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Abstract
We examined relationships between the pore structure of microaggregates and the protection of organic matter (OM) within that structure. By using ultra-small angle X-ray scattering (USAXS) before and after combustion of microaggregates at
350 °C, we took advantage of diﬀerences in X-ray scattering contrast among soil minerals, OM, and air to evaluate the distribution of the total- and OM-ﬁlled porosity within microaggregates (53–250 lm in diameter). Systematic changes in microaggregate structure were observed for long-term ﬁeld manipulations of land use (a chronosequence of tallgrass prairie
restorations) and agricultural management (conventional tillage versus no-till at two levels of nitrogen fertilization). Our
results imply that OM preservation arose from the evolution of the architectural system of microaggregates during their formation and stabilization. Soils and treatments with increasing OM in microaggregates were associated with encapsulation of
colloidal OM by minerals, thereby creating protected OM-ﬁlled pores at the submicron scale within the microaggregate structure. For example, in the prairie chronosequence, microaggregates from the cultivated soil had the lowest concentration of
OM, but 75% of the OM that had survived cultivation was in OM-ﬁlled pores. Following restoration, the concentration
of OM in microaggregates increased rapidly, but the proportion of OM in OM-ﬁlled pores declined initially and then
increased over time until 90% of the OM was in OM-ﬁlled pores. OM totally encapsulated within the pore structure can create
spatial and kinetic constraints on microbial access to and degradation of OM. Encapsulation of OM increases the capacity for
its protection relative to sorption on mineral surfaces, and comparison of its extent among treatments suggests important
feedback loops. The use of USAXS, which has not previously been applied to the study of soil aggregate structures and
the distribution of OM within those structures, provided new information on the mechanisms of OM protection in soil microaggregates, and insights relevant to strategies for enhancing carbon-sequestration in soil through changes in agricultural
management practices and land use.
Ó 2008 Elsevier Ltd. All rights reserved.
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The storage and cycling of soil organic matter (OM) is
essential to the functioning of terrestrial ecosystems. For
example, soil OM serves as a nutrient reserve and, thus,
plays an important role in ecosystem nutrient dynamics
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(Campbell, 1978). It also improves soil structural stability,
reduces surface crusting and compaction and increases inﬁltration, percolation and water holding capacity (Dexter,
1988; Zhuang et al., 2008). Recently, concerns about global
climate change have heightened interest in soil OM dynamics, including the eﬀect of warming on existing soil carbon
stocks (Conen et al., 2006) and the potential for purposeful
enhancement of soil OM sequestration as a strategy to help
mitigate anthropogenic carbon emissions (Post et al., 2004).
Soil structure and its dynamics—including the formation, stabilization, and destabilization of aggregates—exert
important controls on soil carbon dynamics (Christensen,
2001). Soil aggregate formation, stabilization, and turnover
occur through complex interactions of physical processes,
chemical associations, and biological activity (e.g., see
Oades and Waters, 1991; Tisdall, 1996; Jastrow and Miller,
1998; Six et al., 2004). Processes that bring soil minerals and
OM into mutual contact to create the aggregated state—
such as wetting and drying, freezing and thawing, root
and hyphal growth, plant water uptake, soil faunal activities, tillage and other disturbances—also generate forces
that fracture aggregates along planes of weakness depending on the energy of the disruptive force relative to the
strength of the mechanisms stabilizing those planes of
weakness (Dexter, 1988). Aggregates are stabilized via multiple organic and inorganic mechanisms, with the relative
importance and strength of each dependent upon factors
such as the spatial scale of the planes of weakness (pores)
being bridged, base cation status, clay mineralogy, vegetation type, and environmental conditions (Tisdall and
Oades, 1982; Dexter, 1988; Dalal and Bridge, 1996; Jastrow
et al., 1998; Six et al., 2004).
In many soils, such as Mollisols and Alﬁsols, the deposition and transformation of OM is a dominant aggregate
stabilizing mechanism, and strong feedbacks exist between
aggregate turnover and soil OM dynamics (Oades and
Waters, 1991; Dalal and Bridge, 1996; Tisdall, 1996; Feller
and Beare, 1997; Jastrow and Miller, 1998; Six et al., 2004).
In these soils, aggregate structure is usually hierarchical
(Tisdall and Oades, 1982; Oades and Waters, 1991) with
primary particles and silt-sized aggregates (<50 lm diameter) bound together to form microaggregates (50–250 lm
diameter) and these primary and secondary structures, in
turn, bound into macroaggregates (>250 lm diameter).
Current evidence suggests that microaggregates are formed
inside macroaggregates (Angers et al., 1997; Gale et al.,
2000; Six et al., 2000a) and that factors increasing the rate
of macroaggregate turnover decrease the formation and
stabilization of microaggregates (Six et al., 2000a, 2004).
However, microaggregates, and smaller aggregated units,
are generally more stable and less susceptible to disturbance
than macroaggregates (Tisdall and Oades, 1982; Dexter,
1988).
We focus on microaggregates because it appears that the
protection of soil OM against decomposition is greater
within microaggregates than macroaggregates (Balesdent
et al., 2000; Six et al., 2004). For example, in short-term tracer studies, labeled carbon preferentially accumulated in
microaggregates (Besnard et al., 1996; Angers et al., 1997;
Gale et al., 2000; Denef et al., 2001). In laboratory incuba-

tion studies of disrupted aggregates, carbon mineralization
is often greater for microaggregates than for macroaggregates (Gregorich et al., 1989; Bossuyt et al., 2002). Furthermore, estimates of the mean residence time of carbon in
microaggregates are longer than for the carbon in macroaggregates (Six and Jastrow, 2002).
Many mechanisms have been postulated for the protection of soil OM (e.g., Sollins et al., 1996; Baldock and
Skjemstad, 2000; Christensen, 2001). These have been
summarized in ways, but one approach (Mayer, 2004) is
to categorize them as being due to either organic recalcitrance (e.g., selective preservation, humiﬁcation) or biotic
exclusion (e.g., mineral encapsulation or anoxia). Protection of soil OM within OM–mineral assemblages is generally considered to result from the latter mechanism,
wherein OM held among mineral grains excludes either
organisms (Kilbertus, 1980) or their enzymes (Mayer,
1994). By its very nature, aggregate hierarchy occurs with
a parallel hierarchy of pores that exist between and within
aggregates of varying sizes (Elliott and Coleman, 1988).
Thus, the smaller pores internal to microaggregates are
more likely to exclude biota and their enzymes than those
of larger structures.
The goal of this study was to investigate the relationships between microaggregate structure and the sequestration of OM. We focus on the spatial relationships
between OM and the pore structure of microaggregates to
obtain insights into potential mechanisms responsible for
the relatively long residence times for OM in microaggregates, as well as potential strategies to enhance carbonsequestration in soil. To accomplish this goal, we used
ultra-small angle X-ray scattering (USAXS) to investigate
the internal pore morphology of microaggregates and the
distribution of OM within the microaggregate structure.
The evolution of these features were examined in a series
of soils representing agronomic management systems that
aﬀect carbon accumulation (conventional tillage versus
no-till at two levels of nitrogen fertilization), as well as land
use options for enhanced carbon storage (conversion of
soils from long-term cultivation to perennial vegetation
through restoration of native tallgrass prairie).
2. METHODS AND MATERIALS
2.1. Microaggregate sources and preparation
This study focused on two sets of ﬁeld sites under contrasting agricultural management or land use.
2.1.1. Chronosequence of tallgrass prairie restorations
The study site, located at the National Environmental
Research Park at Fermi National Accelerator Laboratory
(Fermilab), Batavia, IL, consists of plots in a chronosequence of tallgrass prairie restorations initiated in 1975
on land previously cultivated for over 100 years (Jastrow,
1987, 1996; Allision et al., 2005). Five plots in this chronosequence were sampled in mid-September 2002. A variously
cultivated agricultural ﬁeld was used as the baseline point
(time zero) of the chronosequence. In the decade prior to
sampling, this ﬁeld was rotated between maize (Zea mays
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L.) and soybean [Glycine max (L.) Merr.] using conservation tillage and was in maize when sampled. Three restored
prairie plots planted in spring 1993, spring 1984, and fall
1978 were completing 10, 19, and 24 growing seasons at
the time of sampling. The ﬁfth sampled plot was a remnant
of virgin (i.e., never cultivated) tallgrass prairie, which was
used to represent the steady-state prairie condition in the
chronosequence. Vegetation in the restored and remnant
prairies was a mixture of C4 grasses, C3 forbs and sedges,
plus a minor C3 grass component. The dominant grasses
were big bluestem (Andropogon gerardii Vitman) and Indian
grass [Sorghastrum nutans (L.) Nash]; members of the Compositae contributed signiﬁcantly to the forb component. All
soil samples were taken from areas classiﬁed as Drummer
silty clay loam (ﬁne-silty, mixed, superactive, mesic Typic
Endoaquolls). Replicate soil cores (4.8 cm in diameter; 8
cores for the Virgin Prairie and 6 for the other plots) were
taken to a depth of 15 cm from randomly selected locations
in each plot, pooled in the ﬁeld, and refrigerated at 4 °C for
one month until the microaggregates were isolated as described below.
2.1.2. Conventional and no-till management systems
The study site, located at the University of Kentucky’s
Spindletop experimental farm in Lexington, KY, was established to investigate the long-term eﬀects of tillage and fertilization practices on an Alﬁsol’s OM content. The soil is a
Maury silt loam (ﬁne, mixed, semiactive, mesic Typic Paleudalfs). Experimental treatments include conventional tillage (CT) versus no-tillage (NT) at two levels of nitrogen
fertilization (0 and 336 kg N ha1) (Frye and Blevins,
1997). The experiment was started in 1970, 32 years before
we collected soil from replicate subplots for microaggregate
isolation. The site was a bluegrass (Poa pratensis L.) pasture
for horses for about 50 years before the treatments were
established. The treatments are designated as CT0,
CT336, NT0, and NT336 to indicate the tillage system
and nitrogen fertilization levels. Soil cores (4.8 cm in diameter) were taken to a depth of 15 cm, pooled in the ﬁeld, and
refrigerated at 4 °C for 1 month until the microaggregates
were isolated as described below.
2.1.3. Isolation of microaggregates
Field moist soil was gently passed through an 8-mm
sieve. Roots, rhizomes, and larger pieces of organic debris
were removed during the sieving. When pieces of these
materials longer than 8–10 mm passed through the sieve,
they were removed manually. The sieved soils were air dried
and stored in polyethylene bags at room temperature for
3 months before isolation of microaggregates.
Water-stable microaggregates (53–250 lm) were isolated from the 8-mm sieved soil by using a microaggregate isolator (Six et al., 2000a). For bulk soils, this
device isolates microaggregates from within water-stable
macroaggregates in addition to collecting any ‘‘free” microaggregates external to stable macroaggregates. Brieﬂy,
10 g of air-dry soil were immersed in a column of ﬂowing
deionized water maintained at a height of 2.5-cm above a
250-lm mesh screen in the microaggregate isolator and
shaken with 50 stainless steel beads (4-mm diameter).
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The continuous and steady water ﬂow through the device
while shaking caused free microaggregates and microaggregates released from within macroaggregates to be
immediately ﬂushed through the screen onto a 53-lm
sieve, avoiding further disruption. After all macroaggregates were broken apart, the material caught on the 53lm sieve was wet sieved for 2 min (50 up-down strokes)
to ensure that isolated microaggregates were water stable.
Because Fermilab soils exhibit a high level of aggregate
stability under perennial vegetation (Jastrow and Miller,
1998), the procedure was modiﬁed for these soils to facilitate breakdown of macroaggregates. Thus, air-dry Fermilab soil samples were ﬁrst slaked by immersion in
deionized water in an aluminum pan for 10 min and then
subjected to the microaggregate isolator. To collect suﬃcient amounts of microaggregates for study, 5–8 replicate
subsamples of soil from each treatment at each site were
processed through the microaggregate isolator and composited. The isolated microaggregates comprised 60–70%
of the bulk soil mass for all treatments at both ﬁeld sites.
The isolated microaggregates were transferred from the
sieve, dried at 55 °C, and stored at 4 °C in capped glass
bottles that were sealed in plastic bags.
We cannot discount the possibility that drying and storage of soil before rewetting and microaggregate isolation
might produce some changes or artifacts compared to soils
in situ—such as increased ﬂocculation of clay minerals,
changes in aggregate stability, shrinkage, formation of
microcracks, disintegration of organomineral complexes,
and release of dissolved organic carbon (e.g., Bartlett and
James, 1980; Kemper and Rosenau, 1984; Dexter, 1988;
Peltovuori and Soinne, 2005; Klitzke and Lang, 2007).
However, all soils were treated the same, and we consider
any resultant eﬀects to be reasonably consistent within each
ﬁeld site. Further, we believe any artifacts induced by drying, storing, and rewetting of soils were minor compared to
responses associated with our treatment gradients, and we
expect the trends and mechanisms indicated by our results
to be minimally aﬀected.
A subsample of the isolated microaggregates for each
soil was combusted sequentially at a series of 24-h temperature steps from 250 to 450 ° C. The organic carbon
content of the intact and combusted samples was measured by using a Shimadzu TOC-V Total Carbon Analyzer in conjunction with a SSM-5000A solid sample
combustion unit. No carbonates were detected in the soil
samples.
2.2. USAXS data collection and analysis
2.2.1. The small angle scattering phenomena
Ultra-small angle X-ray scattering (USAXS) is the primary tool used here to investigate the size distribution of
the pore volume of the microaggregates. The general
term, small angle scattering (SAS) refers to the deﬂection
of a beam of radiation (neutrons, X-rays, etc.) from its
original direction by interaction with atomic nuclei (for
neutron scattering) or electrons (for X-ray scattering) at
pore surfaces within the sample (Glatter and Kratky,
1982).
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Basic configuration of SAS Instrument

Detector

X-ray or
neutron
Source
Sample

The intensity of the scattered neutrons or X-rays is measured as a function of the momentum transfer, q, which is
related to the solid (i.e., three-dimensional) scattering angle,
h, by:
q ¼ 4P sin h=k

ð1Þ

where k is the wavelength of the radiation used. Combining
Eq. (1) with Bragg’s law, the length scale, L, probed at a given q range follows the general inverse relationship:
L  2P=q

ð2Þ

SAS techniques have been applied to study pore structure of a variety of materials such as petrographic samples
(Sastry et al., 2000; Radlinski and Hinde, 2001; Radlinski
et al., 2004), wood charcoals (Venkatraman et al., 1996),
porous alumina (Rasmussen, 2001) and clay minerals
(Bihannic et al., 2001). Application of SAS to natural soil
systems has focused on characterizing the fractal properties
of soil particles, or humic substances extracted from soil
(Borkovec et al., 1993; Tombacz et al., 1998; Rice et al.,
1999; Diallo et al., 2005). The term ‘‘fractal” implies a complex shape that appears similar at all scales of magniﬁcation; in SAS, a fractal approach is indicated if scattering
curves strictly conform to a monotonic power-law increase
in scattering intensity over a very large range in q. We also
note that the studies cited above which invoked a fractal
structure were instrumentally limited to an narrow q-range
and could not rigorously test the strict monotonic powerlaw criterion for a fractal structure, or chose to limit their
analyses to a selected range of q where the fractal criterion
did obtain.
We take a non-fractal approach because we found that
several of our scattering curves do not strictly conform to
a monotonic power-law increase in scattering intensity over
the 9 order-of-magnitude range of scattering intensity and
the 4 order-of-magnitude range of q accessible using
USAXS. Rather, we took an inverse pore size distribution
approach to analyze the scattering because, unlike the fractal models, it does not assume any underlying structural

arrangement of the porous medium. It should be noted,
however, that the two methods are complementary for
materials that exhibit power-law scattering; each describes
the same physical microstructure using a diﬀerent set of
parameters. One can loosely compare this to wave- and particle-based descriptions of radiation, both describing the
same physical phenomena in diﬀerent ways. Many natural
microstructures exhibit power-law scattering behavior over
a limited range of q. For such systems, inverse and fractal
analyses are equally meaningful. On the other hand, nonfractal scattering systems cannot be described in fractal
terms, making the inverse pore size description method generally more applicable.
The scattering of neutrons or X-rays occurs exclusively
at the interface between the solid matrix and a pore space
containing material, such as air, that diﬀers substantially
in its ability to scatter the radiation. The pattern of scattering intensity, I(q), versus the scattering angle, q, is then
determined by the geometry of the pore-matrix interface
at various length scales. This pattern can be related to a
pore size distribution if the Euclidean shape of the pores
is known or can be reasonably assumed. The intensity of
scattered radiation is then related to the scatterers’ size distribution. For a two-phase scattering system, one can express the intensity of scattering as described by (Kotzias
et al., 1987):
Z 1
IðqÞ ¼ jDq2 j
jF ðq; rÞj2 V 2 ðrÞNP ðrÞ dr
ð3Þ
0

2

where Dq is the scattering contrast between the pore and
matrix, F(q, r) is the scattering form factor for particulate
scatterer shape, V(r) is the volume of sample material within the X-ray or neutron beam, N is the total number of scattering particles, and P(r) is the probability of occurrence of
scatterers at size r. The term V(r) is often referred to as the
sample thickness because the x- and y-dimensions of the
sample are the known shutter settings on the incoming
beam. In practice, the known or estimated sample thickness
is input in calculation of the sample intensity of scattering
(I(q)). This formula is, for computational purposes, replaced by a summation formula with a limited number of
bins in radii:
IðqÞ ¼ jDq2 j

rmax
X

jF ðq; rÞj2 V 2 ðrÞNP ðrÞ dr

ð4Þ

rmin

Compared with other techniques, SAS has the ability to
study a wide range of void sizes (from 10 Å to 15 lm);
furthermore, unlike N2 adsorption or mercury porosimetry,
which can examine only that portion of the porosity that
the probe molecule can access from the exterior, X-rays
and neutrons penetrate throughout the sample. Thus,
X-ray or neutron scattering provides information on the
entire porosity of a sample. In addition, various materials
diﬀer in their ability to scatter X-rays or neutrons, and thus,
diﬀerences in the composition of material within a pore may
result in contrasts in scattering intensity; for example,
diﬀerences in X-ray or neutron contrast have been used to
determine details of porosity development of carbon during
heating and solvent swelling (Hall et al., 1997; Antxustegi
et al., 1998a,b; Calo et al., 2001).
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2.2.2. USAXS instrumentation
USAXS measurements were conducted at the UNICAT
beam line of the Advanced Photon Source (APS) at Argonne National Laboratory (Argonne, Illinois, USA). The
UNICAT ultra-small angle X-ray scattering instrument utilizes Bonse–Hart double crystal optics to extend the range
of the USAXS down to lower scattering vectors. The measured scattering data set is slit-smeared in the horizontal
direction, but was numerically desmeared to recover the
standard (pinhole-collimated) small angle scattering data.
Details of the UNICAT system are described by Long
et al. (2000). This instrument uses absolute calibration
based on ﬁrst principles (standard-less), providing results
directly on an absolute scale. The wavelength was
1.109 Å1 with a measurable q-range of 104 to 101 Å1.
USAXS data were corrected and analyzed using a software
package ‘‘Irena”, developed by our co-Author, Jan Ilavsky
for analysis of small angle scattering data. This software
can be accessed at (http://usaxs.xor.aps.anl.gov/staﬀ/
ilavsky/irena.html).
2.2.3. Preparing the microaggregate sample for exposure to
the USAXS beam and determining the sample volume
(thickness) in the X-ray beam
The microaggregates were prepared for exposure to the
USAXS beam by immobilizing them on 1-mm thick Kapton tape, which has a low and stable scattering intensity;
empty Kapton ‘‘blanks” were measured along with the
samples and their scattering spectra subtracted from that
of samples. Speciﬁcally, the Kapton was taped to a thin
plastic square with an 10-mm hole in the center. The
sticky side of the Kapton was attached to cover the hole
in the plastic; an excess of microaggregates needed to cover
the hole was added and, to promote contact with the tape,
the microaggregates were very gently tapped onto the tape
using the eraser of a pencil; microaggregates that did not
adhere to the tape were poured oﬀ and weakly attached
microaggregates removed with several ﬂicks of the ﬁnger
on the under side of the plastic. These strongly attached
microaggregates resulted in a sample with an even coating
of an approximate monolayer of microaggregates. The
samples was protected by a second layer of Kapton tape
was placed over the sample, Visually, it was evident that
the sample contained voids interspersed with immobilized
microaggregates that varied in size, thickness and density
The prepared sample was then transport to the USAXS
beamline. The samples were taped the 16-posion sample
holder on an x–y linear actuators and positioned in the
beam.
Eqs. (3) and (4) specify that calculation of the absolute
scattering intensity (I(q)) of X-rays requires knowledge of
the volume of sample in the beam (Vr); As mentioned after
Eq. (3), this term is eﬀectively speciﬁed as the sample thickness. We speciﬁed a sample thickness of 100 lm for calculations of scattering intensity of all samples. This value
estimated from the weight-averaged microaggregate diameter from dry sieving of several samples, as well as from an
estimate of the relative abundance of voids and solids in
the X-ray beam, estimated from radiographs of the samples
in the X-ray beam.
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In an attempt to further evaluate the sample thickness,
we directly visualized the voids and solids in the X-ray
beam via a radiogram camera mounted beside the X-ray
detector on a linear actuator aligned with the X-ray beam
exiting the sample. For a large number of the samples, identical ﬁelds-of-view of both the radiogram image and X-ray
scattering data were collected within minutes of each other
by moving the linear actuator; radiograms and scattering
data were numbered to assure proper identiﬁcation of the
two data for each sample. Visual inspection of the radiograms of a very large number of samples revealed a reasonably uniform distribution of solid and voids in radiographs.
More quantitative measurement of the solid to void ratio
and particle size within the X-ray beam was attempted
using computerized image analysis. This approach failed
due to the classic problem of deﬁning the threshold of image intensity that diﬀerentiated a solid from a void (Sahoo
et al., 1988 and references therein).
To obtain a more quantitative evaluation of the magnitude of the variability in thickness among samples, we used
the Lambert–Beer Law, which relates the measured sample
transmission to the eﬀective sample thickness of the sample
material: (ln Tm = up*t), where Tm is the measured transmission, up is the linear X-ray attenuation coeﬃcient of
the sample and t is the eﬀective sample thickness. The attenuation coeﬃcient was calculated for a mixture of kaolinite
and montmorillonite, the predominant minerals in the soil,
and the same coeﬃcient was used in calculations for all
samples. This alternate method, based on empirical data
on the measured X-ray transmission for each sample indicated that samples had approximately the same thickness
within a variation of only 8%, although the absolute value
of the sample thickness remains an approximation. This
approximation should not compromise our scientiﬁc goal
because our approach does not rely on knowledge of the
absolute scattering intensity, but rather focuses on relating
patterns of changes in the microaggregate architecture and
distribution of OM within the microaggregates from soils
with contrasting land use or management histories. The
similarity of sample thickness across soils makes all results
subject to the same approximation of the absolute value of
the sample thickness, and should therefore have a minimal
impact on interpretation of the patterns of change observed
for diﬀerent soils and treatments.
Although almost all samples had very similar transmissions, there were a small number of samples that were outliers with very low transmissions. Visual inspect of the
radiograph for those samples conﬁrmed that those few samples with anomalously low transmissions also exhibited
radiographs that were extremely dense (i.e., X-rays transmission was blocked by the size and/or density of the particles in the sample). These samples were discarded and not
used in other calculations or data interpretation.
2.2.4. Data reduction and calculation of size distribution of
the pore volume
We estimated the size frequency distribution of voids
using the maximum entropy method available within the
Irena software (see above). Based on SEM observations
of the microaggregates, we used a shape of an oblate
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spheroid (aspect ratio of 0.1). The ﬁtting solutions also converged with this shape more readily than with many other
shape factors tested, suggesting compatibility of this model
with our data. The pore volume distribution (i.e., the relationship between the volume enclosed in a pore and the size
or that pore) is presented as a function of the larger dimension of these spheroids. Generally, interpretation of a size
distribution from small angle scattering data involves the
inversion of an integral equation for which there is no exact
solution. Using the size distribution as a histogram, f, it is
possible to rewrite the scattering equation as a linear
equation.
I ¼ Gf ;

ð5Þ

where the matrix component, G, describes the assumed
morphology of the scatterers underlying the measured data,
I. Solution of the linear scattering equation by a direct matrix inversion is not unique due to the high condition number of G (Potton et al., 1986). Potton et al. (1988) described
a method for solution of the linear equation by the maximum entropy method. In short, their MaxEnt method maximizes the conﬁgurational entropy of the histogram subject
to the scattering calculated from that histogram ﬁtting the
measured data to within the experimental errors. These
two constraints are imposed simultaneously through the
use of a Lagrange multiplier. The maximum entropy code
implemented in the ‘‘Irena” software package is a modiﬁcation of Potton’s original code by Jemian et al. (1991).
2.2.5. Reproducibility of estimates of the size distribution of
pores within microaggregates
The reproducibility of pore volume estimates derived
from scattering curves was evaluated by preparing triplicate
samples of microaggregates from the same sample container. Each of the replicates was prepared at diﬀerent
times. The microaggregates were derived from four independent site/treatment sources (3 Fermilab ages and one
Kentucky treatment). When the samples were taken to
the USAXS instrument, each was positioned in diﬀerent
locations on the multiport sample holder. The spectra were
obtained at diﬀerent times, and sometimes diﬀerent days.
The scattering data from the triplicate scattering curves
were independently reduced and analyzed in the Irena software to obtain a pore size distribution for each of the triplicates. For each set of triplicates from each of the four soil
sources, we calculated the average of the estimated size distribution of total pore volume (cm3 g1 microaggregates) as
well as that within the four size classes shown in the insets
of Figs. 3 and 4. As a reasonable indication of the reproducibility of our estimates of the size distribution of pore
volume, we calculated the standard deviation about the
average for the estimated size distribution of pore volume
for all samples (12 samples representing the triplicates from
the four site/treatment sources). The mean of the cumulative total pore volume for all 12 samples was 0.07 (cm3
g1 microaggregate) with a standard deviation of 0.017
(<2% of the mean); this suggests that the pore of the volume estimates are highly reproducible. The standard deviations about the estimated individual size distributions of
pore volumes for the individual size fractions (shown in

insets in Figs. 3 and 4) were even lower, ranging from
0.003 to 0.006.
2.2.6. Estimation of total and OM-ﬁlled porosity in
microaggregates from USAXS
Unlike the simple two-phase system (Eqs. (3) and (4)),
our system is actually composed of more than two phases:
mineral soil, OM-ﬁlled voids, and air-ﬁlled voids. The system with three components can be too complicated to handle rigorously, so we have decided to treat it approximately
as system of two independent scattering populations in
dilute limit. The model outcome is, that from such populations, the intensities can be simply summed together. While
this is an approximation, it is well accepted and common in
small angle scattering applications, especially in materials
science. Actually in cases of populations of scatterers with
no spatial correlations between the components, and in
the dilute limit, summing of intensity is a rigorous solution—(see Chapter 232, pp. 66–68 in Guinier and Fournet,
1955).
An approximation of a dilute system of non-interacting
scatterers may not be totally correct for our scattering system; therefore we emphasize the ‘‘approximation” in
describing this method. Spatial correlations are also unlikely in our system and we have not observed any manifestation of spatial arrangements. For systems with no spatial
correlations between the components the interactions between the diﬀerent phases can be neglected (Guinier and
Fournet, 1955). As further justiﬁcation, it has been found
in studies of other materials (ceramics) that systems with
broad size distribution of pores can often be treated as dilute systems up to very high volume contents, as they are
eﬀectively dilute on any speciﬁc length scale.
We should also point out that the method we are using
here is really only another application of the contrast
matching technique used extensively in small angle neutron
studies to analyze multicomponent systems (Avdeev, 2007)
or anomalous small angle X-ray scattering studies (Kirby
et al., 2007; Lee et al., 2007; Pranzas et al., 2007); each of
these studies employed these routinely applied neutron contrast methods, In analyses of multiphase systems with a
complicated small angle scattering proﬁle, the contrast of
one phase is changed and the diﬀerence in scattering data
is attributed to the change in the contrast of that phase.
This phase is then analyzed using a two-phase approximation. In the present case, we are applying the same method,
but the change in the contrast is the result of combustion of
the OM-ﬁlled voids.
As was the case for the approximation of the absolute
sample thickness, the two-phase approximation should
not compromise our scientiﬁc goal because our approach
does not rely on knowledge of the absolute scattering intensity, but rather it focuses on relating patterns of changes in
the architecture of microaggregate structure aﬀecting OM
distribution and preservation for a series of soils representing contrasting agronomic management systems that aﬀect
carbon accumulation. Because the results from all soils
were subject to the same approximations, they should therefore have a minimal impact on interpretation of the patterns of change observed for diﬀerent soils and treatments.
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We used contrast variations in X-ray scattering from
pores ﬁlled with OM, compared to scattering from air-ﬁlled
pores, to determine the pore size distribution of two classes
of porosity: (i) the total porosity (deﬁned here as the total
volume of pores within and among mineral grains, regardless of whether those pores are occupied by air or OM), and
(ii) those pores that are ﬁlled with OM. The total porosity
was determined using data from microaggregates that were
combusted at 350 °C for 24 h to remove the OM (Mayer
et al., 2004); the potential impact of combustion on the size
distribution of pore is discussed in greater detail below.
Our simpliﬁed two-phase system is an approximation of
the dilute limit with non-interacting populations of scatterers, for which we can assume that the total scattered intensity I(q)total changes as a result of OM removal by
combustion. I(q)total before combustion reﬂects the sum of
the scattering in empty mineral pores as well as pores completely or substantially ﬁlled with OM (Eq. 6).
IðqÞtotal

before combustion

¼ IðqÞempty mineral pores
þ IðqÞOM-filled pores

ð6Þ

After combustion (arrow in Eq. (6A)), pores with OM become OM-free empty mineral pores.
IðqÞOM-filled pores ! IðqÞOM-free empty mineral pores

ð6AÞ

As a result, after combustion, the total scattering curve
reﬂects scattering from both the pores that had originally
been empty, as well as from those pores that had originally
been completely or substantially ﬁlled with OM prior OM
removal by combustion (Eq. (6B)).
IðqÞtotal after combustion ¼ IðqÞoriginal empty pore and those previously filled with OM
ð6BÞ

Thus, the diﬀerence curve from subtraction of the scattering curve for combusted sample (mineral matrix) from
that for intact sample (mineral matrix + OM) yields an estimate of that fraction of the total porosity completely or
substantially ﬁlled with OM (Eq. (6C)) (We address the impact of pores that had been only partially ﬁlled with OM in
Section 2.2.8).
IðqÞOM-filled pores ¼ IðqÞtotal of combusted sampler
 IðqÞtotal of intact samples

ð6CÞ

The intensity of scattering is proportional to the diﬀerence in the scattering power (Dq2) of the matrix and pore
space (Eqs. (3) and (4)). Diﬀerences in the scattering intensity (e.g., scattering curves in Fig. 1) can be used to approximate the size distribution of the pore structure and the
evolution of the OM-ﬁlled pore system of microaggregates
isolated from diﬀerent sites and treatments. Because of the
dependence of scattering intensity on the scattering contrast
(Dq2), we can use the diﬀerence in scattering contrast between the mineral pores containing OM compared to
empty, air-ﬁlled voids to approximate the evolution of the
size distribution of the total- and OM-ﬁlled porosity within
the microaggregates using the method below (Eqs. (6–9)).
The eﬀectiveness of a material to scatter X-rays, expressed as a scattering length density (q) depends on the
abundance and atomic number of the constituent elements
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as well as the density of the material. For these samples, the
scattering contrast (D q2) is the diﬀerence in the scattering
length density (q) of the predominant layer silicate minerals
comprising the microaggregate and the air- or OM-ﬁlled
pore voids. Air is a very weak scatterer of X-rays
(qair = 1  102 cm2), compared to the minerals (qmin11
2
eral = 2.2  10 cm ). The value for qmineral was based
on the composition and density of the minerals in Fermilab
chronosequence soils which are dominated by montmorillonite and kaolinite with smaller amounts of illite and vermiculite. The calculated values of q were similar for all
these minerals, averaging 2.2  1011 (±5  109) cm2. Similar calculations of the qmineral for the Kentucky Spindletop
site, for which hematite and quartz were important minerals
in addition to montmorillonite and kaolinite, established
that the qmineral was in the same range because the higher
q for hematite was somewhat counterbalanced by the lower
value for quartz. The scattering contrast between the mineral matrix and air void is
Dq2 ¼ ðqmineral  qair Þ2  ðqmineral Þ2 ¼ 4:8  1022 cm4

ð7Þ

When OM is present in the intact (not combusted) microaggregates, the scattering curve reﬂects more a complex
interaction of the X-rays with multiple pore types, including
pores consisting of minerals free of OM, and minerals with
OM that ﬁlls the pore void or occupies a substantial portion
of the pores, and, to a minor extent, minerals with OM
coatings in air-ﬁlled voids (see below). In the case of the
OM-ﬁlled void, the contrast between the mineral and OM is
Dq2 ¼ ðqmineral  qOM Þ2 ¼ 1:2  1022 cm4

ð8Þ

where qOM is the scattering length density of the OM, calculated to be 1.1  1011 cm2 based on an average elemental composition of soil organic matter (relative atomic
abundances of C:H:O:N of 0.55:0.04:0.4:0.01) and an OM
density of 1.3 g cm3 (Adams, 1973; Mayer et al., 2004).
The scattering intensity is substantially greater if an
OM-ﬁlled pore is emptied due to removal of the OM by
combustion (Fig. 1). This change in contrast before and
after combustion for the pores originally ﬁlled with OM will
be used to estimate the pore volume of the OM-ﬁlled pore
from the diﬀerence curve resulting from subtracting the
curves before and after combustion. The left side of
Eq. (9) is not the contrast of OM-ﬁlled pores per se, but
the change in contrast due to combustion.
Dq2OM-filled ¼ ðqcombusted Þ2  ðqnot combusted Þ2
¼ ðqmineral Þ2  ½ðqmineral Þ  ðqOM Þ2
¼ 3:6  1022 cm4

ð9Þ

2.2.7. Impact of combustion on the size distribution of pores
Our approach of determining the size distribution of total and OM-ﬁlled porosity by comparison of scattering
curves obtained before and after combustion at 350 °C is
a source of potential experimental concern. Mayer et al.
(2004) presented several arguments and references based
on non-SAXS data to indicate insigniﬁcant disruption of
pore structure by the 350 °C oxidation treatment. This
treatment has the potential to change the arrangements
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Fig. 1. USAXS scattering curves for microaggregates from the Fermilab Virgin Prairie and cultivated sites are compared for samples that
were not combusted (intact) or combusted at 350 or 450 °C (combustion at the higher temperature did not aﬀect the porosity structure). The
ordinate is the intensity of X-ray scattering, reﬂecting the abundance of surface area of pores over a 3 order-of-magnitude range in the size of
the scatterers, expressed as a function of the momentum transfer, q, which is inversely related to the length scale of the scatterer (Eq. (2)). The
negative slope of the scattering curve indicates that the total surface area of scatterers (intensity) increases with the length scale of the pores.
The lower scattering intensity for the intact, compared with combusted, samples is due to the presence of OM-ﬁlled pores, which reduces the
scattering contrast (Eqs. (3)–(5)); the smaller separation for the Cultivated, compared to Virgin Prairie, reﬂects the lower abundance of OMﬁlled pores in microaggregates from Cultivated soil. Although the curves appear to be close on a log–log scale, intensities can diﬀer by factors
of 4 or 5, even in closely spaced curves. The scattering curves for OM-ﬁlled pores were obtained by subtracting the curve of the combusted
samples (minerals, but no OM) from that of the intact (minerals with OM) curves (Eqs. (6) and (6A)). The resultant scattering curve was used
to estimate the size distribution of the pore volume for OM-ﬁlled pores in these soils (Fig. 3, right panel).

among phyllosilicate grains that form the pores. In that paper, we oﬀered several lines of evidence suggesting that
these arrangements, collectively called microfabric, remain
largely unchanged after combustion at 350 °C. The USAXS
scattering curves in (Fig. 1) indicate that there is no detectable change in the pore structure over 3 orders-of-magnitude in length scales, suggesting that the microfabric is
retained after muﬄing. The scattering curves for the samples combusted at 350 and 450 °C are essentially identical
(Fig. 1), indicating that the microaggregate structure is unchanged even at higher temperatures. Carrado and coworkers (Carrado and Xu, 1999; Carrado et al., 2002) also found
only small changes in pore size distribution by gas sorption
measurements upon muﬄing of synthetic clay-organic matter systems, which they corroborated using both SAXS data
and TEM observations. They argued that the mesopore size
pores are controlled by interparticle contacts among clay
tactoids or domains (microaggregates of individual clay

crystallites). Indeed, the literature on formation of mesoporous clay catalysts, which relies on using organic templates to create pillared arrangements among clay ﬂakes,
routinely uses muﬄing (‘‘calcination” in that literature) to
eliminate the organic templates without loss of mesopore
structure (Zhu et al., 2002). Mayer et al. (2004) also found
that ultra centrifugation of their samples (47,800g for
30 min) had only a small impact on pore volume distribution, providing further evidence for the robust nature of
microfabric in their sediments.
2.2.8. Justiﬁcation for the term ‘‘OM-ﬁlled pores”
We use the term ‘‘OM-ﬁlled pores” to refer to the pores
identiﬁed from the diﬀerence curve resulting in a change in
contrast due to combustion (Eq. (9)). However, it is possible that OM ﬁlls only a portion of a given pore. Under these
circumstances, the estimated size distribution of OM-ﬁlled
pores could be subject to some inaccuracy. To evaluate

Soil organic matter accumulated by pore ﬁlling

the impact on the estimates of size distribution of the pore
volume, consider three basic cases:
1. The volume of OM coating an air-ﬁlled pore is much
smaller than the void. In this case, the removal of the
OM by combustion has little or no eﬀect on the small
angle scattering from sample because the mineral material would dominate scattering. The pore scatters at
roughly the same q before and after combustion. Thus,
there is a minimal eﬀect on our results because the eﬀect
on scattering is small and is reﬂected approximately the
same q.
2. OM ﬁlls or almost ﬁlls the entire pore. This is our default
case. The eﬀect of a small fraction of this pore that was
not originally ﬁlled by OM will result in some error to
our results. However, because the size of this unﬁlled
volume is much smaller than the pore size, the eﬀect will
happen at signiﬁcantly larger q values and will result in
some distortion of results for small pores. This will occur
at the highest q values and any minor distortion will be
limited to the small pores.
3. The problematic case is where OM ﬁlls about half of the
pore volume. Before combustion, the empty space dominates scattering. After removal of the OM by combustion, we now have a larger void with a larger
scattering volume. Therefore, some of the scattering
intensity at higher q will be lost, and more intensity
added at lower q. However, this shift should not have
a signiﬁcant impact on estimates of the size distribution
OM-ﬁlled pores or on data interpretation. From a practical perspective, we set the size distribution modeling
tool in Irena to distribute the ﬁtted volume estimates into
400 logarithmically allocated bins, thus further reducing
the impact of small shifts of q on the estimated size distribution, especially compared to the three orders-ofmagnitude pore size range examined in USAXS. Thus,
although the uncertainties discussed above could have
some inﬂuence the absolute values of the pore volume
estimates, there is good evidence that it will have a limited inﬂuence on the interpretation of the data, especially
with respect to the relative diﬀerences in the distributions
of total- and OM-ﬁlled pores between sample
treatments.
The concept of ‘‘OM-ﬁlled pores” is also conﬁrmed by
data in Mayer et al. (2004). Inspection of the pore volumes
(measured via nitrogen adsorption) in the soils (Fig. 3b),
indicated only small changes in volume before and after
combustion for all soils except two with extremely high
OM loadings (8% by weight, OC:SFA  5), much higher
loadings than in this study. The small changes in volume argue for Case 1 above. Granted, the pore size range is limited, but it seems unlikely that there is enough OM to ﬁll
the larger pores.
2.2.9. Nitrogen sorption isotherms
Gas sorption analysis was performed on a Quantachrome A-1 Autosorb, by subjecting samples to varying
partial pressures of N2 gas (UHP grade) at 77 K. All solids
were initially degassed in a vacuum oven (150 °C at
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50  103 Torr for 18 h) to remove surface-adsorbed water,
followed by a minimum of 3 h at 10  103 Torr on the
instrument degassing station. Sorption at partial pressures
of <0.3 provides data for BET analysis (Brunauer et al.,
1938) while sorption at partial pressures of 0.3–1 provides
data with which to interpret pore size distributions from
gas condensation. Samples were run in both the adsorption
and desorption directions over the entire partial pressure
range to gain both of these types of information. Pore size
distributions were calculated using the BJH method (Barrett et al., 1951), assuming slit-like geometry for the pores
(Innes, 1957), as implemented on the Autosorb instrument,
(see discussion in Mayer, 1994). Analyzed size ranges were
from ca. 2–200 nm, representing the separation distances of
opposing faces of the slits.
3. RESULTS
3.1. Microaggregate organic carbon content
The OM content of Fermilab microaggregates was fourfold lower in the cultivated, agricultural soil, compared to
the native Virgin Prairie (Fig. 2, data for non-combusted
samples at 20 °C and using carbon as a proxy for OM).
Restoration of the cultivated soils to tallgrass prairie resulted in a doubling of the OM levels in the youngest (10years) site, but there was little change in the OM levels over
the 14 years between the youngest and oldest restored prairie sites in the chronosequence. For the Kentucky site NT
resulted in the OM levels of the microaggregates (Fig. 2,
20 °C data). Higher levels of nitrogen fertilizer application
led to a very small increase in OM level for the CT treatments, but a larger increase in the NT treatments.
The microaggregate samples were combusted over a
range of temperatures to evaluate diﬀerences in the thermostability of the OM between treatments as an indicator of
diﬀerences in the chemical composition and perhaps biochemical recalcitrance of the OM among the treatments.
The loss of OM mass with temperature was greater for
the microaggregates with higher initial OM levels, but the
percentage decrease in OM (Fig. 2, insets) were essentially
identical across all treatments at both sites. This measure
of OM properties shows no systematic changes among the
treatments.
In this study, we used combustion at 350 °C to remove
OM from pores within the microaggregates. Combustion
at 350°C removed 90% of the total OM originally in the
microaggregates. OM combusted at temperatures >450 °C
is generally attributed to black carbon, a broad group of
charcoal-like materials (Gelinas et al., 2001; Gustafsson
et al., 2001). Across all ﬁeld treatments, a consistent 2–4%
of the OM survived treatment at 450 °C, suggesting that
black carbon is a minor component of these
microaggregates.
3.2. Small angle scattering curves
Representative USAXS scattering curves are presented
in Fig. 1. The ﬁgure caption provides a tutorial explanation
to aid in interpreting the scattering cuves.
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Fig. 2. Concentration of OM (expressed as g C kg microaggregates1) of intact microaggregates (20 °C) and after combustion at 250–450 °C.
Left panel is for Fermilab and the right panel is for Kentucky. The insets are the percent of OM remaining after combustion, compared to the
OM concentration in the intact microaggregates.

It should be noted that Mayer et al. (2004) reported
USAXS scattering curves from marine sediments and observed that, unlike the curves presented in Fig. 1, the combusted and intact sediment samples appeared to overlay
one another, suggesting that the phenomena of OM ﬁlling
voids did not occur in those sediments. Using the computational approach described here, which was not available at
the time of the 2004 publication, we re-analyzed the original
data for the Eel and PEM sediments presented in Mayer
et al. (2004). The new analysis found that less than 1% of
the sediment pore volume in the <50 nm size range was
occupied by OM, conﬁrming the conclusion of that study.
3.3. Pore volume distributions by small angle scattering and
N2 sorption
The total pore volume (expressed on a mass basis
(cm3 g microaggregates1)) of the combusted (OM-free)
microaggregates was determined by both USAXS (left
panels of Figs. 3 and 4) and N2 sorption isotherms (left
panels of Fig. 5). The N2 sorption technique has been
widely applied to understanding of the pore structure of
soils and sediments, and to gain insights into the distribution of OM within pores (Mayer, 1994, 1999; Bock and
Mayer, 2000; Mayer and Xing, 2001; Mayer et al., 2002,

2004). However, this method is eﬀective for a relatively
narrow range of pore sizes, and can sample only the open
porosity accessible to the N2 probe molecule while X-rays
penetrate the entire porosity and can evaluate porosity
over a wide range of pore sizes. The conﬁguration of
our instrumentation limited us to pores <5 lm. As previously noted (Stacey, 1988; Rasmussen, 2001; Sokolowska
et al., 2001), small angle scattering and N2 sorption can
yield diﬀerent estimates of pore size distributions.
Although the two methods assume diﬀerent pore geometries (slits for the N2 sorption approach and oblate spheroids for the USAXS approach), it is reassuring that for
both the Fermilab and Kentucky microaggregates, there
is very reasonable agreement (factor of 2.5 times) in the
absolute values of the total pore volumes for the combusted (OM-free) samples estimated over the length scales
where USAXS and N2 sorption data overlap. Both methods yielded similar patterns of the total pore size distribution of (combusted) microaggregates from both the
Fermilab and Kentucky sites. However, the N2 sorption
data yield much lower estimates of the pore volumes in
the intact (uncombusted; Fig. 5 right panels), compared
to combusted (OM-free) microaggregates, especially for
the Fermilab samples, probably due to pore blockage of
the N2 probe molecule by OM.
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Fig. 3. Cumulative size distribution of the pore volume for microaggregates from the Fermilab experimental sites. The left panel is the size
distribution of the pore volume after removal of OM by combustion at 350 °C. The right panel is the size distribution of the pore volume for
the OM-ﬁlled pores. The insets are intended to assist in interpretation of the size distribution of the pore volume for diﬀerent ages of prairie
restoration over 4 orders-of-magnitude in pore diameters. The insets present the summed pore volumes for each sample over a smaller,
decade-wide ranges of pore diameters. Each point represents the total volume within the indicated ranges of pore diameters (in nm) indicated
on the abscissa.

We will focus principally on interpretation of the
USAXS data because of the wider size range that can be
evaluated with that method, and because the diﬀerences
in the X-ray scattering length density (q) between minerals,
OM and air provide useful information on the distribution
of OM within the pores.
3.4. Total pore volume
The total pore volume of the combusted (OM-free)
microaggregates determined by USAXS is presented as
the main graphs of Figs. 3a and 4a. The main ﬁgures
show the cumulative pore volume as a function of pore
diameter. To facilitate comparisons of changes in the size
distribution between treatments, the insets plot the pore
volumes contained within decade-wide ranges of pore
diameters.
For the Fermilab chronosequence, the magnitude and
size distribution of the total pore volume diﬀered substantially among treatments (Fig. 3a). There is perhaps a slight
decrease in the total pore volume, especially for the largest
pores, within 10 years of planting tallgrass prairie in the
previously cultivated soil. Much later in the chronose-

quence, the pore volume increases, but it isn’t until 24-years
that the total pore volume approaches that of the Virgin
Prairie.
The Kentucky treatments exhibit insigniﬁcant changes
in the total pore volume (Fig. 4a), but lack of tillage and increased nitrogen inputs appeared to be associated with
small increases in the total pore volume, especially for the
largest pore diameters.
3.5. OM-ﬁlled pore volume
The size distribution of pore volume of OM-ﬁlled pores
was estimated as described in Eqs. (6–9). For both the
Fermilab and Kentucky sites, there are larger relative diﬀerences in the OM-ﬁlled pore volume among the diﬀerent
treatments, compared to the changes in the total pore volumes (Figs. 3a and 4a). For the Fermilab chronosequence,
the volume of OM-ﬁlled pore initially decreased after conversion of cultivated soil to prairie, but the lost OM-ﬁlled
porosity was restored between 10-year and 19-years after
conversion. The pore volume distribution of the 24-year
prairie is close to that of the Virgin Prairie except for the
largest pore diameters.
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Fig. 4. Cumulative size distribution of the pore volume for the Kentucky microaggregates. The cumulative curves and insets are organized as
explained in Fig. 3 for the Fermilab site.

There are large diﬀerences among treatments in the size
distribution of OM-ﬁlled pores expressed as a fraction of
the total porosity for each bin size and treatment (Fig. 6).
Although the total pore volume is greatest in the largest
pores, there is less OM-ﬁlled porosity above 1000 nm than
in the 100–1000 nm size range. There is an obvious skewing
of the OM distribution, with most of the pore-held OM in
the 10–1000 nm size range, and smaller amounts residing in
the smallest and largest pores. Conversion of cultivated soil
to prairie initially results in a decrease in the relative abundance of OM-ﬁlled pores, especially in the middle size
ranges. But over time, the preferential accumulation of
OM in the medium-size pore classes is reestablished.
Compared to the Fermilab microaggregates, a much
smaller fraction of the total porosity is ﬁlled with OM at
the Kentucky site, except for the NT-336 treatment
(Fig. 6). The size-dependent pattern in the OM distribution
is much less strongly developed at the Kentucky site. However, for all of the Kentucky treatments, pores >1000 nm
diameter had the lowest fraction of OM-ﬁlled pore volume.
3.6. Mass of OM in OM-ﬁlled pores
In addition to comparisons of pore volumes, the mass of
OM in the OM-ﬁlled pores can be related to the total OM
in the microaggregates, as measured with the carbon ana-

lyzer (Fig. 7). For this calculation, the volume of OM-ﬁlled
pores (Figs. 3b and 4b) was converted to the mass of organic carbon in these pores (Fig. 7c and f) by assuming OM
density is 1.3 g cm3 and carbon constitutes 54% of the
OM (Adams, 1973; Mayer et al., 2004).
For the Fermilab site, about 75% of the total mass of
OM in microaggregates from the cultivated soil is located
in OM-ﬁlled pores, compared with less than 60% of the
Virgin Prairie microaggregates (Fig. 7b). Following prairie
restoration, the total OM found in the microaggregates
doubles in concentration within 10 years (Fig. 2), but the
new OM is not initially located in OM-ﬁlled pores. Rather,
there is a sharp decline between the cultivated and 10-year
restoration in terms of the proportion of total porosity that
is OM-ﬁlled, the proportion of total microaggregate-associated OM found in OM-ﬁlled pores, and the mass of OM in
ﬁlled pores (Fig. 7a–c, respectively). As the prairie restoration proceeded over time, there was little change in the total
microaggregate-associated OM level between 10- and
24-years (Fig. 2), but the distribution of the OM changes
signiﬁcantly, with OM-ﬁlled pores accounting for an
increasing fraction of both the total porosity (Fig. 7a)
and the total mass of OM in microaggregates (Fig. 7b).
By 24-years, about 90% of the OM in the microaggregates
is enclosed within OM-ﬁlled pores. Over much longer times,
as represented by the Virgin Prairie, the total OM content
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Fig. 5. The size distribution of the pore volume derived from N2 adsorption isotherms for the Fermilab (upper panel) and Kentucky (lower
panel) microaggregates. The panels on the left present the data after OM removal by combustion at 350 °C. The panels on the right are for the
intact microaggregates.

of the microaggregates doubles compared to the oldest restoration (Fig. 2), but there is only a relatively small increase
in the mass of OM found in ﬁlled pores (Fig. 7c). With
almost 80% of the available porosity that can be accessed
by the USAXS technique ﬁlled with OM (Fig. 7a), much
of the additional OM in Virgin Prairie microaggregates
must be located in larger pores not quantiﬁed by USAXS.
Hence, the proportion of total microaggregate-associated
OM found in OM-ﬁlled pores was lower in the Virgin
Prairie than in the oldest restoration (Fig. 7b).
The Kentucky treatments present a straightforward pattern of OM accumulation. In treatments that result in increased OM concentrations (Fig. 2), OM-ﬁlled pores

account for an increasing fraction of the total porosity
(Fig. 7d) and mass of OM (Fig. 7f), particularly for the
NT-336 treatment. Nitrogen fertilization seems especially
eﬀective in promoting OM-ﬁlled porosity; for example,
comparing CT-0 and CT-336, the increase of the mass of
OM in ﬁlled pores (Fig. 7f) exactly matches the diﬀerences
in the total mass of OM between these treatments (Fig. 2).
Likewise, about two-thirds of the total OM increase resulting from fertilization of the NT treatments was localized in
the OM-ﬁlled pores. In addition, nitrogen fertilization,
regardless of tillage treatment, resulted in a higher proportion of microaggregate-associated OM being located within
the pores accessed by USAXS (Fig. 7e).
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accretion into submicron OM-ﬁlled pores. These changes
can be interpreted within the context of current understanding of the evolution and turnover of soil aggregates.

% of Total Pore Volume
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4.2. Restructuring of total- and OM-ﬁlled porosity
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Fig. 6. The relative abundance, as a percent, of the OM-ﬁlled pore
volume relative to the total pore volume within decade-wide pore
diameter size classes. The upper panel is for the Fermilab
chronosequence and the bottom panel is for the Kentucky site.

4. DISCUSSION
4.1. Rates of OM accumulation by microaggregates in the
Fermilab chronosequence
The role of OM pore ﬁlling as a mechanism of OM accumulation in microaggregates is apparent in the comparison
of the changes of the total OM and OM in submicron OMﬁlled pores (Table 1). There is an initial rapid increase in the
total OM within microaggregates in the ﬁrst 10 years following the conversion of the cultivated soil to tallgrass prairie, but thereafter, the total OM undergoes little change in
the 14 years between the youngest and oldest chronosequence plots (Table 1). In the ﬁrst 10 years following conversion to prairie, much of the OM accumulating inside
microaggregates may be in larger particulate form, such
as the organic cores described by Oades and Waters
(1991) and Golchin et al. (1994). During this same period,
some of the OM located within submicron pores is lost,
but then OM accumulates within these pores at an accelerating pace over the remainder of the chronosequence. After
24 years in restored prairie, virtually all of the increase in
total microaggregate-associated OM is accounted for by

There is a large and complex literature on the dynamics
of aggregate formation and turnover (Blanco-Canqui and
Lal, 2004; Six et al., 2004). The changes we observed in
the total pore structure of microaggregates (i.e., combusted,
OM-free) and the accumulation of OM within that evolving
pore structure are consistent with models of the ‘‘lifecycles”
of macro- and microaggregates. Most contemporary approaches to describing the relationship between pore structure and SOM rely on the conceptual models of Oades
(1984) and Golchin et al. (1994, 1998). Golchin emphasized
the role of fresh plant material in stimulating the deposition
of microbially derived binding agents, causing minerals to
encrust plant fragments or particulate organic matter to
form very stable microaggregates. Oades (1984) revised
his original hierarchy theory (Tisdall and Oades, 1982) by
postulating that roots and hyphae holding together macroaggregates help to create the conditions necessary for microaggregate formation and stabilization within the
macroaggregates. As these macroaggregates turnover, stable microaggregates are released and can, in turn, be incorporated into new macroaggregates (Six et al., 2000a). It is
generally agreed that the architectural system of aggregate
packing plays a key role in carbon sequestration (Baldock
and Skjemstad, 2000). The current study has clearly revealed a mechanism that contributes to the development
of this soil architectural system and the stabilization of
OM within that system. We propose that pore-ﬁlling by
OM, largely in submicron pores, is an important mechanism for protecting OM within microaggregates.
Although the microaggregates from the Cultivated site
at Fermilab have relatively low levels of microaggregateassociated OM compared to the prairie treatments
(Fig. 2), OM ﬁlled 40% of the total submicron porosity
(Fig. 7a). Further, about 75% of the total OM in Cultivated
site microaggregates is retained within those protected OMﬁlled pores (Fig. 7b), suggesting that OM ﬁlling in pores
provides a protected refuge for OM in the Cultivated
microaggregates.
The OM content of the microaggregates rapidly increased after conversion to tallgrass prairie; after 10 years
the OM content was more than twice that of the original
cultivated ﬁeld (Fig. 2). However, none of this initial increase in OM appears to be associated with OM-ﬁlled
pores. In microaggregates from the 10-year prairie, OMﬁlled pores accounted for less than 20% of the total porosity
(Fig. 7a) and about 10% of the total OM in the microaggregates (Fig. 7b). The extensive system of roots and mycorrhizal hyphae in tallgrass prairie promotes rapid restoration of
aggregate structure. At the Fermilab site the abundance of
macroaggregates increased from approximately 40% of the
total soil in the cultivated plots to over 90% of the soil within 10 years of planting to tallgrass prairie (Jastrow, 1987,
1996; Jastrow et al., 1998). Given the prevailing model that
microaggregates develop within macroaggregates, the feed-
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Fig. 7. Distribution of OM within microaggregates. Top panels (a–c) are for the Fermilab chronosequence and the bottom panels (d–f) are for
Kentucky site; (a and d) are the percentage of measured microaggregate pore volume that is OM-ﬁlled; (b and e) are the percentage of the total
mass of microaggregate-associated OM located in OM-ﬁlled pores; (c and f) are the concentration of OM (measured as organic carbon) found
in OM-ﬁlled pores of microaggregates.

Table 1
Annualized rate of total OM accumulation (calculated from data
for 20 °C in Fig. 2a) compared to the annualized rate of OM
accumulation within OM-ﬁlled pores (calculated from the total
cumulative mass of OM in Fig. 3b) of microaggregates during 24
years of tallgrass prairie restoration in the Fermilab
chronosequence
Time
interval
(years)

Accumulation of
total OMa in
microaggregates
(g C kg microaggregates1
yr1)

Accumulation of
OM in OM-ﬁlled
pores
(g C kg microaggregates1
yr1)

0–10
10–19
18–24
0–24

2.7
0.5
0.1
0.8

0.11
0.84
3.4
0.75

a
OM is expressed as the organic carbon content of intact
microaggregates (20 °C) (Fig. 2).

back processes of OM deposition and microaggregate stabilization lag behind the developing macroaggregate structure. The high SFA of the 10-yr treatment (Table 2)

suggests that during the ﬁrst 10 years of the chronosequence
there is a much higher percentage of unaggregated small
clay mineral particles available to associate with new OM,
and also participate in the early phases of aggregate development by encrusting OM deposited during the ﬁrst 10
years of the chronosequence. With the microaggregate
‘‘incubator” fully operational after the 10th growing season, there is a progressive increase in the fraction of the total porosity that is OM-ﬁlled, and submicron OM-ﬁlled
pores constitute an increasing proportion of the OM in
the 19- and 24-year samples (Fig. 7a–c).
The design of the Kentucky experiment makes it more
diﬃcult to evaluate the evolution of microaggregate pore
structure and pore ﬁlling, but there are striking contrasts
between the extent, and possibly the importance, of poreﬁlling in protecting OM in the Fermilab and Kentucky systems. The contrast between sites likely reﬂects diﬀerences in
the soil type and the nature of the interactions that stabilize
the structure of the microaggregates. In Mollisols and other
soils dominated by 2:1 clay minerals, OM is the principal
agent stabilizing the aggregate structure (Oades and
Waters, 1991; Six et al., 2000b). The pattern we observed
in the restructuring of the porosity at Fermilab is consistent
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Table 2
The speciﬁc surface area (SFA) of combusted microaggregates, measured by N2 adsorption, and the ratio of the total microaggregate organic
carbon content (Fig. 2, 20 °C) relative to the SFA (OC:SFA)
Fermilab

Cultivated

10-year

19-year

24-year

Virgin Prairie

SFA (m2 g1)
OC:SFA (mg C m2)

15.30
1.6

32.65
1.5

27.95
1.6

26.95
1.6

39.35
2.2

Kentucky
2

1

SFA (m g )
OC:SFA (mg C m2)

CT-0

CT-336

NT-0

NT-336

27.3
0.5

26.9
0.6

25.9
0.9

24.2
1.4

with the importance of OM in development and maintenance of microaggregate structure in Mollisols.
In soils characterized by 1:1 clays and oxides, such as
those of the Kentucky site (Six et al., 2000b), electrostatic
attractions between mineral surfaces are more dominant
stabilizing agents, and aggregate hierarchy is not as strong
or absent (Oades and Waters, 1991; Muggler et al., 1999).
The abundance of oxides in the Kentucky soils (Karathanasis, 1991) is consistent with our observations that, across
the combination of tillage and nutrient treatments of the
microaggregates, there is little, if any, diﬀerence in the total
porosity (Fig. 4a). However, there is signiﬁcant restructuring of the OM-ﬁlled porosity (Fig. 4b), likely by mechanisms similar to those described for the Fermilab
microaggregates. Six et al. (2000b) documented a higher
abundance of carbon in both macro- and microaggregates
in the Kentucky NT, compared to CT plots. The absence
of tillage and increased nitrogen inputs result in signiﬁcant
increases in the relative abundance of OM-ﬁlled pores
(Fig. 7d), the fraction of the total microaggregate-associated OM enclosed in OM-ﬁlled pores (Fig. 7e), and the
mass of OM in submicron OM-ﬁlled pores (Fig. 7f). The
absence of tillage combined with added nitrogen inputs
had the greatest impact on both OM accrual and OM-ﬁlled
porosity.
4.3. Mechanisms for protection of OM
Our results allow some assessment of whether sequestration of OM within microaggregates protects organic matter
via organic recalcitrance or biotic exclusion.
1. Biochemical stabilization: The thermal stability of microaggregate-associated OM was determined as an indicator of compositional diﬀerences in OM that reﬂect
changes in the chemical recalcitrance of the OM. For
example, Grisi et al. (1998) compared OM from tropical
and temperate soils with respect to microbial biomass,
OM decomposition rates, and thermogravimetric and
diﬀerential thermal analyses. OM was mineralized much
more rapidly in the temperate than tropical soils, indicating that the OM from the tropical soil was more
degraded. Thermal analyses indicated that the tropical
soils were also less thermally labile than the temperate
soil. Similar conclusions were reported for the isolated
humic acid fractions of the same soils. Likewise, pyrolysis-ﬁeld ionization mass spectroscopy has demonstrated
diﬀerences in the thermal lability of more biologically

labile, compared to less-readily metabolized OM
(Kalbitz et al., 2003), as well as between OM in heavy
density fractions of soil compared to the light fractions
composed of fresher plant-derived material (Schulten
and Leinweber, 1999).The microaggregate-associated
OM in this study showed no change in the thermal lability with either prairie restoration or tillage/fertilization
treatments (Fig. 2, insets), suggesting that the diﬀerences
in OM accumulation were not related to compositional
changes that might result in biochemical protection of
the OM. Further chemical characterization of the nature
of the OM in ﬁlled pores is needed to verify this
inference.
2. Biotic exclusion by aggregate structures: We propose that
a signiﬁcant mechanism for OM preservation in many
soils results from the architectural packing system
emerging during microaggregate formation (Oades,
1984; Golchin et al., 1994, 1998) which encloses, or
encapsulates, colloid-sized particles of OM with minerals, creating pores that are ﬁlled with OM. The minerals
have been suggested to serve as a physical barrier in protection of OM from degradation in pores too small to
permit access to the OM by microbes, enzymes or oxidants (Baldock and Skjemstad, 2000).
We conﬁrm here the conclusions of Mayer and coworkers (Mayer, 1994; Mayer et al., 2004) that OM is not protected in small mesopores (2–10 nm) that are small
enough to exclude exoenzymes that degrade OM (3–4 nm)
(Zimmerman et al., 2004). Instead, most of the OM resides
in pore size ranges that could accommodate exoenzymes
and even small bacteria (Figs. 3, 4, and 6). There is, however, generally a sharp drop in the fraction of OM-ﬁlled
porosity in pores with >1 lm pore diameters (Fig. 6), which
is consistent with the selective loss of OM in pores that
could enclose a large bacterium, potentially in direct contact with OM. Nevertheless, a suﬃcient pore size to hold
exoenzymes does not mean that enzymes from organisms
outside the pore have full access to the OM held within.
Extracellular enzymes are the primary means by which
soil microbes degrade complex organic materials into
assimilable small molecules. OM decomposition is not, as
usually described, a simple ﬁrst order process with respect
to OM concentration, but is also ﬁrst order with respect
to the concentration of exoenzymes reacting with the OM
(Schimel and Weintraub, 2003). If, on microbial time scales,
the OM pool can be considered large (not limiting) and relatively unchanging, decomposition kinetics become zero-
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order on OM concentration. Under these conditions,
microbial growth and OM degradation are dictated by
the kinetics of enzyme production and by the diﬀusion of
enzyme to OM and hydrolysate back to the microorganism
(Vetter et al., 1998). The key to OM preservation derives
from the economic rules of ‘‘return on investment” microbes get for producing exoenzymes. Any process that limits the access of the enzymes to the OM reduces net energy
gain, possibly leading to microbial starvation (Schimel and
Weintraub, 2003).
Mineral encapsulation could protect against hydrolysis
in several ways. First, it limits enzyme access to the small
‘‘throats” of OM-ﬁlled pores (Mayer et al., 2004), protecting the bulk of the OM within the pore body. The lower
pore volumes measured by gas adsorption for intact microaggregates (Fig. 5), compared to the combusted, OM-free
samples, may be due to blocking of pore throats by OM,
thus preventing access of the N2 probe molecule into the
pore space. If OM excludes a N2 molecule (cross sectional
area of 1.6 nm), then even small (3–4 nm) exoenzymes
would be excluded from ﬁlled pores and would have access
only via the pore throat. Thus, only a small fraction of the
OM in ﬁlled pores (Fig. 7c and f) is accessible for enzymatic
hydrolysis. Although microbial enzymes and hydrolysis
products might follow pathways through pores that were
not ﬁlled with OM to reach more distant pools of OM, a
network of OM-ﬁlled pores could increase the tortuosity
of such pathways and thereby reduce the rate of delivery
of assimilable nutrients to the microbes. Both eﬀective
reduction in the accessible OM pool and kinetic constraints
on the abundance and connectivity of pores available for
diﬀusion could make it energetically unfavorable for continued microbial enzyme production, growth or even survival (Simoni et al., 2001; Allison, 2005; Allison and
Vitousek, 2005; Ekschmitt et al., 2005).

5.1. Environmental implications: sequestration capacity and
feedbacks

5. SUMMARY AND CONCLUSIONS

This study has developed a new tool (USAXS) to obtain
critical information on the mechanisms of OM protection
in soil aggregates. Using this tool, we have demonstrated
its eﬀectiveness in evaluating strategies to enhance carbon-sequestration in soil through changes in agricultural
management practices and land use. This approach could
be applied across a much wider range of sites to evaluate
the general importance of the pore-ﬁlling protection mechanism along gradients of soil types, vegetation, and climate.

This study sought to understand the mechanisms by
which OM is preserved in soil microaggregates by investigating the internal pore structure of microaggregates and
the distribution of OM within those pores. Changes in land
use or agricultural management aﬀect the degree of soil disturbance as well as the nature and amount of organic inputs
and the root structure of the soil. These changes aﬀect the
formation and turnover of macro- and microaggregates.
Our results suggest that the key process in the protection
of OM in soil microaggregates is related to the architectural
system of aggregate packing. Our novel application of
USAXS revealed aspects of that architectural packing and
demonstrated that OM preservation is the result of new inputs of OM becoming encapsulated by minerals, probably
during microaggregate formation and turnover. We postulate that the protection arises from spatial and kinetic constraints imposed on the ability of microbial exoenzymes to
access and degrade the OM and on the delivery of hydrolysis products that can be assimilated by the microbes. Simple
economic rules of ‘‘return on investment” suggest that this
protection mechanism may have long-term impacts on
microbial growth and even survival.

The recognition of pore-ﬁlling as a protective mechanism has important consequences in predictions of carbon-sequestration potential of soil and in evaluating
strategies to enhance sequestration.
1. Limitation on the capacity to stabilize OM in soil: The
preservation of OM by its association with minerals
has been the focus of many studies. Recently, however,
the importance of sorptive preservation has been questioned because of the limited sorptive capacity of minerals (Six et al., 2002; Guggenberger and Kaiser, 2003).
Mineral encapsulation may provide greater potential
for OM preservation before saturation of the mechanism
because a greater volume of OM can be enclosed within
a given surface area of minerals than can be adsorbed
onto surfaces. Furthermore, we have demonstrated that
the extent of preservation of OM by the pore-ﬁlling
mechanism can be aﬀected by agricultural management
or land use, suggesting the possibility of strategies to
ameliorate global climate change through agricultural
management alternatives.
2. Feedback loops: The progression of OM accrual and the
extent of pore-ﬁlling over time suggest that the magnitude of OM accrual and preservation can be enhanced
dramatically if eﬀective management alternatives are sustained over time. Further, application of such strategies
may also increase the extent of OM preservation in soil.
Conversely, practices that perturb the pore structure of
soil and destroy the architectural system of OM-ﬁlled
porosity, or accelerate the dynamics of aggregate formation and turnover are likely to result in signiﬁcant losses
of soil OM that may take a long time to reverse.
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