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Abstract. Global significance of iron (Fe) and aluminum (Al) for the storage of organic matter (OM) in soils and surface
sediments is increasingly recognized. Yet specific metal phases involved or the mechanism behind metal-OM correlations
frequently shown across soils remain unclear. We identified density fraction locations of major metal phases and OM using
23 soil samples from 5 climate zones and 5 soil orders (Andisols, Spodosols, Inceptisols, Mollisols, Ultisols), including several
subsurface horizons and both natural and managed soils. Each soil was separated to 4 to 7 density fractions using sodium
polytungstate with mechanical shaking, followed by the sequential extraction of each fraction with pyrophosphate (PP), acid
oxalate (OX), and finally with dithionite-citrate (DC) to estimate pedogenic metal phases of different solubility and
crystallinity. The extractable Fe and Al concentrations (per fraction) generally showed unique unimodal distribution along
particle density gradient for each soil and each extractable metal phase. Across the studied soils, the maximum metal
concentrations were always at meso-density range (1.8-2.4 g cm3) within which PP-extractable metals peaked at 0.3-0.4 g cm
% lower density range relative to OX- and DC-extractable metals. Meso-density fractions, consisted largely of microaggregates
based on SEM observation, accounted for on average 56-70% of total extractable metals and OM present in these soils. The
OM in meso-density fractions appeared microbially processed from the original plant material. The amounts of PP- and OX-
extractable metals correlated positively with co-dissolved C among the soils and, to some extent, across the density fractions
within each soil. These results led to a hypothesis which involves two distinct levels of organo-metal interaction — the formation
of OM-rich, mixed metal phases having relatively fixed OM:metal stoichiometry and subsequent development of meso-density
microaggregates via “gluing” properties of these organo-metallic phases by incorporating other organic and mineral particles
such as phyllosilicate clays. Given that stable OM is mainly located in meso-density fractions, soil’s capacity to protect OM
may be controlled by the balance of following three processes: (i) microbial processing of plant-derived OM, (ii) dissolution
of metals, and (iii) the synthesis of organo-metallic phases and their association with clays to form meso-density
microaggregates. The current hypothesis may help to fill the gap between well-studied molecular scales interaction (e.g., OM

adsorption on mineral surface, coprecipitation) and larger-scale processes such as aggregation, C accrual, and pedogenesis.
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1 Introduction

Organic matter (OM) stored in soil plays a fundamental role in ecosystem functioning through the storage of carbon (C)
and nutrients, improvement of aeration and water-holding capacity, and thus plant productivity and biogeochemical cycling.
Changes in soil OM have a significant impact on future climate as soil represents the largest terrestrial C pool. The storage
capacity and stability of soil OM are particularly important questions for our efforts to limit global warming (Smith, 2016).
Soil OM stability is strongly controlled by its association with soil mineral via chemical interaction and physical aggregation
(Lehmann and Kleber, 2015; Sollins et al., 1996). The mineral parameters often used to estimate soil’s protective capacity are
clay content (<2 um) or clay plus silt content (<20 um) of soils as they often correlate with soil OM contents and these small-
sized minerals tend to have high surface area to adsorb OM (Six et al., 2002 and the references therein). Commonly-used
mathematical models to predict soil C changes use these parameters to slow down OM turnover and to increase its storage
(Coleman and Jenkinson, 1996; Parton et al., 1987; Wieder et al., 2015).

On the other hand, global significance of iron (Fe) and aluminum (Al) on OM storage in soil and surface sediments has
been increasingly recognized. Using 5500 pedons around the world, Rasmussen et al., 2018) showed stronger control of organic
C storage in non-arid soils by oxalate extractable metal content than by clay content. Important linkage among climate (esp.
water balance), dissolved organic C production, and its stabilization by these metal phases has been shown on a continental
scale (Kramer and Chadwick, 2018). Surface marine sediments also store significant amounts of Fe-bound C (Lalonde et al.,
2012). Iron and aluminum, the third and fourth most abundant elements on the earth crust, are in fact highly reactive with OM
once released via chemical weathering. These pedogenic metals can be present in monomeric form by chelating with organic
ligands or in polymeric form as polynuclear complexes and as secondary minerals. The latter includes Fe and Al oxides,
hydroxides, and oxyhydroxides (collectively called metal oxides, hereafter) as well as short-range-order aluminosilicates
(allophane, imogolite, and proto-imogolite) that have high sorptive capacity for OM due to their small size (down to several
nm) and high surface density of hydroxyl group (Fuji et al., 2019; Kaiser and Guggenberger, 2003; Kleber et al., 2014). In
addition, soluble complexes of Fe and Al with organic ligands can be precipitated especially in acidic, OM-rich environments
such as volcanic and podzolic soils (Lundstrém et al., 2000; Percival et al., 2000; Takahashi and Dahlgren, 2016).

Incorporating such metal control into soil C models is still a challenge because the mechanisms by which pedogenic
metals control OM storage and stabilization remain elusive. This is partly because current understanding relies largely on OM-
metal correlations where the metal concentration often co-varies with other soil properties. The reactive metal contents often
positively correlate with other mineralogical parameters that are considered to contribute to OM storage such as clay content
and soil specific surface area (e.g., Kaiser and Guggenberger, 2003; Mayer and Xing, 2001). In the long-term pedogenesis
(240-4,100 kys) under temperate or tropical moist climate regime, radiocarbon-based soil C stability was positively correlated

with extractable metal contents in two chronosequence studies (Masiello et al., 2004; Torn et al., 1997) but not in another study
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under wetter climate where only soil specific surface area and halloysite content showed significant correlation (Lawrence et
al., 2015). Short-range-order minerals and Fe oxides can also promote aggregation (Churchman and Tate, 1986; Oades and
Waters, 1991; Shang and Tiessen, 1998) which indirectly enhances OM stability (Balesdent et al., 2000; Totsche et al., 2017)
without necessarily showing proportionality to metal concentrations.

To untangle co-varying factors, Wagai and Mayer (2007) assessed Fe oxide contribution on C storage by quantifying the
C released during the reductive Fe oxide dissolution with dithionite for soils covering eight soil orders. After correcting for
the OC release due to salt and extractive pH effects, the study conservatively estimated that 2-25% (up to 60% for a highly-
weathered, Fe-rich soil) of total soil OM was Fe-bound and the C:Fe ratio of the extracts suggested greater contribution of
precipitated organo-metal complexes than simple adsorptive association in lower pH soils. Subsequent dithionite-based studies
confirmed that less than half (typically less than a quarter) of total OM were associated with Fe in a range of soils and sediments
(Coward et al., 2018; Coward et al., 2017; Lalonde et al., 2012; Zhao et al., 2016). Wagai et al. (2013) further examined the
potential contribution of other metal phases such as short-range-order minerals, organo-metal complexes, and their
coprecipitates using other extractants and showed that, even as liberal estimates, 5-60% of total OM in a range of acidic to
near neutral soils (higher percentages for volcanic soils and spodic horizons) could be explained by direct association with Fe
and Al phases. The limited extractability of OM with these metal phases implied the potentially critical role of physical
protection via ternary associations of OM, metals, and clay (Wagai and Mayer, 2007). More recent studies showed that a
portion of soil Fe phases in soil can be protected from reductive dissolution (dithionite extraction) due presumably to physical
protection within microaggregates or co-precipitation with short-range-order aluminosilicates (Coward et al., 2018; Suda and
Makino, 2016; Filimonova et al., 2016), suggesting both the limitation of single extraction approach and the importance of
aggregation/precipitation reactions. On the other hand, experimental studies revealed specific factors and underlying
mechanisms behind OM-metal interaction via adsorption, complexation, and co-precipitation using pure metal phases under
well-defined laboratory conditions (Chen et al., 2014; Mikutta et al., 2011; Nierop et al., 2002; Schneider et al., 2010; Tamrat
etal., 2019; Kaiser, 2003). However, a large knowledge gap still remains between the laboratory studies and field-based studies
(see a review by Kleber et al., 2015).

Critical to filling this gap is to identify factors controlling the distribution and localization of different pedogenic metal
phases in soil system because different modes of organo-metal association likely take place at specific local environments. At
larger spatial scales, mobilization and accumulation of pedogenic metal phases and their interaction with OM over time and
along soil profile depth have been well-recognized (e.g., Kramer et al., 2012; Lawrence et al., 2015). At micro- to nano-meter
scales, on the other hand, advanced imaging techniques revealed co-localization of OM and pedogenic Fe and Al in natural
soils (Asano et al., 2018; Garcia Arredondo et al., 2019; Inagaki et al., 2020; Wan et al., 2007), although up-scaling of these
information remains as a major challenge. At horizon or bulk soil scales, physical fractionation studies have indicated the
presence — but not the spatial arrangement — of multiple OM pools of varying turnover rate and degree of mineral associations
(Christensen, 2001; von Lutzow et al., 2007).
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Density provides a useful fractionation approach to assess the localization of pedogenic Fe and Al phases because many
biogeochemical characteristics of soil particles are closely related to their density (Christensen, 2001; Sollins et al., 2009;
Turchenek and Oades, 1979; von Litzow et al., 2007). The density of soil particles is primarily controlled by the relative
amounts of the two major components, OM and mineral. The average density of OM present in soil is typically around 1.4 g
cm but can range between 1.1-1.9 g cm™ across soils and sediments (Mayer et al., 2004). The minerals typically found in
soils such as aluminosilicate clays have the density of >2.4 g cm including short-range-order allophane and imogolite (2.75
and 2.70 g cm®, Wada, 2018) with minor exceptions such as phytoliths (2.1-2.15 g cm™, Drees et al., 1989). Among metal
oxides, Fe oxides have much higher densities (3.8-5.3 g cm3, Cornell and Schwertmann, 2003) compared with Al oxides such
as gibbsite (2.4 g cm3, Anthony et al., 1997). Pedogenic metals can remain as distinct phases, or they can associate with OM
or other minerals. From the perspective of OM, both pedogenic metals and other minerals will be found in a high-density
fraction (>2.4 g cm™) unless they associate with OM. While OM binding lowers the density of Fe and Al phases in laboratory
(Kaiser and Guggenberger, 2007), its extent under various pedogenic environments is virtually unstudied.

We hypothesize that most pedogenic metals are found in <2.4 g cm density fractions regardless of soil type due to their
high reactivity with OM. Because of the higher density and redox sensitivity, pedogenic Fe may concentrate in different density
phases from pedogenic Al for any given soils, assuming that organo-Fe and organo-Al associations take place independently.
Alternatively, if the metal dissolution and subsequent interaction with OM are regulated by the same environmental factors,
their distribution along the particle density gradient would be similar. Furthermore, if submicron-sized, OM-rich metal phases
act as binding agent as suggested for a volcanic soil based on STXM, NEXAFS, and EM (Asano and Wagai, 2014; Asano et
al., 2018), they may preferentially bind with other fine-sized minerals (e.g., clays) to form the ternary associations previously
postulated (Wagai and Mayer, 2007). These ideas were tested by fractionating soil particles into 4 to 7 density classes after a
mild level of dispersion (mechanical shaking in solution) and by quantifying the amounts of Fe and Al phases by selective
dissolution techniques that target different metal phases (pyrophosphate, acid oxalate, and dithionite-citrate extractions in
sequence) using 23 soil samples from 11 sites spanning 5 climate zones, 5 soil orders (Andisols, Spodosols, Inceptisols,
Mollisols, Ultisols), and including several subsurface horizons and both natural and managed (upland and paddy) soils.

Terminology: We use the term “complex” to refer to aqueous organo-metal complexes and their precipitates, and avoid
its use to describe broader associations such as organo-clay and organo-mineral complex. Various types of OM-metal
association are discussed by grouping into three general mechanisms (adsorption, complexation, and aggregation) while
recognizing that organo-metal complexes in soil are mainly coprecipitated with other metal phases and particles. The term

“particle” is used in a broad sense to include aggregates as well as single organic or mineral particles.
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2 Methods
2.1 Soil sample source

Soil sample set consisted of four groups: allophanic Andisol, non-allophanic Andisol, spodic, and crystalline mineralogy
group (n=23, Table 1), including both natural and cultivated soils from six climate zones with a wide range of mean annual
temperature (5-24 °C) and precipitation (221-2392 mm yr?). Carbon refers to organic C in this study as no carbonate was
found in these soils. Data from the five Andisol samples (A-1 to A-5) have been reported previously (Wagai et al., 2018). All
samples were air-dried and 2-mm sieved prior to density fractionation and chemical analyses. Air-drying did not significantly
change OM and metal distribution across density, showing no irreversible aggregation by air-drying for an allophanic Andisol
(Wagai et al., 2015) and presumably for the other soils.

2.2 Physical fractionation by density

We sequentially separated each soil into 4 up to 7 fractions based on particle density using sodium polytungstate (SPT-0
grade, Sometsu, Germany) to make liquids of various densities. We employed mechanical shaking to disrupt less-stable
aggregates following previous studies (Crow et al., 2014; Sollins et al., 2009; Wagai et al., 2018). Density fractions isolated
were rinsed with deionized water to desalt until conductivity of final rinse water (50 mL) was <50 puS cm™*. The lowest-density

fractions (<1.6 g cm3) were oven-dried at 80 °C and the other density fractions were freeze-dried for further analyses.

2.3 Extraction of metal phases

Bulk and density-fractionated samples were sequentially extracted by sodium pyrophosphate (PP) followed by acid
oxalate in dark (OX) and then by dithionite-citrate (DC) following (Wagai et al., 2018). First, initial PP extraction was
conducted at the soil:solution ratio of 200mg:10mL with 0.1 M sodium pyrophosphate (pH=10), and then shaken at 120 rpm
for 16h. After high-speed centrifugation (29,000 g, 45 min), an aliquot of the extract was immediately taken for dissolved C,
N, and metal analyses. Second, the residue after discarding the remaining supernatant was re-suspended and extracted with 10
mL of 0.2 M acidified sodium oxalate solution (pH=3.0), shaken at 120 rpm for 4 h in the dark. The conventional acid oxalate
method (Loeppert and Inskeep, 1996) was modified by replacing ammonium oxalate with sodium oxalate to allow the direct
quantification of co-dissolved N while achieving the same extraction efficiency of Fe, Al, and Si (Wagai et al., 2013). After
the high-speed centrifugation, an aliquot of the extract was immediately diluted for metal and N analyses to avoid precipitation.
Third, 0.1 g of sodium dithionite was added to the remaining residue and mixed with 10 mL of 22% (by wt) sodium citrate.
The mixture was shaken for 16 h and centrifuged under the same condition as above. All extractions were done at room
temperature (20-22 °C). We did not filter the supernatants after the high-speed centrifugation of PP extracts as our pilot test

showed no systematic decrease in dissolved organic C and metals by vacuum filtration using 0.025 ’m pore-sized membrane
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(Millipore, VSWP, Bedford, MA, USA). Similarly, no filtration was done for OX and DC extracts after the high-speed
centrifugation.

2.4 Chemical analyses

The concentrations of Fe, Al, Si, and Mn in the extracts of PP, OX, and DC were analyzed by inductively coupled plasma-
optical emission spectroscopy (Vista-Pro, Agilent, CA, USA). The metal analyses were done for all fractions. The only
exception is the lowest-density fraction from three soil samples (A-5, N-4, C-2) where low mass recovery prevented the
extractions. Analytical errors associated with our density fractionation were sufficiently low for C, N, and the extractable
metals (<12%, Wagai et al., 2015) to allow testing of our hypothesis. When assessing the role of extractable metal as a whole,
we summed weight-based concentrations of Al and Fe as “Al + 0.5Fe” to approximately normalize the atomic mass difference
between Al and Fe for graphing and statistical purposes.

Co-dissolved organic C and N by PP extraction and the N by OX extraction were quantified by TOC analyzer (Shimadzu
TOC-V/TNM1, Kyoto, Japan). Dissolved organic C (DOC) was measured as non-purgeable organic C after acidification and
C-free air purging. Total dissolved N was measured by a chemiluminescence accessory. This method, including the caveats
on this technique, was discussed elsewhere (Wagai et al., 2013). Because quantifying the soil C in an oxalate extract is not
possible, we estimated the C associated with OX-extractable mineral phases (DOCox) by multiplying total dissolved N
concentration in OX extract by the C:N for each density fraction. This estimation assumes that the OM dissolved by the oxalate
extraction has the same C:N ratio as that in bulk fraction. This assumption cannot be fully justified but would be a reasonable
approximation for the purpose of assessing the trends because a plot of the C:N ratio of PP-extractable phase against that of
bulk soil C:N (regression through the origin) showed significant positive correlation (r>=0.89, p<0.0001) with the slope close
to one (1.25 with 95% confidence interval of 1.15-1.32). Total organic C and N concentrations in the isolated fractions and

bulk samples were analyzed by an elemental analyzer (Flash2000 Thermo Fisher Scientific Inc., USA).

2.5 Statistics

Linear regression analyses between extractable metals and DOC were done using JMP software (version 8.0.1, SAS
Institute, Cary, NC. USA). Density-dependent change in the proportion of total C in each fraction explained by the association
with PP- and OX-extractable phases ([DOCpp+DOCox]:TC) was modeled for each soil group using polynomial functions using
JMP software.

2.6 Peak density determination

For each soil sample, we determined the particle density at which the metal concentration from each extraction was
highest (termed as “peak density”) using two approaches. First, we simply selected the density fraction where the metal
concentration was the highest among the fractions for a given soil and used its midpoint (e.g., 2.1 g cm?for 2.0-2.2 g cm™®

fraction) as the peak density. The actual peak density is not necessarily its mean especially for the samples separated into a
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smaller number of fractions. Thus, as a second approach, we also estimated the peak density by fitting a normal distribution
curve to the metal concentrations per fraction against particle density for each soil (Fig. A1, left panels). The majority of soil
samples fitted well, though we had to remove the data points from the lowest- and highest-density fractions in some cases (Fig.
Al). For instance, OX and DC-extractable metal concentrations in the highest density fractions were quite high for non-
allophanic Andisol samples due presumably to magnetite. Thus those data points were not used for the fitting. Similarly, we
eliminated the lowest one or two density fractions of PP- and OX-extractable metal concentration data from six samples from
the crystalline mineralogy group. Eliminating these data points (Fig. A1) was done only to enable fitting a normal distribution
(on average r?= 0.90-0.98, Fig. A2a). The mean of the normal distribution for each extraction/soil was used as the second
estimate of peak density. We also determined the mass-weighted particle density at which the metal was most concentrated.
After calculating the metal distribution along the density gradient (i.e., [metal concentration] x [mass fraction]), the two
approaches above were applied to determine the peak density for each soil sample and each extractable metal phase. A normal
distribution fitted well for most samples (Fig. Al right panels, Fig. A2b).

2.7 Scanning electron microscopy

Isolated density fractions from selected soil samples were observed by SEM (SU1510, Hitachi high-technologies, Tokyo,
Japan). Subset of freeze-dried density fractions were re-dispersed in ultrapure water by weak sonication (<10 J mL™?), deposited
on carbon tape, and were Pt-Pd coated prior to the observation.

3  Results
3.1 Recovery after sequential density fractionation

Our density fractionation procedure showed largely reasonable recovery of mass, C, and N for the 23 soil samples studied
(Table 2). While the recovery of the metals assessed by PP-, OX-, and DC sequential extractions were generally good, the
variation among the soils was larger (Table 2) as some soil samples and metal phases showed poor recoveries. Possible sources
of errors are (i) the small sample mass used for the extractions, (ii) additive errors from the sequential extractions, and (iii) the
small sizes of targeted pools. For example, the recovery worsened for DC-extractable Al and Si pools following PP and OX
extractions. Incomplete removal of colloidal Fe and Al phases likely explains higher metal recovery from Andisol samples
(118 + 36%) compared to non-Andisol samples (84 = 12%) in PP extraction. The factors affecting the poor recovery with the
sequential extraction approach were discussed in more detail elsewhere (Wagai et al., 2018). We considered that the obtained

recoveries are tolerable for assessing the general patterns of the metals and OM across the density fractions.

3.2 Concentration of C, N, and extractable metals along particle density gradient

The C concentration was highest in the lowest-density fraction, declined with increasing density up to ca. 2.5 g cm?, and

remained low at higher densities for all the studied soils (Fig. A3a). Similarly, C:N ratio showed a progressive decline with
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increasing density (Fig. A3b). While the majority of the samples showed very low C and C:N ratio in the fractions higher than
ca 2.5 g cm3, a few samples showed a slight increase towards the highest density fraction.

The pedogenic metal concentration (Al+0.5F¢) generally showed a unimodal pattern along the particle density gradient
with some distinct patterns among the four soil groups (Fig. 1, also see Fig. Al left panels for individual soils). Allophanic
Andisol group showed higher OX- and DC-extractable metals (metalox, metalpc) especially in an intermediate density range,
whereas non-allophanic Andisol and Spodosol groups were characterized by high concentrations of PP-extractable metals
(metalpp). As expected, the crystalline mineralogy group showed the lowest levels of metaler and metalox with moderate
amounts of metalpc from highly-weathered soil samples. Two exceptions to the general unimodal pattern were present. For
metalpp, three soil samples showed their peak metal concentrations at the lowest density. For metalox, three samples of non-
allophanic Andisols showed the highest metal (esp. Fe) concentrations at the highest density due presumably to the presence
of Fe-bearing primary minerals such as magnetite. Even in the soils relatively low in specific metal phases (e.qg., the crystalline
mineralogy group low in metalpe and metalox, and the non-allophanic Andisol and Spodosol groups low in metalox and
metalpc), the highest metal concentrations were found at an intermediate density range (Fig. Al right panels).

Similar patterns were shown when assessing the distribution of the metals along the density gradient by accounting for
mass distribution (Fig. Al right panels). The unimodal pattern remains for most samples, indicating that the major portions of
respective metal phases accumulated in an intermediate-density range. However, the dominant metal phase clearly differed
among the soil groups. In the allophanic Andisol group, 63 + 9% of the total extractable metal was present in OX-extractable
phase. On the other hand, the non-allophanic Andisol and Spodosol groups showed that 59 + 25% and 75 + 14% of the total
extractable metals, respectively, were accounted for by PP-extractable phase. In the crystalline mineralogy group, DC-
extractable phase tended to be higher (41 + 14% of the total extractable metal).

The Al:Fe molar ratio was highest in metalpp phase (4.7 £ 4.3, mean £ SD) followed by metalox phase (2.6 £ 1.9) and,
expectedly, lowest in metalpc phase (0.4 + 0.3) across all soils and their fractions. Several patterns were identified (Fig. A4).
First, relative enrichment of Fe in metalox and metalpc phases was evident in the highest density fractions due presumably to
the dissolution of crystalline Fe oxides. Second, from the low to intermediate density up to 2.3 g cm™, the Al:Fe ratio remained
relatively constant with some exceptions. The allophanic Andisol group showed relative Al enrichment at around 1.8 g cm™®
for PP-extractable phase and at around 2.0-2.3 g cm™ for metalox phase. The non-allophanic Andisol group showed the Al
enrichment towards low density for all extractable phases. For the other soil groups, similar Al enrichment was found in some
samples while others showed constant Al:Fe ratios. Nevertheless, the density at which the metal concentration reached its peak
(peak density) was quite similar between Fe and Al (data not shown). We thus examined the extractable Fe and Al together
(i.e., Al+0.5Fe) for most of the subsequent analyses.

Peak densities for pedogenic metal concentrations were found at an intermediate density range for all soil samples studied
with some variations among the extractable phases. The peak densities of metalpp phase were more variable compared to
metalox and metalpc phases (Fig. 2). In particular, two C-rich samples (C-3, C-7) had the fitted peak density of metalpp at <1.5

g cm (Fig. Al). The medians (and lower to upper quartiles) of the measured peak density among the 23 soil samples for PP-,
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OX-and DC-extractable metal phases were 1.7 (1.7-2.0), 2.1 (2.1-2.3), and 2.2 (2.1-2.3) g cm™®, respectively (Fig. 2). Similarly,
their means were 1.8, 2.2, and 2.2 g cm™. The peak densities estimated by the normal distribution fitting also showed
comparable values. Thus, the peak densities of all three extractable phases were <2.3 g cm=. The metalpr phase showed its
peak consistently lower by 0.3-0.4 g cm™than metalox and metalpc phases (Fig. 1 and 2).

The concentrations of C co-dissolved during the initial PP and OX extractions (DOCpp and DOCox) correlated positively
with the extractable metal concentrations (Fig. 3a-f). Coefficients of determination were highest for Alpp+0.5Fepp (r?=0.75, p
<0.0001) followed by Alpp (0.66, <0.0001) and then Fepp (0.56, <0.0001). Importantly, the positive DOCpp-Alpp and/or DOCpp-
Fepp relationship persisted across the density fractions within each soil although the correlation was not significant for 5 out
of 23 samples (Fig. A5). The DOCpp:Alpp mass ratio (i.e., slope of the regression lines) ranged from 2.9 to 28.2 (mean: 7.9,
SE: 1.6).

Similarly, the organic matter co-dissolved by the oxalate extraction (DOCox) was positively related to metalox owing
largely to the allophanic Andisol samples (Fig. 3d-f). Simple linear regression of DOCox against Alox, Feox, and Alox+0.5Feox
concentrations among all samples showed the strongest control by Alox (r?=0.66) followed by Alox+0.5Feox (r?=0.60) and
then Feox (r=0.39, p <0.0001). When assessed for individual soils, the positive C-metal relationship (mostly only with Alox)
persisted for 8 out of the 14 Andisol samples but no positive relationship was present for the rest of soils (Fig. A6). The range
for DOCox:Alox mass ratio was 0.13-0.34 and that of DOCox:(Alox+0.5Feox) was 0.11-0.22 for these Andisol samples (data
not shown). These ratios were roughly 10-50 times less than that from PP-extractable phase.

The proportion of total C in each density fraction co-dissolved by initial PP and by the sum of PP and subsequent OX
extractions showed an increasing trend with increasing particle density (Fig. 4). Despite high variability especially towards
higher density fractions, the increasing trend with density was fitted by a polynomial curve for each of the four soil groups
separately (Table Al). The three soil groups having high extractable metals tended to have higher proportions of extractable
C compared to the crystalline mineralogy group. The allophanic Andisol group, which was characterized by higher Alox and
Feox concentrations, showed that appreciable amounts of OM were co-dissolved by the dissolution of metalox phase (Fig. 4a).
In contrast, the non-allophanic Andisols and Spodosol groups showed that nearly all the extractable C was released by the
initial PP extraction. The non-allophanic Andisol group having characteristically high Alpe and Fepp concentrations showed
that a quarter up to nearly all of the C present in the higher-density fractions was co-dissolved by the initial PP extraction (Fig.
4b).

3.3 Distribution of mass, organic matter and extractable metal phases along the density gradient

The density fraction which accounted for the largest portion of bulk soil mass was in 2.2-2.6 g cm™ density range and its
median (and lower-upper quartiles) was 2.5 (2.2-2.6) g cm® among the 23 soil samples (Fig. 5). Carbon distribution, calculated
by multiplying the C concentration by the fractional mass for each density fraction, showed its peak in significantly lower yet
still intermediate density range (Fig. 5) with the median of 2.1 (1.9-2.2) g cm™. The data points at 1.4 g cm=were from three

samples (A-1, S-1, and C-7) having very high total C due to high OM input or reduced decomposition under cooler climate.
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The extractable metals were also mainly concentrated in the intermediate-density range (Fig. Al left, Fig. 5b), which is
statistically indistinguishable from C peak as a whole sample set (n=23). The medians (and lower-upper quartiles) of the peak
density for PP-, OX-, and DC-extractable phases were 2.1 (2.1-2.2), 2.1 (2.1-2.3), and 2.2 (2.1-2.4) g cm™, respectively. In
contrast with the concentration-based patterns (Fig. 2), no clear difference was found between PP- and the other two extractions
due to the small mass contribution of the lower-density fractions where PP-extractable metal concentration was higher (Fig.
Ala).

3.4 SEM observation of meso-density fractions

Clear shift in dominant particle type from plant detritus (POM) in the lowest-density fraction to coarse mineral grain in
the highest-density fraction was observed for the two soils from the crystalline mineralogy group we selected. We assessed
three intermediate-density fractions where majority of metals and OM reside in detail. In both soils, 2.0-2.2 g cm™ fraction
was abundant in fragmented POM as well as aggregates (Fig. 6a, d) while the material in 2.2-2.4 g cm™ fraction appeared
largely aggregated (Fig. 6b, e). At closer look on the surface of these aggregates and POM, clay platelets (<5 pum) were visible.
The higher-density fractions had more mineral grains with clean surfaces although some grains in 2.4-2.6 g cm™ fraction were
aggregated or showed rough surfaces (Fig. 6¢, f). The size of these aggregates in these fractions ranged from a few tens to
hundreds um in diameters. Similar features were found for the density fractions in one of the studied Andisols (A-3, Wagai et
al., 2014).

4 Discussion
4.1 Fe and Al phases extracted by the three reagents

The metals released by PP, OX, and DC extractions only roughly correspond to specific metal phases present in the soil
as these extractions are not highly selective (Parfitt, 2009; Rennert, 2019). This approach, nevertheless, remains important as
the extractable metal contents often show significant correlation with soil C storage and turnover times (Masiello et al., 2004;
Percival et al., 2000; Porras et al., 2017; Torn et al., 1997; Wada and Higashi, 1976). It is thus critical to elucidate the nature
of these metal phases including their localization, which aids resolving the gap between commonly-used mathematical models
and the current understanding of soil C dynamics (Blankinship et al., 2018). Compared to common single extraction, sequential
extraction approach may allow better assignment of different Fe and Al phases (Dai et al., 2011; Shang and Tiessen, 1998). It
is generally assumed that the PP extraction mainly dissolves organo-metal complexes (Bascomb, 1968; Takahashi and
Dahlgren, 2016), whereas the OX and DC extractions target dissolution of short-range-order minerals and crystalline iron
oxides, respectively (e.g., Inagaki et al., 2020; Lawrence et al., 2015; Shang and Tiessen, 1998). Pyrophosphate extraction data
requires particularly cautious interpretation due to the OM dissolution by high alkalinity (pH 10) and the dispersion or

dissolution of colloidal and low-crystallinity Fe and Al oxide phases (Coward et al., 2018; Kaiser and Zech, 1996; Lawrence
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et al., 2015; Schuppli et al., 1983; Shang and Tiessen, 1998; Wagai et al., 2013). However, the significant DOCpp-metalpp (esp.
DOCee-Alpp) correlations found across the soils (Fig. 3a-c) and, to a limited extent, among the fractions within soils (Fig. A5)
imply the predominance of strong OM-metal association phases such as organo-metal complexes in PP extracts because the
potential artifacts, if occurring significantly, would have prevented the emergence of the proportional relationship. Most of the
studied soils showed significant C-metal correlation with high DOCpp:Alpp molar ratios (mean + SE: 17.8 + 3.5, range: 6.6-
63.3) and DOCpp:Fepp ratios (75.6 + 18.0, range: 17.6-168, Fig. A5) in agreement with previous studies (Heckman et al., 2018;
Wagai et al., 2013). While C:metal ratios of synthesized organo-metal associations vary widely depending on experimental
conditions, higher ratios indicate dominance of organo-metal complexes over adsorptive association with metal oxides (Wagai
and Mayer, 2007). In laboratory coprecipitation experiments, a C:Fe molar ratio exceeding one led to organic encapsulation
of Fe oxide particles (Kleber et al., 2015). Takahashi and Dahlgren (2016) estimated the C:metal molar ratio of 8.3 for organo-
metal complexes in Andisols. We thus regard the PP-extractable phase as a mixture consisting largely of organo-metal
complexes and their coprecipitates with varying amounts of alkali-soluble and desorbable OM and non-centrifugeable colloidal
Fe/Al oxide phases.

The OX-extractable metal phase is more likely influenced by short-range-order minerals (Parfitt and Childs, 1988; Rennert,
2019). We found strong positive correlation between Alox and Siox (r?=0.76-0.99) with relatively constant Alox:Siox molar
ratio for each soil group: 4.4 (allophanic Andisols), 4.8 (non-allophanic Andisols), 7.7 (Spodosols), and 8.4 (crystalline
mineralogy group). Short-range-order aluminosilicates commonly found in Andisols and Spodosols have a molar ratio of 1-2,
but possibly up to 4 for Al-rich allophane (Dahlgren et al., 1993). The OX-extractable phase in the studied soil fractions may
also contain poorly-crystalline gibbsite which can form rapidly in OM-rich, acidic soil environment (e.g., Heckman et al.,
2013). The source of Alox and Siox in the crystalline mineralogy group is less clear but likely to include interlayer components
of 2:1 clay such as hydroxy Al polymers and aluminosilicates (Barnhisel and Bertsch, 1989;Wada and Kakuto, 1983) as well
as amorphous gibbsite and silica (Drees et al., 1989). Most Feox phase is attributable to ferrihydrite and colloidal goethite for
lower-density fractions, and less-crystalline Fe oxides as well as magnetite - a primary mineral that associates little with OM
- for higher density fractions (Cornell and Schwertmann, 2003; Parfitt and Childs, 1988; Rennert, 2019). The DC-extractable
metal phase obtained after PP and OX extractions largely represents crystalline iron oxides and coprecipitated Al phases
(Cornell and Schwertmann, 2003).

The Al:Fe molar ratio of the extracts was relatively constant along the particle density gradient in some of the soils (Fig.
A4), implying coprecipitation of organo-Fe and organo-Al phases. The other soils, mostly in Andisol and Spodosol groups,
showed density-dependent patterns. Some of the allophanic Andisol samples, all of the non-allophanic Andisol samples and
one of the two Spodosol samples showed higher Al:Fe ratios towards lower-density fractions especially in metalpr and metalox
phases (Fig. Ada-c). These higher Al:Fe ratios may be explained by higher capability of Al ions to form insoluble complex
with organic ligands under low pH and low metal:C ratio conditions (Nierop et al., 2002). In addition, the lower density of
organo-Al coprecipitates (1.7 g cm) than that of organo-Fe ones (2.5 g cm, Kaiser and Guggenberger, 2007) may account
for the observed higher Al:Fe ratios.
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4.2 Pedogenic metal enrichment at intermediate (meso) density range

The concentrations of extractable metal phases peaked at intermediate densities along the soil particle density gradient
(Fig. 2, Fig. Al left panels). Their dominance below the density cutoff of 2.4 g cm™ can be explained only by their association
with OM which has a much lower density (~1.4 g cm), supporting our hypothesis. While the cutoff densities for the
intermediate range are somewhat arbitrary, we define the range between 1.8 and 2.4 g cm as meso density for following
reasons: (i) a strong decline in OM concentration and C:N ratio above ~1.8 g cm (Fig. A3a,b) suggests a major shift in OM
source from plant detritus to microbially-altered compounds as shown previously (e.g., Baisden et al., 2002), (ii) both the
concentrations and distributions of the extractable metals began to increase at >1.8 g cm(Fig. A1), and (iii) most soil minerals
have density >2.4 g cm (see Introduction). Thus, the meso-density fractions are characterized by enrichment of pedogenic Fe
and Al phases and their association with microbially-altered OM. The extractable metal phases in the meso densities made up
less than one-fifth of soil masses and the rest consisted largely of other minerals (e.g., crystalline clays) to form
microaggregates resistant to mechanical shaking (Fig. 6). The meso-density enrichment of the metals thus implies their
preferential association with OM relative to the other minerals.

Within the meso-density range, we found clear localization of different metal phases. The peak density of metalpp
concentration had the median of 1.8 (1.7-2.0) g cmwhich was lower by 0.3-0.4 g cm™ (on average) relative to metalox and
metalpc across the soils (Fig. 2, Fig. Al left). This difference remained the same when assessing Fe and Al separately. The
lower peak density of metalpp can result either from the inherent low density of this phase as indicated by the high C:metal
ratios (see Section 4.1, Fig. 3a-c) or from its attachment to low-density particles. The latter implies that metalgp phase was
preferentially associated with lower-density aggregates such as clay-covered POM (Fig. 6a, c), which would account for the
presence of Fepp phase despite its higher density than Al phase.

Progressive changes in the concentrations of both organic and inorganic (mineral) phases along the density gradient (Fig.
1, Fig. A3a) are depicted for an idealized soil (Fig. 7a). While distinguishing between plant-derived POM in low-density
fraction and mineral-associated OM (MAOM) in high-density fraction within bulk soil is a critical first step (Lavallee et al.,
2020; Sollins et al., 1999), the transition from POM to MAOM is rather continuous and the latter contains a wide array of OM-
mineral associations (Hatton et al., 2012; Jones and Singh, 2014; Sollins et al., 2009; Turchenek and Oades, 1979; Wagai et
al., 2018) as conceptualized in “Soil Continuum Model” of soil OM formation (Lehmann and Kleber, 2015). The higher-
density fractions (e.g., >2.4 g cm™®) are increasingly dominated with primary minerals and Fe-bearing minerals including
crystalline Fe oxides (Jones and Singh, 2014; Sollins et al., 2009) with small amounts of N-rich OM (Fig. A3). The lower-
density fractions, on the other hand, hold increasing amounts of POM with appreciable levels of PP-extractable organo-metal
phases especially at around 1.8 g cm™ range (Fig. 1, 2). In the meso-density fractions (1.8-2.4 g cm™), where the major portions
of OM and extractable metals were located, significant portions (20% up to nearly 100%) of the OM therein were co-dissolved
by PP and OX extractions (Fig. 4). By applying similar sequential extraction method to four soil profiles of contrasting

mineralogy, Heckman et al. (2018) reported, on average, 70% of total C was extractable. These extractable OM possibly
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existed in metal-bound forms (Coward et al., 2017; Wagai et al., 2013; Zhao et al., 2016). The remaining, non-extractable OM
in the meso-density fraction is presumably stabilized by mechanisms other than simple adsorptive association with the
extractable metal phases.

4.3 Organo-metal association, aggregation, and OM stabilization

Organo-metal associations take place at multiple spatial scales within a bulk soil. Organo-metallic complexation, sorption
and co-precipitation occur at molecular to colloidal scales (Kleber et al., 2015). Current density fractionation results, on the
other hand, suggest that the extractable metals and associated OM contribute to the formation of meso-density aggregates
having a few tens to hundreds of um in diameter (Fig. 6). At the aggregate scale, organo-mineral interactions occur with much
higher level of complexity (Keil and Mayer, 2014; Totsche et al., 2017). Here, we discuss how colloidal-scale interaction of
metals and OM may be linked with micron-scale aggregate formation to account for the observed density-dependent patterns.

The observed proportionality between extractable metal phases and associated OM among the density fractions gives
some hints to bridge between the colloidal and larger-scale associations. Significant C-metal correlations in PP- and OX-
extractable phases, previously found across a range of bulk soils (Wagai et al., 2013), were shown among the density fractions
(Fig. 3) and even within each soil in many cases (Fig. A5, A6). Specifically, positive DOCpp-metalpp correlation (largely
DOCep-Alpp) was found for all soils except for three samples from the crystalline mineralogy group (Fig. A5) while such
correlation for the subsequent OX extraction was limited to 8 out of the 14 Andisol samples (Fig. A6). Relatively constant
C:metal ratios across the density fractions imply that the organo-metal association formed in the field remained intact as a
physical unit during the fractionation steps and these units were distributed among the fractions. These organo-metal units
themselves are presumably present as colloid-sized “nanocomposites” (Fig. 7b) consisting of precipitated organo-metal
complexes (i.e., metalpp phase) and, at least in the case of Andisols, OM-sorbed metal oxides (i.e., metalox phase), such as
those identified in soils using high resolution imaging techniques (Asano et al., 2018; Wen et al., 2014). Another feature is
that these nanocomposites must be attached to larger particles containing some combination of low-density OM, high-density
mineral, or more of each other. Without sufficient size, Stokes Law predicts that they would have remained in density liquid
and lost during the centrifugation step.

We hypothesize that these organo-metal-rich nanocomposites function as a glue or effective binding agent (Asano et al.,
2018) and promote ternary associations of OM, metal, and clays (Wagai and Mayer, 2007), as depicted in Figure 7b. In fact,
the meso-density materials were largely present as microaggregates with abundant clays on their surfaces (Fig. 6). For the two
soil samples (A-3, C-4) that we further size-fractionated following the density fractionation, 59-84% of the mass in the meso-
density fractions consisted of <2 um sized particles (isolated after maximum dispersion by sonication) that were enriched in
the extractable metals relative to bulk samples (unpublished data) in support of our hypothesis. How do these nanocomposites
form and function? The Al and Fe are trivalent metals and can act as (monomeric or polynuclear) glue between different
organic ligands, particles, and surfaces. An organic particle or coating may stick to a mineral surface via van der Waals

interactions, but become aggregated to other organic particles via a polyvalent metal connection. Furthermore, monomeric Fe
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and Al can form various ternary complexes in the presence of OM and other dissolved inorganic species found in soil solution
such as Ca and Si, thereby preventing their polymerization (Adhikari et al., 2019; Tamrat et al., 2019; Yang et al., 2017). These
organo-metal-rich, mixed-phase nanocomposites, acting as glues (organo-metallic glue hypothesis), can give a mechanistic
explanation for the moderately strong C-metal correlations among the density fractions (Fig. 3, Fig. A5, A6) as well as for the
dominance of OM, metal, and presumably clay in the meso-density range (Fig. 5, Al).

Such micro-scale aggregation can enhance OM stability by reducing the accessibility of microbes, exo-enzymes, and/or
e- acceptors (Balesdent et al., 2000; Keil and Mayer, 2014; Lehmann et al., 2007; Sollins et al., 1996). Among the pedogenic
metal phases, crystalline Fe oxides (roughly corresponds to metalpc phase) strongly enhance microaggregation particularly in
highly weathered soils (e.g., Shang and Tiessen, 1998). This metal phase can protect relatively small amounts of OM for a
prolonged time (e.g., Eusterhues et al., 2003; Mikutta et al., 2006). Short-range-order mineral could also contribute to
aggregation and thus physical protection of OM within such mineral matrix. Microaggregates in Andisols (esp. metalox-rich
ones) show high physical stability (Shoji et al., 1993) even against wet oxidation and reductive dissolution treatments
(Churchman and Tate, 1986). Stable ternary associations of OM, low-crystallinity Fe oxide, and microporous allophane in an
Andisol has been hypothesized (Filimonova et al., 2016). A portion of soil extractable Fe such as low-crystallinity Fe
oxyhydroxide, and presumably associated OM, can survive harsh dithionite extraction (Coward et al., 2018), in some cases,
due to protective effect of metalox phases. Even after strong dispersion by sonication (up to 1500 J ml't), 60-70% of total C
and extractable metals in Andisols remained in the meso-density fractions (Basile-Doelsch et al., 2007; Wagai et al., 2015)
that were largely present as micron- and submicron-sized aggregates (Asano and Wagai, 2014; Asano et al., 2018). Similarly,
the main C storage location in tropical Ferrasols was sonication-resistant particles that were characterized by slightly higher
density (2.45-2.8 g cm®), enrichment of halloysite, and resistance to ~200 yrs of cultivation (Basile-Doelsch et al., 2009).
Compared to these metal oxide phases, organo-metal complexes are more labile, for instance, with change in pH (Takahashi
and Dahlgren, 2016). Thus their contribution to aggregation may be lower although this phase can be physically occluded
within stable microaggregates. Faster turnover (more “C enrichment) of PP-extractable C compared to the C associated with
other mineral phases (Heckman et al., 2018) as well as the metalpp enrichment at lower density (Fig. 1, 2) support this view.
While relative importance of specific metal phases remains to be elucidated, these extractable metals likely contribute to OM
stabilization by promoting aggregation via organo-metallic glues as well as by direct organo-metal interaction via

complexation and adsorption.

4.5 Co-localization of metal and microbially-altered OM at meso-density fraction

We further considered the distributions of metal and OM along the density gradient to translate the observed results into
field-level processes. Their distributions are determined by two variables: mass distribution and the concentration of the
respective elements. The peak density of mass distribution was quite variable among the studied soils (Fig. 5), which will be
further examined in our companion study (Kajiura et al., in prep.). Consequently, the peak densities of metal phases were also

moderately variable. The mean peak densities of both C and all metal phases were, however, ~2.1 g cm™ (Fig. 5). In fact, the
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meso-density range (1.8-2.4 g cm3) accounted for 59 + 14% and 64 + 15% (mean + SD) of total C and N, respectively, among
the studied soils. Similarly, more than half of the total extractable metals were in the meso-density range (65 = 17% of Fepp,
63 + 15% of Alpp, 56 + 14% of Feox, 70 + 13% of Alox, 61 + 17% of Fepc, and 66 + 15% of Alpc). The meso-density co-
localization of OM and the extractable metals found here thus suggest that metal binding via multiple physico-chemical
processes discussed above contributes to the stability of pedogenic metal phases against leaching/dissolution and that of OM
against biological degradation. Our view is consistent with C and N isotope tracer studies that identified meso-density fractions
as the main reservoir of stabilized C across a wide range of soils (Baisden et al., 2002; Crow et al., 2014; Hatton et al., 2012;
Sollins et al., 2009; Wagai et al., 2018; Jones and Singh, 2014) with an exeption of Fe-rich weathered soils where >2.4 g cm
fractions store more C due to the abundance of heavy minerals (Jones and Singh, 2014; Sollins et al., 2009).

The co-localization of OM and metals is illustrated for the three forest soils developed through contrasting pedogenesis
(Fig. 8). In the tropical Ultisol, DC-extractable phase accounted for greater proportions of total extractable metal than the other
two soils (Fig. 8a). Accordingly, this phase explained the majority of the OM extractable by PP, OX, and DC (Wagai et al.,
2013). The spodic horizon sample under cooler climate stored more C in lower density fractions and held major portions of
metals as PP-extractable phase (Fig. 8b) in agreement with podzolization concept (Lundstrém et al., 2000). The allophanic
Andisol held much higher amounts of extractable metals and C than the other two soils (Fig. 8c). Co-localization at a narrower

density range in the Andisol can be attributable to higher contents of organo-metallic glue.

4.5 Implications

The similar distributions of OM and extractable Fe and Al found here (Fig. 5, 8, Al) imply a common set of processes
that promote the formation of organo-metal associations across a range of pedogenic environments. Almost all samples showed
a unimodal distribution with the peaks in the meso-density range (Fig. 1, 2, and Fig. Al). The three processes operating at a
fundamental level are (1) the production of microbially-altered OM from the original low-density plant detritus, (2) the release
of metals from high-density, weatherable minerals, and (3) the formation of organo-metal-rich nanocomposites and concurrent
incorporation of low- and high-density materials (most importantly, clays) into meso density via their gluing properties — the
organo-metallic glue hypothesis (Fig. 8) .

From the organic side, the most consistent change along the particle density gradient was the progressive decline in C:N
ratio and OM concentration from low to high-density fractions (Fig. A3), which is generally explained by the shift from POM
to microbially-processed compounds (Baisden et al., 2002; Gunina and Kuzyakov, 2014). Microbially-driven, oxidative
depolymerization increases the solubility, the number of ionized functional groups (esp. carboxylic groups), and acidity thereby
enhancing the reactivity of remaining OM with metals and mineral surfaces (Heckman et al., 2013; Kleber et al., 2015). The
accumulation of the pedogenic metal phases from low to meso density fractions (Fig. 2, Fig. Al) thus suggests that oxidative
depolymerization of POM appears to be necessary for the organo-metal associations. From the mineral side, metals released
by weathering can readily bind to organic ligands. For instance, negatively-charged bacterial cell surface attracts metal cations,

which leads to the nucleation and precipitation of low-crystallinity Fe oxyhydroxides and aluminosilicates (Ferris et al., 1989;
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Urrutia and Beveridge, 1994). Tamrat et al. (2019) showed nano-sized Fe-Al-Si coprecipitate formation from biotite
weathering solution in the presence of low-molecular organic acid. These reactions likely promote the formation of the
nanocomposites having a relatively narrow range of OM:metal ratios that can act as relatively persistent glue to bind soil
particles, most importantly phyllosilicate clays that themselves strongly bind with OM.

The three processes identified (Fig. 9) are ultimately driven by the factors driving pedogenesis — physicochemical forces
(heat, water, acidity) and biological activity. Then the environmental conditions promoting the three processes in balance
would lead to local maxima of the organo-metallic glue and meso-density aggregates (see Fig. A7 and the discussion therein).
Such condition at the global scale includes acidic soils under wetter climate (Rasmussen et al., 2018) especially with the parent
materials that are abundant in weatherable minerals. At the pedon scale, the interface of O/A horizons or the B horizons that
experience podzolization would fit with this condition. At smaller scales, micro spots having redox fluctuation and rhizosphere
likely promote the organo-metallic glue formation due to the abundance of organic ligands and active dissolution/precipitation
of Fe and other mineral phases (Chen et al., 2020; Garcia Arredondo et al., 2019; Keiluweit et al., 2015; Yu, 2018). The current
view and the growing evidence on rapid formation of various organo-metal-mineral associations at submicron scale (e.qg.,
Basile-Doelsch et al., 2015; Garcia Arredondo et al., 2019; Heckman et al., 2013) suggest that the concept of soil C saturation
and soil’s capacity to protect C based on clay and silt contents (e.g., Six et al., 2002) require refinement.

Our results and proposed hypothesis may help to integrate some of the important findings and concepts in the literature.
Predominance of stabilized OM in organo-mineral fractions (e.g., <20 um size class or meso-density range) has been shown
by physical fractionation studies (e.g., Christensen, 2001; Six et al., 2000; von Litzow et al., 2007) but the involvement of
pedogenic metal phases was much less studied. Protective effects of phyllosilicate clays (e.g., Barré et al., 2014) and pedogenic
metal phases (e.g., Porras et al., 2017; Wagai and Mayer, 2007) on OM are likely to occur concurrently, and possibly
synergistically, within meso-density microaggregates. Enrichment of certain clay minerals in meso-density fractions (e.g.,
smectite in a Vertisol, kaolinite in Spodosol and Oxisol, Jones and Singh, 2014) and enhanced physical stability of clay
aggregates by the incorporation of goethite particles (Dultz et al., 2019) support this idea. Aggregate hierarchy concept
recognized the role of low-crystallinity mineral phases and microbial compounds as persistent binding agents (Tisdall and
Oades, 1982) but not their interaction or formation pathways. With new analytical techniques and methodologies, our
undernding of microaggregate formation (e.g., Lehmann et al., 2007; Totsche et al., 2017) and molecular-scale interaction of
OM, metal, and mineral (e.g., Kleber et al., 2007; Tamrat et al., 2019) is advancing. We believe that a remaining key question
is how these molecular scale interactions are related to soil physical fractions and the formation of hierarchical aggregate
structure. The current finding provided some insights to this end. Further efforts to fill the scale gap will be important to better

understand soil’s protective capacity to store OM and for the development of more mechanistic biogeochemical models.
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Figure 1: The concentrations of pedogenic metal (Al+0.5Fe) per fraction along the density gradient for allophanic Andisol group
(a), non-allophanic Andisol group (b), Spodosol group (c) and crystalline mineral group (d). The metal extracted by initial
pyrophosphate (left panels), subsequent acid oxalate (central panels), and final dithionite-citrate reagents (right panels) are

770 shown. Each symbol represents individual soil sample. Sample number (1-10) on the right corresponds to sample ID for each
soil group in Table 1.
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775 Figure 2: Boxplot showing the median and variation of densities at which the concentration of pedogenic metal (Al+0.5F¢) was
the highest across the 23 studied soils. The peak density was determined for all three extractions (PP, OX, and DC) for each soil
based on measurements (light color) and normal distribution fitting (dark color).
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Figure 3: Scatter plot of extractable metals and co-dissolved organic C (DOC) for the density fractions from the studied soils.
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and Al+0.5Fe (f) against DOCox in lower panel. Symbol color distinguishes the four soil groups and its shape corresponds to
sample ID in Table 1.
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800 Figure 4: Proportions of bulk C in each density fraction co-dissolved by initial pyrophosphate extraction alone (red circle) and
combined with subsequent acid oxalate extraction (blue rectangle), with polynomial fitting curves, for each soil group.
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Figure 5: Boxplot showing the median and distribution of the densities at which the distribution of mass, C, and pedogenic
metal (Al+0.5Fe) extracted by the three extractants (PP, OX, and DC) were the highest among the 23 studied soils.
810

27



https://doi.org/10.5194/s0il-2020-32
Preprint. Discussion started: 11 June 2020
(© Author(s) 2020. CC BY 4.0 License.

Others-@ MNG-A (Mollisol)

10,0k x250. S8

Others-® KIN-07S (Ultiosl)

10.0kV x270 SE

815

SOIL

Discussions

2.2-24 gcm3

$$900y uadQ

EGU

24-2.6gcm3

Figure 6: SEM images of three meso-density fractions from two selected soils. Dotted rectangular section is enlarged in a bottom
corner for (b,e,f) to show aggregated nature of selected particles and clay coating (c).
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Figure 7: (a) Changes in the concentration of organic and mineral phases along soil particle gradient for an idealized soil. The
concentrations of OM (left plot) and metals (right plot) extracted sequentially by pyrophosphate (PP), acid oxalate (OX), and
dithionite (DC) per density fraction were shown in different colors. Non-extractable OM includes both particulate and
microbially-altered OM. Non-metal mineral phase includes phyllosilicate clays and primary minerals. (b) Schematic
representation of low-, meso-, and high-density particles (upper) and their building blocks (lower). PP- and OX-extractable
phases were presumed to be present as “nanocomposites” that act as glue to form meso-density microaggregates. The
distribution of the nanocomposites across density fractions can explain the C:metal proportional relationship found in Fig. 3,
A5, and A6. The nanocomposites rich in organo-metalpp unit is more abundant in OM-rich environments (e.g., lower-density
fraction) relative to those rich in organo-metalox units. Objects don’t reflect the size difference among them.
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Figure 8: The distribution of the extractable metal phases (Al+0.5Fe) on left Y axis and that of C on the right Y axis along the
density gradient for three undisturbed forest soils. A kaolinitic Ultisol (O-5 in Table 1) developed from sedimentary rock under
tropical wet climate (a), a Spodosol Bhs horizon (S-2) with quartz and plagioclase rich mineralogy from glacial till under cool

temperate moist climate (b), and an allophanic Andisol (A-10) from tephra under warm temperate moist climate (c). Vertical
850 dotted lines show the meso-density range.
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Figure 9: Conceptual illustration of meso-density aggregate formation. Three main processes are (1) microbial processing of
855 plant-derived organic matter, (2) metal dissolution via chemical weathering, and (3) the formation of organo-metallic glue
which promote meso-density microaggregate formation by incorporating some of POM and mineral.
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Table 1. Sample source information and basic soil characteristics

Table 1. Sample source information and basic soil characteristics.

Climate MAT MAP Horizon TOC TN  SocilpH Clay

Sample 1D Site zone™®  °C  mmyr' Soilorder®  Landuse® Vegetation/Management depth(cm) mag’ mag (H:0) (%)

Andisols, allophanic

A-19 I NIAES-NTa Tsukuba, Japan WTM 13.7 1300  Andisol cropland  no-till with leaf compost Ap/ 0-5 149 10 62 45585
A-2° | NIAES-NTb Apl 520 80.4 59 62 4555
A-3° | NIAES-Tilll till + NPK Ap/ 0-20 51.4 4.1 6.1 4555
A-4° | NIAES-Till2 till (stump removed) Ap/ 0-20 423 36 6.7 4555
A-5 (NIAES-Bare bare fallow Ap/ 0-20 36.9 3.0 65 4555
A6 | TKY-NPK Tokyo, Japan WTM 147 1515  Andisol cropland  till + NPK Ap/ 0-14 465 39 4.1 27
AT | TKY-comp till + NPK + compost Ap/ 0-14 60.3 54 50 28
A8 [ YMS-NPK Yamanashi, Japan ~ WTM 121 1137 Andisol cropland  till + NPK Ap/ 0-14 29.1 28 6.6 28
A9 [ YMS-straw till + NPK + rice straw Ap/ 0-14 355 32 6.7 28
A-10 / MITKB-A Tsukuba, Japan WTM 3.1 1438  Andisol forest secondary forest (mixed) A 0-15 ar7 76 46 3545
Andisols, non-allophanic
N-1% { KWT-A1 Kawatabi, Japan WTM 10.1 1460  Andisol grassland semi-managed A1/ 0-25 1056 6.7 46 23
N-2% / KWT-A2 A2/ 2552 102 56 46 18
N-3% / KWT-2A3 2A3/ 52-100 98.3 49 49 25
N-4® / KWT-3Bw 3Bw/ 120-140 121 09 52 1
Spodosols
S-1/MBB-CN Maine, USA CTMm ~5 1365 Spodosol forest conifer (red spruce) Bhs/ 5-15 146 58 37 1835
S-2 /MBB-DD forest  mixed hardwood Bhs/ 7-22 58.9 24 46 1835
Crystalline mineralogy soils
C-1 / NGK-straw Aichi, Japan WTM 149 1447  Inceptisol cropland  rice paddy + manure Ap/ 0-15 241 21 59
C-2  WKY-NPK Wakayama, Japan ~ WTM 153 1286  Ultisol cropland  till + NPK Ap/ 0-16 9.8 10 58 1525
C-3 / WKY-straw cropland till + NPK + manure Ap/ 0-16 288 25 64 1525
C4 / MNG-A NE Mongolia CTD ND 221 Malisol grassland forest steppe A1/ 0-10 242 25 6372 1525
C-5 / KIN-O7S Saba, Malaysia ™ 240 2382 Uliisol forest tropical (hill dipterocarp) A/ 0-10 209 19 389 3338
C-6 / KIN-17S Saba, Malaysia ™ 190 2380 Inceptisol forest  tropical (lower montane) A/ 0-10 420 25 41 1013
C-7 / KIN-27S Saba, Malaysia WTM 13.0 2256 Inceptisol forest  tropical (upper montane) Af0-10 125 84 38 6-15

3 Based on 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Vol. 4. Chapter 3: Consistent Representation of Lands
® Climate zones. WTM: warm temperate moist, CTM: cool temperate moist. CTD: cool temperate dry. TW: tropical wet, and TM: tropical montane.

€ 50il taxonomy, USDA. soil survey staff.
% Data from Wagai et al_ (2018). A well-studied allophanic Andisol at the experimental field of NTAES/NARO, developed on andesitic and basaltic volcanic ashes

€ N1-N4: Kawatabi Andisol (Pacllic Mdanudand) is a typical. non-allophanic Andisol at Kawatabi Field Science Center of Tohoku University, Miyagi. Japan, located on a gentle slope of a fan
in mountain valleys at 190 m elevation under native grassland (Sasa nipponica). Parent material 1s dacitic volcanic tephra with alluvium including smectitic sedimentary rock.

860
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Table 2. Recoveries of mass, C, N, and the metals dissolved by initial pyrophosphate (PP) and subsequent acid oxalate (0X)
and dithionite-citrate (DC) extractions from the density fractions, expressed as percentage relative to the whole soil. Values
show means (standard deviations) of all soils and separately for Andisols (allophanic and non-allophanic Andisols) and non-

Andisols (Spodosols and crystalline mineral soils).

PP extr. OX extr. DC extr Sum of PP, OX, and DC extractions
Soil group Mass C N

Al+0 5Fe Al-+05Fe Al+0 5Fe Al Fe Si
All soils (n=23) 99.8 (2.9) 97.5 (9.5) 956 (10.6)  104.6 (33.3) 98.8 (20.5) 86.4(16.9) 88.8 (16.0) 94.4(11.2) 93.6 (20.4)
Non-Andisols (n=9) 96.8 (2.1) 90.3 (8.9) 86.8(8.9) 83.9 (12.0) 89.4 (12.5) 86.7 (15.5) 787 (15.0) 86.7 (12.0) 808(93)
Andisols (n=14) 101.3(1.9) 102.2 (6.7) 101.3(7.4) 1M7.9(36.0) 1049(22.7) 863(184)  954(134) 993(75) 1018 (215)
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Figure Al. Extractable metal (Al+0.5Fe) against mean particle density for each soil sample.
The metal concentrations (mg g* fraction) from pyrophosphate (PP), acid oxalate (OX), and
dithionite-citrate (DC) extractions are shown in the left three panels. The distributions of PP,
OX, DC-extractable metal phases (mg g* whole soil) are in the right three panels. Normal

distribution curve fit is shown as line. The data points circled in blue were omitted from the

fitting.
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Figure A2. Boxplot of r squared value for the normal distribution curve fitting of the
extractable metal concentration (a) and distribution (b) against mean particle density.
The fitting was done for each soil and each extraction as shown in EA. Fig. 1.
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Figure A3. Line graphs showing organic C concentration (a) and C:N ratio (b)
against soil particle density. Four soil groups were shown in different colors with the
ID number (corresponding to Table 1) in different symbol shapes.
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Figure A4. Molar Al-to-Fe ratio of each extractable phase from each density fraction along the density gradient. The ratio was
shown for initial pyrophosphate (left four plots), subsequent acid oxalate (middle four plots), and final dithionite-citrate
extractions (right four plots) were shown for Allophanic Andisols (a), non-allophanic Andisols (b), Spodosols (c), and crystalline
mineralogy group (d). Each symbol represents individual soil sample 1D in Table 1.
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Figure A7. The distribution of the extractable metal phases (Al+0.5F¢) along the particle density
gradient for two soil series. Upper three plots show PP- (a), OX- (b), and DC-extractable metals
(c) for three A horizon soils under tropical forest along an elevation gradient from a weathered
soil under warm climate at 700 m (sample 1D: C5), moderately weathered soil at 1700 m (C6),
and much less weathered soil at 2700 m (C7). The lower panels (d, e, f) showed surface and
buried horizons of a non-allophanic Andisol profile (sample ID: N1-N4) that received multiple
tephra deposits. Shaded zones show the meso-density range.

The relative balance of the three processes (OM supply and microbial processing, metal
dissolution via weathering, and their binding/aggregation, Fig. 9) appear to control the nature of
meso-density metal enrichment. Environmental gradients (e.g., climo- and chrono-sequences)
give clear shifts in the balance of the three. Along a strong temperature gradient on a forested
mountain slope, surface soils at higher altitudes experience slower rates of OM decay (thus
higher OM accumulation) and mineral weathering than those at warmer lower-altitude soils. The
majority of pedogenic metals in the 2700-m soil altitude (C-5) was present as PP-extractable
phase and their distribution was peaked at <2.0 g cm™ fractions whereas the 700-m altitude soil
(C-7) held the metals mostly as DC- and PP-extractable phases that were mainly present at >2.2
g cm, and the mid-altitude soil (C-6) showed the patterns in between them (Fig. A7a-c). Meso-
density metal enrichment was strongest in the 700-m soil. This result can be explained by (1)
higher microbial processing of OM as the forest productivity and thus OM supply to soil was the
highest (Kitayama and Aiba, 2002; Wagai et al., 2008), and (2) higher degree of weathering
under the warm moist climate regime (Wagai et al., 2009).
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Along with a volcanic soil profile experiencing up-building pedogenesis, we also observed
the decline in metalpp and a concurrent increase in metalox over pedogenic time (from upper to
lower horizons), implying a shift in dominant metal phase from organo-metal complexes to
short-range-order mineral. Concurrently, we found the increase in metal distribution from low
towards higher density (Fig. A7d-f). The top three horizons (A1, A2, and 2A3) were developed
over the last ca 10 kyr based on key tephra (Hijiori Pumice) identified between 2A3 and 3Bw
horizon, suggesting that the organo-metallic glue enriched in PP-extractable phase was replaced
by that rich in OX-extractable phase over ca 10 kyrs under reduced OM input (buried) condition.

These results therefore suggest general patterns in the localization of specific metal phases
and the mode of OM-metal association across scales as follows: (i) Al and Fe released by
weathering preferentially bind to organic ligands to form organo-metallic complex in OM-rich
environment (e.g., surface horizon esp. under cooler climate) and (ii), under the pedogenic
condition where net organic supply to mineral surface is limited for a prolonged time (e.g., rapid
decomposition under warm, wet condition and deeper horizons), polymerization of Fe and Al
(and Si) is facilitated. The latter leads to the formation of short-range-order mineral which is
further transformed to well-crystalline oxides over time. In other words, pedogenic reactions
such as dynamics of mobile weathering products and secondary mineral formation occurring at a
pedon scale (e.g., the depth-dependent framework, (Lawrence et al., 2015)) can be observed
within bulk soils by the current approach combining sequential density fractionation with the
extraction of operationally-defined metal phases.
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Table Al. The results of qubic polynomical regression model applied to each of
the four soil groups for pyrophosphate-extractable organic C (DOCpp) and the

sum of pyrophosphate- and oxalate-extractable C (DOCpp+DOCox).

. Non- )
e atoonanc spode Y
Andisol
DOC pp

r? 0.17 0.41 0.55 0.50
RMSE 0.12 0.24 0.12 0.11
n 49 27 14 39

F 3.13 5.21 4.05 11.86

p 0.0347 0.0068 0.040 <0.0001

DOC pp +DOC ox

r2 0.32 0.47 0.55 0.51
RMSE 0.12 0.22 0.12 0.11
n 49 27 14 39

F 6.99 6.73 412 12.27

p 0.0006 0.0020 0.0384 <0.0001
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