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Soil represents the largest reservoir of terrestrial organic C, and plays a critical role in global C cycling. In light
of predicted climate change and a more unified approach to mitigate greenhouse gas emissions, the soil's
ability to sequester C, and thus to act as a sink or a source for atmospheric CO2 has received growing interest.
Organomineral assemblages are a unique niche in C cycling, with large capacity for storing anthropogenic C.
However, the underlying biogeochemical mechanisms for C sequestration through organomineral associa-
tions are not yet well understood. One of the major challenges to study C sequestration in organomineral as-
semblages is lack of non-invasive analytical tools with a potential to obtain molecular-level information
about the interactions between C and mineral components in submicron geochemical environments. In the
present study, we have effectively employed synchrotron-based STXM–NEXAFS spectroscopy to access the
K- and L-edges of biogeochemically relevant elements (C, N, Ca, Fe, Al, Si) to identify and image micro- and
nano-C sequestration environments, and conduct submicron-level investigation of the compositional chem-
istry and other interactive features of C and minerals present in these hotspots using ultrathin section of in-
tact organomineral assemblage. The C K-edge NEXAFS spectromicroscopy micrographs clearly demonstrated
the existence of spatially distinct seemingly terminal micro- and nano-C repository zones, where organic C
was sequestered in apparent agglomeration in the investigated organomineral assemblage. These
submicron-C repository environments were only a few micrometers apart from each other; yet they were
considerably different compositionally from each other. The organic C in the first repository environment
was pyrogenic in origin, largely composed of quinone, phenols, ketones and aromatic ring structures. How-
ever, the second hotspot was dominated by filament-like structure, with striking similarity to the C 1s NEX-
AFS spectral signatures of organic C isolated from soil fungal and bacteria, and dominated by resonances from
aliphatic-C and C_N bonds of imidazol structures, carboxyl/carbonyl-C, amide- and O-alkyl-C functionalities.
The composition of organic C in the organomineral interface around the strand-like structure was highly
complex and composed of polysaccharides, amino sugars, amino acids, nucleic acids, and phospholipid
fatty acid structures with polar and non-polar termini. The chemistry of mineral matter in the organomineral
interface was also equally complex, ranging from Ca, Fe and Al ions, Fe and Al oxides, hydroxides and oxy-
hydroxides to phyllosilicates, which could provide a variety of polyvalent cations, hydroxyl surface functional
groups and edge sites that can attract and bind microbial biomolecules. Based on the enormous complexity of
the organic C functionalities and the coexistence of various inorganic components in the organomineral inter-
face, it is possible to suggest that no single binding mechanism could be accountable for the organic C stored
in the investigated submicron-C repository environment. Our results seem to suggest that the apparent C se-
questration in the micro- and nano-C repository environment appear to be the cumulative result of physical
protection and heterogeneous binding mechanisms ranging from ion exchange, hydrogen bonding, and hy-
drophobic bonding on silicate clay–organic complexes to adsorption on external and internal surfaces of
clay minerals.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Soil represents the largest reservoir of terrestrial organic C on the
global scale, and plays a critical role in global C cycling. It contains 4.3
times the size of the atmospheric pool (760 Gt), 5.9 times the size of
the biotic pool (560 Gt); and current estimates of the global soil or-
ganic C pool are in the order of 3300 Gt in the top 3 m (Tarnocai et
al., 2009). Organic C enters the soil system as a heterogeneous mix-
ture of organic molecules composed of compounds released from liv-
ing plant and microbial cells to complex plant, animal and microbial
residues ranging in size and complexity from simple monomers to
complex biopolymers (Solomon et al., 2007a). Most of this C is readily
mineralized by microorganisms within a short timescales of one or
two years (Jenkinson and Ladd, 1981). The remaining portion, how-
ever, can be stabilized for longer timescales of up to thousands of
years (Sollins et al., 1996). In light of predicted climate change and
a more unified approach to mitigate greenhouse gas emissions, the
soil's ability to retain C, and thus to act as a sink or a source for in-
creasing anthropogenic CO2 concentrations in the atmosphere has re-
ceived growing interest in the last decades (Lal, 2004). Despite its
importance, however, the underlying biogeochemical mechanisms
for the long-term stabilization of C in soils are not yet well under-
stood; and the full potential for C sequestration in the Earth's surface
remains unknown (Trumbore, 2009).

The dominant mechanisms affecting the stability of organic C in
soils are typically categorized into three major processes: (i) selective
preservation of primary and secondary refractory C compounds (ii)
spatial inaccessibility of organic C to microbes and enzymes due to lo-
calized occlusions by microaggregation, intercalation within phyllosi-
licates, and encapsulation in pore spaces, and (iii) inter-molecular
associations between organic C and minerals or metal ions. Selective
preservation due to recalcitrance leads to a progressive change of de-
tritus composition during the initial stage of decomposition. Howev-
er, it does not explain the long-term stabilization of potentially
labile organic C substrates in soils; and it is increasingly seen as a
transient process (Sollins et al., 1996; Baldock and Nelson, 2000). Lit-
erature evidence increasingly seems to suggest that organic C stabili-
zation caused by organomineral associations and “biotic exclusion”
due to substrate inaccessibility to decomposing organisms, many of
which occur only at micro- and nano-environments, appears to be
the dominant process (Horn and Smucker, 2005). Smucker et al.
(2007) indicated that some of these “biotic exclusion” zones are
interconnected by a range of intra-aggregate nano-sized pores and
could receive supplies of organic C frommicro- and meso-pores in ag-
gregates; yet prohibit on-site mineralization of C by bacteria and their
associated enzymes. However, others are terminal and appear
throughout microaggregates as “dead end” environments that may
serve as C reservoirs in organomineral assemblages.

One of the major challenges to studying C sequestration in micro-
and nano-environments is the lack of appropriate non-invasive ana-
lytical tools. Most of the information involving interfacial chemical
processes and organomineral associations are inferred from bulk
chemistry data generated by experimental approaches involving
batch experiments, gas-sorption analysis or oxidative treatments
(Templeton and Knowles, 2009). This information is used to build
conceptual surface complexation and spatial allocation models to fa-
cilitate better understanding of C stabilization. While models built
on evidence collected from destructive analytical approaches reveal
important information, they usually fall short of providing explicit in-
formation about the linkage between mineralogy and organic C func-
tionalities, as well as surficial and spatial allocations and other
architectural features of organomineral assemblages (Sparks, 1995).
Wan et al. (2007) indicated that without such direct submicron-
level information, the mechanistic foundation for soil organic C stabi-
lization as a result of organomineral associations remain largely
lacking. Significant progress has been made in the past using
spectroscopy techniques such as X-ray photoelectron spectroscopy
(XPS), Auger electron spectroscopy (AES) and secondary ion mass
spectroscopy (SIMS). These approaches yield detailed information
about the structure and bonding of minerals and the chemical species
present on mineral surfaces (Amelung et al., 2002). However, many of
these techniques are invasive, since experiments may need to be per-
formed under adverse conditions (e.g., desiccation, heating, and par-
ticle bombardment) that may not simulate natural conditions in the
soil environment; and could alter the nature of samples, yielding pos-
sibly misleading data as a result of experimental artifacts (Kögel-
Knabner, 2000).

Scanning transmission X-ray microscopy (STXM), a powerful
method created through advances in X-ray microfocusing and access
to high-flux yet softer (~100 to 2000 eV) X-ray photons generated by
a synchrotron light source, coupled with near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy provides an excellent opportu-
nity to identify and fingerprint the fine structures of C and directly
imagemicrometer sized environmental samples with nanometer spa-
tial resolution (Jacobsen et al., 2000). More recently, STXM and NEX-
AFS spectromicroscopic analyses has been effectively employed to
investigate soil C and mineral associations at a nanometer scale
(Kinyangi et al., 2006; Lehmann et al., 2008). However, these studies
were conducted at beamline optimized mostly for C, but lacking suf-
ficient flux at higher energies to image Ca, Fe, Al and Si; which are
among the most ubiquitous elements at the earth's surface and by
far the most abundant mineral cations in soils, restricting the infor-
mation generated from these investigations only to soil organic C.
STXM–NEXAFS spectromicroscopy has potential to access the K- or
L-edge of other elements (Ca, N, O, Fe, Al, Si etc.); and may lead to ac-
quisition of multi-element and spatially defined high resolution
(b50 nm; Wan et al., 2007; Thieme et al., 2010) mechanistic informa-
tion for geobiological investigations involving C and minerals or
polyvalent metal ions associations, as well as other surficial and inter-
active features occurring in organomineral assemblages (Solomon et
al., 2009).

Therefore, the objectives of this investigation were: (i) to identify
and image the locations of micro- and nano-environments of organic
C sequestration in ultrathin section of intact organomineral assem-
blage of a mineral soil, (ii) to fingerprint the fine structures of C pre-
sent in these complex C repository environments, and (iii) to conduct
a submicron-level investigation of the compositional chemistry and
interactions of the various elements (N, Ca, Fe, Al and Si) present in
the organomineral interface with organic C that may have relevance
for long-term stabilization of soil C using a non-destructive high res-
olution STXM and NEXAFS spectromicroscopy.

2. Materials and methods

2.1. Study site description and sample background information

The present study was conducted using soil samples collected
from the Kakamega forest ecosystem of western Kenya. Kakamega
forest is located at 00°14′19″N and 34°57′13″E and represents the
eastern-most remnant of Guineo-Congolian rainforest. The altitude
of the area ranges from 1700 to 1800 m above sea level, with mean
annual temperature of 19 °C and precipitation of 2080 mm. The natu-
ral vegetation is composed of tropical (e.g., Aningeria altissima (A.
Chev.), Milicia excelsa (Welw., C.C. Berg), and Chrysophyllum albidum
(G. Don)), and montane (e.g., Olea capensis (L.) and Croton megalocar-
pus (Hutchinson)) forest species. The soils of the area developed from
undifferentiated basement system rocks. They are well-drained, deep
red to yellowish red, friable sandy clay loam to clay loam texture with
400 g kg−1 sand, 210 g kg−1 silt and 380 g kg−1 clay; and classified
as Ferralo-Chromic Acrisols (FAO-UNESCO, 1997). The organic C con-
tent was 119 g kg−1 soil, total N was 11 g kg−1 soil, total S was
2.9 g kg−1 soil, with pH-KCl of 5.3 and bulk density of 0.79 g cm−3.
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Krull et al. (2002) indicated that these soils are dominated by Fe Al
and Si; with relatively lower Ca, K, and Mg contents. Detailed chemi-
cal and mineralogical properties can be found in Krull et al. (2002)
and Solomon et al. (2007a, 2009).

2.2. Ultrathin section preparation

One gram of undisturbed soil was sieved to pass through a 250 μm
sieve but trapped on a 150 μm sieve, and the free stable microaggre-
gates in this range were isolated. The microaggregates were then
sprinkled on a glass fiber filter (Whatman GF/A, 90 mm diameter),
mounted onto a 1000 μm sieve surface; and fixed to a chimney funnel
that transferred mist from a humidifier (Ultra-violet light, Slant/Fin;
7.5 L capacity). The humidifier chamber was filled with double deio-
nized Millipore water dispensed from a Barnstead NanoPure Dia-
mond water purification system (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) to hydrate the microaggregates. After 18 h of
continuous misting, the microaggregates were considered to be
water saturated. Excess droplets on the glass fiber filter were drained
off before shock-freezing the microaggregates. This procedure en-
abled the spatial arrangement of organic matter in soils to be
observed at high resolution without compromising the spatial integ-
rity of the organomineral assemblage (Lehmann et al., 2008). An ap-
proximately 150 μm diameter microaggregate subsample was
selected and submitted to the cryomicrotome for ultrathin sectioning.
Since the pretreatment results in a frozen sample, sectioning was ac-
complished at −55 °C. Sectioning to a thickness of 400 nm was done
with an ultramicrotome (Ultracut UTC, Leica Microsystems Inc, Ban-
nockburn, Illinois, USA) using a glass knife for initial trimming and a
diamond knife (MS9859 Ultra 45 °C, Diatome Ltd., Biel, Switzerland)
for final cutting at 1.2 mm s−1 (cutting angle of 6°). The ultrathin sec-
tions were transferred using an eyelash probe (Christensen, 1971) to
a silicon monoxide (SiO) impregnated copper (Cu) transmission elec-
tron microscopy grid (200 meshes, No. 53002, Ladd Research, Willis-
ton, Vermont, USA). The Cu grid was mounted onto the center
pinhole of stainless steel sample stage plates (46 mm diameter) for
STXM measurements. Details about the thin sectioning procedure
are described by Kinyangi et al. (2006).

2.3. Multi-element STXM and NEXAFS data acquisition and analysis

2.3.1. C K-edge spectromicroscopy
The C K-edge NEXAFS spectromicroscopy measurements were

recorded at X1A1 beamline of the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory (BNL) using the STXM end
station. The essential components of this beamline are a tunable
undulator inserted in the 2.8 GeV electron storage ring generating a
high flux of photons at 107 spatially coherent photons s−1 in the
soft X-ray region, a spherical grating monochromator with maximum
spectra resolving power of 5000 lines mm−1, a 160-μm Fresnel zone
plate that can focus the beam to a 40 nm spot size for a maximum
spatial resolution of up to 50 nm, and a proportional counter to detect
the transmitted photons. The beamline slit width was set to 45/25/
25 μm to provide an energy resolution of 0.1 eV. Both spectral and im-
aging resolutions of the beamline are described in depth elsewhere
(Wirick et al., 2009). The monochromator was calibrated using CO2

adsorption band (290.7 eV). A stack data set was collected in trans-
mission mode under He atmosphere by imaging in X and Y dimen-
sions, then changing the monochromator by energy increments of
0.3 eV for the energy range from 280.0 to 282.5 eV (dwell time, DT,
1 ms), 0.1 eV from 282.6 to 292.0 eV (DT, 2 ms), 0.5 eV from 292.1
to 305.5 eV (DT, 3 ms) and 1.0 eV from 305.6 to 310.0 eV (DT,
4 ms). Smaller energy step (0.1 eV) was chosen at levels where core
electrons of C can be excited (283.0–290.0 eV). The dwell time was
increased to improve counting statistics at spectroscopically interest-
ing regions, in regions where samples showed high absorbance, or in
regions where the incident flux is low. After the entire microaggre-
gate was scanned using a zone plate with 40 nm focused beam spot
at 500 nm steps (for clarity from here on described as 500 nm spatial
resolution), high-resolution scans were conducted at the various C re-
pository zones or hotspots within the intact micro-organomineral as-
semblage at a 50 nm spatial resolution (40 nm focused beam spot and
at 50 nm steps) to probe these micro- and nano-C sequestration envi-
ronments (Kinyangi et al., 2006; Lehmann et al., 2008; Wirick et al.,
2009). Individual images recorded across all energy levels were
built into a stack using the Stack Analyze 2.6.1 software (Jacobsen et
al., 2000), then aligned in X and Y using cross-correlation (with
290.0 eV as a reference). For the spatial analyses, the stack data
were orthogonalized and noise-filtered by principal component anal-
ysis as described in Lerotic et al. (2004) and Kinyangi et al. (2006).
Cluster analysis was used to identify sample regions with similar
spectral properties and to identify regions for which target spectra
of total organic C were defined in comparison with cluster spectra
using PCA GUI 1.1.1 program (Lerotic et al., 2004). The first 4 compo-
nents and 12 clusters were used on the basis of the eigenvalues,
eigenimages and eigenspectra (Lerotic et al., 2004; Kinyangi et al.,
2006; Lehmann et al., 2008) calculated by the principal component
analysis, without using the first principal component as described in
Kinyangi et al. (2006). Cluster analysis uses this subset of principal
components to group similar spectra in the stack data set (Lerotic et
al., 2004), and produce cluster maps. Singular value decomposition
(SVD) was performed to calculate target maps and corresponding
fitted target spectra from the spectra obtained by cluster analysis.
Stack image processing software and data analyses instructional man-
uals can be accessed on the web at http://xray1.physics.sunysb.edu/
data/software.php.

2.3.2. N, Al, Si K-edge, and Ca and Fe L-edge spectromicroscopy
The N, Al, Si K-edge, and Ca and Fe L-edge NEXAFS spectromicro-

scopy measurements were performed using STXM end station at the
soft X-ray spectromicroscopy (SM) 10ID-1 beamline of the Canadian
Light Source (CLS) located at the University of Saskatchewan. The
10ID-1 beamline, inserted in 2.9 GeV electron storage ring, consists
of an APPLE II type Elliptically Polarizing Undulator (EPU), a Plane
Grating Monochromator (PGM) optimized for photons from 100 to
2000 eV range. The STXM provides high quality imaging and spatially
resolved spectroscopy with an on-sample flux of 108 photon s−1

focused by a Fresnel zone plate lens to a 30 nm focal spot sizes,
with a 30 nm spatial resolution and spectral resolution power (E/
ΔE) that can reach up to ~10,000. Details about the STXM principle
and design of the microscope can be found at Kaznatcheev et al.
(2007), Karunakaran (2009) and at http://www.lightsource.ca/
experimental/pdf/SM_Beamline_Technical_Sheet.pdf. Stack data set
for Ca L-edge, N K-edge, Fe L-edge, Al K-edge and Si K-edge NEXAFS
spectromicroscopy were collected in transmission mode under He at-
mosphere from the ultrathin section used for C K-edge NEXAFS. Sim-
ilar to C, image sequences were recorded in X and Y dimensions and
then changing the monochromator in energy increments varying
from 0.3 to 0.88 eV (depending on the element analyzed) first from
the entire microaggregate using a zone plate with a focused spatial
resolution of 500 nm, and latter high-resolution (50 nm) scans were
recorded at the same micro- and nano-regions identified using the
center X and Y coordinates and ranges of the C NEXAFS images. The
increasing energy flux and stack energy range parameters for
the high-resolution scans performed at CLS are provided as follows:
(i) Ca L-edge 340.0–343.5 eV at 0.3 eV steps, 343.6–354.0 eV at
0.1 eV and 354.1–360.0 eV at 0.3 eV steps with 27/27 μm slit size
and 1 ms DT, (ii) N K-edge 390.0–395.0 eV at 1 eV steps,
395.1–404.0 eV at 0.1 eV steps, 404.1–410.0 eV at 0.3 eV, and
411.1–430.0 at 1 eV steps with 27/27 μm slit size and 0.87 ms DT,
(iii) Fe L-edge 700.0–704.0 eV at 0.5 eV steps, 704.1–713.0 at 0.2 eV
steps, 713.1–718.0 at 1 eV steps, and 718.1–735.0 eV steps at 1.5 eV

http://xray1.physics.sunysb.edu/data/software.php
http://xray1.physics.sunysb.edu/data/software.php
http://www.lightsource.ca/experimental/pdf/SM_Beamline_Technical_Sheet.pdf
http://www.lightsource.ca/experimental/pdf/SM_Beamline_Technical_Sheet.pdf
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steps with 27/27 μm slit size and 0.87 ms DT, (iv) Al K-edge
1540.0–1558.0 eV at 1 eV steps, 1558.1–1575.0 at 0.2 eV steps,
1575.1–1585.0 at 1 eV steps, and 1585.1 1610.0 eV at 2 steps with
35/35 μm slit size and 0.87 ms DT, and (v) Si K-edge
1820.0–1830.0 eV at 1 eV steps, 1830.1–1860.4 at 0.2 eV steps,
1860.5–1880.5 at 0.5 eV steps, and 1880.6–1890.0 eV at 2 eV steps
with 45/45 μm slit size and 0.95 ms DT. The high resolution stack
data set was read and preprocessed using the stack fit and stack ana-
lyze routine of the Analysis of X-ray Microscopy Images and Spectra
(aXis2000); an Interactive Data Language (IDL) widget for processing
X-ray microscopy images and spectra developed by Hitchcock (2008).
Additional image processing and data analyses instructions can be
accessed at http://unicorn.mcmaster.ca/aXis2000.html) to a format
compatible with Stack Analyze (Jacobsen/Stony Brook V2.6.1,
Jacobsen et al., 2000) and PCA GUI 1.1.1 (Lerotic et al., 2004) pro-
grams used for analyses C K-edge NEXAFS data. The image sequences
were aligned and converted to optical density (OD) and principal
component and cluster analysis for individual elements were con-
ducted as described in Section 2.3.1 of this paper; and target and clus-
ter maps, as well as spectra were produce for each element. The
spectra were baseline corrected and normalized using WinXAS ver-
sion 3.1 (WinXAS Soft ware, Hamburg, Germany) as described in
Solomon et al. (2009).

3. Results and discussion

3.1. C K-edge STXM–NEXAFS spectromicroscopy

The spatially resolved C K-edge STXM–NEXAFS spectromicroscopy
micrographs of the entire micro-organomineral assemblage (Fig. 1a)
and the selected micro- and nano-C repository environments
(Fig. 1b) showed a contrasting image of the distribution of total or-
ganic C (light gray) and mineral matter (dark gray) present within
the investigated ultrathin section of an intact organomineral assem-
blage of a mineral soil. Although organic C was distributed through-
out the entire micro-organomineral assemblage (Fig. 1a), closer
inspection of the fine-scale distribution of C clearly showed a number
of spatially distinct and seemingly terminal micro- and nano-
repository zones or hotspots, where organic C was present in appar-
ent agglomeration (Fig. 1bi and bii).

Differential analysis of the nano-scale spatial heterogeneity of C
present in the selected submicron-level C reservoirs (Fig. 1bi and
bii) revealed that the compositional chemistry of organic C present
in these submicron-C repository zones was highly complex. Accord-
ing to Fig. 1, the composition of C present in the region with the
filament-like morphology (Fig. 1bi), the details of which are the
focus of this paper, appeared to be relatively low in energy bands as-
sociated with quinones (284.0–284.6 eV; Fig. 1c), characteristic tran-
sitions of aromatic ring structures (284.7–285.9 eV, Fig. 1d) and
resonances related to phenols and ketones (286.0–286.9 eV, Fig. 1e).
However, this region seem to be dominated by resonances related
to aliphatic-C and imidazol ring structures (287.0–287.9 eV, Fig. 1f),
carboxylic/carbonyl-C and amide functionalities (288.0–288.9 eV,
Fig. 1g) and absorption bands related to O-alkyl-C (289.0–289.9 eV,
Fig. 1. C K-edge STXM–NEXAFS images of the entire intact organomineral assemblage (pane
tribution of total C and mineral matter, and the fine-scale distribution of the various C functi
aliphatic C and imidazol structures; panel g, carboxylic/carbonyl and amide structures; pa
assemblage.
Fig. 1h) (Solomon et al., 1991; Brandes et al., 2004; Braun et al.,
2007; Solomon et al., 2009). In contrast, the fine structure chemistry
of C in the hotspot dominated by the more intact particulate organic
structure (Fig. 1bii, the details of which is a subject of another article)
was largely composed of quinone (Fig. 1c), aromatic ring structures
(Fig. 1d) and resonances related to phenols and ketones (Fig. 1e).
However, while transitions representing polysaccharides (Fig. 1h),
carboxylic/carbonyl-C and amide functional groups (Fig. 1g), as well
as aliphatic-C (Fig. 1f) were visible especially on the outer surface of
this structure; they were largely less abundant compared to their
presence in the hotspot dominated by the filament-like structure.
These results indicate that the structural composition and morpholo-
gy of organic C sequestered in micro- and nano-C repository zones of
organomineral assemblages, which are far apart only by a few micro-
meters from each other, could be considerably different.

3.1.1. Cluster analysis of organic C from the filament-like structure
The spatially resolved C K-edge STXM–NEXAFS spectromicroscopy

target map of the micro- and nano-organic C repository environment
(Fig. 2a) clearly showed the filament-like organic structure (dark red)
and the nearby organomineral interface (light gray) regions present
within the investigated micro-organomineral assemblage. In addi-
tion, the cluster indices map (Fig. 2b) displayed various micro- and
nano-regions with distinctively discernible C K-edge NEXAFS spectral
features related to the exterior and interior regions of the filament-
like structure (Fig. 2c–h) and the complex organomineral interface
(Fig. 2i–m). The C K-edge spectra collected from the inner (Fig. 2c–
d), intermediate (Fig. 2e–f) and outer (Fig. 2g–h) regions of the
filament-like structure exhibited multiple peaks near 285.1 eV,
287.5 eV, 288.3 eV and 289.7 eV; with shoulders near 286.6 eV
(Fig. 2n). The C 1s NEXAFS spectral signatures and peak positions
recorded from the filament-like structure were strikingly similar to
the spectral features observed from fungal hyphae and bacteria colo-
nies isolated from soils by Liang et al. (2006) andWirick et al. (2009).
These results lead us to conclude that this micro- and nano-C reposi-
tory environment could be dominated by organic C possibly originat-
ing from the strand-like structures of soil microorganisms and their
metabolites. Our results are in line with the suggestion of Oades
(1984), who pointed out that polysaccharide mucilage can be pro-
duced in situ by fungal hyphae and bacterial cells in the soil environ-
ment and exist in soil micro-environments as a gel or fibrillae; and
may not diffuse or move around far from the site of production.
Oades (1984) indicated that the mobile component in the interaction
between mucilage and soil clay appears to be fine clay platelets; and
the polysaccharides will either be encapsulated by the clay platelets
or end up acting as glue binding the clay platelets to the strand-like
microbial structure. The presence of microbial strand-like structures
in intimate association with clay particles in organomineral assem-
blages have been also reported by Chenu and Stotzky (2002).

Detailed analysis of the spectral signatures of the filament-like
structures revealed that resonances near 285.1 eV could be attributed
to the π* orbital of C (C 1s–π*C_C) atoms originating from unsat-
urated C (C_C) bonds on aromatic ring structures (Table 1).
These transitions might indicate the existence of aromatic protein
l a) and the micro- and nano-C repository environments (panel b) showing spatial dis-
onalities (panel c, quinones; panel d, aromatic-C; panel e, phenols and ketones; panel f,
nel h, polysaccharides and amino sugars) observed in the investigated organomineral

http://unicorn.mcmaster.ca/aXis2000.html


Fig. 2. High resolution C K-edge STXM–NEXAFS target (panel a) and cluster indices maps (panel b) of the investigated micro- and nano-C repository environment, individual cluster images of the various regions of the filament-like structure
(panels c–h) and the nearby organomineral interface (panels i–m), and their respective C NEXAFS spectra (panels n and o).
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Table 1
Photon energy ranges, transitions, the most likely functionalities and organic C forms identified by STXM–NEXAFS spectromicroscopy from the filament-like structure and nearby
organomineral interface of the investigated organomineral assemblage.

Energy ranges Functionalities Transitions Structures

eV

Filament-like structure
285.1–285.7 Aromatic-C C 1s–π*C_C Aromatic ring structures of amino acids, proteins and nucleobases

Phenolic-C C 1s–π*C_C Aromatic-C connected to O group in phenols
286.5–286.7 Ketonic-C C 1s–π*C_O Carbonyl structures of ketones

Pyrrolic-C C 1s–σ*C\N Pyrrole side ring structures of amino acids and nucleobase
287.4–287.5 Aliphatic-C C 1s–σ*/3pC\H Aliphatic C functionalities of amino acids and phospholipid fatty acids

Amide-C C 1s–π*C_N Imidazol ring present in amino acids
288.0–288.7 Carboxylic/carbonyl-C C 1s–π* C_O Carboxylic/carbonyl C of amino acids, amino sugars, polysaccharides

Amide carbonyl-C C 1s–π*C_O Amide functionalities of nucleobases
289.6–289.8 O-alkyl-C C 1s–σ*/3pC\OH O-alkyl-C moieties of amino sugars and polysaccharides

Amide-C C 1s–π*C_N Amide structures of amino acids

Organomineral interface
285.3–285.7 Aromatic-C C 1s–π*C_C Aromatic ring structures of amino acids, proteins and nucleobases

Phenolic-C C 1s–π*C_C Aromatic-C connected to O atom of hydroxyl group in phenols
286.5–286.6 Ketonic-C C 1s–π*C_O Carbonyl structures of ketones

Pyrrolic-C C 1s–π*C_N Pyrrole side ring structures of amino acids
287.4–287.5 Aliphatic-C C 1s–σ*/3pC\H CH, CH2 and CH3 groups of aliphatic C functionalities of amino acids

Amide-C C 1s–π*C_N Imidazol ring present in amino acids
288.1–288.9 Carboxylic/carbonyl-C C 1s–π*C_O Carboxyl C in polysaccharides, phospholipid fatty acids and extracellular enzymes

Carboxyamide-C C 1s–π*C_O Amide functionalities and carboxyamide structures of nucleobases
289.7–289.8 O-alkyl-C C 1s–σ*/3pC\OH O-alkyl-C of polysaccharides, protein-nucleic acid, alcohols and ethers

Amide-C C 1s–π*C_N Amide structures of amino acids, amino acids with alcohols and basic side chains
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macromolecules, amino acids with aromatic side chains such as phe-
nylalanine, as well as from microbial nucleobases such as thymine
that are building blocks of both deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) (Francis and Hitchcock, 1992; Boese et al.,
1997; Stöhr et al., 2001; Ade and Urquhart, 2002; Kaznacheyev et
al., 2002; Solomon et al., 2007b; Solomon et al., 2009). The weakly de-
veloped shoulders near 286.6 eV (Table 1) could be attributed to the
presence of C 1s–π*C_C transitions of aromatic-C connected to the O
atom (C-OH) of hydroxyl group as in the case of phenols, and to C
1s–π*C_O transitions from carbonyl substituted aromatic structures
of phenols and ketones (Braun et al., 2005; Samuel et al., 2006).
These absorption bands could also arise due to C 1s–π*C_C and C
1s–σ*C\N transitions originating from pyrrole side ring structures of
microbial amino acids such as tryptophan, nucleobases such as
thymine, and to C 1s–π*C_N transition of the C_Nx species of ade-
nine (Kaznacheyev et al., 2002; Samuel et al., 2006; Solomon et al.,
2009). The low energy shoulders that emerged near 287.5 of the
filament-like structure could be ascribed to C 1s–σ*/3pC\H Rydberg-
like excitations from CH, CH2 and CH3 groups of aliphatic-C function-
alities or they could also arise from π* resonances of C_N bonds from
the imidazol ring present in amino acids such as histidine (Boese et
al., 1997; Solomon et al., 2009). These structures appear to be much
more prominent in the outer regions of the filament-like structure
(Fig. 2n). Solomon et al. (2005) and Kinyangi et al. (2006) suggested
that the presence of strong resonances from aliphatic-C chain struc-
tures together with oxidized carboxylic-and carbonyl-C structure
could also be an indication for the occurrence of microbial C forms
such as phospholipid fatty acids. The strong absorption bands near
288.3 eV in the inner and intermediate regions of the filament-like
structure were assigned to C 1s–π*C_O transitions of carboxyl/car-
bonyl-C (COOH/COO\) originating possibly from polysaccharides,
amino sugars and amino acids, as well as amide (O_C\NH) func-
tional groups common in nucleobases (Boyce et al., 2002;
Kaznacheyev et al., 2002; Solomon et al., 2009). The resonances
from these transitions appear to be very weak in the outer regions
of the filament-like structures. The absorption bands near 289.6 eV
correspond to the 1s–3p/σ* transitions of O-alkyl-C (C\OH) moieties
primarily representing polysaccharides and amino sugars (Hitchcock
and Mancini, 1994; Boyce et al., 2002). Solomon et al. (2009) demon-
strated that the sharp absorption features between 289.1–289.6 eV
arise from transitions of C\OHmolecular orbitals related to microbial
polysaccharides such as deoxysugars, structural polymers of fungal
cell-wall such as chitin, as well as N-acetyl muramic acid, which
when interlinked by peptides can form peptidoglycan, a major con-
stituent of bacterial cell walls. However, Kaznacheyev et al. (2002)
reported that the C 1s–π*C_N transitions of amino acids with side
chains containing basic groups such as arginine could also result in
a high energy peak around 289.2 eV, where the C_N C is bonded to
three N atoms leading to a shift in the π* peak above that of a C 1s
(COO−) site. The C K-edge spectra extracted from the cluster indices
map of the filament-like structure did not exhibit spectral signatures
related to the 1s–π*C_O energy resonance associated with quinones
commonly observed in pure compounds such as p-benzoquinone
(Francis and Hitchcock, 1992; Solomon et al., 2009) or in complex en-
vironmental samples such as humic fractions or pyrogenic C present
in soils (Braun et al., 2005; Solomon et al., 2005). Quinones are impor-
tant organic compounds in the environment, which for the most
part are produced through enzymatic oxidation of phenolic com-
pounds such as lignin by polyphenoloxidases. Their absence, at least
in this case, was further indication that microorganisms and their
metabolites and not plant materials were the possible sources of or-
ganic C in this filament-like micro- and nano-C repository environ-
ment. These results are in line with the results of our differential
analysis of the micro- and nano-scale spatial distribution of C in the
filament-like structure.

3.1.2. Cluster analysis of C from the organomineral interface
The C K-edge spectra (Fig. 2o) collected from the inner, intermedi-

ate and outer regions of the organomineral interface (Fig. 2i–m)
exhibited multiple pronounced resonances near 285.3 eV, 287.4 eV,
288.4 eV and 289.7 eV, and weakly developed shoulders near
286.6 eV. The absorption bands near 285.3 eV were assigned to the
C 1s–π*C_C transition of aromatic ring structure of microbial C associ-
ated most probably with amino acids, proteins and nucleobases; and
often present in soils bound to mineral surfaces (Table 1; Wershaw
and Pinckney, 1980; Kleber et al., 2007). The shoulders near
286.6 eV could be attributed to the presence of C 1s–π*C_C transitions
of phenols, and to C 1s–π*C_O transitions from phenols and ketones
present in the organomineral interface (Braun et al., 2005; Samuel
et al., 2006). These absorption bands could also arise due to C
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1s–π*C_C and C 1s–σ*C\N transitions of pyrrole side ring structures of
microbial amino acids and nucleobase, and from the C 1s–π*C_N tran-
sition of nucleobase present in the various regions of the organomin-
eral interface near the filament-like organic structure (Kaznacheyev
et al., 2002; Samuel et al., 2006; Solomon et al., 2009). The pro-
nounced peaks near 287.3 eV, especially in the inner organomineral
interface, could be indications for the presence of C 1s–σ*/3pC\H

Rydberg-like excitations of aliphatic-C species and π* resonances of
imidazol ring structures of amino acids and proteins. Kinyangi et al.
(2006) observed the presence of C 1s–σ*/3pC\H Rydberg-like transi-
tions due to CH, CH2, and CH3 groups of aliphatic-C in interior regions
of organomineral coatings of microaggregates. These authors indicat-
ed that such components may form non-polar termini that confer hy-
drophobic properties and may lead to hydrophobic interaction
between organic C and clay minerals leading to the adsorption of
these compounds to the mineral layers in the organomineral com-
plex. The broad resonances manifested near 288.4 eV could be attrib-
uted to the C 1s–π*C_O from carboxyl-C (COOH/COO\) and amide
(\CONH2) functional groups, and could signify the presence of C
from polysaccharides, phospholipid fatty acids, extracellular enzymes
and nucleobases present intimate association with the mineral matter
(Benzerara et al., 2004; Solomon et al., 2005, 2009). Lawrence et al.
(2003) and Benzerara et al. (2004) reported that the C_O bond
from the characteristic carboxyl phenyl ring of carboxyamides could
also appear near 288.4 eV. The broader peaks near 288.4 eV from
the intermediate and outer organomineral interface regions could
be an indication for the presence of carboxyamides and signify the
presence of both amide and polysaccharide carboxyl-C in the organo-
mineral interface. In addition, Kaznacheyev et al. (2002) indicated
that amino acids with side chains containing carboxylic and amine
groups (e.g., cysteine and methionine) are characterized by COOH
π* absorption band near 288.4 eV. Such amino acids predominantly
form a zwitterionic structure, with a protonated amino (H3N+) and
deprotonated carboxyl (COO−) groups. Brash and Horbett (1995)
and Kleber et al. (2007) indicated that numerous electrostatic bonds
can form between reactive mineral sites and organic amide and
other polar or charged functional groups during the adsorption pro-
cess. Kinyangi et al. (2006) demonstrated that organic matter
enriched with such protonated–deprotonated carboxyl termini
(COOH/COO\) could interact with mineral surfaces and form a dis-
continuous surface coat or thin film-like layer possibly through ad-
sorption processes involving hydrogen bonding, van der Waals
forces or electrostatic interactions (Chenu and Stotzky, 2002). The in-
volvement of proteinaceous organic molecules stemming possibly
from zwitterionic character of amino acids in certain forms of organo-
mineral interactions and associations have been proposed by several
researchers. Wershaw and Pinckney (1980) postulated that organic
C is often bound to clay surfaces by amino acids or proteins. Similarly,
Kleber et al. (2007) highlighted the formation of strong organomin-
eral associations favored by situations, where either a polar organic
functional group of amphiphilies interacts via ligand exchange with
singly coordinated soil mineral surfaces or through processes involv-
ing proteinaceous materials unfolding upon adsorption to mineral
surfaces, thus increasing adhesive strength by adding hydrophobic
interactions to electrostatic binding. The C K-edge absorption bands
that appeared near 289.7 eV corresponds to the 1s–3p/σ*C\OH transi-
tions of O-alkyl-C (CHOH, CH2\OH, CH2\O\) structures (Table 1)
possibly representing microbe related polysaccharides, protein-
nucleic acid, as well as alcohols and ether bonded aliphatic-C struc-
tures present in the investigated organomineral interface regions.
The occurrence of C\OH molecular orbital related with relatively la-
bile microbial polysaccharides, amino groups and other structural
polymers of fungal and bacterial constituents in intimate association
with the mineral interface in the investigate micro- and nano-C re-
pository environment could be, therefore, direct evidence that such
structures can be stabilized by organomineral complexes in mineral
soils. Chenu and Stotzky (2002) reported that microorganisms re-
lease extracellular polysaccharides and a number of other biologically
active biomolecules such as extracellular enzymes, toxins and
(deoxy)ribonucleic acids that have specific roles and targets in the
soil environment. These microbial-derived exudates are susceptible
to rapid and irreversible adsorption by soil particles, especially by
clay minerals, mainly through weak bonds such as van der Waals
forces and hydrogen bonding (Chenu, 1995). Electrostatic interac-
tions are also involved in the case of charged extracellular polysac-
charides, and di- or trivalent cations could enhance the adsorption
of polysaccharides to charged clay minerals in the organomineral
complex. The absorption bands near 289.8 eV could also arise from
C 1s–π*C_N due to the presence of amino acids with alcohol (\OH,
e.g. threonine, serine) and mercapto (\SH, e.g. cysteine) or strongly
basic ((HxN)2\C_NH2; e.g. arginine) side chains (Kaznacheyev et
al., 2002; Zubavichus et al., 2005). Kaznacheyev et al. (2002) stated
that amino acids with alcohol side chain contain polar hydroxyl
groups that can participate in hydrogen bond formation. Thus, such
polar hydroxyl groups could also serve as a point of attachment in
organomineral interactions and associations observed in the investi-
gated micro- and nano-C repository environment. Overall, given the
extraordinary diversity of organic C functionalities of the microbial
organic matter present in the various regions of the organomineral
interface, it is possible to suggest that the adsorption of microbial-C
into the mineral matter and subsequent its sequestration in the inves-
tigated micro- and nano-C repository environment could be the cu-
mulative result of heterogeneous binding mechanisms.

3.2. N K-edge STXM–NEXAFS spectromicroscopy

The spatially resolved high resolution N K-edge target map
(Fig. 3b) of the investigated organomineral assemblage clearly
showed the discernable features of the filament-like structure (light
gray) and the nearby organomineral interface (dark red) regions,
supporting the results from C K-edge STXM–NEXAFS spectromicro-
scopy. The N K-edge cluster indices map (Fig. 3c) revealed the
micro- and nano-scale spatial distribution of the various N compo-
nents with similar spectral properties at the inner, intermediate and
outer regions of the filament-like structure (Fig. 3m), and the organo-
mineral interface (Fig. 3n). Vairavamurthy and Wang (2002) and
Samuel et al. (2006) reported that the N K-edge spectral features
due to the transitions to the π* orbitals occur at lower energies and
they are characterized by sharp peaks compared to those arising
due to transitions to σ* orbitals. Thus, it is possible to suggest that
the prominent absorption bands observed in the energy range of
399.1–404.0 eV from N K-edge spectra of the investigated micro-
and nano-C repository environment could be assigned as representa-
tives of the N 1s–π* transitions, while the broader features observed
at a higher energies (>405.0 eV) reflect the N 1s–σ* resonances
(Fig. 3m and n). These features were consistent throughout the ex-
perimental N K-edge spectra, indicating the presence of numerous
N compounds in the submicron-C repository environment dominated
by the filament-like structure and the nearby organomineral interface
present within the investigated micro-organomineral assemblage.

3.2.1. Cluster analysis of N from the filament-like structure
The N K-edge spectra collected from inner (Fig. 3d), intermediate

(Fig. 3e–f) and outer (Fig. 3g) regions of the filament-like micro-
bial structure exhibited multiple peaks near 399.1 eV, 400.0 eV,
401.4 eV, 402.2 eV, 405.6 eV and 407.8 eV energy positions
(Fig. 3m). The resonances near 399.1 eV could be attributed to the N
1s–π* transitions from a variety of amino acids with aliphatic (e.g., al-
anine), alcohol (e.g., serine), mercapto (e.g., methionine), carboxylic
(e.g., glutamic acids), aromatic (e.g., histidine) and strongly basic
(e.g., arginine) side chains (Zubavichus et al., 2005). Leinweber et
al. (2007) reported that amino sugars (e.g., N-acetyl-D-glucosamine



Fig. 3. High resolution C K-edge cluster indices map showing the region where N analysis was conducted (panel a), N K-edge NEXAFS target (panel b) and cluster indices (panel c) maps and individual N NEXAFS cluster images of the various
regions of the filament-like structure (panels d–g) and the nearby organomineral interface (panels h–i), and their respective spectra (panels m and n).
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and chitin), which are major constituents of fungal cell walls, as well
heterocyclic N compounds associated with pyrimidine (e.g., thymine)
and purine (e.g., adenine) structures could also show N 1s–π* reso-
nances in similar (i.e., 399.0–399.9 eV) energy range. The N 1s–π*
transitions near 400.0 eV could be attributed to heterocyclic N com-
pounds with imidazole (e.g., L-β-imidazoleacetic acid) and pyrimi-
dine (e.g., pyrazinecarboxamide, cyosine) structures derived from
microbial metabolites. Amino acids with both basic and aromatic
side chains were also shown to exhibit resonances around 400.0 eV
(Leinweber et al., 2007). The N 1s–π* absorption bands near
401.4 eV and 402.2 eV could be due to the presence of a variety of
amino acids, amines and amides from N-acetyl-D-glucosamine and
its polymer chitin to muramic acid, as well as from π* resonances of
heterocyclic N compounds associated with pyrimidine and purine
structures related to microbial nucleic materials (Zubavichus et al.,
2005; Samuel et al., 2006; Leinweber et al., 2007). The broad spectral
features near 405.6 eV and 407.8 eV were possibly due to the N 1s–σ*
transitions of amino acids with aliphatic, alcohol, mercapto, carboxyl-
ic, aromatic and strongly basic side chains. These results seem to be in
agreement with the results of Zubavichus et al. (2005) and Leinweber
et al. (2007), who demonstrated that the spectra of the majority of
amino acids are dominated by a relatively broad N 1s–σ*N\C peak
extending from 405.0 eV to 409.0 eV. These authors indicated that
in the cases of such amino acids as proline and hydroxyproline, this
broad peak feature could apparently split into two components near
405.6 eV and 409.7 eV due to saturated N heterocycles. These spectral
signatures could also be an indication for the presence of amines and
amide functionalities originating possibly from amino sugars, which
provide structural and functional roles for soil microorganisms, as
well as from the π* resonances of heterocyclic N compounds associat-
ed with pyrimidine and purine structures of microbial nucleobases
(Solomon et al., 2001; Samuel et al., 2006). These results are clearly
inline with our interpretation of the C K-edge spectral signatures of
the filament-like structure, and support our previous suggestion
that this strand-like structure and the organic C sequestered in the in-
vestigatedmicro- and nano-C repository environment originated pos-
sibly from the soil microorganisms and microbial metabolites.

3.2.2. Cluster analysis of N from the organomineral interface
The N K-edge spectra (Fig. 2n) collected from the inner, interme-

diate and outer regions of the organomineral interface present
around the strand-like structure revealed multiple peaks near
400.0 eV, 401.4 eV, 402.2 eV, 405.6 eV and 407.8 eV energy positions.
The N 1s–π* transitions near 400.0 eV could indicate the presence of
amino acids with basic and aromatic side chains in association with
the mineral matter. These results could be further indication that
the protonated and deprotonated termini of these proteinaceous or-
ganic compounds could interacts with the mineral matter, and lead
to the accumulation of these biomolecules in organomineral complex
of the investigated micro- and nano-repository environment. The π*
resonance near 400.8 eV could also be contributions from heterocy-
clic microbial N compounds with imidazole and pyrimidine, as well
as nitrile (R\C`N) structures (Leinweber et al., 2007; Cody et al.,
2008; Nuevoa et al., 2011) present in association with mineral com-
ponent of the soil. The possible presence of long-chain alkyl nitriles,
derived from long-chain fatty acids in soils have been also reported
by Schulten and Schnitzer (1998) and Leinweber and Schulten
(1998).

The N 1s–π* spectral features near 401.4 eV and 402.2 eV, as well
as from the broad N 1s–σ* transitions near 405.6 eV and 407.8 eV
clearly suggest that the organic material found in intimate association
with the mineral matter was highly complex in its compositional
chemistry. These N 1s–π* spectral signatures indicate that this organ-
ic matter encompasses compounds ranging from amino acids with
highly basic, aliphatic, alcohol carboxylic and aromatic side chains
to amines and amide functionalities of amino sugar origin and
heterocyclic N species associated with pyrimidine and purine struc-
tures of RNA and DNA (Zubavichus et al., 2005; Samuel et al., 2006).
The presence of amino acids, along with other organic constituents
ranging from N-containing polysaccharides to protein-nucleic acids
in the organomineral interface is in line with the findings of our C
K-edge NEXAFS spectromicroscopy. It also provide further indication
that these seemingly labile organic constituents could be released
into submicron soil environments inaccessible to decomposing or-
ganisms as microbial exudates or as a product of biological membrane
lysis; and could be sequestered in this seemingly terminal micro- and
nano-C repository environments through simple bioexclusion. Huang
(2004) stated that depending on the inherent properties of these mi-
crobial C species, they can also interact with the surfaces of the soil
mineral interface through a variety of individual ion exchange mech-
anisms and accrue in the organomineral complex. Examples of such
associations are the interactions between protonated amines and me-
tallic cations occupying exchange sites on the surfaces of mineral col-
loids, and sorption of these moieties on mineral surfaces. Besides
cation-exchange reactions, adsorption of organic constituents by
mineral colloids may proceed through ionic, covalent, hydrophobic,
hydrogen bonding, or even through van der Waals forces; although
individual van der Waals forces are regarded as weak interactions.
However, the retention mechanism could be also an action cumula-
tive of all of these mechanisms, if these organic moieties are in close
contact with the adsorbing surface composed of a wide variety of dis-
solved cations, oxides and hydroxides, as well as silicate clay compo-
nents (Theng, 1979; Violante et al., 2002; Huang, 2004). Leinweber et
al. (2007) and Gillespie et al. (2008) indicated that the 1s–π* reso-
nances near 401.6 eV and the broad N 1s–σ* transitions near
405.8 eV could also originate from mineral N compounds such as am-
monium phosphate ((NH4)3PO4), nitrate (NH4NO3), sulfates
((NH4)2SO4), as well as potassium (KNO3) and calcium (Ca(NO3)2)
nitrates. Thus, there is a possibility that the spectral signatures of
such inorganic N compounds could overlap with the photon energy
ranges found from the signatures of organic N compounds observed
in the investigated micro- and nano-C repository environment. How-
ever, since inorganic N generally represents b5% of total N in mineral
soils (Schulten and Schnitzer, 1998), it is highly unlikely that the N K-
edge spectra of this microbial organic N enriched hotspot could be
considerably influenced by the signals from mineral N to the point
that they could be too relevant for the interpretation of the N K-
edge NEXAFS spectra of the investigated micro- and nano-C reposito-
ry environment.

3.3. Ca L-edge STXM–NEXAFS spectromicroscopy

Similar to the C and N-Kedge NEXAFS spectromicroscopy micro-
graphs, the Ca L-edge target map (Fig. 4b) showed detailed morpho-
logical features of the filament-like organic structure (light gray) and
the nearby organomineral interface (dark red) regions. The Ca L-edge
cluster indices map (Fig. 3c) clearly revealed the nano-scale spatial
distribution of the various Ca compounds and the respective spectral
signatures found at the inner, intermediate and outer regions of the
filament-like structure (Fig. 4m), and the organomineral interface
(Fig. 4n). The Ca L-edge NEXAFS spectral features (Fig. 4m and n)
were generally limited to a narrow energy range between 346.9 eV
and 352.3 eV. However, they exhibited a rich and complex Ca fine
edge structure present in the investigated micro- and nano-C reposi-
tory environment.

3.3.1. Cluster analysis of Ca from the filament-like structure
The Ca L-edge spectral features collected from the inner, interme-

diate and outer regions of the filament-like structure (Fig. 4m)
revealed four principal features, where the two main spin-orbit relat-
ed peaks i.e., L3 2P3/2 and L2 2P1/2 appearing near 349.1 eV and
352.2 eV, respectively, along with smaller crystal field L3 2P3/2 and



Fig. 4. High resolution C K-edge cluster indices map showing the region where Ca analysis was conducted (panel a), Ca L-edge NEXAFS target (panel b) and cluster indices (panel c) maps and individual Ca NEXAFS cluster images of the
various regions of the filament-like structure (panels d–g) and the nearby organomineral interface (panels h–l), and their respective spectra (panels m and n).
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L2 2P1/2 peaks near 348.1 eV and 351.3 eV preceding the main L3 and
L2 peaks, respectively. Additionally, a small L3 leading peak near
346.9 eV was observed in the spectral features of the strand-like mi-
crobial structure (Fig. 4m). Measurements of the energy separation
of the main (L2 2P1/2–L3 2P3/2) and the smaller (L2 2P1/2–L3 2P3/2) Ca
L2 and L3 edges of these spectra were between 3.0 eV and 3.1 eV
and 3.2 eV and 3.2 eV, respectively. These values were generally
inline with the 2p spin-orbit splitting of Ca metal determined exper-
imentally for a variety of Ca standards by Fleet and Liu (2009). Naftel
et al. (2001) indicated that the origin of these multi-peak patterns is
known to be the crystal field arising from the symmetry of the
atoms surrounding the Ca2+ ion in the first co-ordination sphere.
Benzerara et al. (2004) pointed out that microbes are often associated
with Ca-containing minerals. Calcium ion (Ca2+) is also known to act
as a cation bridge between negatively charged functional groups in-
cluding extracellular polymeric substances on microbial surface
(Hitchcock et al., 2009). Accordingly, the two well-resolved spectral
features corresponding to the main L3 (349.1 eV) and L2 (352.3 eV)
Ca L-edge peaks (Fig. 4m) could be the results of various Ca phos-
phate compounds (Naftel et al., 2001; Cailleau et al., 2005; Fleet and
Liu, 2009; Obst et al., 2009). The major L3 2P3/2 (near 349.1 eV) and
L2 2P1/2 (near 352.2 eV) absorption bands and the smaller L3
(346.9 eV and 348.1 eV) and L2 (351.3 eV) peaks could also arise
from Ca associated with exoenzymes such as amylases and proteases,
from Ca-containing organophosphates compounds such as Ca glycer-
ophosphate (HOCH2CH(OH)CH2OPO3Ca) or even from low molecular
weight organic acids such as oxalates produced by soils fungi and
known to interact particularly with metal ions such as Ca forming
polymorphs of Ca oxalate (e.g., weddellite, CaC2O4·2H2O and whe-
wellite, CaC2O4·H2O) (Naftel et al., 2001; Huang and Germida,
2002; Cailleau et al., 2005). This could be due to the fact that phos-
phorus is an important constituent of microbial nucleic acids and
phospholipids, a result in agreement with both C and N K-edge NEX-
AFS investigations of this micro- and nano-C repository environment.
Lengeler et al. (1999) indicated that some commonly found species of
soil bacteria use low molecular weight organic acids as their sole
source of C and energy through the tricarboxylic acid and glyoxylate
cycles. Cailleau et al. (2005) also pointed that despite the low solubil-
ity of Ca oxalate, it can be dissolved by oxalate-utilizing bacteria. Al-
though the general metabolic role of oxalates in microorganisms
remains unclear, it is generally believed that they can be used by
some soil bacteria for regulating pH, and Al detoxification (Tanner
and Bornemann, 2000).

3.3.2. Cluster analysis of Ca from the organomineral interface
The most evident feature of the Ca L3,2-edge NEXAFS spectra col-

lected from the organomineral interface (Fig. 4h–l) in the vicinity of
the strand-like nano-repository zone was the splitting of the two
principal edge peaks, giving rise to two relatively intense doublets
appearing near the main L3 2P3/2 (349.2 eV) and L2 2P1/2 (352.3 eV)
peaks (Fig. 4n). Qualitative comparison of the spectral features of
the organomineral interface regions also indicated that although
both L3 and L2 crystal field spectra were present, the smaller crystal
field L3 2P3/2 (near 348.2 eV) peaks seem to be less developed than
the more pronounced L2 2P1/2 (near 351.4 eV) peaks. Politi et al.
(2008) demonstrated that the absence or appearance of less intense
L3 and L2 crystal field peaks closer to the main L3 and L2 peaks,
where they appear as shoulders, in the Ca absorption line-shapes is
an indication for the presence of disordered or amorphous forms of
Ca carbonate structures, while the splitting of the main L3 and L2
peaks and appearance of a more pronounced and equally intense L3
and L2 crystal fields peaks is an indication of the well developed crys-
talline Ca phase structures. Therefore, it is possible to suggest that our
Ca L3,2-edge NEXAFS spectra seem to indicate that amorphous Ca
compounds are largely absent from the organomineral interface re-
gion present nearby the strand-like structure. In addition, the
inorganic Ca compounds present in association with the microbial or-
ganic matter in the organomineral complex might be composed of
mixtures of more transient and crystalline phases of Ca compounds
such as dibasic Ca phosphate (CaHPO4), tricalcium Ca phosphate
(Ca3(PO4)2) hydroxylapatite (Ca5(PO4)3(OH)) and carbonate–
hydroxylapatite (Ca5(PO4,CO3)3(OH), where the carbonate group
might be incorporated into the hydroxyapatite structure by substitu-
tion for phosphate groups and to a lesser extent by OH-ions, but not
as part of Ca carbonates such as calcite (CaCO3) or dolomite
(CaMg(CO3)2) (Naftel et al., 2001; Cailleau et al., 2005; Sato et al.,
2005; Fleet and Liu, 2009; Obst et al., 2009). The diminished role of
CaCO3 compounds in the organomineral interface near the filament-
like structure might be attributed to the fact that, although soil micro-
organisms have a potential to modify the pH of their surroundings to
a more localized alkaline environment even in acid soil (Tanner and
Bornemann, 2000; Cailleau et al., 2005), the pH of the investigated
soil (pH=5.3) might not support accumulation of appreciable
amount of CaCO3 compounds (the stable pH for calcite is ~8.4;
Cailleau et al., 2005). This suggestion is also supported by the results
of the C K-edge NEXAFS spectra of this region, which clearly showed
absence of observable peaks related to CaCO3 structures. The pres-
ence of Ca phosphates in the organomineral interface seem to be im-
portant in the preservation of organic C in this micro- and nano-C
repository environment, since its precipitation is credited to prevent
the degradation of organic C compounds such as nucleic acids by nu-
cleases released by bacterial cells (Benzerara et al., 2004). These au-
thors also observed an intimate association between Ca phosphate
compounds and organic biomolecule matrixes composed of proteins,
extracellular polymeric substances such as exopolysaccharides and
DNA molecules in and around bacterial cells. Although Ca2+ ions do
not form strong coordination complexes with organic molecules in
contrast to hydroxypolycations (Fe3+ and Al3+), they are also
known to bind to negatively charged functionalities originating
from microbial polysaccharides with glucuronic-, galacturonic-,
mannuronic-, pyruvic- and succinic-acid groups through polyvalent
cation bridges (Lützow et al., 2006). Similar to the Ca chemistry of
the strand-like structure, the Ca L-edge NEXAFS spectral signatures
(Fig. 4n) from the various regions of the organomineral interface
(Fig. 4h and l) could also be the results of Ca-bearing organic com-
pounds such as glycerophosphate (HOCH2CH(OH)CH2OPO3Ca) or
from the most common forms of Ca oxalate (CaC2O4·H2O and CaC2-
O4·H2O) compounds commonly encountered in soils (Naftel et al.,
2001; Cailleau et al., 2005) originating possibly from microbial me-
tabolites and sequestered in the investigated micro- and nano-
organic C repository environment.
3.4. Fe L-edge STXM–NEXAFS spectromicroscopy

The spatially resolved Fe L-edge target map (Fig. 5b) clearly
showed the filament-like structure (dark gray) and the nearby orga-
nomineral interface (light gray) regions in the investigated micro-
organomineral assemblage. The Fe L-edge cluster indices map
(Fig. 5c) revealed the nano-scale spatial distribution of the various
Fe compounds and their spectral signatures at the inner, intermediate
and outer regions of the filament-like structure (Fig. 5l), and the orga-
nomineral interface (Fig. 5m), where organic C present in intimate
association with the mineral matter. Our results showed that the Fe
L-edge NEXAFS spectra recorded from the investigated micro-
organomineral assemblage have two distinct absorption band re-
gions. The first region was approximately between 706.0 and
715.0 eV; and represents an electronic dipole transition between
2p3/2 and 3d orbitals, also called the L3 edge, while the second region
also called the L2 edge was located roughly between 720 and 728 eV,
and implies an electronic transition between 2p1/2 and 3d orbitals
(Van derlaan and Kirkman, 1992).



Fig. 5.High resolution C K-edge cluster indices map showing the region where Fe analysis was conducted (panel a), Fe L-edge NEXAFS target (panel b) and cluster indices (panel c) maps and individual Fe NEXAFS cluster images of the various
regions of the filament-like structure (panels d–e) and the nearby organomineral interface (panels f–k), and their respective spectra (panels l and m).
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3.4.1. Cluster analysis of Fe from the filament-like structure
The Fe L-edge spectra (Fig. 5l) determined from Fe 2p cluster maps

showing the inner (Fig. 5d) and outer (Fig. 5f) regions of the filament-
like structure exhibited multiple peaks at the iron L3- (near 707.9 eV
and 709.5 eV) and L2- (near 720.9 and 722.7 eV) edges. The Fe L-edge
NEXAFS spectra also show that both the L3- and L2-edge resonances
were characterized by clearly separated and well-resolved doublets.
However, the Fe L3 2P3/2 peaks were generally less pronounced com-
pared to the sharp and more intense Fe L3 2P3/2 peaks, which
appeared near 709.5 eV (Fig. 5l). In contrast, the Fe L2 2P1/2 transi-
tions that appeared near 720.9 and 722.7 eV were somewhat broader
and of equal magnitude in their intensity. Dynes et al. (2006) and
Hitchcock et al. (2009) indicated that the oxidation state of Fe can
be determined from the shape of these Fe 2P3/2 peaks signals, the
peak position and relative intensities of the two peaks. These authors
reported that although both Fe2+ and Fe3+ compounds show double
peaked Fe L3 2P3/2 signal, the L3 2P3/2 bands originating from Fe2+

rich species generally start at lower energy compared the ones origi-
nating from Fe3+ rich species (van Aken and Liebscher, 2002). In ad-
dition, other investigations involving oxidation states of iron in
mineral standards also showed that systems dominated by the diva-
lent iron form display a sharp Fe 2p3/2 absorption peak near
708.0 eV, followed by a less intense peak near 710.0 eV, while matri-
ces rich in trivalent iron show a less intense peak around 708.0 eV,
followed by a very intense resonance near 709.5 eV (van Aken et al.,
1998; van Aken and Liebscher, 2002; Majestic et al., 2007). Therefore,
although the presence Fe2+ species cannot be fully excluded, based
on the Fe L3,2-edge NEXAFS spectra recorded from the filament-like
structure, it is possible to suggest that the external and internal
regions of the microbial structure present in the investigated micro-
and nano-C repository environment seem to be dominated by triva-
lent iron rich species. This was also supported by the measured sepa-
ration of the Fe L3 and L2 peak maxima (13.2 eV and 13.0 eV for the
inner and outer regions, respectively) of the strand-like structure,
which arises due to spin-orbit splitting of the Fe3+ and Fe2+ species,
values very much in line with the results (13.0 eV for Fe3+ and
12.9 eV for Fe2+) reported by van Aken and Liebscher (2002) for a
variety of Fe-containing compounds. Similar results were reported
by Hitchcock et al. (2009), where filamentous bacteria accumulated
mainly the Fe3+ species, and only a small proportion of iron was
composed of divalent iron species. Hunter et al. (2008) also indicated
that the Fe3+ species of iron are found to be predominantly associat-
ed with the bacterial cells, while the Fe2+ species were present at a
much lower level in the extracellular milieu adjacent to the bacteria
with strong trivalent iron levels. The possible sources of the Fe3+

iron forms in the internal and external surfaces of the strand-like
structure could vary from sorption of soluble or colloidal Fe3+

iron-containing species, as ferric iron is known to bind tenaciously
to bacterial surfaces, to oxidation of cell-bound Fe2+ iron species
(Chan et al., 2004; Châtellier et al., 2004; Hitchcock et al., 2009).
Other sources of Fe3+ iron in the filament-like structure could also
include siderophores, secondary low-molecular-mass coordination
high-affinity iron chelating compounds rich in carboxylate, pheno-
late, catecholate and hexamate moieties produced and exuded by
a wide variety of fungi and bacteria (Neilands, 1995; Schröder et
al., 2003; Miethke and Marahiel, 2007). They are highly specific
Fe3+ ligands; and interact with iron oxides and hydroxide mineral
phases and form soluble Fe3+ complexes making this iron species
either accessible for reduction and/or for cellular uptake and assim-
ilation by microorganisms (Schröder et al., 2003). Dong (2010) and
Gadd (2010) also reported that microbial cell walls, outer layers,
and exopolymers can sorb, bind or entrap many of the soluble and
insoluble iron species, as this metal is known to be an important
component of cytochromes, ferreidoxins and present as a cofactor
of enzymes such as dehydratases in soil microorganisms (Huang
and Germida, 2002).
3.4.2. Cluster analysis of Fe from the organomineral interface
The Fe L3,2-edge spectral features (Fig. 5m) collected from the

organomineral interface (Fig. 5f–k) near the stand-like structure
revealed intense and well-resolved double peak Fe L3 2p3/2 signals
near 707.8 eV and 709.4 eV and additional two Fe L2 2p1/2 peaks
near 720.8 eV and 722.4 eV. The Fe L3,2-edge spectral features and
peak positions from the organomineral interface were remarkably
similar to the Fe 2p NEXAFS spectral signatures observed from reso-
nances of hematite, (α-Fe2O3), goethite (α-FeO(OH)), feriihydrite
(Fe5HO8·4H2O), schwertmannite (Fe3O8(OH)6(SO4), and magnetite
(Fe3O4) (van Aken and Liebscher, 2002; Xiong et al., 2009). However,
these Fe L3,2-edge features were distinctly different from spectral
signatures observed from minerals composed exclusively of ferrous
(Fe2+) iron such as wüstite (FeO), and hercynite (FeAl2O4)
(Crocombette et al., 1995; van Aken and Liebscher, 2002). These re-
sults are clear indication that the investigate metal-rich micro- and
nano-C repository environment appeared to be predominantly com-
posed of more crystalline iron (Fe3+) oxides (e.g. hematite) and
iron (Fe3+) oxyhydroxides (e.g. goethite), as well as less crystalline
iron (Fe3+) hydroxide (Fe(OH)3) and oxyhydroxides (e.g. ferrihy-
drite) species and Fe3+ cations. Our results are inline with the results
of Violante et al. (2002), who suggested that various polymorphs of
FeO(OH) and Fe2O3 commonly known to coexist as end products of
advanced weathering in many tropical soils, where leaching is strong
and the soil is more acidic. Iron compounds are commonly released in
the soil by weathering as less ordered iron (III) hydroxides (Fe(OH)3)
in oxidizing situations and as dissolved iron (II) hydroxides (Fe(OH)2
in reduced conditions. These compounds will eventually dehydrate
and crystallize as hematite or goethite. Hematite formation tends to
be favored in the warm environments, while goethite is more stable
in humid and cooler environments. The presence of a more oxidized
ferric (Fe3+) iron oxide and hydroxide species in the investigated
organomineral interface was, therefore, in keeping with the warm,
well aerated, and lower pH environment of the studied soils. Iron ox-
ides, hydroxides, and oxyhydroxides (FeOx) are generally known to
influence soil organic matter stabilization, as evidenced by positive
correlations between metal and total organic C concentrations
among a range of soils (Tiessen et al., 1984; Skjemstad et al., 1989;
Kaiser and Guggenberger, 2000). Thus, the presence of various oxides,
hydroxides, and oxyhydroxides of Fe in the inner, intermediate and
outer regions of the organomineral interface is critical for organic C
stabilization; because these oxides, hydroxides and oxyhydroxides
could provide vast sorbent surface area or could also coat clay and
create a variety of mineral surface types in the organomineral inter-
face (Kleber et al., 2007). Sollins et al. (1996) indicated that the bond-
ing mechanism between the mineral surfaces and the organic C could
differ depending on the nature of the sorbate and sorbent present in
the localized geochemical micro-scale environments, and suggested
that several mechanisms could play a role in the stabilization of C in
the organomineral complex. Therefore, one of the possible mecha-
nisms for the observed association of organic C with the mineral mat-
ter in the investigated micro- and nano-C repository environment
could be due to sorption of negatively charged organic C (e.g., disso-
ciated carboxylic (COO−) acid and phenolic (OH−) groups observed
in the investigated organomineral interface by C K-edge NEXAFS
spectroscopy) through replacement of surface hydroxyl groups (li-
gand exchange). Gu et al. (1994) and Lützow et al. (2006) stated
that such anion exchange between simple coordinated OH groups
on mineral surfaces and carboxyl and phenolic groups of organic mat-
ter is one of the most important mechanism for the formation of
strong (e.g. Fe\O\C bonds) organomineral associations, especially
in acid soils rich in minerals with protonated hydroxyl groups. Al-
though, organic anions are normally repelled from negatively charged
surfaces of the exchange complex, the trivalent iron (Fe3+) present in
the organomineral interface of the investigated micro- and nano-C re-
pository environment could also serve as a polyvalent cation bridge
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binding together the negatively charged surfaces of the clay minerals
and the acidic functional groups of organic C. Microbially secreted
polysaccharides frequently carry negative charge due to the presence
of uronic acids that adsorb strongly to negatively charged clay sur-
faces through polyvalent cation bridging involving iron (Chenu,
1995). Thus, complexation reactions involving such organic C com-
pounds and structural cations of edges or Fe cations released from
primary and secondary hydroxyl iron coatings on clay colloids could
be additional possible binding mechanisms for the intimate associa-
tion observed between organic C and Fe compounds in the organo-
mineral interface (Huang, 2004). These suggestions are supported
by the results of Schwertmann et al. (1986), who reported that com-
plexation of Fe(III) ions with dissociated functional groups on organic
matter can occur in soil micro-environments with high supply of iron
III and decomposed and humified materials. Petersen (1976) and
Wada (1995) reported that precipitation of these complexes is an im-
portant stabilization mechanism in volcanic and acid leached subsur-
face soils. Physical protection of organic C via microaggregation
induced by metal oxides (especially FeOx) could also be another pos-
sible mechanism for the stabilization of organic C in this micro- and
nano-C repository environment. The importance of FeOx for organic
matter stabilization in soil aggregates has been shown in tropical
soils by Shang and Tiessen (1998). These results seem to provide fur-
ther evidence to our suggestion that given the complex compositional
chemistry of the organic sorbate observed using C and N NEXAFS, the
diverse nature of the mineral sorbent observed with Fe NEXAFS, and
the variety of mechanisms that these organic C species could interact
with the surfaces of the soil mineral interface, no single process seem
to be the dominant mechanism for the adsorption of microbial C to
the mineral matter, and its subsequent sequestration in the investi-
gated micro- and nano-C repository environment.

3.5. Al K-edge STXM–NEXAFS spectromicroscopy

The Al K-edge target map (Fig. 6b) showed the filament-like or-
ganic structure (light gray) and the nearby organomineral interface
(dark red) region in the investigated organomineral assemblage.
The Al K-edge cluster indices map (Fig. 6c) illustrated the micro-
and nano-scale spatial distribution of Al compounds (Fig. 6d–i) and
their signatures at the exterior and interior regions of the filament-
like structure (Fig. 6j), and the organomineral interface (Fig. 6k).
The Al spectral signatures were well-resolved and distinct features
of this metal appeared within the energy range of 1565.4–1588.5 eV
providing a clear indication for the presence of rich fine structural
features related to Al in the investigated organomineral assemblage.
Shaw et al. (2009) indicated that these Al 1s NEXAFS absorption fea-
tures arise from transitions of core electrons to the first empty bound
states (1s–3p) and from multiple scattering inside the nearest neigh-
bor coordination shell or among the first neighbors. Ildefonse et al.
(1998), Doyle et al. (1999) and Hu et al. (2008) reported that Al K-
edge NEXAFS can be diagnostic for probing the bonding and symme-
try of the local coordination environment around Al atoms and could
be employed to identify Al compounds in complex environmental
samples. Hu et al. (2008) showed that Al K-edge NEXAFS is particu-
larly powerful in differentiating four- and six-fold coordination
environments.

3.5.1. Cluster analysis of Al from the filament-like structure
The Al K-edge cluster maps from the exterior (Fig. 6d) and interior

(Fig. 6e) regions of the filament-like structure showed that, unlike the
distribution of C, N, Ca and Fe that occurred in a more discrete man-
ner, the nano-scale distribution of Al appeared to be in a more dis-
persed fashion. The Al 1s spectral features (Fig. 6j) recorded from
the exterior (Fig. 6d) and interior (Fig. 6e) regions of the filament-
like structure exhibited multiple peaks with the two main fea-
tures near 1565.4 eV and 1567.6 eV, while additional peaks near
1578.5 eV, 1582.5 eV, and 1588.5 eV, with a shoulder appearing
near 1569.7 eV. These spectral features and energy positions were
largely similar to the spectra collected from gibbsite (α-Al(OH)3), ka-
olinite (Al4(Si4O10(OH)8) and Al-goethite (Fe1−XAlXOOH) (Li et al.,
1995a; Ildefonse et al., 1998; Hu et al., 2008; Shaw et al., 2009).
Yoon et al. (2004) demonstrated that bacterial cells can form close as-
sociation with aluminum oxides and phyllosilicate clays, and form
bacteria–mineral aggregates via adhesive action of extracellular poly-
saccharides. Similarly, Ehrlich (2002) stated that mineral particles
commonly adhere to microbial cell surfaces through the hydrophilic
nature of the exopolymer produced by soil microorganisms or via
hydrophobic cell surface structures, if the mineral surface is hydro-
phobic. Hydrophilic attachments may involve electrostatic interac-
tions between negative charges at the cell surface or exopolymers
surrounding the cell and positively charged regions at the mineral
surface.

3.5.2. Cluster analysis of Al from the organomineral interface
The Al K-edge spectra (Fig. 6k) recorded from the organomineral

interface revealed three distinct main features near 1565.3 eV,
1566.8 eV, and 1567.8 eV, followed by a shoulder near 1569.9 eV.
Additional peaks were observed near 1574.5 eV, 1578.5 eV,
1582.5 eV and 1588.5 eV. These spectral features and energy posi-
tions were largely similar to the spectra collected from Al-
containing crystalline standard compounds with six-fold coordinat-
ed Al in dioctahedron layer such as kaolinite and gibbsite, as well
as from less differentiated low Al concentrations Al-goethite formed
by replacement of Fe by Al atoms in goethite (Li et al., 1995a;
Ildefonse et al., 1998; Hu et al., 2008; Shaw et al., 2009). However,
with the exception of gamma alumina (γ-Al2O3) and illite
((MgCaK)1.52Al4(SiAl)4O20(OH)4) where we observed a slight re-
semblance, the spectra collected from the organomineral interface
did not exhibit signatures related to Al compounds with four-fold
Al such as albite (NaAlSi3O8), six-fold Al in octahedron layer such
as corundum (α-Al2O3, and diaspore (α-AlO(OH)) and to Al com-
pounds with mixed (four- five- and six-fold Al) coordination num-
ber such as muscovite, KAl2(Si3Al)O10(OH)2 and smectite
(CaNaH)(AlMgFeZn)2(SiAl)4O10(OH)2−XH2O) (Ildefonse et al.,
1998; Hu et al., 2008; Shaw et al., 2009). Based on these results it
is possible to suggest that the possible source of the various Al-
containing compounds in the investigated organomineral interface
could range from aluminum hydroxide polymorphs such as gibbsite,
phyllosilicate clays such as kaolinite (to a lesser extent illite) to alu-
minous goethite or other Al-containing minerals with a similar local
environment of the Al atom to that of these minerals. Kaolinite, the
most common of the 1:1 silicate clay minerals with a hydrophobic
siloxane surface, is an important component of many soils especially
those that that are found in warm and humid tropical environments
and subjected to intensive weathering. With the help of proteina-
ceous compounds, which serve as a surface conditioner that adds
polar functionality to its low-charge siloxane surfaces, kaolinite
have been implicated as an important clay mineral for organic C sta-
bilization (Kleber et al., 2007). Polymorphs of Al hydroxides are also
common products of weathering of soils in tropical and subtropical
environments; and they are known to be among the most major
minerals in many Oxisols and Ultisols. Our investigation provided
a clear evidence that various phases of Al-containing oxides, hy-
droxides and oxyhydroxides could coexist together with the poly-
morphs of FeO(OH), Fe2O3 and silicate clays such as kaolinite
supporting the suggestions of Violante et al. (2002). The observed
coexistence have a practical significance in stabilization of organic
C in the investigated organomineral interface, since these minerals
are excellent sources of polyvalent cations such as Al3+, Al hydroxyl
and Al oxyhydroxy surface groups and edge sites on clay minerals,
which can attract and bind microbial biopolymers such as proteins,
nucleic acids and polysaccharides identified by C and N NEXAFS



Fig. 6. High resolution C K-edge cluster indices map showing the region where Al analysis was conducted (panel a), Al K-edge NEXAFS target (panel b) and cluster indices (panel c) maps and individual Al NEXAFS cluster images of the
various regions of the filament-like structure (panels d–e) and the nearby organomineral interface (panels f–i), and their respective spectra (panels j and k).
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from the submicron-C repository environment and known to con-
tain negatively charged carboxylic, phenolic, enolic, thiolate and
phosphate functionalities. These organic moieties could bind to the
mineral surfaces through a variety of binding mechanisms ranging
from ligand exchange, polyvalent cation bridges, and weak interac-
tions such as hydrophobic interactions, van der Waals forces and
H-bonding (Theng, 1979; Huang, 2004). Chenu and Stotzky (2002)
and Stotzky (2002) suggest that the adsorption of these organic
molecules to mineral surfaces at times can be considered non-
reversible, since it can result in conformational changes that render
the biomolecules unavailable to the action of extracellular enzymes.
The inhibitory effects of Al (and to a lesser extent Fe) on soil respi-
ration and its subsequent role in accumulation of soil organic C ob-
served in numerous field and laboratory studies have been also
described by Tyler et al. (1989) and Giller et al. (1998). Although,
the effect of Al ion cannot be often separated from its ability to
form cation bridges, Al is also among the various metal ions (e.g.,
Fe and Ca) that could potentially stabilize soil organic C through
complexation reactions (Lützow et al., 2006). For example, Jones et
al. (2001) clearly showed that Al-complexes of citrate and oxalate
in soils were much more stable in comparison with the free citrate
and oxalate compounds. Biomolecules released from microbial activ-
ity are also known to interact with Al-containing compound in soils
and promote transformation of poorly ordered and highly reactive
intermediate phases of Al oxyhydroxides to more stable crystalline
Al hydroxides by a series of perturbing organic ligands such as
aspartic, tannic, malic and citric acids (Hu et al., 2008). Torn et al.
(1997) indicated that poorly ordered and highly reactive Al oxy-
hydroxides are particularly important for the stabilization and bio-
geochemical cycling of C in soils.

3.6. Si K-edge STXM–NEXAFS spectromicroscopy

The spatially resolved Si K-edge target map (Fig. 7b) showed the
strand-like organic structure (light gray) and the nearby organomin-
eral interface (dark red) regions of the investigated micro-
organomineral assemblage. The Si K-edge cluster indices map
(Fig. 7c) illustrated the submicron spatial distribution of Si and the
spectral signatures associated with the inner and outer regions of
the filament-like structure (Fig. 7j) and the organomineral interface
(Fig. 7k). The Si K-edge resonances from the filament-like structure
and the nearby organomineral interface regions appeared to be well-
resolved and within the energy range of 1842.3 and 1860.8 eV
(Fig. 7j and k) in the Si 1s continuum suggesting the presence of rich
fine structural features related to Si in this micro- and nano-C reposi-
tory environment. The results of our Si K-edge NEXAFS spectra are
similar to the values reported for the Si 1s spectra recorded from var-
ious Si-containing minerals by Seifert et al. (1996) and Urquhart et al.
(1997). Hitchcock et al. (2009) stated that the 1s-edge absorption
spectra of Si compounds have different shapes; and the position of
the absorption maximum of Si-containing compounds is depen-
dent not only on the oxidation state of Si (the net Si0\Si4+ shift
is ~8 eV), but also on the coordination number, polymerization of
SiO4

4−, Si\O bond distance, Si\O bond valence, distortion of SiO4
4−

tetrahedra, and the chemical substitution in both tetrahedral and oc-
tahedral sites of the silicate mineral (Li et al., 1993, 1995b; Urquhart
et al., 1997). Li et al. (1993, 1995b), and Shaw et al. (2009) reported
that the strong main Si K-edge peak, which in the present experiment
correspond to peaks near 1842.3 eV (Fig. 7j and k) is related to the
transition of Si ls electrons to 3p-like (ls–3p) state. Peaks that
appeared near 1845.7 eV and 1852.6 eV are due to the multiple scat-
tering effect from more distant atom shells, while the resonances
near 1847.3 eV and 1860.8 eV are contributions from the transitions
of Si ls electrons and characterized by the empty Si 3d (ls–3d) states
or sometimes called symmetry-forbidden shape resonances (Li et al.,
1993, 1995b).
3.6.1. Cluster analysis of Si from the filament-like structure
The Si K-edge cluster maps showed the nano-scale distribution of

Si at the inner (Fig. 7d) and outer (Fig. 7f) regions of the filament-like
structure. The Si 1s spectral features corresponding to regions of the
strand-like microbial structure (Fig. 7j) exhibited multiple peaks
with the high intensity main feature appearing near 1842.3 eV,
while additional peaks were observed near 1845.7 eV, 1847.3 eV
1852.6 eV, 1857.7 eV and 1860.7 eV. These spectral features resemble
the Si K-edge spectra collected from Si-containing phyllosilicate min-
erals such as kaolinite (Al4(Si4O10(OH)8), pyrophyllite (Al2(Si3O10)
(OH)2), illite ((MgCaK)1.52Al4(SiAl)4O20(OH)4) and biotite (K(Mg,
Fe)3(AlSi3)O10(OH)2), as well as from tectosilicate minerals such as
α-quartz (SiO2) and microcline (K(AlSi3O8)) (Li et al., 1993,1995b;
Gilbert et al., 2003; Shaw et al., 2009). The results seem to suggest
that these Si-containing minerals were present in possible association
with the organic C functionalities present on the surface and immedi-
ate surroundings of the filament-like structure, and supplement the
results from our Al NEXAFS spectroscopy. The presence of Si-
containing compounds such as quartz in association with bacterial
biofilms has been also reported by Urrutia and Beveridge (1994)
and Hitchcock et al. (2009). These authors indicated that the majority
of the signal detected from the filamentous bacteria and its immedi-
ate surrounding were associated with the organosilicate species in a
C\O\Si bond. Heterogeneous attachment of Si onto bacterial surface
organic C functional groups via hydrogen bonding, bonding to the
positively charged functional groups and cation bridging was attrib-
uted by Urrutia and Beveridge (1994) and Hitchcock et al. (2009)
for the observed binding of Si on the external surface of microorgan-
isms. Since Si is often associated with Fe and Al oxides and hydroxides
in the environment, Konhauser and Urrutia (1999) suggested that Fe
sorbs to the bacterial surfaces followed by Si and Al sorption, a mech-
anism that could be relevant to this study. Heterogeneous silicate
mineral and Fe oxide attachments to cell surfaces due to heteroge-
neous distribution of organic C functional groups on cell surfaces
have been also reported by Dong (2010).

3.6.2. Cluster analysis of Si from the organomineral interface
The Si K-edge spectra (Fig. 7k) collected from the inner and outer

regions of the organomineral interface (Fig. 7g–i) revealed distinct
and well-resolved Si 1s resonances near 1842.5 eV, 1845.8 eV,
1847.4 eV 1851.9 eV, 1857.8 eV and 1860.8 eV. These spectral fea-
tures showed a great deal of resemblance to the Si K-edge spectra of
phyllosilicates (Si40104−\Q3) minerals such as kaolinite, pyrophyllite
and illite, as well as from tectosilicates (SiO2\Q4) minerals such as
α-quartz (Li et al., 1993, 1995b; Shaw et al., 2009). These results
seem to suggest that the Si-containing minerals present in the orga-
nomineral interface region were composed of mixed silicate clay min-
erals. The investigated organomineral interface seem to be primarily
composed of hydrous aluminum phyllosilicates with 1:1 type clay
mineral structure such as kaolinite produced mostly under more
intense weathering of primary silicate minerals. In addition, there
is also a possibility that some 2:1 type aluminum phyllosilicates clay
minerals produced under intermediate weathering such as illite
that are known to contain iron and magnesium and tectosilicates
such as quartz could be present in smaller proportions in the
investigated organomineral interface. Our results also seem to indi-
cate that phyllosilicate minerals with 2:1:1 type clay mineral
structures produced under mild weathering such as chlorite
((MgAlFe)12(SiAl)8O20(OH)16) were largely absent in the organomin-
eral interface region, since the Si K-edge spectral features recorded
from these clay minerals are distinctively different from the Si 1s
spectra collected from the investigated micro- and nano-C repository
environment. These results are in agreement with the findings from
our Fe L\Al K-edge NEXAFS spectroscopy. The presence of 1:1 hy-
drous aluminum phyllosilicates together with various Fe- and Al-
containing 2:1 clay minerals, less ordered Fe and Al oxyhydroxide



Fig. 7. High resolution C K-edge cluster indices map showing the region where Si analysis was conducted (panel a), Si K-edge NEXAFS target (panel b) and cluster indices (panel c) maps and individual Si NEXAFS cluster images of the various
regions of the filament-like structure (panels d–f) and the nearby organomineral interface (panels g–i), and their respective spectra (panels j and k).
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and more crystalline Fe and Al hydroxides that are the results of in-
tensive weathering of Fe and Al containing primary silicate minerals
could be an indication for the mixed layer or interstratified nature
of the investigated organomineral interface; and may indicate the
complexity of the matrix present in this submicron-C repository envi-
ronment. The presence of interstratified matrix in organomineral in-
terface is extremely important for binding and sequestering organic
C, as it offers highly reactive lamellar and interlamellar layers and ex-
tensive variable and permanent charges, thus providing a driving
force for the presence of various organic and inorganic cations and
anions. Violante et al. (2002) indicated that short-range ordered Al
precipitates and soluble OH\Al species often coat crystalline min-
erals in soils or interlayer into interlamellar spaces of phyllosilicates
altering the surface properties of these cay minerals. Huang (2004)
also stated that since the siloxane surface of 2:1 expansible layer sil-
icates is negatively charged, the ditrigonal cavities of the surface of
these silicate clay minerals can adsorb positively charged cations
and polymers to form hydroxy-interlayered minerals in soils. These
hydroxy-interlayered phyllosilicate clay minerals occur as single-
structured or interstratified clay in soils throughout the world; al-
though they tend to be more abundant in Oxisols, Ultisols and Alfisols
present in warm tropical environments (Violante et al., 2002; Huang,
2004). Because Fe and Al oxides are positively charged in the pH
range of most soils (pH=4.0–7.0), they are generally assumed to be
the major sorbents of organic C in the organomineral interface
(Guggenberger and Haider, 2002). However, since the edge sites of
phyllosilicate clays could be amphoteric, these silicate minerals
could also serve as an excellent binding and stabilization sites for
polar organic C functionalities through a variety of binding mecha-
nisms involving adsorption on external mineral surfaces, interlayer
adsorption and metal cations occupying the exchange sites on the
surface of silicate minerals (Wershaw and Pinckney, 1980;
Guggenberger and Haider, 2002; Huang, 2004; Kleber et al., 2007).
The surfaces of phyllosilicate clay colloids could also complex with or-
ganics and form inner- and outer-sphere complexes with surface
functional groups of minerals (Huang, 2004). This author further indi-
cated that in the organomineral interface region, organic C molecules
could interact with the surfaces of silicate clay colloids by a variety of
mechanisms (e.g., ion exchange, protonation, hydrogen bonding, hy-
drophobic bonding on silicate clay-organic complexes, adsorption on
external mineral surfaces and in silicate clay layers) based on the in-
trinsic nature and properties of the organic C species, the kind of ex-
changeable cation present on the surface of the clay colloid and the
proportion of silicate minerals in the organomineral interface. There-
fore, due to the mixed nature of phyllosilicate clay minerals, as well as
the compositional complexity of Ca-, Fe- and Al-containing com-
pounds and organic C functionalities present in the investigated orga-
nomineral interface observed using C, N, Ca, Fe, Al and Si NEXAFS
spectromicroscopy, it is possible to suggest that no single binding
mechanism could be accountable for the stabilization of organic C in
this region. The apparent sequestration of organic C in this seemingly
terminal micro- and nano-C repository environment thus could be the
cumulative result of heterogeneous binding mechanisms.

4. Summary and future considerations

This study demonstrated the potential of synchrotron-based non-
invasive STXM–NEXAFS spectroscopy to access the K- and L-edges of
biogeochemically relevant elements (C, N, Ca, Fe, Al, Si) for global C
cycling and acquire a spatially defined, multi-element submicron-
level information to investigate the geobiological associations involv-
ing C functionalities, minerals and polyvalent metal ions, as well as
other interactive surficial and architectural features important for un-
derstanding C sequestration in micro- and nano-C repository envi-
ronments of mineral soils. The C NEXAFS micrograph clearly
demonstrated the fine-scale distribution of total C and the existence
of spatially distinct and seemingly terminal micro- and nano-C repos-
itory environments zones, where organic C was sequestered in appar-
ent agglomeration. These submicron-C repository zones were only a
few micrometers apart from each other; yet they were considerably
different compositionally, where one was ostensibly pyrogenic in
composition, while the other was dominated by filament-like micro-
bial structure with strikingly similarity to the C 1s NEXAFS spectral
signatures of C isolated from soil fungal and bacteria colonies. The
biomolecular matrix present in intimate association with the mineral
matter in the organomineral interface, and in and around the strand-
like structure was highly complex. It was composed of relatively la-
bile polysaccharides, amino sugars, amino acids, nucleic acids, as
well as phospholipid fatty acid structures with polar and non-polar
termini possibly released into this submicron-C repository environ-
ment as microbial exudates or as the product of the biological mem-
brane lysis of dead microorganisms. The compositional chemistry of
the inorganic matter in the organomineral interface region was also
highly complex ranging from Ca, Fe and Al ions, Fe and Al oxides, hy-
droxides and oxyhydroxides to aluminum phyllosilicate minerals that
could provide a variety of polyvalent cations, hydroxyl surface func-
tional groups and edge sites on clay minerals that can attract and
bind microbial biopolymers. Based on the tremendous variability
and complexity of the organic C functionalities and the astounding
coexistence of various inorganic components present in the investi-
gated organomineral interface region, it is possible to suggest that
no single binding mechanism could be accountable for the organic C
stored in this submicron-C deposition zone. We speculate the appar-
ent binding and sequestration of organic C in this micro- and nano-
repository environment could be the cumulative result of physical
protection of C via metal oxides induced microaggregation and the
heterogeneous binding mechanisms ranging from ion exchange, pro-
tonation, hydrogen bonding, hydrophobic bonding on silicate clay–
organic complexes, anion adsorption to adsorption on external min-
eral surfaces and in silicate clay layers depending on the inherent
characteristics of the organic C species, the type of exchangeable cat-
ion on the surface of the clay colloids and the proportion of silicate
minerals present in the organomineral interface. However, additional
studies are warranted to extend the results of the present investiga-
tion to aggregates of soils from a wider range of mineralogy. Future
investigations should exploit the diagnostic potential of C, N, Al and
Si K-edge and Ca and Fe L-edge STXM–NEXAFS spectromicroscopy,
and target 2–20 nm sized and iron and aluminum oxide, hydroxide
and oxyhydroxide and phylosilicates nanoparticles in submicron-C
repository environments as systems of interest. Understanding the
compositional chemistry, chemical state and electronic structures
and properties of such particles and their association with C could
provide unprecedented ability to investigate the different phases pre-
sent in the organomineral interface of environmental matrices such
as soils could help isolate specific organic C binding mechanisms
and processes; and generate a wealth of new nano- and atomic-
level information about organic and oxide communities and their as-
sociation in the organomineral interface of mineral soils. Of particular
interest for future research are long-term changes along mineralogi-
cal gradients developed during pedogenesis.
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