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Abstract Mobile submicron mineral phases within
soil pore waters are presumed to play a major role in
the transport and availability of organic carbon (OC)
in subsurface horizons. This work reports on the
composition of the < 0.45 pum and 0.45-1.2 pm size
fractions of extracted soil pore waters from horizons of
a well-drained-Spodosol-soil to reveal conditions
favorable for carbon mobility and accumulation.
These operationally defined quantities are abbreviated
SF-S (size fraction small) and SF-L (size fraction
large) to identify the < 0.45 pm and the 0.45-1.2 um
size fraction filtrates, respectively. It is found that in
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the SF-S fraction, OC mass concentrations are more
than 30-50 times higher than metal (M = Fe + Al)
mass concentrations in all Spodosol horizons, with
metal-to-carbon (M/C) atomic ratios of 0.15-0.03.
Chemical equilibrium modeling calculations esti-
mate > 95% of the total Fe and Al in SF-S are
complexed with OC in all Spodosol horizons. In
contrast with the SF-S, the SF-L had much greater OC
concentrations and even lower M/C (< 0.01), except
in the Bh horizon (M/C = 0.05). In Bh, major
accumulation of organic matter occurred above the
lesser-accumulating Bhs, the latter having higher pH,
but much lower OC in all forms (soil, colloidal).
Infrared spectroscopy indicates the SF-L fraction of
soil pore waters contains both organic and inorganic
constituents, including amorphous silica, the second-
most abundant component after OC. Mineral-organic
associations such as mineral crystallites embedded in
OC are observed in the SF-L fraction by transmission
electron microscopy (TEM). Transmission electron
microscopy also reveal carbon-rich amorphous struc-
tures containing traces of Fe, Al and Si, and small
(~ 100 nm) spherical amorphous SiO, particles.
These observations provide support for the main
mechanism of OC accumulation in Spodosols being
the downward movement of colloids (organic, OC-
sorbed mineral and organo-mineral), followed by
colloid immobilization due to a combination of
increases in pH and M/C ratio. The occurrence of
these three types of colloidal structures in pore waters
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seems to depend on the pH and the relative supply of
OC and Fe 4 Al to pore waters. Similar colloidal
structures might also contribute to the transport and
availability of OC in subsurface horizons of soils that
range in the accumulation of organic and organo-
metallic compounds, that is, in the expression of
spodic properties.

Keywords Colloids - Soil pore waters - Organic
carbon - Soil - Spectroscopy - Microscopy

Introduction

Carbon stabilization in subsurface soil horizons cannot
be solely attributed to the chemical structure of
organic matter (OM); rather, OM sorption onto soil
mineral phases, the formation of OM-mineral co-
precipitates and metal-OM complexes, in addition to
physical occlusion are all postulated to contribute to
carbon stabilization and preservation in soils (Liitzow
et al. 2006; Wagai and Mayer 2007; Kaiser and
Kalbitz 2012; Kleber et al. 2015; Bernal et al. 2016;
Han et al. 2016). NMR studies, for example, have
found that ~ 90% of deep organic carbon (OC) is
physically and/or chemically associated with soil
minerals (Golchin et al. 1994; Christensen 1996).
The formation of these mineral-organic associations
(MOA) decreases carbon mineralization rate thus
increasing carbon reserves in soil (Riise et al. 2000;
Tan 2003; Pokrovsky et al. 2005; Tolpeshta and
Sokolova 2009; Lalonde et al. 2012; Camino-Serrano
etal. 2014; Chen et al. 2014; Vogel et al. 2014; Kleber
et al. 2015; Vindedahl et al. 2016; Rasmussen et al.
2018).

Sorption of OC onto highly reactive, poorly crys-
talline mineral phases is considered one of the major
factors that controls OC accumulation and stability in
subsurface soil horizons of acidic soils (Kramer et al.
2012). The clay particle-size fraction (< 2 pm), that
includes different forms of metallic oxyhydroxides
and poorly crystalline aluminosilicates, most effi-
ciently protect organic matter from mineralization
(Jones and Edwards 1998; Dignac et al. 2017) while
the resistance to microbial degradation of OC within
MOA depends on the structure and crystallinity of
associated mineral phases (Wagai and Meyer 2007,
Basile-Doelsch et al. 2015; Kramer et al. 2017).

@ Springer

Forest soils, such as Spodosols, are characterized
by intensive transport of organic matter, Fe and Al
hydroxides and clay minerals through the soil profile,
and by their accumulation in subsurface horizons (De
Coninck 1980; Duchaufour 1982; Farmer and Frazer
1982; Buurman and van Reeuwijk 1984; Kartlun et al.
2000). Two major competitive theories of Spodosol
formation have been proposed (Schaetzl and Ander-
son 2005). In the first, the proto-imogolite theory,
silicate mineral weathering results in the downward
transport of Fe, Al and Si in the form of polymeric Fe—
Al-Si inorganic components (imogolite) which are
immobilized in subsoils due to changes in pH.
Negatively charged organic colloids then precipitate
onto (or react with) the positively charged surfaces of
imogolite (Farmer and Frazer 1982; Kartlun et al.
2000). The second theory, the chelate theory, postu-
lates that Fe, Al, and Si form metal-organic complexes
that are highly mobile and freely move down the
profile along with percolating waters. Precipitation of
metal-organic complexes then occurs in the B horizon
due to saturation of the complexing capacity of the
organic molecules (McKeague et al. 1971; Van Hees
and Lundstrom 2000). The mobilization and translo-
cation mechanisms presumed to be involved in
Spodosol formation implicate the following chemical
processes: (1) formation of stable water-soluble com-
plexes of organics with Fe, Al, and Si (Buurman and
van Reeuwijk 1984; De Coninck 1980; Duchaufour
1982); (2) reduction of Fe in aluminosilicate clays by
organic acids and migration of stable Fe(Il)-organic
complexes (Bloomfield 1953; Sklemdtad 1992); and
(3) hydrolysis of Al, Si, and Fe to form stable inorganic
colloidal sols (Farmer 1974; Farmer and Frazer 1982).
The accumulation (immobilization) of Al, Si and Fe in
lower illuvial horizons has been explained by precip-
itation of Fe and Al with silica as allophanic material,
by precipitation of metal-organic complexes due to
increase in (Fe + Al) to C ratios in organic com-
plexes, and by microbial decomposition of metal—
organic complexes with further precipitation of Fe and
Al hydroxides (De Coninck 1980; Schnitzer et al.
1984). Direct evidence of dominant mobilization,
translocation, and immobilization mechanisms is still
incomplete, as is the identification of the presumed
types of colloidal structures present in pore waters.
These mechanisms are however proposed to depend
on the dynamics of organic matter within the Spodosol
profile (Buurman and Jongmans 2004).
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Highly reactive organic acids released from conif-
erous vegetation hampers crystallization and growth
of secondary minerals. These secondary minerals, for
example permanently charged phyllosilicate clay
minerals and variably charged nanometer-sized Fe
minerals, are very reactive with respect to OC sorption
(Lundstrom et al. 2000; Jansen et al. 2003; Buurman
and Jongmans 2004; Eusterhues et al. 2008; Basile-
Doelsch et al. 2015). The organic matter that migrates
to subsurface horizons is also small and mobile
(Rumpel and Kogel-Knabner 2011). Therefore, dom-
inant structures involved in OC transport-accumula-
tion through soil profiles are expected to occur within
the dissolved and colloidal size fractions of soil pore
waters.

As defined by Sposito (1989), “the characteristic
property of colloids is that they do not dissolve in
water to form solutions, but instead remain as an
identifiable solid phase in suspension”. Colloids are
also defined as inorganic or organic particles with
sizes ranging from 1 nm to 1 pm (Buffle et al. 1998),
which correspond to the fine clay size fraction
(Schoenberger et al. 2002). In most experimental
studies, colloids are operationally defined (e.g., > 0.7
pm, > 0.45 pm, low molecular weight (10-1 kDa),
high molecular weight (0.22 um-10 kDa), etc.)
depending on the extraction techniques used (Gustafs-
son 2009; Hirst et al. 2017; Oleinikova et al. 2017) and
on the field of study. More generally, a colloid is any
constituent small enough, that remains well-dispersed
in soil waters within substantial periods of time (from
hours to days), and that has enough surface area to
adsorb other chemicals (Gustafsson 2009). The sta-
bility of soil colloids is determined by factors that
promote or prevent their aggregation (Buffle et al.
1998). The colloidal fraction is the most mobile in soil
waters, while macro-particles (or large aggregates) are
rapidly removed from soil waters by gravity (Wen
et al. 2008).

Strong interactions among Al, Si, Fe and mineral
and organic phases make Spodosols a soil of choice to
study the role mineral colloids might have on carbon
stabilization and transport. While interactions between
OM and Al and Fe are recognized to contribute to the
stability of soil OM in subsurface Spodosol horizons
(Riise et al. 2000; Nierop et al. 2002; Chen et al. 2014),
detailed understanding of these structures, of their
interactions at the submicron scale in soil pore waters,

and of their role on carbon transport-accumulation as a
function of soil depth is still incomplete.

This work provides a thorough baseline chemical
and physical characterization of five horizons of a
temperate forest Spodosol that is prevalent in North
America. We then focus on the operationally
defined < 0.45 pum size fraction (abbreviated SF-S,
size fraction small) and 0.45 pm to 1.2 um size
fraction (abbreviated SF-L, size fraction large) of
extractable soil pore waters from each of the horizons.
The specific goals are as follow: (i) to elucidate the
composition of soil pore waters and their colloidal
structures, (ii) to determine whether these colloidal
structures change with soil depth, and (iii) to recon-
struct the most likely pathways for the short-term
translocation and immobilization of mineral and
organic colloids in this type of soil. More generally,
we seek to understand the role of mineral colloids in
translocation and immobilization of organic carbon by
investigating the type of associations by which
translocation of organic carbon occurs in both the
SF-L and SF-S size fractions. We hypothesize that
various mobile structures, including metal-organic
complexes and colloids and mineral-organic associa-
tions, are present in soil pore waters (SF-S and SF-L)
and mediate organic matter translocation and accu-
mulation with depth. We further hypothesize that
immobilization of organic carbon occurs along with
transformation/evolution of metal species within the
soil profile (i.e., from metal to organic complexation to
heterogeneous precipitation), where the composition
of mineral-organic associations, specifically their
(Fe + Al)/C ratio, becomes more important in the
0.45-1.2 um (SF-L) size fraction. We test these
hypotheses by combining sensitive spectroscopic and
microscopic analyses with chemical equilibrium mod-
eling. Understanding the structures and behavior of
mineral-organic associations is helpful in predictions
of the long-term retention of organic matter in soils
that reflect patterns that drive ecosystem functioning.

Materials and methods
Site description and soil characterization
The spodosol site chosen for this study is located in

Black Moshannon State Forest in Central Pennsylva-
nia (40°53'22.28"N, 78°02'24.82"W) on the level
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upland position (0-3% slopes) of the Allegheny
Plateau. The soil is classified as an Entic Haporthod,
from the Leetonia series. The site is covered by
coniferous vegetation (hemlock, Tsuga Canadensis)
and underlain by sandstones of the Mississippian
Ponoco formation. At this location, the mean annual
air temperature (MAAT) is approximately 10 °C, and
the mean annual precipitation (MAP) is about
1145 mm/year (Ciolkosz and Thurman 1992).

Five soil horizons were identified and characterized
at this site (Table 1): AO (partially decomposed
organic matter, OM), E (strongly leached, light
colored), Bh (subsoil, accumulation of humus), Bhs
(subsoil, accumulation of humus and sesquioxides),
and C (slightly altered, similar to parent rock).
Although the Leetonia series are typically described
to have a Bh but not a Bhs horizon, we found evidence
for the presence of a Bhs horizon (Table 1). Each soil
horizon was analyzed for total carbon and nitrogen
content, pH, mineralogy of the clay size fraction, and
by selective extractions of crystalline (dithionate-
citrate extractable), amorphous (ammonium oxalate-
extractable, in the dark) and organic (Na-pyrophos-
phate extractable) forms of Fe and Al. A small sample
of 3—4 mm intact soil aggregates from horizons E, Bh
and Bhs was characterized using micro computed
tomography (p-CT). Details on selective extraction
procedures and X-ray diffraction analyses can be
found in Online Appendices A and B, respectively.

Collection and analyses of soil pore waters

A variety of soil pore water sampling techniques
exists, however, no one single methodology is appro-
priate for all applications and the choice of the
technique therefore depends on the aim of the study
and the properties of the soil (Sigfusson et al. 2006;
Orlowski et al. 2016; Di Bonito et al. 2018). In this
work, pore water extraction experiments were
designed for sandy soils which do not normally hold
large amounts of water when field-moist and have
narrow (5-20 cm) and uneven soil horizons; under
these conditions, the use of field extraction techniques
(e.g., lysimeters) to obtain pore water from each
horizon is challenging. The purpose of these experi-
ments was to simulate a rain event in the laboratory
that would mobilize colloids in water-saturated soils
and to compare relative differences (not absolute
quantities) in the characteristics of pore waters among
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soil horizons. To collect soil horizons from the field
with minimum disturbance of soil structure, the soil
horizons were carefully augered in-place using in-
house-built round sample holders (height, 44 mm;
diameter, 64 mm) cut from chemically inert PVC
tubes. We observed no breakage of soil agglomerates
during this procedure. The soil-containing rings were
immediately sealed with parafilm to prevent drying
and stored at 4 °C. Each soil horizon (in PVC sample
holder) was placed in a filtration apparatus (Online
Appendix C, Fig. C1), rewetted to field capacity (i.e.,
to the amount of water left in the soil after excess water
has been drained by gravity) and allowed to equilibrate
for 24 h at 4 °C. The field capacity was determined in
preliminary experiments to be 50, 20, 25, 25 and 20%
water for the AO, E, Bh, Bhs and C horizons,
respectively. The filtration apparatus with field-col-
lected soils was then connected to a vacuum line with
5-10 psig of vacuum pressure for 30 min to obtain soil
pore waters. The applied vacuum pressure was low
enough and comparable to the water tension at field
capacity (4.8 psi) to exclude the possibility of soil
disturbance. Two separate water extractions were
carried out for each horizon. The first used a filtration
apparatus with 0.45 um pore size cellulose acetate
filters to collect the SF-S size fraction (i.e., soil
water < 0.45 um). The second used a filtration appa-
ratus with 1.2 pm glass fiber (grade 696) pore size
filters to collect the SF-L size fraction (< 1.2 pum). The
SF-L fraction also includes the SF-S fraction, but later
in this report we show that the mass concentration of
the SF-S fraction is generally much smaller than the
SF-L fraction, which also assures the extracted core
behaved like an undisturbed core. All filters were
prewashed 3 times with de-ionized purified water. The
extracted soil pore waters were stored at 4 °C or
freeze-dried for infrared analyses. A portion of the soil
waters (from < 0.45 to < 1.2 pum filtrates) was acid-
ified by addition of HCI, and total Fe, Al and Si
determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The SF-L fraction
concentrations presented in Fig. 1 were calculated by
subtracting total ICP-determined concentrations in the
SF-S fraction from the total ICP-determined concen-
trations in < 1.2 pum filtrates.

Dissolved organic carbon (DOC), operationally
defined as the organic carbon in soil water that passes
through a 0.45 pm pore size filter (Thurman 1985),
was determined in non-acidified filtrates using a
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Fig. 1 Elemental concentrations and ratios in soil pore water
fractions of Spodosol horizons. Concentrations of Fe, Al and Si
in the a SF-S (< 0.45 pm) and b SF-L (0.45-1.2 pm) fractions;
¢ organic carbon concentrations in the < 0.45 pm and the

SHIMADZU TOC-5000A total organic carbon ana-
lyzer. A measure of colloidal organic carbon (COC)
was obtained by filtration of the < 1.2 pum soil water
fraction through a 0.45 pm pore size Millipore silver
(Ag) filter. The carbon retained on the 0.45 pum silver
filter is defined as colloidal organic carbon (COC).
Silver filters were used because of their low carbon
concentration and availability of small pore size
diameter (0.45 pm). The silver filters were pre-treated
by heating in a furnace at 300 °C for 30 min to remove
any trace amounts of carbon, and oven dried at 60 °C
for 1 h to remove moisture. No detectable carbon was
measured on blank filters. Before filtration of soil
waters, each filter was washed 3 times with 5 mL of
purified water. To collect the colloidal organic carbon
fraction, 1 mL of the < 1.2 um soil water fraction was
passed through a 0.45 pm pore size silver filter, which
was then dried at 60 °C for 1 h. The mass of material
retained on the filter was estimated as the difference
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0.45-1.2 um size fractions; and d (Fe 4+ Al)/C and e Si:Al
atomic ratios present in the SF-S and SF-L fractions of soil pore
waters

between the weights of the dried filter after and before
filtration. The carbon content of the filters (i.e., COC)
was determined using an EA 1110 CHNS-O analyzer
(CE Instruments), with a detection limit of 0.1 mg/L
and an uncertainty of 0.02 mg/L.

The Attenuated Total Reflectance Fourier Trans-
form Infrared (ATR-FTIR) spectra of the SF-S
(<045 pm) and SF-L (< 1.2 pm) water fractions
were collected using a Bruker Tensor 27 FTIR
instrument equipped with a diamond Zn-Se ATR
sensor. To increase the intensity of the infrared
spectra, 1 mL of soil water was placed in 1.6 mL
glass vials, freeze-dried, and reconstituted in 0.05 mL
of Milli-Q water. Three laboratory replicates for each
sample set and blanks were prepared. A 0.5 pL aliquot
of the reconstituted soil water extract was placed on
the sensor and dried to form a thin coating before data
collection; each aliquot was measured twice. Drying
and data collection were done under an argon gas
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atmosphere. The spectra were collected in the
4500-600 cm™" region with an 8 cm™' resolution
and co-addition of 128 rapid scans. The ATR-FTIR
spectra of mineral and organic standards (illite,
vermiculite, kaolinite, silica and humic acid) were
also collected and used for the identification of
components (fingerprints) in the spectra of soil waters.
The material collected on the 0.45 um silver filters
(i.e., colloids ranging in size between 0.45 and
1.2 um) was observed using a Hitachi scanning
electron microscope (SEM; S-3500 N). Images were
collected in low vacuum (20 kPa) to avoid electron
charging of non-coated samples. The elemental com-
position of the colloids present on the filter was
determined from secondary electrons using energy-
dispersive X-ray spectroscopy (EDS; Princeton
Gamma Tech). An image of a blank silver filter was
also collected. For each filter, 5-8 areas (~ 100—um2
size) and 2-4 spot measurements per area were
analyzed by EDS. In addition, samples for transmis-
sion electron microscopy (TEM) were prepared by
placing a single drop of soil water (< 1.2 um size
fraction) onto a TEM holey carbon-coated copper grid
and allowed to air-dry. No sample dilution was
performed. TEM images, EDS spectra, and selected
area electron diffraction (SAED) patterns were col-
lected using a JEOL TEM-2010 with a LaB¢ (lan-
thanum hexaboride) filament operated at 200 kV.

Chemical equilibrium modeling calculations

Visual MINTEQ (Gustafsson 2009) is used to calcu-
late the speciation of Fe and Al in the presence of DOC
for all horizons. The calculations are based on total
concentrations of Fe and Al, pH, and DOC measured
in this work (< 0.45 um fraction). Additional cations
and anions in a similar Spodosol soil (Shepard et al.
1990) are included in the calculation to maintain
charge balance; charge difference in general did not
exceed 10%. The NICA-Donnan humic ion binding
model (Milne et al. 2003) within Visual Minteq is used
to describe cation interactions with dissolved organic
acids.

A second modeling approach is used which
involves the complexation of Al and Fe with cate-
chol-type groups in solutions saturated with respect to
the precipitation of Fe and Al hydroxides. Catechol is
selected because it represents a functionality abundant
in soil organic matter and because it is considered an

important functional group involved in the formation
of AI(IIT) and Fe(III) complexes with OM (Erich and
Trusty 1997; Tipping 2002). The overall dissociation
constant, Ky, for the reaction: LH, (phenol) = L*
(phenolate) + 2H" equals 1072*?*. The stability
constants, Kyy, for metal-catechol complexation in
solution (Kymr-a1 = 10]6'3, KML—Fe(III) = 1020) are
taken from Schweigert et al. (2001). The model
organic matter concentration, L, is set to contain 100
mmol/kg of catechol groups, representing the maxi-
mum complexing capacity for this organic material
(McBride 1994). The following equation, where M is
metal (Fe or Al) concentration, was modified to
calculate the concentration of metal-catechol com-
plexes (ML):

ML  (H')?
(L —ML) M

Kgiss Ky =

Results
Soil characteristics

All soil horizons in the Spodosol profile have an acidic
pH that increases slightly with depth from 3.4 in the
AO horizon to 4.3 in the C horizon; the clay fraction is
dominated by illite and kaolinite as determined by
XRD (Table 1). As expected, the highest concentra-
tions of total carbon are found in the AO (23%) and Bh
(3%) horizons. All horizons show greater amounts of
Fe in crystalline form, followed by amorphous and
then organic forms of Fe. In contrast, organic forms of
Al dominated over amorphous Al in all horizons. The
Bh and Bhs horizons contain the greatest concentra-
tions of crystalline and amorphous forms of Fe, and of
organically-bound Al. In particular, the Bh and Bhs
horizons contain more organically-bound Al than Fe,
thus indicating subsurface accumulation of organic
carbon in association with aluminum. The total
amount of amorphous material associated with Fe,
Al and Si is highest in the Bh horizon. Images of
undisturbed soil aggregates (3—4 mm size) obtained
by p-computed tomography (u-CT) show the accu-
mulation of particulate organic matter in the Bh
horizon and cementation of quartz particles in the Bhs
horizon, presumably by Fe and Al hydroxide
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precipitates and organic coatings (Online Appendix D,
Fig. D1).

Carbon, Fe, Al and Si in soil pore waters

The concentrations of SF-S (< 0.45 pm fraction) and
SF-L (< 1.2 um fraction) Si, Al and Fe in soil pore
waters present similar trends with depth (Fig. 1a, b),
with elemental concentrations in the SF-L fraction
higher than in the SF-S fraction. Furthermore, all three
elements have their maximum concentrations in pore
waters extracted from the Bh horizon. The concentra-
tion of Fe is generally lower than that of Al, while Si
concentrations are typically 100-400 times higher
than that of Al, except in the SF-S fraction of the Bhs
and C horizons. Organic carbon (OC) concentrations
(SF-S and SF-L) are highest in pore water extracts
from the AO horizon and lowest from the E horizon,;
these concentrations however increase further in pore
waters collected from the Bh horizon (Fig. 1c). SF-S
and SF-L concentrations of organic carbon are on
average 60-100 times higher than corresponding
concentrations of Al, Fe and Si in all spodosol
horizons (Fig. 1d). Although the (Fe + Al)/C ratio is
generally lower in the SF-L than in the SF-S fraction, a
dramatic increase in the SF-L (Fe 4+ Al)/C ratio is
observed in pore water extracted from the Bh horizon,
corresponding with the highest concentrations of
crystalline, amorphous and organically-bound forms
of Fe and Al (Table 1). The Si:Al ratios in the SF-S
fraction decrease gradually from 3 in the AO horizon
to 0.5 in the C horizon (Fig. le). The SF-L fraction
shows a Si:Al ratio of 480 in the E horizon and
of ~ 200 in the Bhs and C horizons; lower ratios are
present in the AO and Bh horizons (i.e., higher Al
concentrations).

Analyses of pore water DOC by chemical
equilibrium modeling

Chemical equilibrium modeling calculations utilizing
actual metal and DOC concentrations from pore water
of each horizon estimate that 95% and > 95% of the
total Al and Fe in SF-S fraction, respectively, exist in
complexes with DOC (i.e., aqueous Al-DOC and Fe-
DOC complexes). Additionally, catechol-method cal-
culation results show that in the pH range of Spodosol
waters (3.4—4.3), more than 90% of both Fe and Al are
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expected to complex with catechol-type functional
groups.

ATR-FTIR spectra of soil pore waters

The ATR-FTIR spectra of soil pore water samples and
reference mineral and organic specimens are pre-
sented in Fig. 2; a compilation of peak assignments is
available in Online Appendix E, Table El. FTIR
spectra of the SF-S (< 0.45 pm) and SF-L (< 1.2 pm)
fractions of soil pore waters show vibrations indicative
of both mineral and organic components; in particular,
peaks associated with prominent organic functional
groups (Fig. 2). The later include stretching (v) O-H/
N-H at ~ 3400 cm™'; asymmetric and symmetric

aliphatic CH, stretching at &~ 2920
and ~ 2850 cm™'  (respectively); C=0/COOH
stretching  at & 1730-1720 cm™';  asymmetric

COO- stretching at ~ 1645-1640 cm™"; symmetric
COO- stretching at ~ 1435-1430 cm™"; ester/phe-
nolic C-O stretching at ~ 1326-1310 cm_l; alipha-
tic C—C/C-O-C stretching at &~ 1110-1035 cm™!
(Chorover and Amistadi 2001; Parikh et al. 2014). It
is likely structures containing aromatic C=C stretching
vibrations (at &~ 1513 cm™ ') are present in extracted
soil pore waters, however, these features might have
been obscured by the presence of more abundant
COO- functionalities. Mineral components show
sharp peaks below 1200 cm™', so that the peaks at
1110 and 1035 cm™' may also be attributed to
asymmetric Si-O stretching of silica (1110 cm™")
and kaolinite (1035 cm™ ") (Fig. 2).

The SF-L fraction (< 1.2 um) of the A, E, Bhs, C,
and to a lesser extent the Bh horizons shows vibrations
at 2920 and 2850 cm ™' that are assigned to aliphatic
CH, stretching vibrations (Fig. 2b). Also present in
the SF-L fraction from all horizons are peaks
at &~ 1645 and ~ 1430 cm_l, which are assigned
to carboxylate (COO™) asymmetric and symmetric
stretching vibrations, respectively. Carboxylate func-
tional group binding to metal ions or mineral surfaces
results in relative increases in intensity of these
vibrations (Allard et al. 2002). A shoulder located
at &~ 1732 cm™' is assigned to C=0/COOH stretch-
ing vibrations of carboxylic groups (Hay and Myneni
2007); this vibration is most prominent in the AO and
Bh horizons. An additional shoulder is most promi-
nently observed in the E, Bhs and C horizons,
attributed to  ester/phenolic C-O  stretching
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Fig. 2 ATR-FTIR spectra
of soil pore water fractions
from the AO, E, Bh, Bhs and
C Spodosol horizons. Panel
a SF-S fraction (< 0.45 pm)
and panel b SF-L fraction
(< 1.2 pm). The spectra of
reference materials are also
shown. HA, humic acid
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at &~ 1310 cm™'. Vibrations resulting from aliphatic
C-C/C-O and C-N bonds are present in
the ~ 1200-950 cm™"' region of all horizons (Gu
et al. 1995; Tan 2003; Oren and Chefetz 2012). The
FTIR spectra of the SF-S fraction (< 0.45 um) also
show peaks attributed to organic constituents
(Fig. 2a). The most striking differences between the
SF-S and SF-L fractions are a much lower intensity
resulting from C—H stretching vibrations in the SF-S
fraction, and particularly in water collected from the
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AO horizon, stronger vibrations in the carboxylate
(1641 cm™"), carboxylic (1724 cm™ "), and C-O and
C-N (~ 1110-1035 cm™") regions of the spectra
(Fig. 2a).

The presence of mineral phases in the SF-L fraction
is revealed by vibrations at 3690 and 3620 cm ™ in the
spectra from the E, Bh, and to a lesser extent the AO
horizons, which are attributed to O-H stretching
vibrations in kaolinite (Fig. 2b, Online Appendix
Table B1). Illite and/or chlorite would also have a
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peak at &~ 3600 cm™', but not as sharp as the one
from well-crystallized kaolinite (Farmer 1974). In
addition, the spectra for the AO and Bh horizons
exhibit a relatively sharp peak at 3200 cm™', which
represents OH stretching vibrations due to the pres-
ence of colloidal silica (Bailey and McGuire 2007).
The presence of mineral phases in the SF-L fraction is
further confirmed by sharp IR vibrations in the
fingerprint region of the A, E and Bh horizons
(Fig. 2b); these vibrations are also present in the Bhs
and C horizons, although not as sharp, and may also
result from the presence of organic constituents.
Relatively sharp peaks at ~ 1100-900 cm™' are
assigned to Si—-O stretching vibrations of colloidal
silica (Bailey and McGuire 2007), allophane (Made-
jova 2003), imogolite (Kartlun et al. 2000) or kaoli-
nite. We therefore assign vibrations at 1035 cm™ ' and
1110 cm™ " in the A, E and Bh horizons to the presence
of colloidal kaolinite and silica with poorly-crystalline
aluminosilicates. Although kaolinite and silica may
contribute to the intensity of the 1110 cm™! (silica)
and 1035 cm™! (kaolinite) vibrations in the SF-L
water fraction of the Bhs and C horizons,
the &~ 3700-3600 cm™' and 3200 cm™' vibrations
would have been clearly evidenced if these minerals
alone contributed to these vibrations (Fig. 2b). Except
for weak vibrations in the Bh horizon, the FTIR
spectra of the SF-S fraction (Fig. 3a) lack the charac-
teristic kaolinite peaks at ~ 3700-3600 cm ™', how-
ever, prominent Si—O-Si stretching vibrations
(3200 cmfl) are present in the A, Bh and C horizons.
These observations suggest the presence of poorly-
crystalline Si nanoparticles that passed through the
0.45 pm pore size filter.

In the SF-L fraction, the relative proportion of
mineral phases increases from the AO to the Bh
horizons whereas that of organic constituents
decreases. The FTIR spectra of the SF-L fraction of
the Bhs and C horizons is however attributed mainly to
organic components. Vibrations attributed to organic
molecules seem to prevail in the SF-S fraction, with
the presence of colloidal silica in the A, Bh, and to a
lesser extent in the C horizon. No crystalline Fe
minerals are identified in any of the soil water extracts,
and ferrihydrite is not detected by IR because it
produces only a broad peak in the 3600-3200 cm™"
region (Table B1). Overall, IR analyses reveal the
strong presence of organic materials, as well as the
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association of kaolinite and colloidal silica in both the
SE-S and SF-L size fractions.

Analyses of the 0.45-1.2 pm size fraction (SF-L)
of soil pore waters by electron microscopy
and energy dispersive X-ray spectroscopy

Analyses by scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) show soil
pore water colloids (0.45-1.2 um fraction) present a
diversity of morphologies (Fig. 3a) and a wide range
in the distribution of Al, Fe and C concentrations
(Fig. 3b). Approximately 90% of observed colloids
from the AO horizon exhibit an amorphous appear-
ance with some fibrous features typical of organic
materials. In the Bh horizon a significant portion of the
colloids consist of 0.5-1.5 pm round particles con-
taining C, Al, Si, Fe and traces of Mg embedded in a
darker C-rich matrix. Ugolini et al. (1977) have also
observed 0.5-1.5 micron oblong, ellipsoidal or spher-
ical organo-mineral particle aggregates by SEM in
0.1 pm filter residues of Spodosol soil solutions.
Colloids from the Bhs horizon appear featureless,
however some areas contain occasional particles with
elevated Fe content (~ 6% Fe vs. 2% Fe on average).

Analyses using EDS indicate the magnitude and
range of concentrations of Al and Fe in pore water
colloids increase with depth from the AO to the Bh and
Bhs illuvial horizons (Fig. 3b). Specifically, Al con-
centrations in water colloids from the AO horizon are
below 2.5 at.%, increase to ~ 5 at.% in the Bh
horizon, and reach a value of up to 40 at.% Al in the
Bhs horizon with a highly heterogeneous distribution
of concentrations (2-40 at.%). Iron shows a similar
trend, although the range of concentrations in the Bhs
horizon is narrower, reaching 16 at.% Fe. In the AO
horizon, only 4 out of 22 spots (18%) have
detectable Fe, while in the Bh horizon more than
65% of colloids (15 out of 23 spots) contain
detectable Fe. In the Bhs horizon 12 out of 29 spots
(41%) have detectable Fe. In contrast, the magnitude
and range of colloidal carbon concentrations are high
in the AO (mostly 60-80 at.% C) and Bh (70-95 at.%
C) horizons, while a wider range in the distribution of
concentrations is observed in the Bhs horizon (5-90
at.% C). Both the range and values of (Al 4 Fe)/C
atomic ratios increase with horizon depth.

Silica to aluminum ratios provide information
about the type of aluminosilicate mineral present
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Fig. 3 a Typical SEM images of soil colloids (0.45-1.2 pm) on
0.45 pum pore size silver filters: blank filter; colloids from the
AO horizon; colloids from the Bh horizon (insert are magnified
particles from larger image); and colloids from the Bhs horizon
showing a Fe-enriched particle embedded within the organic

matrix. b SEM-EDS spot measurements for the AO, Bh, and
Bhs horizons showing the distribution of concentrations (at.%)
of Al, Fe, carbon, and (Fe 4+ Al)/C and Si:Al ratios in soil
colloids (0.45-1.2 pm). Note the scale used for x and y axes
differ among panels
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(Farmer and Frazer 1982; Childs et al. 1983; Yagasaki
et al. 2006). The Si:Al ratios are high in the AO
horizon, ranging from 2.4 to 78 (with an average of 36)
which suggests the presence of colloidal silica. In the
Bh horizon, Si:Al ratios are less than 1.5 for all spots
but one (= 3.2), so the presence of 2:1 layer alumi-
nosilicates is not supported. However, the presence of
kaolinite is supported because 10 out of 23 spots have
a Si:Al ratio close to 1 (Nagasawa 1978).

These observations are in agreement with ATR-
FTIR data which indicate the presence of kaolinite in
colloids from the Bh horizon (Fig. 2b). Colloids from
the Bhs horizon show more heterogeneity in Si:Al
ratios (0.1-7.6) and 24% of all spots have Si:Al
ratios > 2 suggesting the presence of 2:1 clay miner-
als. This is in contrast with ATR-FTIR results that
show the bulk spectrum of colloids from the Bhs
horizon has a signature typical of organic components.

At a finer scale, TEM-EDS and SAED analyses
show the pore water SF-L fraction from the Bh horizon
(Fig. 4a—c) contains small (~ 100 nm) spherical
amorphous SiO, particles, round organic-rich amor-
phous colloids ~ 2-3 um in size with traces of Fe,
Al, P and Cl, and organic-rich areas with embedded
inorganic crystallites (Si > C>Fe > Ca > Al). The
presence of amorphous silica colloids in the Bh
horizon is in agreement with ATR-FTIR and chemical
data. The presence of Fe, Al, and Si within an organic
matrix implies a potential active role of organic
materials in the transport of these elements through the
soil profile, albeit within different structures. TEM-
EDS analyses of colloids from the Bhs horizon
typically show a more homogeneous organic matrix
with high concentrations of Al relative to Si, Ca and
Fe, and contain discrete crystallites as observed by
TEM and SAED (Fig. 4d). Although an even greater
number of observations is ideally needed for a more
comprehensive interpretation of the TEM-EDS results
(Buffle et al. 1998), these findings are in agreement
with SEM-EDS data, and in particular with the ATR-
FTIR spectrum of the Bhs SF-L fraction that shows a
signal dominated by organic components. It is clear
that mineral-organic colloidal structures are dominant
associations in pore waters from subsurface Bh and
Bhs illuvial horizons.
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Discussion
SF-S fraction of soil pore waters

Because DOC concentrations are 100-400 times
greater than metal concentrations in all horizons, and
soil pH is in the range 3.4—4.3, chemical equilibrium
calculations indicate that metal-DOC complexes
dominate the SF-S fraction of soil pore waters from
each Spodosol horizon. This result is in agreement
with previous observations that DOC likely controls
Fe and Al solubility in the < 0.45 pm fraction of soil
pore waters, inhibiting the precipitation of secondary
minerals, and increasing the mobility of these ele-
ments in soils. Our experimental results, however, also
indicate the SF-S fraction of the AO horizon has the
lowest (Fe + Al)/C atomic ratio and pH, and that
these parameters are higher in all subsurface horizons,
and highest in the Bhs horizon where the (Fe 4+ Al)/C
atomic ratio is =& 0.03. Increases in (Fe + Al)/C
ratios with depth suggest distinct metal-organic
associations are present in the SF-S fraction. To
explain these findings, we propose the structure of
metal-organic complexes evolves as increased
amounts of metals (i.e., Al and Fe) are supplied to
pore waters of increasing pH (Fig. 5). In this scenario,
as metal-organic complexes travel down the soil
profile they may be immobilized by the formation of
Fe/Al-oxide-organic coprecipitates; i.e. initial metal
complexation with organic ligands, followed by
chemisorption of additional Al and Fe to metal oxygen
linkages and metal hydroxide cluster formation in
association with organic functional groups, and finally
crystallization of mineral clusters within an organic
matrix as evidenced by TEM. Increases in (Fe + Al)/
C atomic ratios in the SF-S fraction may also be
explained by DOC interactions with mineral colloids.
DOC and related aqueous metal-organic complexes
are short-lived in soils, partly due to preferential
sorption onto clay-sized mineral phases (Chenu and
Plante 2006; Lalonde et al. 2012; Vogel et al. 2014).
Resulting DOC-mineral associations exhibit colloidal
properties and can therefore serve as transport media
for sorbed OC in saturated soils. Indeed, it is well
established that low pH, as in a Spodosol, promotes the
formation of inner-sphere bonds between DOC and
variable charge mineral surfaces (Chorover and
Amistadi 2001), including iron and aluminum
(oxy)hydroxides and edges of clay minerals
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Fig. 4 TEM, EDS and
SAED data (collected for the
whole area shown) of
representative colloids
(0.45-1.2 pm). a Bh
horizon: amorphous silica
colloids ~ 100 nm in size;
b Bh horizon: carbon-rich
amorphous round structure
containing traces of Fe and
Al; ¢ Bh horizon: organic
matter with crystalline
inorganic particles
containing Si, Fe, Ca and Al,
d Bhs horizon: amorphous
organo-mineral colloids
containing C and Al, and
traces of Si, Ca, Fe, P and S
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Fig. 5 Hypothesized mechanism for the accumulation of
organic carbon and Fe/Al (hydr)oxides starting from species
present in the SF-S fraction. a Predicted pH dependence of Al*"
and Fe** complexation with catechol-type groups of organic
matter assuming Al(OH); and Fe(OH); control the solubility of
Al and Fe, respectively ( modified from McBride 1994).
b Sequence of reactions between an organic ligand and a
trivalent metal (e.g., Fe’*, AI*"). The organic ligand is

(Martinez-Villegas and Martinez 2008; 2012). Fur-
thermore, the formation of DOC-mineral inner-sphere
complexes is often considered slowly reversible or
irreversible (Oren and Chefetz 2012) and has been
shown to reduce microbial utilization of sorbed OC
(Mikutta et al. 2007). Therefore, long-term transport
and persistence of organic carbon within a Spodosol
profile may depend on the evolution of SF-S metal—
organic complexes, including growth to colloid-size
particles via coprecipitation processes and interactions
with mobile mineral colloids.

SF-L fraction of soil pore waters: Al, Fe, Si
and organic carbon

Aluminum (Al) can be transported through soil
profiles as dissolved Al-DOC complexes, and as
colloidal material including Al-COC complexes,
mineral colloids (e.g., Al-hydroxides, proto-imogo-
lite, allophane, and aluminosilicate clays) and organo-
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colloids immobilization

represented by protocatechuic acid with ortho-dihydroxy
functional groups, a typical phenol-type compound with the
potential to form chelates with polyvalent metal ions. As the
concentration (supply) of polyvalent metal cations increases,
multifunctional ~organic-mineral colloidal structures are
expected to form. These structures may eventually be immobi-
lized when/if the Metal/C ratio in pore water increases

mineral associations. The SF-L fraction of pore waters
shows strong evidence of aluminum association with
mineral colloids. ATR-FTIR spectra and/or SEM—
EDS-determined Si:Al ratios support the presence of
kaolinite, and possibly 2:1 clay minerals in the SF-L
fraction of all Spodosol horizons. The possibility for
Al transport as 2:1 aluminosilicate colloids is also
inferred from the presence of vermiculite-illite in the
soil clay fraction, as determined by XRD analysis.
However, Al transport as amorphous aluminosilicate
(i.e., proto-imogolite) seems unlikely for this Spo-
dosol profile since the pH values of soil waters are
lower than those required for proto-imogolite colloid
stabilization (pH > 4.8) (Farmer and Lumsdon 2001),
although the Si:Al ratios in soil colloids approximate
those of imogolite (0.7-1.1). While a significant
portion of Al might be transported as mineral colloids,
TEM-EDS evidence indicates the association of Al
with colloidal organic carbon in the Bh and Bhs
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horizons where metal-organic compounds with com-
plex structures might have formed.

The behavior of iron (Fe) in the SF-L fraction seems
to depend to a great extent on the amount of organic
colloids present. Iron presumably precipitates in
hydroxide form more easily than aluminum since the
solubility of mineral Fe phases is much lower than that
of Al at pH 4-5 and the hydrolysis constant for Fe>"
(pK = 2.2) is higher than for A" (pK = 5) (Stumm
and Morgan 1981). In general, Fe solubility in well-
aerated soils is largely controlled by Fe-(oxy)hydrox-
ides, Fe-organic complexes and microbial activity, the
latter mostly responsible for Fe(II)/Fe(IIl) redox
transformations (Lindsay 1991; Riedel et al. 2013;
Colombo et al. 2015) although abiotic Fe(II)/Fe(III)
redox transformations have been shown to occur when
Fe binds to various functional groups of organic matter
(Bhattacharyya et al. 2013). Sequential extractions of
soil solids indicate the presence of crystalline and
amorphous forms of Fe (Table 1); however, FTIR
analyses fail to detect their presence in the SF-L
fraction although TEM-EDS and SEM-EDS confirm
the presence of Fe in organic-rich colloids and in
crystallites embedded within an organic matrix. It is
possible that Fe in organic-rich colloids occurs as
hydrolyzed species. For example, in a study of Fe
speciation in a Spodosol soil, Gustafsson (2009)
reported Fe-EXAFS evidence indicating hydrolyzed
Fe binds to organic matter forming small iron
hydroxide clusters. Visual Minteq calculations utiliz-
ing elemental concentrations from the SF-L fraction
predict supersaturation with respect to iron hydroxide,
thus suggesting iron hydroxide clusters could be
present, but at levels below detection of the methods
we use in this investigation. Furthermore, association
with organic matter might prevent further growth of
the presumed Fe hydroxide clusters (Seijo et al. 2009;
Bhattacharyya et al. 2018).

Silica (Si) concentrations in the AO and Bh horizons
are high and, as evidenced by SEM-EDS, TEM-EDS
and infrared data, Si is transported as colloidal silica
(Si0y). Silica colloids adsorb organic matter and could
therefore play an important role in its transport through
soils (Jada et al. 2006). Various mechanisms have been
proposed to explain the sorption of humic substances
onto silica surfaces, including -electrostatic and
hydrophobic attractions (Juhna et al. 2003) and the
formation of ternary complexes where polyvalent
cations (i.e., Fe3™, Al3+) act as bridges between

organic molecules and the mineral phase (Tan 2003;
Tombacz et al. 2004). No direct unequivocal evidence
for the formation of organic complexes on colloidal
silica surfaces could be discerned from the work
presented herein; however, correlational (Fig. 1: con-
centration trends with depth) and visual (Fig. 4c: Si-
rich colloids seem to be embedded within an organic
matter matrix in the Bh horizon) evidence suggests
their presence. Our data provides strong evidence that
Si migrates through the Spodosol profile in the form of
amorphous silica and, to a lesser extent, in the form of
poorly crystalline or crystalline kaolinite.

Our results support the presence of Fe, Al and Si in
complexes with colloidal organic carbon (COC) and in
mineral colloids embedded within COC. The stability
of mineral-organic colloidal associations in pore
waters is defined by chemical and electrostatic inter-
actions between mineral particles and organic matter
(Seijo et al. 2009). In most natural systems, interac-
tions of mineral colloids with nanometer-sized organ-
ics (e.g., proteins, DNA fragments) results in the
formation of stable and mobile mineral-organic asso-
ciations, while interaction with larger polymers
(0.1-1 pm) destabilizes them (Buffle et al. 1998;
Seijo et al. 2009).

Relative abundance of metals and organic matter
in pore waters defines mobility of mineral-organic
associations

The relative abundance of metals and organic matter
(i.e., (Fe 4+ Al)/C ratios) in soil pore waters influences
the structure and size of mineral-organic associations;
in addition, these ratios might be used to infer potential
mechanisms of interaction. For example, dissolved
metal-organic complexes aggregate to become col-
loids > 0.45 pm in size at (Fe + Al)/C ratios of ~
0.03-0.04 at pH 4-4.5 (Nierop et al. 2002; Jansen
et al. 2003), whereas metal—organic complexes remain
dissolved in soil water when (Fe 4+ Al)/C ratios
are < 0.01 (Riise et al. 2000). Increases in (Fe +
Al)/C ratios of colloidal metal-organic complexes
(> 0.03) leads to neutralization of negatively charged
colloidal particles by polyvalent cations, and therefore
to increased polymerization, aggregation, and sedi-
mentation of colloids. Sedimentation of colloidal
particles has been shown to occur at water (Fe +
Al)/C atomic ratios > 0.06 (Mckeague et al. 1971).
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Fig. 6 Schematic diagram (not to scale) showing structures for
mineral, organic and mineral-organic associations evidenced in
Spodosol soil horizon pore waters, and hypothesized mecha-
nisms for their translocation and accumulation with depth. The

Organic matter sorbed
onto Fe/Al hydroxides

In this study, the (Fe + Al)/C ratios indicate
organic constituents are dominant over Al and Fe in
both the SF-S (< 0.45 pm) and the SF-L (< 1.2 pm)
fractions of the Spodosol pore waters (Fig. 1). Except
for the SF-L fraction of the Bh horizon, the (Fe + Al)/
Cratios are relatively low, ranging from 0.01 to 0.03 in
the SF-S and generally lower (0.0009 to 0.004) in the
SF-L fraction, which suggests high stability of both
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Mineral phases embedded
within the organic matrix

relative abundance of mineral-organic associations shown and
their immobilization will depend on the supply of metals and
organic carbon (< 0.45 and 0.45-1.2 pm size fractions) to soil
pore waters, that is, on its (Fe + Al)/C ratio

SF-S and SF-L metal-organic associations. The
(Fe + Al)/C ratio in the SF-L fraction of the Bh
horizon has a value of 0.055, which is more than ten
times that of other horizons. Higher (Fe + Al)/C
ratios suggest immobilization of metal—-organic struc-
tures in the Bh horizon, which is in agreement with
chemical data showing the highest accumulation of Fe,
Al, and OC in this horizon. This high (Fe 4+ Al)/C
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ratio is interpreted as saturation of COC with metal
ions resulting in increased number of metal bridges
that lead to polymerization of these associations in the
Bh horizon. Our TEM-EDS data supports this state-
ment as it shows mineral particles within an organic-
matrix and organic matter containing Si, Al and Fe in
the Bh horizon (Fig. 4a—c). In addition, the relatively
high (Fe 4+ Al)/C ratio and the presence of high
concentrations of amorphous materials in the Bh
horizon (Table 1) indicate organic matter inhibited the
formation of crystalline Fe and Al minerals, as also
evidenced from previous studies (Martinez and
McBride 1999). The (Fe + Al)/C ratio in the SF-S
fraction of the Bhs horizon is also relatively high,
suggesting the formation of colloids and potential
subsequent immobilization (Fig. 1). Overall, (Al +
Fe)/C ratios can be used to follow the evolution from
dissolved metal-organic complexes to colloids dom-
inated by Al/Fe clusters and/or precipitates. These
potential pathways are schematically represented in
Fig. 6. In the SF-S fraction, while DOC travels down
the profile as metal-DOC complexes, they bind more
Al and Fe and the (Al + Fe)/C ratio increases, leading
to the formation of larger colloids (> 0.45 pm) which
can then precipitate/accumulate. In contrast, the SF-L
fraction has much higher concentrations of COC than
of Fe and Al, and therefore the (Al + Fe)/C ratio is
low, and remains low, except in the Bh horizon where
SE-S structures evolve into SF-L structures due to
increased supply of Fe and Al (Fig. 6).

Conclusions

The highest concentrations of SF-S and SF-L organic
carbon and that of Fe, Al, and Si in the SF-L fraction
are found in soil waters derived from the organic-rich
AO and Bh horizons. Furthermore, chemical, spectro-
scopic and microscopic evidence indicate the SF-L
fraction is primarily represented by four structures,
namely, inorganic mineral colloids, OC sorbed onto
mineral colloids, mineral colloids embedded within an
organic matrix, and Fe/Al in complexes with colloidal
OC. From these, mineral-organic associations (which
may result from mechanisms such as coprecipitation,
OC sorption onto mineral colloids and colloid—colloid
interactions) constitute a large portion of the SF-L
fraction of pore waters and seem to play a major role in
their transport and accumulation. We further suggest

OC accumulation in subsurface soil horizons results
from the downward movement of these colloidal
structures followed by colloid immobilization due to
changes in soil environment (e.g., pH, moisture, pore
water composition).

In this investigation we explored methods to study
short-term processes leading to colloidal transport and
accumulation in Spodosols although similar structures
might also contribute to the transport and availability
of organic carbon in subsurface horizons of soils that
range in the expression of spodic properties. Since the
occurrence of the aforementioned colloidal structures
in soil pore waters will depend on pH and on the
relative supply of OC and Fe + Al to pore waters,
information that can be readily available for most
soils, our results might help to predict carbon stabi-
lization in subsurface horizons of a variety of soil
orders. Nevertheless, spodosols have the second
highest average concentration of organic carbon
(57.6 £ 15 g C/kg soil) in subsurface horizons among
all soil orders and contribute to ~ 5% of the total
carbon stored in soils (VanLoon and Duffy 2017);
therefore, detailed understanding of the mechanisms
of immobilization of organic carbon in Spodosols
could help in predicting potential long-term changes in
carbon reserves. Because interactions between min-
eral colloids and organic colloids in soil pore waters
involve complex mechanisms, the need exists to
continue to explore charging behavior, colloidal
stability, and migration of mineral nanoparticles in
the presence of organic matter. Moreover, since the
metal/carbon ratio defines the structure and type of
interaction between mineral colloids and organic
matter in soil pore water, dynamic soil moisture
conditions, which may affect the vertical and lateral
transport of water, DOM and organo-mineral associ-
ations, must be taken into consideration.
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