) reflections having out-of-plane components are lost,
but (00 l) and (hk0) are preserved, although they may be
asymmetrically broadened. The ratio of d spacings for
(200)/(110) (i.e., half of the monoclinic b axis length)
and (310)/(020) (i.e., half of the monoclinic a axis length)
is expected to have a value of

p
3 if hexagonal symmetry is

preserved in the layer (irrespective of the presence of tur-
bostratic disorder). The ratio of d spacings for these reflec-
tions in the bulk samples (1.72) is in good agreement with
hexagonal layer symmetry. Hexagonal symmetry also re-
quires that the (200)/(1 10) reflections share a common d
spacing, as do (310)/(0 20). Loss of hexagonal symmetry
would result in a monoclinic or triclinic unit cell. In addi-
tion to the pattern for turbostratic hexagonal birnessite,
the bulk coating patterns also exhibit kaolinite/muscovite
reflections at ca 4.5, 3.35, 2.67, and 1.5 Å, most intense in
the Z9A patterns.

Each bulk coating sample was measured wet and dry.
The (00 1) reflection was found to shift from ca 10 to
�7.4 Å upon air or oven drying (Fig. 1), negating todorok-
ite (which possesses a �9.8-Å reflection) as a possible phase
assignment (Burns and Burns, 1979). The relative heights of
peaks in the 2.48- and 1.44-Å regions are unaffected by dry-
ing, as expected for layer Mn oxides.

3.1.2. l-XRD data

A representative 2-dimensional l-XRD pattern from the
Mn oxide coatings is shown in Fig. EA-2. Two types of
grain textures are evident in this pattern; well-defined dif-
fraction spots arise from quartz grains. In sharp contrast
to these points, continuous Scherrer rings are present at
�7.1, 2.48 Å, and a third, weak ring is also present at
1.42 Å. These d spacings are characteristic of dehydrated
birnessites (above). The continuity of the Scherrer rings
indicates that the Mn oxide particles are unoriented and
their effective average size is very small relative to the inci-
dent beam size (40 lm2 cross-sectional area and 1200 lm3

volume).
Integration of the 2D l-XRD diffraction patterns

around the Eulerian angle v (i.e., around the Scherrer rings)
provides 1D powder patterns (Fig. 2). All patterns contain
a pair of peaks at ca 2.48 and 1.44 Å that are consistent
with hexagonal birnessite. About half of the l-XRD pat-
terns exhibit a well defined basal plane reflection between
7.3 and 7.7 Å, consistent with a birnessite-like structure.
The other half of the l-XRD patterns exhibit weak or ab-
sent (001) reflections, indicating that the Mn oxides are
either single-layer materials, or that the basal plane repeat
distance is highly disordered (or both), so that no coherent
basal plane reflection occurs (Reynolds, 1989). In the case
that the oxides are only a few layers thick, these two expla-
nations are likely to be equivalent; the oxides may be two or
three layers thick, but do not have a coherent basal repeat
distance and thus diffract as single-layer materials.

The relative intensity of the 2.48-Å peak was mapped
over portions of R2B2 grains 1 and 3 to assess the distribu-
tion of layered Mn oxides in these grains. Results are shown
in Fig. 3. In both grain maps, well defined birnessite coat-
ings �10 to 30 lm thick are observed to be coincident with
the Mn coatings imaged by l-SXRF.

3.2. Electron microscopy and l-SXRF measurements of

selected grains

SEM and l-SXRF images from a representative Mn-
oxide coated R2B site quartz grain (R2B-X11) are shown
in Fig. 4. A Mn oxide coating of thickness ranging from
<1 to ca 35 lm, is visible around the grain. The low bright-
ness of the oxide coating relative to the quartz grain indi-
cates that it has a lower density than the grain interior.
As can be seen at 10,000� and 50,000� magnification,
the relatively low density is due to an open arrangement
of fibers or thin, wavy sheet-like minerals possessing radii
of curvature as small as �100 nm. TEM images of Mn
oxide coatings abraded from R2B grains show these fea-
tures to be mats of Mn oxide sheets (Fig. 5B). Numerous
crystals are seen having in-plane diameters of 50–100 nm
(e.g., Fig. 5A), with some sheets reaching lateral dimensions
up to a few hundred nanometers (e.g., inset in Fig. 5A).
Thin (ca 3 nm) linear features with constant width can be
interpreted as 3-nm-thick sheet edges (e.g., lower right-hand
corner of Fig. 5C) or as folds in sheets. The thickness of a
sheet must be less than half the thickness of the fold. Thus,
a 3-nm thick fold would imply a Mn oxide having ca two
layers (each 7.4 Å thick).

High-resolution TEM images of abraded Mn-oxide sed-
iment grain coatings from the R2B site are shown in Fig. 6.
Mn oxide basal planes oriented sub-parallel to the plane of
the page are evident in the images. Lattice fringes exhibit
2.4 Å spacings, consistent with the prominent (200)/(110)
atomic planes observed in the XRD data. Significant local
distortion is apparent in the lattice as indicated by non-lin-
earities and offsets in the lattice fringes and the presence of
dark spots at lattice points, which are ascribed to layer
Mn(IV) site vacancies. This assignment is tentative because
the image was not taken at Scherzer defocus due to the
problems of taking a through-focus sequence of very small
grains that was drifting in x, y and z directions. The con-
trast in high-resolution images is extremely sensitive to fo-
cus and contrast reversals occur in moving through focus.
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Fig. 2. XRD powder patterns of samples from Pinal Creek. Individual locations on grain coatings obtained by integrating 2D patterns are
indicated by hyphenated sample names (top). Patterns from bulk samples are shown at bottom. Bold text labels refer to sample descriptions in
Table 1. The first hyphenated numeric value refers to specific grains in these samples. The second hyphenated value refers to separate points (if
any) in the referenced coating. Values preceded by ‘‘�” denote vertical scaling of the data to facilitate comparison. Some intense point
reflections from the original host grains (mostly quartz) have been truncated vertically to facilitate comparison of Mn oxide diffraction
features. Vertical lines marked with, ‘‘M” or ‘‘K” give positions of muscovite or kaolinite lines. Other small peaks are quartz. Drying: All l-
XRD samples, and dry bulk coatings were prepared by air-drying except for bulk SIQ, which was oven dried at 110� C for approximately
60 min. The horizontal scale changes at 3 Å to provide an expanded view of the in-layer diffraction range between �1.2 and 2.5 Å.
However, vacancies, distortion in the lattice, as well as the
discontinuities in the periodicity of the lattice would be con-
sistent with local displacement of atoms around layer
Mn(IV) vacancies, which are observed in the EXAFS anal-
yses (vide infra).
SEM-EDS and l-SXRF measurements were performed
at multiple locations around the grains shown in Figs. 3
and 4 to assess correlations between Mn and Ca, Mg, Al,
and Si. For the R2B-X11 grain, Ca was found to be corre-
lated with Mn. The Ca vs Mn correlation coefficient was



Fig. 3. Microdiffraction analyses of Pinal Creek grain coatings. (Panels A and D) SEM images. (Panels B and E) Mn fluorescence maps.
(Panels C and F) mineral maps generated using 2.48 Å reflections (birnessite), 1.5 Å reflections (muscovite, ‘‘Musc.”), and 3.3 Å (quartz). The
‘‘beads on a string” apparent discontinuous structure of the top edge of grain 1 in the birnessite mineral map (Panel C) is a result of the
relatively coarse scan step size and the subparallel alignment of the continuous grain edge relative to the scan axis. Full scale (white tone) for
mineral maps (counts above background): R2B2-01 birnessite: 16, muscovite: 1200; R2B2-03 birnessite: 105, quartz: 35. Beam spot sizes used

for maps: Grain 1 fluorescence map: 8-lm step size (7 lm spot). Grain 1 mineral map: 20 � 20 lm vertical � horizontal step sizes (3 � 18 lm
spot). Grain 3 fluorescence map: 12-lm step size (3 lm spot). Grain 3 mineral map: 3 � 50-lm step sizes (4 � 10 lm spot). Gamma value is 1.0
for all images.
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R = 0.77 (49 points), which is significant at the 99.8% con-
fidence interval (P < 0.002). By comparison, Mg, Al, and Si
were not significantly correlated with Mn in this grain
(R = 0.40, 0.43, and 0.12, respectively). SEM-EDS mea-
surements of grains R2B2-01 (30 points) and R2B2-03 (42
points, data not shown) also showed that Mn was well
correlated to Ca (R = .89 and .80, respectively) and not sig-
nificantly correlated to Mg, Al, and Si. The SEM-EDS-de-
rived ratios of Ca:Mn at.% in coatings R2B-X11, R2B2-01,
and R2B2-03 are 0.036 ± 0.004, 0.03 ± 0.02, and
0.040 ± 0.008, respectively. The correlation between Ca
and Mn was also observed in l-SXRF measurements
(Fig. 7). Ca vs Mn correlation plots of all data points in
the l-SXRF images show two populations of points, la-
beled Ca0 and Ca’’ (Fig. 7, row 3). The Ca0 populations,
which spatially correspond to the grain coatings, are well
correlated with Mn (R = 0.904 and 0.898). The Ca00 images
plot on the interior of grain 1 (muscovite) and on neighbor-
ing grains. The correlation between Mn and Ca suggests
that Ca2+ is a structural interlayer cation in the Mn oxides.
This conclusion is generally consistent with prior reports
noting the presence of the Ca-bearing birnessite takanelite
in Pinal Creek Mn crusts (Bilinski et al., 2002).

3.3. XANES and EXAFS spectroscopy

3.3.1. XANES

Normalized XANES spectra from Pinal Creek bulk
coatings and from micro-locations on individual grains
are shown in Fig. EA-3. All major features of the spectra
can be reproduced by fitting the spectra with two compo-
nents: Mn(II) (indicated in the spectra by the 6553-eV
shoulder on the low-energy side of the absorbance max-
ima), and a layered Mn oxide component, represented here
by hexagonal birnessite (Fig. EA-3 and Table 2). There was
no evidence for hausmannite or pure Mn(III) phases such
as a-, b-, or c-MnOOH at detectable concentrations (e.g.,

greater than ca 5% of total Mn). XANES measurements
are relatively insensitive to Mn(III) content when it is
substituted into birnessite because there is little effect on



Fig. 4. Backscattered electron SEM (A, B, and C: 105�, 10,000�, and 50,000� magnification, respectively) and l-SXRF (D) images of a
representative Mn-oxide coated sediment grain from the R2B site (Gamma value = 1.0). l-SXRF image: 10-lm steps, 7�16 lm spot
(vertical � horizontal). (B) and (C) are zoomed images of the areas circled on (A) and (B), respectively. Image (D) shows the Mn fluorescence
map of this grain, clearly illustrating the Mn oxide coating. (E) SEM-EDS spectrum from area indicated by circle in (B). (F) Correlation
between Mn and Ca around the grain coating from SEM-EDS measurements.
the apparent position and structure of the Mn K-edge
XANES spectra up to a Mn(III) content ca 30% of total
Mn (Villalobos et al., 2003). Thus, the XANES results do
not rule out the presence of Mn(III) in birnessite up to this
value. XANES fits indicate that the bulk coatings contain
on average 8% Mn(II). This value is in relatively good
agreement with an exchangeable Mn inventory of 6% of
the total Mn oxide on streambed sediments collected in
1995 at site Z9A (Harvey and Fuller, 1998). XANES fits
of the dried R2B bulk coatings (10.5% Mn(II), Table 2)
were similar to the results for the wet R2B coatings (9.1%
Mn(II)), indicating that drying had only a minor effect on
the oxidation state of Mn in the samples. The individual mi-
cro-locations on grain coatings contained about a 2.5-fold
greater amount of Mn(II) (15–27%, 20% average; Table
2). Repeat scans of the micro-locations (cf., sample H) indi-
cated that beam-induced reduction of Mn(IV) to Mn(II)
(seen only in micro-XAS measurements) in the 25-min
duration of a single-EXAFS scan can produce a Mn(II)
content increase of ca 6% of total Mn (0.24% min�1).
XANES spectra are recorded during the initial 5 min of
each EXAFS scan following an alignment procedure that
requires up to ca 5 min of dwell time on the sample loca-
tion. It can thus be estimated that beam reduction can ac-
count for an increase in Mn(II) content of 62.4% of total
Mn. For this reason, beam reduction cannot account for
the relative abundance of Mn(II) in the micro-locations as
compared to the bulk. Measurement artifacts including pin-
hole/taper attenuation of the XANES and mismatch in
beam line energy resolution between the data and reference
spectra were tested for the ability to systematically increase
the apparent Mn(II) content by quantitative modeling.
These efforts were found to produce the same fit-derived
Mn(II) content as obtained from the ‘‘uncorrected” spectra.
Coatings that were chosen for micro-EXAFS analysis were
generally among the thickest and most well-developed (typ-



Fig. 5. (A–C) TEM images of abraded Mn-oxide sediment grain coatings from the R2B site. Note rumpled sheet-like morphology
throughout.
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ically >10 lm), as necessary in order to record useable EX-
AFS spectra. We conclude that these thicker coatings
apparently contain higher concentrations of Mn(II) than
the bulk average.

Total Mn(II) concentrations reported as percentages in
Table 2 have not been renormalized to a total of 100% be-
cause the proximity of the apparent sum to 100% (or the
lack thereof) provides a measure of the appropriateness of
the fit, selection of models, and the presence of artifacts
such as sample inhomogeneities. In this case, the fit sums
cluster around 100%, with the largest deviation from this
being 10%, suggesting that the component selection was
appropriate and samples were mechanically stable and rea-
sonably homogeneous within the beam spot.

3.3.2. EXAFS

Background-subtracted k3-weighted Mn K-edge EX-
AFS spectra from Pinal Creek bulk coatings and from mi-
cro-locations on individual grains are shown in Fig. 8. The
top spectrum is that for acid birnessite, a layered Mn oxide
possessing hexagonal layer symmetry (Villalobos et al.,
2006). The abraded bulk coatings EXAFS spectra (A–D)
are similar to that of hexagonal birnessite, in general agree-
ment with the XRD results. Spectra and Fourier transforms
(FTs) from micro locations on individual grain coatings (E–
J) are also similar to those of hexagonal birnessite with two
important exceptions: the EXAFS antinode at 8 Å�1 is
attenuated or absent, as is the height of the corresponding
5.2 Å (R + dR) peak in the Fourier Transforms. This is
especially true of samples G and I, which resemble the spec-
tra/FTs for triclinic Na birnessite as much as hexagonal bir-
nessite (Fig. 8). The variation in height of these specific
features originates in the planarity of the manganese oxide
layer; tall narrow peaks at these positions are characteristic
of Mn oxides with undistorted hexagonal layer symmetry
and low Mn(III) content (Manceau et al., 2002, 2005; Webb
et al., 2005b). These features arise from Mn–Mn–Mn multi-
ple scattering, which dies away quickly as the Mn–Mn–Mn
(i.e., linear adjacent Mn neighbors) angle bends away from
180�. Such bending can be induced by Jahn–Teller (J–T)
distortion of layers when Mn(III) substitutes at otherwise
undistorted layer Mn(IV) sites, such as occurs in triclinic
Na-birnessite (Webb et al., 2005b), but not by the presence
of Mn site vacancies or sheet edges.

Birnessites exhibit a rich variety of unit cell parameters,
varying degrees of Mn(III) substitution at Mn(IV) layer
sites, and varying Mn(IV) layer vacancy contents e.g.,
(Lanson et al., 2000, 2002a,b; Webb et al., 2005b,c; Villalo-
bos et al., 2006). This behavior suggests the need for a data
analysis approach that can account for sample-to-sample
differences in structural parameters within layered Mn oxi-
des. A shell-by-shell fitting approach was adopted, which
was based on the birnessite EXAFS model of Webb et al.
(2005b). This model is discussed in detail in the cited refer-



Fig. 6. TEM images of abraded Mn-oxide sediment grain coatings from the R2B site. (A) High-magnification bright field TEM image of a
fold of Mn oxide sheet (looking down on the basal plane). (B) High-resolution TEM image of the boxed region in (A) showing lattice fringes
with 0.24-nm spacings. (C) Fourier-filtered image of (B) to show the lattice periodicity with the noise removed. Note that the sheet fold axis is
parallel to the monoclinic b unit cell axis. (D) High-resolution TEM image of a birnessite basal plane illustrating the highly defective structure.
The 0.24-nm (200)/(110) lattice planes are oriented vertically in the image and are defined by the linear arrays of white dots. Individual white
spots show small displacements from a perfectly linear array. The periodic arrays of white dots parallel to (200)/(110) are disrupted locally by
the presence of distinct dark regions in the image, which may represent layer Mn(IV) vacancies. A defect which offsets the (200)/(110) lattice
planes is also indicated by the arrows labeled A and B.
ence and is summarized here. It is based upon the basic hex-
agonal layered Mn oxide structure (Fig. 1) and explicitly ac-
counts for: (a) attenuation of Mn–Mn–Mn linear multiple
scattering paths by out-of-plane rumpling of the structure
believed to be caused by substitution of Mn(III) at layer
Mn(IV) sites. The angular out-of-plane bending parameter,
b (0 6 b 6 20�), which is the complement of 180� Mn–Mn–
Mn vector has a minimum value of 0� in flat hexagonal
sheets (at which point there is no attenuation of linear mul-
tiple scattering) and increases as the layers becomes rum-
pled. At values >0�, multiple scattering is attenuated as
predicted by theory. The model also accounts for (b) split-
ting of the Mn–O shell into 4 short/2 long Mn–O bonds as
is believed to occur in layer Mn oxides due to J–T distortion
(Lanson et al., 2002a); (c) splitting of in-layer Mn–Mn dis-
tances due to J–T distortion of the first shell or to loss of
hexagonal layer symmetry; (d) the presence of particle edge
terminations layer and layer Mn(IV) site vacancies, believed
to be present in biogenic and hexagonal layered Mn oxides
(Villalobos et al., 2006), which linearly attenuate the inten-
sity of all Mn shells (i.e. at 2.8, 4.8, and 5.7 Å) by a similar
factor (this behavior is different from rumpling of layers,
which specifically attenuates the 5.7 Å shell but not those
at 2.8 and 4.8 Å); and (e) the presence of sorbed Mn(II),
which has little to no extended local structure and hence di-
lutes the signal from the birnessite 2nd and higher shell fea-
tures. In the present work, fits to EXAFS spectra were
truncated at k = 12 Å�1 because of the presence of the Fe
K-edge absorbance at 12.2 Å�1. Reducing the data range
from 15 Å�1, the data range used to develop the Webb
model, reduces the total constraints available. For this rea-
son, the full model of Webb et al. (2005b) was restricted to
fitting the following subset of atomic shells (labeled in
accordance with the cited reference) (cf., Fig. 1): O
(�1.9 Å), Mn1 (�2.85 Å), Mncorner (�3.5 Å), which corre-
spond to Mn atoms (likely to be Mn(II) or (III)) tightly
bonded to the surface of the octahedral sheet above Mn site
vacancies (Webb et al., 2005b), Mn2 (�4.8 Å), Mn3

(�5.7 Å), and aqueous/sorbed Mn(II) (MnII–O �2.25 Å).
The proportion of aqueous Mn(II) was fixed from the
XANES fits for all Pinal Creek samples. The triclinic bir-
nessite model was found to have about 10% Mn(II). O,
Mn1, Mn2, and Mn3 shells were allowed to split into two
subshells to account for in-layer monoclinic distortion that
occurs in triclinic layered Mn oxides in response to J–T dis-
tortion (Webb et al., 2005b). Coordination numbers (CN)
for O, Mn1, Mn2, and Mn3 were fixed to the value of 6
(for each shell) as dictated by the layered Mn oxide struc-
ture. Shortfalls of the CN of the Mn1, Mn2, and Mn3 shells
as compared to the value of 6 may occur if layer Mn(IV)
sites are vacant or if edge sites are significant (Webb
et al., 2005b).



Fig. 7. Correlation between Mn and Ca in Pinal Creek grain coatings as measured by l-SXRF. Row 1: SEM images. Row 2: Mn fluorescence
maps. Capitalized letter labels: l-XAS data points. Lower case letters: l-XRD locations. Row 3: Ca vs Mn scatter plots. Grey scatter plot
points show those pixels masked to identify the population labeled as Ca0. Points outside of this mask (black) are labeled as Ca00. Rows 4 and 5:
images of Ca0 and Ca00 populations. Beam spot sizes used for maps: 7 lm. Grain 1 map: 8-lm step size; grain 3 map: 15-lm step size. Gamma
value is 1.0 for all maps.
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This modeling approach, i.e., fixing the CN to 6, based
on the birnessite structure, and splitting the sub-shells in
the specific manner prescribed by J–T distortion, i.e., into
two sub-shells: 4 short Mn–O bonds and 2 long, leaves
only R and r2 values (only weakly correlated) to be deter-
mined. The latter can be evaluated by fitting as for other
shells, as indicated by the reasonable uncertainties ob-
tained (Table 3). R values for each sub-shell can be eval-
uated using this model because the EXAFS amplitude
and corresponding net Mn–O shell FT peak height is
highly sensitive to the distance between the short and
long Mn–O bonds, due to destructive interference be-
tween the EXAFS signal from the split sub-shells. A
0.05-Å split reduces the Mn–O FT peak amplitude by
10%, whereas a 0.1 Å splitting removes 30% of the ampli-
tude of the unsplit shell (Webb et al., 2005b). Case in
point; the heights of the Mn–O FT peaks in the micro-
EXAFS series vary by up to 60% (the FT peak heights
for the bulk data vary by 14%). In the absence of any
other information, this height variation would imply a
60% change in the coordination number, e.g., from 6 to
3.6 O atoms in the 1st coordination shell. Such a varia-
tion is highly unlikely considering that Mn(IV) ubiqui-
tously occurs in octahedral coordination in oxides (Post,



Table 2
Results from linear combination fits to XANES using spectra for hexagonal birnessite and Mn2+ (aq). Values are mole % of total manganese
present. Estimated standard deviations for fit-derived values are ±1.7% for Mn(II) and ±2.9% for hexagonal birnessite (cf, Section 2.3.3).
Average value for micro-XANES points excludes repeat sample (Hr).

Label Sample Hexagonal Birnessite Mn(II) Sum

A R2B bulk coatings 90.7 9.1 99.8
Adry R2B bulk coatings, dried 92.7 10.5 103.2
B Z9A bulk coatings 96.6 7.9 104.5
C SIQ bulk coatings 98.2 5.4 103.6
D AK1 bulk coatings 88.8 10.3 99.1

Ave. bulk coatings 93.6 8.2 101.8
E R2B2 grain 1 pt. H 85.7 19.2 104.9
F R2B2 grain 1 pt. F 84.2 19.0 103.2
G R2B2 grain 1 pt. E 75.6 24.6 100.2
H R2B2 grain3 pt. B 87.7 20.8 108.5
Hr Grain 3 pt. B repeat scan 81.4 27.1 108.5
I R2B2 grain 3 pt. A 90.3 14.5 104.8
J R2B2 grain 4 95.3 14.7 110.0

Ave. individual points 85.7 20.0 105.7
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Fig. 8. EXAFS spectra and Fourier transforms from Pinal Creek samples (solid lines). Sample HB is hexagonal birnessite, whereas TB is
triclinic birnessite. Other sample labels correspond to labels in Tables 2 and 3. Fits are represented by dotted lines.
1999). If the Mn–O FT peak heights from these spectra
are plotted against the EXAFS fit-derived O shell split-
ting, then a strong inverse correlation (R = 0.94) is ob-
tained (Fig. EA-4). This is behavior is in line with
expectation and indicates that the EXAFS model behaves
rationally. As a result of explicitly incorporating these
two key constraints (i.e., that the Mn–O shell splits into
two components and the Mn–O CN must to sum to 6),
the minimum resolvable distance between neighboring O
shells that can be distinguished by the fits is expected to
be governed primarily by the fit-derived uncertainties in
R and not by dR = p/2 � dk (Webb et al., 2005b).

CNs for Mn–Mn shells also were fixed to 6. Amplitude
shortfalls in Mn shells beyond that generated by splitting is
accounted for in the model by defining a Mn site occupancy
factor for layer Mn(IV) sites, focc (0 6 focc 6 1), which low-
ers the effective CN of the Mn shells and which is allowed to
vary in fits. Distances to the Mn3 shell are calculated explic-



Table 3
EXAFS fit results. Alphabetically ordered sample labels correspond to Table 2. �Statistical R factor. �Mn in this shell is bonded above Mn(IV)
layer site vacancies. Values in parentheses signify uncertainty in last digit. focc is fractional Mn site occupancy, b is the out-of-plane bending
angle, CN is coordination number, R is interatomic distance (Å), and r2 is the Debye–Waller factor (Å2). *Uncertainty in RMn–O/Mn for each
of subshells is larger than DR for this shell when split, hence shell was subsequently fit as single shell.

Sample R� focc b (�) Shell CN RMn–O/Mn r2

A 0.0164 .73 (7) 3 (5.8) Mn–O 4 1.87 (2) 0.009 (3)
R2B Mn–O 2 1.91 (3) 0.002 (1)
bulk coatings Mn–Mn1 2 2.83 (5) 0.004 (1)
k = 2.6–11.9 Å�1 Mn–Mn1 4 2.87 (6) 0.004

Mncor� 1.1 (4) 3.51 (2) 0.004
Mn–Mn2 4 4.87 (4) 0.008
Mn–Mn2 2 5.00 (7)
Mn–Mn3 2 5.67 0.01
Mn–Mn3 4 5.73
MnII–O 6 2.25 (9) 0.009

B 0.0096 .72 (6) 2 (4.4) Mn–O 4 1.85 (1) 0.006 (2)
Z9A Mn–O 2 1.93 (2) 0.0010 (8)
bulk coatings Mn–Mn1 2 2.83 (4) 0.0044 (9)
k = 2.6–11.9 Å�1 Mn–Mn1 4 2.87 (5) 0.0044

Mncor� 0.9 (3) 3.49 (2) 0.0044
Mn–Mn2 4 4.90 (4) 0.008
Mn–Mn2 2 5.02 (7)
Mn–Mn3 2 5.67 0.01
Mn–Mn3 4 5.73
MnII–O 6 2.25 (6) 0.006

C 0.0190 .75 (7) 1 (4.0) Mn–O 4 1.85 (1) 0.007 (2)
SiQ Mn–O 2 1.93 (2) 0.0008 (8)
bulk coatings Mn–Mn1

* 6 2.861 (5) 0.0053 (7)
k = 2.6–12.0 Å�1 Mn–Mn1 0 — —

Mncor� 0.8 (3) 3.49 (2) 0.0053
Mn–Mn2 4 4.90 (2) 0.008
Mn–Mn2 2 5.04 (6) 0.008
Mn–Mn3 6 5.72 0.01
Mn–Mn3 0 — —
MnII–O 6 2.25 (12) 0.007

D 0.018 .69 (7) 5 (3.2) Mn–O 4 1.87 (2) 0.006 (3)
AK1 Mn–O 2 1.92 (4) 0.001
bulk coatings Mn–Mn1 6 2.863 (6) 0.0037 (8)
k = 2.6–12.0 Å�1 Mn–Mn1

* 0 — —
Mncor� 1.1 (4) 3.49 (2) 0.0037
Mn–Mn2 4 4.91 (5) 0.008
Mn–Mn2 2 5.03 (8) 0.008
Mn–Mn3 6 5.72 0.01
Mn–Mn3 0 — —
MnII–O 6 2.23 (7) 0.006

E 0.0081 .67 (7) 10 (5) Mn–O 4 1.855 (6) 0.004 (1)
R2B2 Mn–O 2 1.986 (4) 0.004
grain 1 pt. H Mn–Mn1 2 2.80 (2) 0.0047 (9)
k = 2.6–11 Å�1 Mn–Mn1 4 2.88 (2) 0.0047

Mncor� 1.0 (3) 3.49 (1) 0.0047
Mn–Mn2 4 4.86 (4) 0.008
Mn–Mn2 2 5.12 (9)
Mn–Mn3 2 5.59 0.01
Mn–Mn3 4 5.73
MnII–O 6 2.26 (1) 0.004

F 0.0219 .62 (11) 6.5 (12) Mn–O 4 1.86 (1) 0.005 (3)
R2B2 Mn–O 2 1.98 (6) 0.005
grain 1 pt. F Mn–Mn1 2 2.83 (6) 0.005 (2)
k = 2.6–11 Å�1 Mn–Mn1 4 2.87 (9) 0.005

Mncor� 1.0 (5) 3.51 (3) 0.005
(continued on next page)
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Table 3 (continued)

Sample R� focc b (�) Shell CN RMn–O/Mn r2

Mn–Mn2
* 6 4.94 (7) 0.008

Mn–Mn2 0 — —
Mn–Mn3 2 5.65 0.01
Mn–Mn3 4 5.74
MnII–O 6 2.26 (3) 0.005

G 0.0219 .54 (.10) 16 (5) Mn–O 4 1.87 (1) 0.004 (1)
R2B2 Mn–O 2 2.02 (2) 0.004
grain 1 pt. E Mn–Mn1 2 2.81 (2) 0.005 (1)
k = 2.6–11 Å�1 Mn–Mn1 4 2.90 (2) 0.005

Mncor� .8 (4) 3.50 (3) 0.005
Mn–Mn2 4 5.05 (6) 0.008
Mn–Mn2 2 5.27 (.11)
Mn–Mn3 2 5.57 0.01
Mn–Mn3 4 5.74
MnII–O 6 2.26 (2) 0.004

H 0.0187 .67 (8) 9 (9) Mn–O 4 1.88 (1) 0.004 (2)
R2B2 Mn–O 2 1.97 (6) 0.004
grain 3 pt. B Mn–Mn1 2 2.84 (3) 0.006 (2)
k = 2.6–12 Å�1 Mn–Mn1 4 2.88 (4) 0.006

Mncor� 1.3 (4) 3.54 (2) 0.006
Mn–Mn2 4 4.91 (3) 0.008
Mn–Mn2 2 5.19 (8)
Mn–Mn3 2 5.66 0.01
Mn–Mn3 4 5.75
MnII–O 6 2.25 (2) 0.004

I 0.042 .62 (.10) 4 (6.7) Mn–O 6 1.890 (8) 0.0058 (6)
R2B2 Mn–O 0 — —
grain 3 pt. A Mn–Mn1 6 2.85 (1) 0.005 (1)
k = 3–11.5 Å�1 Mn–Mn1 0 — —

Mncor� 0.9 (5) 3.43 (4) 0.0058
Mn–Mn2 6 4.83 (3) 0.008
Mn–Mn2 0 — —
Mn–Mn3 6 5.69 0.01
Mn–Mn3 0 — —
MnII–O 6 2.23 (4) 0.0058

J 0.0030 .61 (8) 7 (5) Mn–O 6 1.907 (7) 0.0048 (5)
R2B2 Mn–O 0 — —
grain 4 Mn–Mn1 6 2.86 (1) 0.006 (1)
k = 3–11.5 Å�1 Mn–Mn1 0 — —

Mncor� 0.9 (5) 3.48 (3) 0.0048
Mn–Mn2 6 4.96 (2) 0.008
Mn–Mn2 0 — —
Mn–Mn3 6 5.72 0.01
Mn–Mn3 0 — —
MnII–O 6 2.23 (4) 0.0048

Hexagonal 0.0191 .83 (8) 2 (4) Mn–O 6 1.894 (5) 0.0056 (4)
Birnessite Mn–O 0 — —
k = 2.6–11.5 Å�1 Mn–Mn1 6 2.868 (6) 0.0048 (8)

Mn–Mn1 0 — —
Mncor� 0.8 (4) 3.48 (3) 0.0048
Mn–Mn2 6 4.93 (5) 0.014 (6)
Mn–Mn2 0 — —
Mn–Mn3 6 5.74 0.01
Mn–Mn3 0 — —
MnII–O — — —

Triclinic birnessite 0.016 1.0 (.12) 8.8 (4) Mn–O 4 1.87 (2) 0.007 (2)
k = 2.6–12.0 Å�1 Mn–O 2 1.92 (3) 0.0005 (9)

(continued on next page)



Table 3 (continued)

Sample R� focc b (�) Shell CN RMn–O/Mn r2

Mn–Mn1
* 6 2.890 (8) 0.007 (1)

Mn–Mn1 0 — —
Mncor� 0.3 (4) 3.44 (10) 0.007
Mn–Mn2 6 5.00 (3) 0.008
Mn–Mn2 0 5.21 (5) 0.008
Mn–Mn3 6 5.76 0.01
Mn–Mn3 0 — —
MnII–O 6 2.29 0.007

Biogenic Mn oxides from Pinal Creek, AZ
itly from the floated parameters for the Mn1 shell as part of
the fitting process. This overall approach has the advantage
of reducing the total number of varied parameters while
increasing fitting constraints on all variables.

The interlayer Na shell and O shells at 3.5 and 4.6 Å of
the full Webb model were found to be weakly constrained
by the limited data range of the present paper and therefore
were not implemented here. These shells interfere with the
stronger Mn1 and Mn2 shells, attenuating the amplitude
of the latter and thus of the fit-derived value of focc. Omis-
sion of the 3.5-Å Na and 4.6-Å O shells in the present study
was found to reduce the fit-derived values of focc in hexag-
onal birnessite and triclinic birnessite to an average of 0.85
of the values obtained using the full Webb model (Webb
et al., 2005b). To compensate for this deficit and facilitate
comparison of the current results to previous EXAFS and
XRD studies, the obtained focc values listed in Table 3 have
been scaled up by a factor of 0.85�1. In addition, a single b
axis was used in the present study to capture the average
out-of-plane rumpling, as opposed to two axes of the full
model.

Fits to the Pinal Creek EXAFS using parameters in Ta-
ble 3 are shown in Fig. 8. All spectra were well described by
the model. We discuss here splitting in the Mn–O and Mn–
Mn shells, b, and focc parameters, comparing the bulk sam-
ples to individual coatings for each.

3.3.2.1. Mn–O shell. The bulk coatings (samples A–D) exhi-
bit split Mn–O shells, although the splitting is relatively
modest, averaging 0.07 Å. The bulk stream-incubated
quartz coatings (site SIQ) agreed closely with values ob-
tained from the natural sediments (R2B and Z9A). Splitting
of the Mn–O shell suggests that J–T distorted Mn(III) is
present in the oxides (Manceau et al., 2002; Webb et al.,
2005b). Individual l-EXAFS points from the oxide coat-
ings generally exhibited a larger range Mn–O shell splittings
than the bulk coatings, from 0 to 0.15 Å, suggesting a great-
er amount of Mn(III) than in the bulk coatings. Heteroge-
neity is evident between grains as well as within contiguous
coatings. For example, samples H and I, which lie at differ-
ent azimuthal positions (direction parallel to grain surface)
on the same contiguous coating but exhibit contrasting
Mn–O splitting values.

3.3.2.2. Mn–Mn shell. Bulk coatings exhibit either unsplit or
modestly split Mn1 and Mn2 shells, 0.04 and 0.12 Å, respec-
tively (splitting of the Mn3 shell is calculated explicitly from
that of Mn1, so is not listed here). The l-EXAFS points ex-
hibit a larger range of Mn shell splittings, e.g., from
DMn1 = 0 to DMn1 = 0.09 Å.

3.3.2.3. Out-of-plane bending parameter, b. b values from
the bulk samples are not significantly different from zero.
In contrast, b values from R2B2 grain 1, pts. E and H (spec-
tra G and E in Table 3), and grain 4 exhibit values of 16�
and 10�, implying significant rumpling of the Mn oxide
layer due to the presence of J–T distorted Mn(III) located
in layer Mn(IV) sites (Webb et al., 2005b). Individual loca-
tions at different grains (R2B2 grain 1, pt E and grain 3, pt
A) exhibit b values that differ significantly from one-an-
other, again implying that heterogeneity exists between
coatings.

3.3.2.4. Fractional occupancy focc parameter. Values of focc in
the bulk coatings, 0.68–0.73, were uniformly higher than
those at the individual spots (0.54–0.67). It should be noted
that sorbed Mn(II), which is present at up to 27% of total
Mn in some micro-EXAFS points, uniformly attenuates
the intensity of Mn–Mn shells, causing focc to appear to de-
crease. This behavior was quantitatively taken into account
by adding a Mn(II) shell to the EXAFS fits, with the propor-
tion of Mn(II) fixed from the XANES fits. Previously re-
ported values of focc for hexagonal layer symmetry
bacteriogenic Mn oxides range from 0.50 to 0.83 (Webb
et al., 2005c; Villalobos et al., 2006). focc values lower than
�.80 previously have been attributed to diminution of par-
ticle size, which generates greater numbers of edge sites, and
thus apparently lowers occupancy (Webb et al., 2005b). The
contribution of edge sites to focc is estimated in Section 4.1.

In our experience, beam-induced reduction of biogenic
Mn oxides results in the immediate production of Mn(II)
without detectable concentrations of Mn(III). Moreover,
if Mn(III) were accumulated as a result of beam reduction,
it should be small relative to accumulated Mn(II), which is
itself less than about 6% of total Mn during the time of the
data measurement. Such a small amount of Mn(III) would
not be evident in the EXAFS. It is further difficult to see
how beam reduction and subsequent production of Mn(III)
could cause the structural disorder in some of the micro-
EXAFS points to decrease to values below those of the bulk
average (e.g., Mn–O and Mn–Mn shells are unsplit in spec-
tra I and J). For these reasons, sample-to-sample and point-
to-point variations in EXAFS fit-derived parameters are
attributed to conditions that reflect the original physico-
chemical sample conditions, and not to artifacts of beam
reduction.



4. DISCUSSION

4.1. Particle size

The general size characteristics of Pinal Creek bioox-
ides can be inferred from several lines of observation.
Thickness: TEM images show that the thinnest sheets ap-
proach 3 nm or less. The absence of basal plane reflec-
tions from some individual micro-locations (Fig. 2)
implies that some Mn oxides were unstacked. Application
of the Scherrer equation (Cullity, 1978) to the basal plane
XRD peaks in the bulk samples provides an average
thickness estimate of 11.6 ± 0.5 nm (cf., Electronic appen-
dix). Lateral dimension: TEM images show sheets of
diameter 50–500 nm. Particles smaller than ca 50 nm are
difficult to count in the images because of overlap by
other sheets. An additional technique was therefore re-
quired to more fully assess lateral particle dimensions. Be-
cause the illuminated sample volume is well defined and
small (1200 lm3), information regarding average particle
size is contained in the root-mean-square intensity varia-
tion around the Scherrer rings, i.e., large particles will
produce more granular rings than small particles. Quanti-
tative modeling of the 2.48-Å diffraction Scherrer ring
(cf., Electronic appendix) provides an average particle
volume estimate of 1.09 ± 0.29 � 10�5 lm3. Assuming
that the particles are cylindrical plates of thickness
11.6 nm, it can be deduced that the average sheet diame-
ter is ca 35 ± 13 nm. Uncertainty quoted here does not
account for systematic errors, for example arising from
the Scherrer-estimated average particle thickness. The de-
rived particle size should therefore be taken as a general
guide. The Scherrer equation was not applied to the
2.48 or 1.44 Å reflections to obtain lateral sheet dimen-
sions (which arise from in-plane scattering and thus in
principal contain information on layer diameter) because
these peaks may be asymmetrically broadened turbostrat-
ic disorder. Moreover, warping of the Mn oxides sheets
may in principle reduce the coherent scattering domain
size (and hence the Scherrer diameter) to values smaller
than the true particle diameter.

focc values account for amplitude loss from both parti-
cle edge effects and layer site vacancies (Webb et al.,
2005b). Edge sites lack their full complement of Mn
neighbors and thus can cause the apparent number of
Mn site vacancies to increase and focc to decrease. This ef-
fect is most dramatic for sheet diameters <10 nm (Webb
et al., 2005b). However, even at diameters >10 nm there
remains a significant impact of particle size on the fit-de-
rived focc value. Particles with a true occupancy of 0.85
and diameters of 35 nm will have an apparent focc value
of 0.69 (Webb et al., 2005b), which is in the range of
fit-derived values observed for the Pinal Creek coatings.
The true occupancy factor, removing edge effects for the
Pinal Creek biooxides, is thus consistent with a value of
�0.85, i.e., suggesting that layer site vacancies are present
in the Pinal Creek biooxides. This conclusion is in agree-
ment with studies of pure culture biooxides (Webb et al.,
2005b; Villalobos et al., 2006).
4.2. Structure of Pinal Creek biogenic Mn oxides

XRD and EXAFS results indicate that the hydrated Pi-
nal Creek Mn coatings from all four sites are nanoparticu-
late layered Mn oxides having �10-Å layer spacings when
hydrated (collapsing to �7 Å upon air drying). The breadth
and weakness of the (001) reflections suggest that the Mn
oxide particles comprising the coatings either have a great
deal of basal plane spacing disorder or have only a few ba-
sal plane layer repeats. The XRD patterns further suggest
that the oxides have dominantly hexagonal or pseudo-hex-
agonal (i.e., distortion of the unit cell occurs to a minimal
extent and approximates hexagonal) layer symmetry and
that the oxides exhibit turbostratic stacking disorder. The
bulk oxide coatings contain layer Mn(III), as inferred from
J–T splitting of the Mn–O shell and out-of-plane rumpling
of the layers, as well as Mn(IV) site vacancies. TEM results
are generally consistent with these conclusions. Beyond
these similarities, however, there are significant differences
between the abraded bulk coatings and individual locations
within grain coatings, which are summarized as follows.

4.2.1. Bulk data

The bulk coatings contain small amounts of kaolinite
not generally observed at individual locations within coat-
ings. Mn(II) comprises on average 8.2% of total Mn in
the bulk abraded coatings, likely adsorbed to Mn oxides
at edge sites and above Mn(IV) vacancies as well as to
clays. Fits to the EXAFS data suggest that the out-of-plane
bending of the oxide layers is not significantly different
from planarity over the local structure length scale, i.e.,
up to about 6 Å, consistent with the general structural mod-
el for hexagonal birnessite.

4.2.2. Micron-scale locations within individual coatings

Individual locations within coatings uniformly contain
more Mn(II) (ca 20% of total Mn) and lower focc values than
observed in the bulk abraded faction, the latter finding sug-
gesting smaller particle size and/or more abundant layer
vacancies. If the out-of-plane bending angles from individual
grain coating locations are averaged, then the obtained result
(bave = 9�) is found to be larger than in the abraded bulk
coatings (bave = 2�). A similar trend was observed for Mn–
O shell splitting parameters (cf., Table 3). These observations
suggest a somewhat higher average Mn(III) content within
the coatings as compared to the bulk abraded coatings. As
a group, individual coating locations exhibit apparently
greater variation in Mn(III) content than the bulk coatings,
as inferred from greater variation EXAFS-derived out-of-
plane bending angles and splitting of Mn–O shells. These re-
sults suggest that chemical conditions varied between coat-
ings, and possibly within individual coatings.

4.3. Stability of Pinal Creek biogenic Mn oxides: constraints

on biological oxidation mechanisms

In general, the stability of Mn(III)-bearing phases such
as MnOOH and Mn3O4 increases relative to that of
Mn(IV)-bearing phases such as MnO2 as pH and Mn(II)
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concentration increase, as dictated by the MnOOH/MnO2

transformation reaction (Mandernack et al., 1995):

2Hþ þ 2MnOOH ¼MnO2 þMn2þ þ 2H2O ð1Þ

The chemical conditions of Pinal Creek water at the time of
sampling were pH 6.40–7.0 (Z9A and R2B sites) and 6.4–
6.8 at SIQ. [Mn(II)] values were as high as 820 lM (R2B
and Z9A samples, cf., Table EA-1) and as low as 4.2 lM
(SIQ samples). The R2B and Z9A [Mn(II)] values were
far above the predicted 1 lM Mn(II) concentration that
marks the c-MnOOH/MnO2 boundary at pH 6.75 (assum-
ing equilibrium with atmospheric O2). Thus, c-MnOOH
(not observed) is predicted to be more stable than the ob-
served biogenic birnessites for all samples. We conclude
that the microbially mediated Mn(II) oxidation/precipita-
tion mechanisms bypassed the formation of Mn(III) solid
phases. This observation is consistent with a Mn(II) oxida-
tion mechanisms in which Mn(IV) is enzymatically pro-
duced and released to solution, followed by immediate
polymerization to form MnO2 (Bargar et al., 2005; Webb
et al., 2005a). It has also been proposed that Mn(III) pro-
duced enzymatically or via excitation of photoactive li-
gand–Mn(II) complexes may disproportionate to Mn(II)
and Mn(IV), the latter polymerizing to form Mn(IV) (Han-
sel and Francis, 2006). Given the relative stability of c-
MnOOH in Pinal Creek water, the importance of this latter
mechanism would require either enzymatic mediation of the
disproportionation step, or relatively slow precipitation
kinetics of Mn(III)-bearing phases. In spite of the presence
of an apparent thermodynamic driving force to transform
into more stable Mn(III)-oxides/oxyhydroxides or pyrolu-
site (Best et al., 1999), the biogenic Mn oxides were stable
over a time scale of at least 5 months.

4.4. Evidence in support of biofilm formation environment for

Mn oxide coatings

It is anticipated that hyporheic zone Mn oxides may
have formed in microbial biofilms. The lack of particle
orientation at the scale of the micro-focused X-ray beam
(40 lm2) is generally consistent with association of Mn
oxides (at least initially) with microbial cells. If Mn oxide
nano-sheets were sufficiently abundant to coat the sur-
faces of �1-lm-diameter cells, they would exhibit no
net alignment (untextured) when observed with the 40-
lm2 X-ray beam. This would be true even it the nano-
sheets were each rigorously aligned tangential to the cell
surfaces because the oblate spheroid shape of the cells
would allow essentially all possible particle orientations
to be sampled by the X-ray beam. In contrast, if the
Mn oxides were aligned relative to surfaces of the under-
lying mineral grains, which have diameters >100 lm, then
the diffracted intensity would have been textured, i.e.,
concentrated into Scherrer arcs or spots. Other mecha-
nisms that are, in principal, capable of producing untex-
tured Mn oxide nano-sheets at the scale of 40 lm2

include unoriented growth or entrapment of Mn oxide
particles in exopolysaccharide (EPS) biofilm. Indeed, the
semi-contiguous thin geometry of the coatings (e.g., Figs.
3 and 4) evokes the presence of an enveloping film.
O2 levels can vary sharply in biofilms (Costerton et al.,
1995). DeBeer et al. (1994) showed that the O2 concentra-
tion within a 40-lm-diameter biofilm microcolony de-
creased from ambient levels at the periphery of the
microcolony to anoxia at the colony center. In contrast,
water channels within the biofilm generally exhibited ambi-
ent and sub-ambient O2 concentrations. If such conditions
were present during Mn oxide formation, then spatial vari-
ations in Mn(II) concentrations within and between indi-
vidual biofilms could have occurred on the scale of a few
microns. This model provides an explanation for the ob-
served variation in Mn oxide structural parameters b,
DMn–O, and the inferred Mn(III) content between abraded
bulk grain coatings and within individual coatings.

Grain coatings thinner than 5–10 lm, i.e., the dominant
fraction in the bulk samples, would not have been subjected
to strongly attenuated O2 concentrations, and hence would
be predicted to have lower Mn(II) concentrations than the
thick (35 lm) coatings probed by l-EXAFS. A biofilm for-
mation model thus provides an explanation for the substan-
tially higher Mn(II) concentrations observed in the
individual grain coatings as compared to the bulk.

4.5. Comparison to previous studies at Pinal Creek

We do not observe evidence for tunnel-structure Mn
oxides, which contrasts to studies of cemented surface
stream crusts collected at Inspiration Dam (�2.5 km down-
gradient from the collection locations in the present paper)
(Bilinski et al., 2002). The cemented crust samples are likely
to have experienced drying/wetting cycles and to be older
than the hyporheic zone coatings examined in the present
study, which were still actively forming at the time of collec-
tion (Fuller and Harvey, 2000). We therefore conclude that
aging and wet/dry cycling may favor conversion of hy-
drated Ca-birnessites into tunnel-structured oxides. Best
et al. (1999) reported the presence of Ca-bearing birnessites
in uncemented sediments also collected at the R2B site in
May 1997. Bilinski et al. (2002), and Lind and Hem
(1993) also reported the presence of Ca-bearing birnessites
(rancieite/takanelite) in cemented crusts collected near gag-
ing station 09498400 (at Inspiration Dam) and at Setka
Ranch. In all cases, these assignments were based on the
presence of a basal plane reflection at ca 7.3–7.54 Å, which
compares well to the �7.4 Å position of the (001) reflection
observed in the desiccated samples of the present study.
These observations are consistent with our conclusion that
Ca2+ is preferentially incorporated as an interlayer cation in
the hyporheic zone layered Mn oxides.

Hem and Lind (1983) and Lind and Hem (1996, 1993)
proposed an abiotic Mn(II) oxidation model in which
sorbed Mn(II) is oxidized to form hausmannite
(Mn3O4), which subsequently disproportionates to yield
Mn(IV) oxides and Mn2+. This model is thermodynami-
cally plausible at Pinal Creek because hausmannite, which
is less stable than the MnOOH minerals discussed in Sec-
tion 4.3, can disproportionate into Mn(IV) oxides under
the observed aqueous chemical concentrations (Best
et al., 1999). However, neither hausmannite nor Mn(III)
oxyhydroxides were observed in this study, nor have been



reported in Pinal Creek streambed sediments. Moreover,
Harvey and Fuller (1998) and Marble et al. (1999) found
that Mn(II) oxidation in biologically active streambed
sediment samples was up to 20-fold faster than in poi-
soned samples, suggesting that microbial catalysis domi-
nated Mn oxide formation.

4.6. Comparison to laboratory bacteriogenic Mn oxides

The Pinal Creek hyporheic zone Mn oxides are generally
similar to biogenic Mn oxides produced by pure cultures of
Bacillus sp., Pseudomonas putida, and L. discohpora (cf.,
Section 1). In particular, both laboratory-produced pure-
culture bacteriogenic Mn oxides and Pinal Creek Mn oxides
are nanoparticulate turbostratically disordered or un-
stacked layered hexagonal Mn oxides containing Mn(IV)
site vacancies (Jurgensen et al., 2004; Webb et al.,
2005b,c; Villalobos et al., 2006).

Bacteriogenic Mn oxides produced by Bacillus SG-1
were found to react with ca 0.1–1 mM aqueous Mn2+,
resulting in the incorporation of Mn(III) into the structure
(Bargar et al., 2005). When Mn(II) concentrations exceeded
1 mM (at pH 7.8), rapid transformation of the initial bacte-
rial phyllomanganate to feitknechtite (b-MnOOH) oc-
curred, controlled by the thermodynamic birnessite/
feitknechtite stability relationship (Bargar et al., 2005). Pi-
nal Creek water at the R2B and Z9A sites (pH 6.4–7,
Mn(II) < 0.82 mM) falls within the stability region for bir-
nessite (as compared to feitknechtite), and thus feitknech-
tite is not predicted to have been produced by such
autocatalytic oxidation reactions. However, we can infer
from this previous work that the Mn(III) observed in the
Pinal Creek biogenic oxides could have been produced from
reaction of relatively high and sustained Mn(II) concentra-
tions (i.e., >0.1 mM) with the fresh biogenic layered
Mn(IV) oxides.

The reaction of Bacillus SG-1 Mn biooxides with sea
water led to the acquisition of Ca2+ as an interlayer cat-
ion, in spite of the fact that Mg2+ is present at 5-fold
higher concentration in this medium (Webb et al.,
2005b,c). Ca2+ concentrations in Pinal Creek are ca

10 mM, similar to that in sea water. It is therefore not
surprising that Pinal Creek biogenic Mn oxides were
found to acquire Ca2+ as an interlayer cation. We con-
clude that an intrinsic affinity of biogenic layered Mn oxi-
des for Ca2+ is responsible for this behavior and that it
explains the presence of Ca-bearing birnessites at other
locations in Pinal Creek.

Natural marine and soil Mn oxides frequently have been
reported to be poorly crystalline and to exhibit layer struc-
tures (Post, 1999; Manceau et al., 2005; Bodei et al., 2007).
It is likely that such morphologies implicate biogenic origin.
This statement is particularly applicable if the local aquatic
chemical conditions favor Mn(III)-bearing solid phases
over birnessite. While the morphological evidence is com-
pelling, abiotic mechanisms can not be ruled out, especially
considering the ease with which biogenic Mn oxides under-
go abiotic transformation to secondary phases (Bargar
et al., 2005). More work is required to establish morphol-
ogy as a biomarker.
4.7. Implications for natural attenuation of contaminant

metals in the hyporheic zone at Pinal Creek

Fuller and Harvey (2000) proposed that Zn and Co
attenuation in Pinal Creek resulted from uptake by Mn oxi-
des concurrently forming in the hyporheic zone. Up to 20%
of the total Mn load, 45% of the Zn load, and 68% of the
Co load was estimated to have been thus naturally attenu-
ated during transport to the basin outflow (Harvey and
Fuller, 1998; Fuller and Harvey, 2000). The mechanisms
by which metal attenuation occurred and the potential fu-
ture response of the sequestered contaminants (e.g., follow-
ing remediation of the upgradient aquifer) are important in
this context. The present study helps to explain the sorptive
capacity of the Mn oxide coatings. Bacteriogenic and abi-
otic layered Mn oxides have impressive sorptive capacity
for a range of metals, with edge sites and Mn(IV) vacancy
sites being particularly important for contaminant metal
binding (Nelson et al., 1999; Lanson et al., 2002b; O’Reilly
and Hochella, 2003; Tebo et al., 2004; Villalobos et al.,
2005a,b; Toner et al., 2006; Webb et al., 2006). The nano-
sheet morphology and abundant Mn(IV) vacancies of the
Pinal Creek hyporheic zone Mn oxides should bequeath
them with a great abundance of metal-binding sites. Specific
structural uptake mechanisms of important Pinal Creek
contaminants Zn, Co, and Ni in the Mn oxide coatings
can be predicted from recent studies of metal sorption in
bacteriogenic Mn oxides and synthetic birnessites. Toner
et al. (2006) showed that Zn(II) sorbed as a tetrahedrally
coordinated cation above layer vacancy sites on laboratory
bacteriogenic Mn oxides produced by P. putida. Co(III)
and Ni(II) have been shown to substitute at Mn layer sites
in abiotic and bacteriogenic layered Mn oxides. Ni also has
been shown to bond above vacant Mn layer sites as for
Zn(II) (Manceau et al., 1997, 2007; Peacock and Sherman,
2007). Also important, the ongoing formation of reactive
coatings in the presence of the dissolved metal contami-
nants provides an efficient mechanism by which metals
can be sorbed and structurally incorporated into Mn oxi-
des, as proposed by Fuller and Harvey (2000).
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