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Objectives:Alkaline extracts from soils generate operationally-defined isolates that are referred to as “humic sub-
stances” but may not relate to a distinct molecular structure within the soil organic matter (SOM) matrix. This
study examines whether alkaline extracts from black carbon (BC) rich soils can be identified on a fine spatial
scale.
Methods:We related the functional group composition of alkaline extracts derived from BC-rich soils using Scan-
ning Transmission X-rayMicroscopy (STXM) coupledwith near-edge X-ray absorption fine- structure (NEXAFS)
spectroscopy to the spatial composition of a BC-rich soil microaggregate at a scale of b50 μm. Soils were analyzed
from 3 depths (0–0.16 m, 0.16–0.43 m, 0.43–0.67 m) along with their respective extracts.
Results: Using principal component analysis, we were unable to obtain a good fit (RMS b 0.01) for the spectral
properties of the alkaline extractswithin the spatialmap of themicroaggregates. The presence of a distinct chem-
ical structure resembling the alkaline extracts could not be verifiedwithin the soil organicmattermatrix on a fine

spatial scale.
Conclusions: Our results suggest that a distinct component class similar to alkaline extracted materials, often re-
ferred to as “black humic substances”, is not present in SOM on a fine spatial scale. Rather, alkaline extracts of BC-
rich soils reflect the mixture of various materials at different stages of decomposition.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The severe climatic consequences of potentially large organic C
losses from rapidly warming terrestrial ecosystems (Schuur et al.,
2013) highlight the importance of understanding the underlying
biogeochemical processes essential to building accurate global C and cli-
mate models. Relatively little is known about the complex mechanisms
controlling organic C turnover in terrestrial systems (Kleber, 2010;
Schmidt et al., 2011).

The chemical composition and spatial association of soil organic
matter (SOM) has been the subject of much debate for well over a cen-
tury, and particularly the importance of isolates using alkaline extrac-
tion (Burdon, 2001; Kleber and Johnson, 2010; Sutton and Sposito,
2005). Many studies of SOM characterization have historically utilized
alkaline extracts, which are described as isolating complex, heteroge-
neous compounds formed during the decay and transformation of
plant and microbial remains, and are often referred to as a compound
class called humic substances (Schulten and Schnitzer, 1993; Sutton
and Sposito, 2005). However, contemporary analyses of soil organic
matter have suggested that SOM may consist of spatially highly com-
plex mixtures of simple biomolecules (Kelleher and Simpson, 2006;
Lehmann et al., 2008) rather than traditionally defined humic sub-
stances isolated by alkaline extraction.

Lack of direct observational evidence of the presence of the function-
al group composition identified in alkaline extracts within the soil ma-
trix (Lehmann et al., 2008) also brings into question references to a
distinct class of compounds said to form from black carbon (BC) and ex-
tracted using the same alkaline extraction procedure, often called “black
humic substances”. BC is the product of incomplete combustion of plant
biomass and fossil fuels, and can in some locations comprise a fairly sub-
stantial portion of SOM (Hedges et al., 2000). Compounds isolated from
BC-rich soils using alkaline extraction have been suggested to play an
important role in degradation processes in soil (Ascough et al., 2011;
Hiradate et al., 2004; Kumada, 1983; Nishimura et al., 2006; Shindo
et al., 1986a,b,c, 2004, 2005). Mineralization of BC to carbon dioxide
has indeed been described in many studies (e.g., Baldock and Smernik,
2002; Cheng et al., 2008). However, it is not clearwhether organic com-
pounds remaining from decomposition of BC are fundamentally differ-
ent than those of uncharred organic matter (Hockaday et al., 2006)
andwhether these are captured in alkaline extracts.While the contribu-
tion of BC to alkaline extracts of SOMhas been recognized (Masiello and
Druffel, 1998), the question remains whether compounds isolated with
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alkaline extractions can actually be identified on a fine spatial scale in
soil.

The main objective of our study was therefore to characterize alka-
line extracts derived from a soil rich in BC. Further, our objective was
to compare the functional group composition of these alkaline extracts
with that of SOM observed directly at a fine spatial scale.

2. Methods

2.1. Study site

Black C-rich Anthrosols were obtained from an archeological site,
Lago Grande (LG), near Manaus, Brazil (3°8′ S, 59°52′ W, 40–50 m
above sea level). Details concerning soil formation conditions and
local climate and vegetation have been described elsewhere (Liang
et al., 2006). A depth profile of the soil from 0–0.67 m was obtained
from horizons at 0–0.16 m, 0.16–0.43 m, and 0.43–0.67 m (Table 1)
(Liang et al., 2013), in order to examine a gradient of organic matter
whose functional group composition in alkaline extracts is typically
found to systematically vary with depth (Kögel-Knabner et al., 1991).

Microaggregates were isolated from all three horizons as described
by Kinyangi et al. (2006). Free stable aggregates with a size between
20 and 200 μm were prepared for spectroscopic measurement from
each soil as follows: aggregates were misted, shock-frozen and sec-
tioned using a cryo-microtome (Ultracut UTC, Leica Microsystems Inc.,
Bannockburn, IL), sections were cut at −55 °C to a thickness of
100–200 nm using a diamond knife (MS9859 Ultra 458, Diatome Ltd.,
Biel, Switzerland) at a cutting speed of 0.3 to 1.2 mm s−1 (angle of 6°)
and transferred to Cu grids (carbon free, 200 mesh, silicon monoxide
No. 53002, Ladd Research, Williston, VT) which were impregnated
with silicon monoxide (SiO) substrate. Each grid was mounted onto
the center pinhole of stainless steel sample stage plates (diameter of
46 mm).

Soil alkaline extracts were obtained using themethods recommend-
ed by the International Humic Substances Society (IHSS) (Swift, 1996).
Soils were extracted with 0.5 M NaOH at a soil:solution ratio of 1:10
(mass:volume) under N2 atmosphere (Stevenson, 1994). These extracts
were further separated into alkaline but acid-insoluble extracts, often
referred to as yielding “humic acid extracts”, and alkaline but acid-
soluble extracts, often referred to as generating “fulvic acid extracts”,
by acidifying the extract to pH 2 using 6 M HCl and precipitating acid-
insoluble organic matter to be removed from acid-soluble organic
matter.

2.2. STXM and C 1s NEXAFS data acquisition

Spectroscopic measurements were performed at beamline X1A1 of
the National Synchrotron Light Source, Brookhaven National Laboratory
which is equipped with a Scanning Transmission X-ray Microscopy
(STXM) endstation. The STXM beamline consists of a tunable undulator
inserted into the electron storage ring (2.8 GeV; generating a high flux
of spatially coherent photons per second in the soft X-ray region), a
spherical grating monochromator (tunable over 250–800 eV), and an
endstation containing a steeper and piezo stage and a 160-μm Fresnel
zone plate (45 nm spatial resolution) used as the focusing optic. The
monochromator was calibrated using CO2 to the adsorption band at
290.74 eV before each session (Sham et al., 1989).
Table 1
Profile characteristics of the studied Amazonian Dark Earth soil (Liang et al., 2013).

Depth Sand Silt Clay Total C BC BC CEC

(m) (%) (mg g−1) (mg g−1) (% of C) (mmolC kg−1)

0–0.16 46.7 28.0 25.3 29.0 18.0 62.2 292
0.16–0.43 43.4 26.0 30.5 21.3 16.4 77.0 264
0.43–0.67 44.3 25.3 30.4 19.1 14.6 76.2 258
To determine functional group composition of the alkaline extracts,
extracts were mounted on 100-nm thick Si3Ni4 windows (Silson Ltd.,
Northampton, UK) by dissolving 1 mg of sample in 400 μL of pure
trifluoroacetic acid (TFA, Sigma-Aldrich Corp., St. Louis, MO), transfer-
ring 1 μL of solution onto the window (Boese et al., 1997; Solomon
et al., 2009) and drying them at 35 °C. Single point spectra were collect-
ed in triplicate, where the grating is moved from 280 to 310 eV with
0.1 eV energy step, and 120 ms dwell time. After high-resolution
micro-graphs of the samples were taken using the STXM (see informa-
tion above) to locate the area of uniform thickness of the sample film,
the illuminated spot on the samples was then increased to 10 μm by
defocusing the zone plate to avoid beam damage through decreasing
the required signal over a large area (Boese et al., 1997; Solomon et al.,
2007, 2009). Sequential measurements indicated no detectable beam
damage. Background spectra (Io) were collected from a sample-free re-
gion of each Si3N4 window. Samples were measured under He atmo-
sphere. The three spectra per sample were then confirmed to be in
agreementwith each other and averaged.WinXas 3.1 (WinXAS Software,
Hamburg, Germany)was used to baseline correct and normalize the data.

To map the microaggregates, the z-stage was adjusted to focus the
X-rays through themicroaggregate sample section. Beamline-slit open-
ings for a horizontal slit upstream of the monochromator; a vertical slit
downstream of themonochromator; and the exit slit were set at 40/25/
25 μm to give an energy resolution of 0.1 eV (Winn et al., 2000). The slit
settings and zone plate together provided a scanning spatial resolution
of approximately 50 nm. Two step sizes were used: 500 nm for an over-
view of a microaggregate and 50 nm for detailed observations
(Lehmann et al., 2008). The monochromator energy was increased
from 280 to 282.5 eV in 0.3 eV increments (scan time: 1 ms), from
282.5 to 292 eV in 0.1 eV steps (scan time: 3 ms), and from 292
to 310 eV in 0.3 eV steps (scan time: 3 ms). Smaller energy steps of
0.1 eV were chosen in the main spectroscopic regions where C 1s core
electron excitation is indicative of sharp 1s 2p*, and broad 1s, 3p 1s*
transitions. Dwell times were increased in energy regions of specific in-
terest. Some beam damage cannot be completely avoided, but previous
research using NEXAFS at the same STXM beamline has shown that
beam damage at the studied dwell times was not significantly changing
spectral properties (Ade et al., 1992) and effective exposure is much
lower than in point spectra (Ade and Hitchcock, 2008). The calculated
photon dose on the samples ranged between 105 and 107 Gy, signifi-
cantly below the doses of 109 Gy conservatively estimated to result in
beam damage of less than 20% (Schäfer et al., 2009) under identical op-
erating conditions than in this study. Single images were recorded at
each photon energy level and built into a stack using the program
Stack Analyze 2.6.1 (Jacobsen et al., 2000). Alignment was performed
using cross-correlation. Stack image processing software and data
analyses instructional manuals can be accessed on the website at
http://xray1.physics.sunysb.edu/data/software.php.

Black C particles were manually picked from the soil using super
tweezers (N5, Dumont, Montignez, Switzerland) under a light micro-
scope (303; SMZ-10, Nikon, Japan). Plant litter wasmanually harvested
from the O horizon of soil. A microbial extract (ME) was obtained from
the soil as follows: bacteria [gram (−) alphaproteobacteria] colonies
were extracted from the soil, cultivated in broth (Bacto peptone 10 g,
yeast extract 5 g, NaCl 5 g L−1) and distributed into 5 mL aliquots in
screw top tubes and sterilized for 15 min at 121 °C. An aliquot (1 mL)
of the sterilized bacterial culture (after 24 h, 37 °C) was transferred to
Eppendorf tubes and centrifuged at 5000 rpm for 5min, and sequential-
ly washed (2×) with 0.05 M NaCl after discarding the supernatant.
Samples were dried and stored under desiccant until measured (Liang
et al., 2008).

2.3. Data analysis

For NEXAFS data, peak resonances with specific bonding environ-
ments were assigned based on the spectral signatures of pure chemical
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Table 2
Proportion (%) of functional group distribution of alkaline extracts insoluble or soluble in
acid obtained using deconvolution of C NEXAFS spectra (spectra shown in Fig. 1).

Depth
(m)

Aromatic
(G1 + G2 + G3)

Phenolic
(G4)

Alkyl
(G5)

Carboxylic
(G6)

O-alkyl
(G7 + G8)

Insoluble 0–0.16 29 11 5 29 26
Insoluble 0.16–0.43 33 8 9 18 32
Insoluble 0.43–0.67 37 7 1 22 33
Soluble 0–0.16 25 13 4 30 28
Soluble 0.16–0.43 42 7 5 18 28
Soluble 0.43–0.67 35 10 5 32 18
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standards representative of specific functional groups (Solomon et al.,
2009), and a least-squares fitting schemewas applied to the normalized
NEXAFS spectra in the range of 280 to 310 eV. We used a scheme based
on eight Gaussians curves (labeled “G1”, etc.) following the procedure
suggested by Scheinost et al. (2001), with additional bands for
substituted aryl C (G3) (Lehmann et al., 2005; Liang et al., 2008) and
an additional carbonyl group (G8) (Heymann et al., 2011). Average po-
sitions for the Gaussian bands of environmental BC have been identified
previously (Heymann et al., 2011), andwere assigned to 284.5 eV for ar-
omatic or quinone C_O (G1); 285.4 eV for aromatic C_C (G2); 286.1
eV for aromatic C_O (G3; Lehmann et al., 2005); 286.7 eV for aromatic
C_C\OH indicative of lignin type C (G4); 287.6 eV for alkyl C (G5);
288.4 eV for carboxyl C and amide C\N (G6); 289.2 eV for O-alkyl C
(G7); and 289.9 eV for O-alkyl C (G8). It should be noted that C species
overlap in the NEXAFS region and the Gaussian curves typically capture
a range of bonds (Lehmann et al., 2009). An arctangent function was
used to model the ionization step and was fixed at 290 eV. The full
width at half maximum of the bands was set at 0.4 ± 0.2 eV, while
the amplitude was floated during the fit. Deconvolution was performed
by resolving spectra into individual arctangent and Gaussian curve
components using the ATHENA software (ATHENA 0.8.052; Ravel
and Newville, 2005). Spectral regions represented by Gaussian
curves were described as being generally attributed to the following
functional groups: overall aromatic type C was represented by the
sum of the [G1 + G2 + G3] peaks (Table 2); aromatic C with side
chain substituent (such as phenolic C) by the G4 peak; alkyl C by the
G5 peak; carboxylic/carbonyl C by the G6 peak; and O-alkyl C by the
sum of [G7 + G8] peaks (Heymann et al., 2011; Lehmann et al., 2009).

For the maps obtained using STXM, the program PCA_GUI 1.1.1 was
used to orthogonalize and noise-filter data, as well as to identify the
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Fig. 1. Carbon 1s NEXAFS spectra of alkaline extracts (a) insoluble
number of significant components (s = 1, 2, 3, …, 10) in the
microaggregate as well as to group spectrally distinct pixels into clus-
ters. Different numbers of components and clusters were used to iden-
tify the combination of components and clusters which yielded the
lowest errors (acceptable below RMS b 0.01). Singular value decompo-
sition (SVD) was calculated to obtain target maps and associated target
spectra (Lehmann et al., 2005). Target spectra were used from the
NEXAFS analyses of the two different alkaline extracts to identify
whether they would explain a significant portion of a region in the
maps, similar to the method used for total alkaline extracts of soils
with low BC contents (Lehmann et al., 2008).
3. Results

3.1. Characterization of components

NEXAFS spectral properties of the two types of alkaline extracts
(acid-soluble or acid-insoluble) appeared highly similar to one another
(Fig. 1). The main peak positions were not systematically different be-
tween acid-insoluble and acid-soluble alkaline extracts, appearing at
285.0, 286.1 and 288.4 eV. The well resolved absorption band near
285 eV corresponds to the C 1s–π*C_C transition related to the proton-
ated and alkylated to carbonyl substituted aryl-C (C_C) (Cody et al.,
1998). A second well-resolved, less intense absorption band was
present between 286.2 eV (mainly in the topsoil) and 286.5 eV (mainly
in the subsoil) for both types of extracts, representing a mixture of un-
saturated C at 286.1 eV (Lehmann et al., 2005) and phenolic type C at
286.7 eV. A third absorption band present around 288.4 to 288.7 eV
for all extracts was very clearly resolved and indicates the presence of
amide C\N to carboxyl/carbonyl type C (Liang et al., 2006).

We used spectral deconvolution results to compare the functional
group distribution for the extracts (Table 2). The proportion of total C
present in the aromatic C region (G1–G3) of the acid-insoluble alkaline
extracts increased with depth, from 29% at 0–0.16 m depth to 37% at
0.43–0.67 m depth (Table 2). The phenolic and aliphatic type C regions
(G4 and G5) did not exhibit distinct differences between the acid-
insoluble alkaline extracts over the depth profile. The carboxylic/car-
bonyl/amide type C absorption region (G6) showed that at a depth of
0–0.16 m and 0.43–0.67 m the proportion of total absorption intensity
present in this region was highly similar (22–29%) but was lower at a
depth of 0.16–0.43m (18%). The proportion of the O-alkyl type C region
(G7+G8) increasedwith depth, from26%at a depth of 0–0.16m to 33%
Photon energy (eV)
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Table 3
Proportion (%) of functional group distribution of plant litter, microbial extracts and BC
particles obtained using deconvolution of C NEXAFS spectra (spectra shown in Supple-
mentary online material).

Aromatic
(G1 + G2 + G3)

Phenolic
(G4)

Alkyl
(G5)

Carboxylic
(G6)

O-alkyl
(G7 + G8)

Plant litter 15 13 13 25 34
Microbial extract 10 7 20 31 32
BC particles 41 11 13 19 16
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at 0.43–0.67 m. The spectra of the acid-soluble alkaline extracts did not
show consistent trends with depth.

Black C particles were characterized by a broad C 1s–π*C_C transi-
tion at 285 eV (41% aromaticity) (Table 3), and a smaller C 1s–π*C_O

transition representing carboxylic-type C at 288.7 eV (19% of total ab-
sorption intensity). In contrast, the microbial extract was characterized
by only a small peak around 285.3 eV (10% aromaticity) (Table 3). The
proportions of total signal intensity in the aliphatic (20%), the carboxylic
(31%) and the O-alkyl C (32%) region defined the material and distin-
guished it from the BC particles (Table 3). Plant litter was fairly hetero-
geneous with multiple peaks present near 284.5, 285, 288 and 289 eV.
The aromatic, phenolic and aliphatic type C regions each comprised
13–15% of total absorption intensity. The proportion of C present in
the carboxylic type C transition was around 25%, and the O-alkyl region
value was around 34%.
3.2. Principal component and cluster analysis

Cluster analysis and principal component analyses were performed
by systematically testing combinations of components and clusters for
each sample (Figs. 2–5). This was done in order to determine whether
the spatial distribution of the clusters was significantly affected by
changing the number of principal components and to determine
which combination would be the most representative of the sample.

For a depth of 0–0.16 m we mapped both an overview of the entire
microaggregate with a step size of 500 nm (Fig. 2) as well as a close-up
area of interest within the microaggregate with a step size of 50 nm
(Fig. 3). Principal component analysis was performed and target maps
288.7
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Fig. 2.Carbon 1s NEXAFS analysis of amicroaggregate from an AmazonianDark Earth at a depth
to acid-insoluble alkaline extract, and (d) spectra and fit to acid-soluble alkaline extract.
were constructed from cluster spectra for all analyzed combinations of
principal components and cluster analyses. For each sample we tested
combinations of 2–8 components and 2–10 clusters in order to optimize
the fit by reducing the RMS error to b0.01. For the overview of the
microaggregate at a depth of 0–0.16 m with a resolution of 500 nm
we determined that a combination of 6 components and 5 clusters
yielded the greatest number of clusters with an RMS b 0.01. An analysis
of a specific region within the microaggregate from 0–0.16 m at a scale
of 50 nm revealed that a combination of 5 principal components and 8
clusters yielded the greatest number of clusters (the first 4) with RMS
values b 0.01 (Fig. 3). For the analysis of an entire microaggregate at a
spatial resolution of 500 nm from adepth of 0.16–0.43m (Fig. 4), 5 prin-
cipal components combinedwith 5 clusters gave the best fit for the first
3 clusters (lowest RMS values, b0.01). The bestfit for the spectra obtain-
ed at a resolution of 500 nm of a microaggregate from a depth of 0.43–
0.67 m was found for 5 principal components with 4 clusters (Fig. 5).

Alkaline extract spectra obtained from each soil in the depth profile
were searched for in the respective component/cluster combination
representing the best fit for each map. No significant fits (criterion of
RMS b 0.01) were found for any of both soil alkaline extracts in their re-
spective maps, and RMS values were 0.11 to 0.23 (Figs. 2–5).
4. Discussion

4.1. Functional group composition of alkaline extracts

The spectra of the alkaline extractswere characteristic for Terra Preta
de Indio soils according to comparisons with previously published work
using NEXAFS (Liang et al., 2006; Solomon et al., 2007). The major
changes in functional group composition of the alkali-extracts with
depth were an increase in the proportion of aromatic type C and O-
alkyl type C. This may be explained by the greater proportion of BC as
a fraction of total organic C with depth (Liang et al., 2013) since soils
with greater BC concentrations will also show greater amounts of ex-
tractable BC (Madari et al., 2013) and greater aromaticity in alkaline ex-
tracts (Novotny et al., 2013). Together with a lack of a systematic
difference between alkaline extracts, this result suggests that alkaline
extracts do not provide useful information on SOM properties for the
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Photon energy (eV)
275 280 285 290 295 300 305 310 315

ab
so

rp
tio

n 
(a

.u
.)

measured
fitted

RMS=0.225

RMS=0.174

(c) acid insoluble alkaline extract

(d) acid soluble alkaline extract

of 0–0.16m, using 500 nmstep size; (a) targetmaps, (b) cluster spectra, (c) spectra and fit



Photon energy (eV)

ab
so

rp
tio

n 
(a

.u
.)

cluster 1

cluster 3

Photon energy (eV)
275 280 285 290 295 300 305 310 315 275 280 285 290 295 300 305 310 315

ab
so

rp
tio

n 
(a

.u
.)

measured
fitted

measured
fitted

RMS = 0.137

RMS = 0.105

cluster 2

285
288

(a) target maps

(b) cluster spectra

(c) acid insoluble alkaline extract

(d) acid soluble alkaline extract

2 2 2

1 2 3

µm µm µm

0-0.16 m depth

Fig. 3. Carbon 1s NEXAFS analysis of a portion of a microaggregate (from Fig. 2) from an Amazonian Dark Earth at a depth of 0–0.16 m, using 50 nm step size; (a) target maps, (b) cluster
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studied BC-rich soils beyond trends discernable from bulk organic mat-
ter analyses.

4.2. Can spectral properties of alkaline extracts be found on a fine spatial
scale?

The C functional group composition of the studied microaggregates
using STXM resembles the results of earlier work on Amazonian Dark
Earths (Lehmann et al., 2005; Liang et al., 2006). The poor fit of the
NEXAFS spectra of alkaline extracts to microaggregates measured
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fit to acid-insoluble alkaline extract, and (d) spectra and fit to acid-soluble alkaline extract.
using STXM suggests the absence of a distinct class of chemical com-
pounds that can be isolated in this way, similarly observed by
Lehmann et al. (2008) for BC-poor soils. These findings support a grow-
ing body of research which indicates that alkaline extraction does not
isolate a distinct component class in soils or sediments that are often re-
ferred to as “humic substances”, but are instead the products of extrac-
tion. As already observed by Burdon (2001) even artifact formation is
common in studies using alkaline extracts. Such assertions are not
new (Kleber, 2010; Waksman, 1936). Evidence is growing to support
the development of new language and methods by which to study soil
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organicmatter (Schmidt et al., 2011). According to our data, this conclu-
sion also seems to hold with respect to “black humic substances” or
“black humic acids”, which could not be identified at a fine spatial scale.

The fact that no soil organic matter components resembling the
characteristics of soil alkaline extract spectra were directly observed at
a fine spatial scale of less than 100 nm still leaves the question open
for whether or not decomposition products of BC bear functional
group characteristics of BC (Nishimura et al., 2006; Shindo et al., 2004).
The lack of BC-type spectral characteristics in close proximity ofmicrome-
ters to BC surfaces (Lehmann et al., 2008; Liang et al., 2013) may suggest
that these instead more closely resemble other decomposition products
rather than a distinct class characteristic of BC. Microbial metabolites
would then undergo similar chemical decomposition processes regard-
less of whether they are generated from leaf litter or from BC, and
would then undergo the same stabilization processes such as interactions
with mineral surfaces and entrapment in pores inaccessible to decom-
posers (Schmidt et al., 2011).

5. Conclusions

We were not able to identify the spectral signature of alkaline ex-
tracts of BC-rich soils within the spatial maps of soil organic matter in
microaggregates using NEXAFS and STXM at a spatial resolution of 50
nm. These results agreewithmore recent studieswhichquestion organ-
ic compounds extracted with alkaline solutions as an abundant and
highly complex component of SOM. As recently suggested, alkaline ex-
tracts from environmental matrices such as soils and sediments should
be increasingly scrutinized for their biogeochemical value. Future re-
search should include stable isotope studies in combination with high-
resolution mapping using Nano-SIMS and with compound-specific
analyses that unequivocally demonstrate the nature and reactions of
decomposition products of BC in soils.
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