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Abstract:



Mechanisms of protecting soil carbon (C) are still poorly understood despite growing needs to predict and manage the changes in soil C or organic matter (OM) under anticipated climate change. A fundamental question is how the submicron-scale interaction between OM and soil minerals, especially poorly-crystalline phases, affects soil physical aggregation and C stabilization. Nano-sized composites rich in OM and poorly-crystalline mineral phases were presumed to account for high aggregate stability in the Andisol we previously studied. Here we searched for these nanocomposites within a sonication-resistant aggregate using scanning transmission X-ray microscopy (STXM) and near-edge X-ray absorption fine structure (NEXAFS) as well as electron microscopy (SEM, TEM). Specifically, we hypothesized that nanometer-scale spatial distribution of OM is controlled by poorly-crystalline minerals as both co-exist as physically-stable nanocomposites. After maximum dispersion of the cultivated Andisol A-horizon sample in water, one aggregate (a few µm in diameter) was isolated from 0.2–2 µm size fraction which accounted for 44–47% of total C and N and 50% of poorly-crystalline minerals in bulk soil. This fraction as well as <0.2 µm fraction had much higher extractable Al and Fe contents and showed greater increase in specific surface area (N2-BET) upon OM oxidation compared to bulk and >2 µm size fractions, implying high abundance of the nanocomposites in the smaller fractions. The isolated aggregate showed a mosaic of two distinctive regions. Smooth surface regions showed low adsorption intensity of carbon K-edge photon energy (284–290 eV) with well-crystalline mineralogy, whereas rough surface regions had features indicative of the nanocomposites: aggregated nanostructure, high C intensity, X-ray amorphous mineral phase, and the dominance of Si, O, Al, and Fe based on SEM/EDX and TEM/EDX. Carbon functional group chemistry assessed by NEXAFS showed the dominance of amide and carboxyl C over aromatic and aliphatic C with some variation among the four rough surface regions. Together with C and N isotopic patterns among the size fractions (relatively low C:N ratio, high 15N natural abundance, and more positive Δ14C of the <2 μm fractions), our results provided the direct evidence of preferential binding of microbially-altered, potentially-labile C with poorly-crystalline mineral phases at submicron scale. The role of the nanocomposite inferred from this study may help to bridge the knowledge gap between physical aggregation process and biogeochemical reactions taking place within the soil physical structure.
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1. Introduction


Decomposition and transformation of organic matter (OM) in soil, driven by microbial heterotrophic activity, are tightly linked to various biogeochemical processes in terrestrial ecosystems. Soil OM (SOM), representing the largest C pool on land, consists of a variety of organic compounds having different degrees of resistance against microbial degradation. Improving our understanding of SOM stability under climate change is critical to improve the predictive model of global carbon cycle [1,2,3]. While OM entering soil as plant litter is decomposed via microbial catabolism, microbially-reworked OM interacts with soil minerals and contributes to long-term SOM storage (decadal and longer) as shown by a growing number of studies using physical fractionation, isotope tracer, and/or non-destructive imaging approaches [4,5,6,7,8,9].



One of the fundamental approaches to study mineral protection of OM is the characterization of the mineral surfaces that interact with OM in soil. The C concentration in soils and sediments tends to show positive correlation with specific surface area (SSA) in a similar manner to the well-known correlation between C and clay contents [10,11]. The soil mineral surfaces are not fully covered by OM but rather show patchy organic coverage unless soils are holding very high amounts of OM [12,13,14]. The limited organic coverage on mineral surface is consistent with the preferential sorption of dissolved OM onto reactive surface zones characterized by high surface roughness and microporosity that largely results from Fe and Al (hydr)oxides of lower crystallinity, short-range-order (SRO) minerals [11,15,16,17], and phyllosilicate minerals [18]. Sorptive stabilization onto these reactive surfaces clearly contriubtes to long-term C stabilization, especially in subsurface horizons [19,20].



Mineral surface properties and surface-mediated chemical reactions (e.g., sorption and precipitation) cannot fully explain SOM stability because physical constraints of decomposition are also present in soil. At micron to millimeter space scales, OM present in aggregates is protected from microbial attack due to the limited accessibility of microbes, their enzymes, and/or diffusion constraints of water and oxygen [21,22]. Even at submicron scales, the importace of physical protection mechanisms has been pointed out by gas sorption, bioassay, and spectroscopic approaches [10,12,15,23,24]. Three-dimensional interaction of OM with soil minerals at micron and submicron scales (i.e., microaggregate formation and destruction) may be the most complex aspect of organo-mineral interaction in soil [7,25] due to the immense diversity in organic and mineral compositions and the spatial heterogeneity down to submicron spatial scales [26]. This aspect is, however, crucial to understand how soil minerals (surface or matrix) protect OM.



One useful concept in this context is the aggregate hierarchy theory [27], which emphasizes the role of binding agents for aggregation at different space scales [28]. Major binding agents considered to work at micron to submicron scales are poorly-crystalline minerals, redox-sensitive minerals and microbial products (detritus and metabolites) [27]. The poorly-crystalline minerals mainly consist of short-range-order (SRO) mineral phases such as allophane, imogolite, and ferrihydrite [17,29,30], proto-imogolite [31,32], and nano-goethite [33]. These minerals have high cation and anion exchange capacity as well as extensive, variable-charged surfaces [34] and are likely to contribute to the formation of micron- and submicron-sized aggregate of high physical stability [28,32].



Volcanic-ash soil is an ideal soil type to examine the micron- to submicron-scale aggregate structure because this soil type holds characteristically high amounts of the binding agents (OM and poorly-crystalline minerals) that are considered to function at the smaller spatial scales. In addition, monomeric Fe and especially Al cations are abundant in volcanic soils by forming complexes with organic functional groups (e.g., carboxylic groups in dissolved OM) [35]. The content of these organo-metallic complexes, often estimated by pyrophosphate extraction, shows strong controls on SOM storage and C mean residence time in Andisols and other soils [36,37,38,39,40,41]. These metals and poorly-crystalline phases that strongly bind with OM are collectively termed reactive inorganic phase (RI phase) in this study. The contents of pyrophosphate and acid-oxalate extractable metals can be used as a surrogate of RI phase with a caveat that they don’t exactly correspond to specific RI phases [31,33].



Using an Ap horizon sample of an allophanic Andisol, we previously studied particle size fractions isolated after a series of aggregate disruption tests. The treatment ranged from mechanical shaking to maximum dispersion (sodium saturation followed by sonication at 5 kJ mL−1), above which no more clay-sized particles were released by physical means. The following five unique features of aggregate hierarchy were identified [42,43]. First, hierarchical structure was present at much smaller spatial scale (<53 µm) than previously shown for other soil types [44]. Second, SEM confirmed that the <2 µm fractions isolated even after the maximum dispersion were dominated by submicron-sized aggregates. Third, the 0.2–2 µm size fraction isolated after the maximum dispersion accounted for major portions of soil OM (44–47%) and poorly-crystalline minerals (50–51%) in the bulk soil, and the OM in this fraction were characterized by lower C:N ratio, higher natural abundance of 15N, and greater abundance of O-alkyl C (by solid-state 13C NMR) compared to the bulk fraction. Fourth, selective dissolution and XRD confirmed that the <2 µm fractions after the maximum dispersion consisted of a mixture of primary and secondary crystalline minerals as well as RI phase. Fifth, the ratio between OM properties (C content, C:N ratio) and the content of RI phase (pyrophosphate- and oxalate-extractable Fe + Al) was, to our surprise, roughly constant among all particle-size fractions isolated after three contrasting levels of dispersion.



We reasoned that the constant ratio between OM and RI phase is possible only if we assume that (i) the particles in the size fractions after the maximum dispersion can consist of presumed building blocks, (ii) one of the presumed building blocks is organo-metal/mineral nanocomposite (OMN) which is highly enriched in both N-rich OM and RI phase, and (iii) OMN is physically stable against the maximum dispersion. Then, the constant ratio observed can be explained by the variation in OMN distribution caused by the dispersion levels. For instance, the 0.2–2 µm fraction after the maximum dispersion likely contained much more OMN than the 2–53 µm fraction isolated after weaker dispersion levels. While OMN appeared to control aggregation behavior in our Andisol, we were unable to explicitly incorporate it in the conceptual model of Andisol aggregate hierarchy [42] as we had no direct evidence of its presence.



In this study, we thus attempted to identify OMN which was presumed to be more abundant in sonication-resistant, finer-sized fractions. We hypothesized that the spatial distribution of organic C matches with that of RI phase within a particle from the 0.2–2 µm size fraction of the Andisol we previously examined [42,43]. A potential pitfall is the possible re-aggregation of subunits, which can occur at unknown degrees during the fractionation and preparation steps for microscopic observation. The current approach, nevertheless, has some advantages to gain new insights on the physicochemical nature of OMN because (i) nano-scale mapping of C and mineral-derived elements allows the detection of OMN regardless of the re-aggregation due to the size and physical stability of OMN and (ii) isolation of OMN-rich fraction is necessary for the application of high-resolution microscopy techniques as it is technically difficult to search for such small particles from bulk soil or undisturbed aggregates. At first, we assessed selected features of OMN in the whole 0.2–2 µm fraction in comparison to the other size fractions (<0.2, 2–53, >53 µm) by characterizing bulk chemistry and SSA of these fractions. We also measured radiocarbon content of each size fraction to infer the residence time or stability of C. Then one particle isolated from the 0.2–2 µm size fraction after the maximum dispersion was examined by soft X-ray scanning transmission microscopy (STXM) coupled with near edge X-ray adsorption fine structure (NEXAFS) followed by a detailed microscopic assessment of specific regions of the aggregate using a field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). STXM-NEXAFS was an ideal technique because it allowed us to characterize the spatial distribution of light elements originating from both OM and minerals as well as identifying major C forms [26,45,46,47,48,49,50,51]. We identified OMN-rich regions within the isolated particle and discussed their possible roles in the development of hierarchical aggregate structure from a pedological perspective with a new conceptual model.




2. Materials and Methods


2.1. Soil Samples


The soil sample was collected from the experimental field of National Institute for Agro-Environmental Sciences in Tsukuba, Honshu Island of Japan (36°01′ N, 140°07′ E, 21 m a.s.l). The soil was developed on volcanic-ash deposits, classified as a Silandic Hydric Andosol in WRB [52]. The soil mineralogy is characterized by short-range-order minerals with minor amounts of gibbsite, kaolinite, chrolite, aluminum interlayered-vermiculite (Al-HIV), mica, cristobalite, quartz, and feldspar. We used a subset of the composite sample (n = 6) from 0–20 cm Ap horizon under conventional tillage used in our previous research [42], which examined the nature of aggregate hierarchy. More detailed soil/site information is shown elsewhere [42].




2.2. Procedure to Isolate Size Fractions


We isolated particle-size fractions after the previously-determined maximum dispersion level, which was achieved by sodium saturation pretreatment followed by strong sonication treatment [42]. Briefly, the sodium-saturated sample was prepared by mixing field moist sample with 1 M NaCl for more than 12 h at room temperature followed by repeated rinsing with ultra-pure water (UPW) until the electric conductivity of supernatant reached <20 µS cm−1. For the sonication treatment, the NaCl-saturated sample (2 g dry-equivalent) was mixed with 50 mL UPW and dispersed by ultrasound (Sonifier II250, Branson, Danbury, CT, USA) using the probe (1/2″ tapped horn). The total sonication energy applied was 5 kJ mL−1 at 100 W [42], corresponding to the maximum dispersion intensity based on the dispersibility of clay-size particles previously conducted. We used a custom-made horn tip (full-flat type) to avoid horn deterioration by the extremely high energy applied. The output sonication energy was calibrated by calorimetric approach [53]. The soil suspension was kept at a low temperature (<26 °C) during sonication with the use of stainless-steel chamber in ice bath.



After the sonication treatment, the soil suspensions were diluted with UPW (soil:water ratio of 1 g:10 mL) and we isolated fine clay (<0.2 µm) and clay (0.2–2 µm) fractions by centrifugation assuming the particle density of 2.5 g cm−3. We first isolated the <0.2 µm fraction by repeatedly collecting the centrifuged suspension using siphon (more than 4 times, until the suspension became almost completely transparent) followed by the collection of 0.2–2 µm fraction in the same way. The remaining soil material was wet-sieved to separate into 2–53 µm and 53–4000 µm fractions. To minimize the flocculation and re-aggregation of dispersed particles, the entire fractionation procedure was conducted within one day. An aliquot of the suspension isolated for the 0.2–2 µm fraction was used for microscopic analyses. The rest of the isolated fractions were freeze-dried for surface area and other chemical analyses.



Strong sonication treatment leaves the possibility of re-adsorption of sonication-induced fragments of plant or microbial debris on to the soil particles. However, the studied soil contained only small amounts of plant detritus (i.e., 4.1% of total C was in <1.6 g cm−3 density fraction, [54]) and most of them was removed by flotation in water. In addition, we previously confirmed that there was no significant difference in the correlation slope of C/N ratio or C content against the contents of RI phases among the three dispersion intensity levels from mechanical shaking to the maximum dispersion [42]. Higher dispersion level enhances the fragmentation of organic debris. If these fragments were re-adsorbed on finer soil particles, then the correlation slope should have been different for a given size fraction among the dispersion levels. We thus assumed that the re-adsorption of plant or microbial debris by the maximum dispersion did not significantly affect our results.




2.3. Characterization of Each Size Fraction


Selected physicochemical properties of all four size fractions isolated were assessed. Besides basic chemical characteristics described previously (Table 1) [42], we measured specific surface area (SSA) and radiocarbon content of each fraction. SSA was measured by N2 gas sorption approach. Estimating the SSA for the soils containing large amounts of RI phase is inherently challenging because (i) water molecules that can interfere the N2 gas sorption are integral part of naturally-occurring RI phase and (ii) any methods of removing the OM bound to RI phase are likely to alter the original structure of RI phase. Thus the SSA values we measured contain some uncertainty and should be interpreted with care. We first tested the drying temperature effect on SSA using four density fractions isolated from the same soil and found negligible difference (−1 to +5%) between 40 °C and 105 °C (unpublished data). Thus the freeze-dried, size-fraction samples were dried in vacuum oven at 105 °C (more than 16 h) followed by further outgassing under vacuum at 105 °C [55]. The outgassing and SSA analysis were conducted using A-1 Autosorb (Quantachrome Corp., Boynton Beach, FL, USA). SSA values were calculated based on 11-point Brunauer-Emmett Teller (BET) approach at the partial pressure <0.3. After gas sorption analysis, samples were carefully transferred to glass beakers and oxidized with H2O2 under heat (up to 80 °C) to remove most of the OM. While some alteration in poorly-crystalline mineral phases by this oxidation method is inevitable [16], allophane (the dominant mineral phase) is stable against the H2O2 treatment [56]. We did not use sodium hypochlorite oxidation as it results in less complete OM oxidation and thus SSA underestimation [55,57]. After freeze-drying, samples were analyzed in the same way as the non-oxidized samples.


Table 1. Mass recovery, total C, and N contents, and concentrations of metals extracted by the sequential selective dissolution in the bulk soil sample and particle size fractions.





	

	
Mass

	
TOC a

	
TN a

	
TOC Distribution

	
PP b

	
OX b




	
Al

	
Fe

	
Al

	
Fe

	
Si




	
%

	
mg g−1

	
%

	
mg g−1






	
bulk soil

	

	
53.2

	
(0.1)

	
4.5

	
(0.0)

	
-

	
3.47

	
1.35

	
37.25

	
17.14

	
16.86




	
Size fractions

	

	

	

	

	

	

	

	

	

	

	




	
<0.2

	
11.88

	
71.4

	
(3.2)

	
7.5

	
(0.4)

	
16

	
7.43

	
2.83

	
71.1

	
35.0

	
33.6




	
0.2–2

	
36.49

	
68.0

	
(1.6)

	
5.4

	
(0.1)

	
47

	
6.25

	
1.86

	
50.7

	
23.4

	
23.4




	
2–53

	
37.65

	
32.5

	
(3.4)

	
1.8

	
(0.3)

	
23

	
2.26

	
0.52

	
12.9

	
9.66

	
5.58




	
53–4000

	
6.61

	
2.07

	
-

	
tr

	
-

	
0.3

	
0.26

	
0.40

	
0.93

	
21.5

	
0.70








Standard error with lab replicates (n = 3) in parentheses. tr: trace level; a TOC and TN refer to total organic carbon and total nitrogen, respectively; b PP and OX refer to pyrophosphate and acid-oxalate, respectively. Data from Asano and Wagai (2014) [42].








We calculated an index of organic coverage of mineral surfaces as the fraction of the total mineral surface area that was inaccessible to N2 gas in the untreated sample, due to organic occlusion or coverage of the mineral surface, by following calculation [11]:


Org. Coverage (%) = [(SSAoxidized − SSAuntreated)/SSAoxidized] × 100



(1)




where SSAuntreated and SSAoxidized refer to the specific surface area of untreated and oxidized soil, respectively.



The SSA of bulk sample can be partitioned to each fraction, assuming that the size fractionation steps did not change the surface area accessible to N2 gas molecule. Thus the distribution of the total SSA of bulk sample across the particle size fractions was calculated by following calculation:


%SSAdistribution = (SSAoxidized × mass percentage)/

(sum of SSAoxidized × mass percentage of each fraction) × 100



(2)







Radiocarbon ratio of each particle-size fraction was measured using freeze-dried and ground subsample by an accelerator mass spectrometry (Beta Analytic Inc., Miami, FL, USA). The 14C/12C ratio was normalized by δ13C and calculated as Δ14C value [58].




2.4. Scanning Transmission X-ray Microscopy (STXM) and Near-Edge X-ray Absorption Fine Structure (NEXAFS)


We selected the 0.2–2 µm fraction, which accounted for major portions of total C (47% of total C) for scanning transmission X-ray microscopy (STXM) and near-edge X-ray absorption fine structure (NEXAFS) analysis (Table 1). The suspension of 0.2–2 µm sized particles, freshly isolated from bulk soil following the above procedure, was diluted by ultra-pure water and dropped onto Si3N4 window (50 nm thick, window size 500 µm). Surprisingly, most of the dispersed particles in the 0.2–2 µm fraction deposited on Si3N4 window showed aggregated feature (Figure S1) while the particles in the 0.2–2 µm fraction had the diameter range of 0.2–3 µm (arithmetical mean particle size was 1.7 µm by laser diffraction particle size analysis). The observed aggregation can result not only from pedogenesis but also re-aggregation during drying on the Si3N4 window. Based on our multiple deposition trials (data not shown), the deposition of the suspension with weak dilution and rapid drying tended to create densely-packed aggregates along the plane of the Si3N4 window. While such obvious re-aggregation was avoided by sample dilution and slow drying at room temperature, we cannot rule out the possibility of re-aggregation during the sample preparation.



We selected a 2.5 by 2.5 µm region from the deposited particles based on two criteria. The region had (i) ca 3 µm diameter which was a suitable thickness for STXM-NEXFS and (ii) no clear difference in the morphological feature and elemental composition (Si, Al, Fe, and O observed by FE-SEM) compared to other regions. Carbon and iron NEXAFS were recorded by compact STXM at BL-13A beamline at Photon Factory of the High Energy Accelerator Research Organization (KEK) [59]. The intensity at the focal point of the toroidal mirror on the beamline is ~1011 photons/s, with a typical energy resolution of E/ΔE ~5000 [59]. The theoretical spatial resolution of the STXM were less than 50 nm [59]. For STXM-NEXAFS, we collected images in the X-ray energy region of 280 to 300 eV for C K-edge absorption, and 703 to 711.5 for Fe L3-edge absorption [51]. The collected images and spectra were processed by the software package aXis2000 [60]. For C NEXAFS, stack images were collected every 0.3 eV for the energy range from 280 to 283.9 eV, 0.1 eV from 283.9 to 291 eV, and 0.5 eV from 291 to 300 eV. The absorption images were aligned and then converted to optical density (OD = log(I0/I)) using transmitted photon flux thorough the sample (I), and the background photon flux transmitted thorough empty regions within same Si3N4 window. First, we checked optical density (OD), because OD > 2 were too thick to obtain C map [51], and thick materials can cause dipping in spectra near 284.5 eV [49]. Then, the C and Fe distribution maps were obtained by subtracting post-edge OD image from pre-edge OD image, respectively. The carbon functional group map was obtained after splitting the spectra into three energy ranges, 284–286 eV (aromatic C), 286–287 eV (phenol and aliphatic C), and 287–289 eV (amide and carboxyl C).




2.5. SEM and TEM Observation and Elemental Analysis


Micro-morphology, elemental composition, and X-ray diffraction of the aggregate subjected to STXM-NEXAFS were carried out using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). After STXM-NEXAFS, the same aggregate was coated with osmium and examined by SEM (SU1510, Hitachi High-Tech, Tokyo, Japan). Subsequently, more detailed surface morphology and elemental maps were obtained using a field emission scanning electron microscopy (FE-SEM) (S-5200, Hitachi High-Tech, Tokyo, Japan) with an energy diffraction X-ray spectrometer (EDX) system (Genesis XM2, AMETEK Inc., Berwyn, PA, USA). Further micro-morphological observation, spot chemical analysis, and electron diffraction analysis were carried out by a TEM (JEM-2010, JEOL, Tokyo, Japan) coupled with an EDX system (JEOL, JED-2300T, Tokyo, Japan) at Hiroshima University. Surface features (rough vs. smooth surface) and the presence of particle overlaps were delineated by visual observation of the images from FE-SEM and TEM, respectively.





3. Results


3.1. Soil Surface Area before and after OM Removal


The SSA increased with decreasing particle size, from 9 m2 g−1 in the 53–4000 µm to 99 m2 g−1 in the <0.2 µm for SSAuntreated and from 11 m2 g−1 in the 53–4000 µm to 267 m2 g−1 in the <0.2 µm for SSAoxidized (Table 2). The organic coverage progressively increased with decreasing particle size from 14% in the 53–4000 µm to 63% in the <0.2 µm (Table 2). %SSAdistribution in the 0.2–2 µm fraction accounted for about 63% of total SSAoxidated and 31% of total SSAuntreated (Table 2). These results are consistent with the concentration patterns of RI phase (SRO mineral) estimated from selective extraction [42]. Among the particle size fractions, the 0.2–2 µm fraction contained 50% of the SRO minerals in bulk soil [42]. The difference in SSA and organic coverage between the <2 µm fractions and the >2 µm fractions is likely to be large enough to overcome the analytical uncertainty associated with the SSA measurement of soils rich in RI phase (see Material and Methods).


Table 2. Specific surface area before and after organic matter removal by H2O2 treatment and radiocarbon isotope ratio across the particle-size fractions after the maximum dispersion (n = 1).





	

	
SSA Untreated

	
SSA Oxidized

	
Organic Coverage

	
Total Surface Area Distribution

	
Δ14C

	
Radiocarbon Lab. Code No.




	

	
m2 g−1

	
%

	
‰

	

	






	
bulk soil

	
85

	
NA

	
-

	
-

	
−145.5

	
-

	
TERRA-112210d21




	
Size fractions (µm)

	

	

	

	

	

	




	
<0.2

	
99

	
267

	
63

	
28

	
−94.8

	
(3.4)

	
Beta-311744




	
0.2–2

	
84

	
172

	
51

	
55

	
−114.8

	
(3.3)

	
Beta-311745




	
2–53

	
30

	
49

	
39

	
16

	
−201.7

	
(3.0)

	
Beta-311746




	
53–4000

	
9

	
11

	
14

	
1

	
NA

	
-

	
-








Analytical error in parentheses. 








All size fractions and the bulk sample showed negative Δ14C values. Δ14C became more negative with the increase in the particle size from −94.8 ± 3.4‰ to −201.7 ± 3.0‰ (Table 2). The 53–4000 µm fraction was not analyzed but the C in this fraction generally represents plant litter. The 0.2–2 µm fraction showed the average Δ14C of −114.8‰. While this fraction was not the oldest C pool assuming steady-state input of bomb C into the soil, it represented the major portion of stable C pool in the studied soil because it accounted for 54% of total C, whereas the 2–53 µm fraction accounted for 27% of total C (Table 1).




3.2. Carbon Distribution and Chemical Composition within the Selected Organo-Mineralaggregate


The selected area, a few micron-sized aggregate (Figure S1) isolated from the 0.2–2 µm fraction was examined for physical features (Figure 1a,b), elemental distribution (Figure 1c), and C composition at nanometer scales. The STXM-NEXAFS image showed heterogeneous spatial variations of organic C and Fe within the selected aggregate (Figure 1c). FE-SEM/EDX showed the dominance of Al, Si, and O. Their spatial distribution was almost identical, whereas that of Fe was slightly different from the other elements on the aggregate surface (Figure S2). The carbon was distributed throughout the entire region except for potassium-rich domain (upper left region in Figure 1c). The regions showing greater surface roughness and coagulation by SEM and TEM (Figure 1a,b) had relatively high adsorption intensity of carbon K-edge photon energy (284–290 eV) (Figure 1a’–c’). The whole sample showed peaks at near 285.4 (aromatic C), 286.9 (phenolic and ketonic), 288.7 (calboxylic/carbonyl-C amide carbonyl C) (Figure 2). The spectrum obtained from the whole sample showed a relatively broad peak compared to standard materials (Figure 2). Though aliphatic C was not clear, the whole region’s spectral shape showed slight resemblance to E. coli for amide peak at 288.2 eV and to humic acid for the three peaks at 285.2, 287.3, and 288.8 eV. To show the C chemical composition map, we split the C K-edge spectra three energy regions, 284–286 eV (aromatic C), 286–287 eV (phenol and aliphatic C), and 287–289 eV (amide and carboxyl C) (Figure 1d).


Figure 1. Microscopic images, carbon, iron, potassium distribution and carbon chemical functional map of the studied aggregate isolated from 0.2–2 µm fraction. (a) FE-SEM image; (b) TEM image; (c) carbon (green area), iron (red area), potassium (blue area) distribution using STXM-NEXAFS; (d) Carbon functional group map. The C K-edge spectra was split into three energy regions, red: 284–286 eV (aromatic C), blue: 286–287 eV (phenol and aliphatic C), and green: 287–289 eV (amide and carboxyl C). (a’–d’) The regions of high C intensity indicated from STXM-NEXAFS image are shown as polygons in white line in all bottom panels. In addition, (a’) shows rough surface (red area) and smooth surface regions (blue area) based on the FE-SEM image, and (b’) shows the regions of no overlapped particles (green area). The FE-SEM and TEM images were flipped upside down and rotated 40° to match the position with STXM image.



[image: Soilsystems 02 00032 g001]





Figure 2. STXM-based C 1s NEXAFS of selected regions within the studied aggregate and that of model compounds. The C 1s NEXAFS spectra were selected from the regions delineated based on micromorphology from the SEM and TEM images (b–d, g in left images). Note the alphabet of selected regions correspond to the TEM image in Figure 3. Each region was indicated in the same images of Figure 1, FE-SEM, TEM, carbon (green area), iron (red area), potassium (blue area) distribution using STXM-NEXAFS, and chemical functional map of carbon. Spectra features identified by the vertical dashed lines correspond to (I) aromatic C (285.5 eV), (II) aliphatic C (287.3 eV), (III) amide C (288.2 eV), (IV) carboxylic C (288.6 eV), and (V) O-alkyl C (289.4 eV). The peak from L3 edge of K+ was correspond to (IV) at 297.5 eV. * Data from Mitsunobu et al. (2015) [61].



[image: Soilsystems 02 00032 g002]







3.3. Micro-Morphological Observation and Electron Diffraction Analysis by TEM and NEXAFS Spectrum within Specific Area


High-resolution images obtained by FE-SEM (Figure 1a) and TEM (Figure 1b) showed high spatial complexity within the selected aggregate. The aggregate had both smooth and rough surface regions (Figure 1a’). The rough surface regions were characterized by aggregation of smaller particles of diverse shapes (Figure 1a’ with red), whereas smooth surface regions showed little aggregated features (Figure 1a’ in blue) and no overlap or stacking of mineral particles (Figure 1b’ with green). Most of the smooth surface regions observed by SEM (Figure 1a’ in blue) corresponded to the regions of no overlapping particles (Figure 1b’ in green). However, a few regions of smooth surface showed particle overlaps and such regions (e.g., bottom polygon in Figure 1a’,b’). All regions of high C intensity corresponded to the rough surface or particle-overlapped regions (Figure 1a’,c’).



We further examined microstructure, diffraction pattern, and elemental composition of specific regions within the aggregate by TEM-EDX to assess potential factors controlling the observed physicochemical complexity (Figure 3). The studied aggregate showed various morphological features with a diffused diffraction pattern. A few crystalline minerals were also present. We chose seven regions based on the variation in physical feature and C intensity (Figure 3a–i) to cover most of the whole aggregate. The regions having strong C adsorption intensity by STXM-NEXAFS (Figure 3b,d-1,f,g) showed diffused diffraction pattern except for region c. Region c is categorized as the region of smooth surface (Figure 1a’ with blue) with overlapping particles (Figure 1b’ with green), possibly indicating aggregates of nano-sized crystalline minerals. Nano-sized repeating patterns, indicative of amorphous or poorly-crystalline mineral structure, were observed in two regions (Figure 3g’,h’). In contrast, the regions having almost no C intensity showed crystalline diffraction pattern (Figure 3d,h). TEM-EDX analysis showed the presence of Al and Si in the C-rich regions with diffused diffraction pattern (Figure S3).


Figure 3. TEM images of the studied aggregate and its sub-regions. (a) whole aggregate; (b–g) high C intensity regions with rough surfaces; (h) low C region with smooth surface. Electron diffraction patterns were obtained from dotted-circle areas. Diffused electron diffraction pattern was found in (b,c,d-1,f,g). Crystalline diffraction pattern was in shown in (d-2,h,g’,h’) Short-range-order structural pattern was observed in dotted-square areas of (g,h) as shown in higher magnification (g’,h’). STXM-NEXAFS image from Figure 1c was oriented to match with the TEM image (i).
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The C K-edge spectra among the selected regions (Figure 3b–d,g) were slightly different among the four selected areas (Figure 2, region b,c,d, and g). Even when focusing on narrow regions, the spectrum showed broader peaks compared to standard materials (Figure 2). Especially, the spectral shape from 288.2 eV to 289.4 eV was broader and stronger. Amide and carboxylic C peaks were clear in all four regions (Figure 2). Only the region g showed clear peak of aliphatic C and the spectrum shape was relatively similar to humic acid in this region (Figure 2).





4. Discussion


4.1. Reactive Inorganic (RI) Phase Control on OM Distribution within Particle


The bulk fraction characterization suggested that organo-metal/mineral nanocomposite (OMN) was more abundant in the 0.2–2 µm fraction (not just in the single aggregate analyzed) compared to bulk soil for two reasons. First, high content and distribution of reactive inorganic (RI) phase in the 0.2–2 µm fraction shown previously [42] initially led us to predict the abundance of OMN. Specifically, the 0.2–2 µm fraction accounted for 50%, 51%, and 50% of total oxalate-extractable Al (Alo) and Si (Sio) and Fe (Feo) in the bulk soil, respectively (Table 1). This fraction also showed higher concentrations of pyrophosphate-extractable Al (Alp) and Fe (Fep) compared to bulk soil, representing 50–60% of total Alp and Fep (Table 1) [42]. Second, we also considered that high SSA of RI phase and the strong reduction in SSA by organic coverage may be used as indices of OMN abundance. Relatively high SSAoxidized of the 0.2–2 µm fraction (172 m2 g−1, Table 2) suggested the presence of RI phase, particularly SRO minerals, in addition to crystalline minerals because SSA of allophane is reported to be 581 m2 g−1 by N2 [62], 731 m2 g−1 by H2O [63] and 700–1100 m2 g−1 by ethylene glycol monomethyl ether [64], and that of crystalline minerals is much lower, typically <50 m2 g−1 [65,66], respectively. In addition, the degree of SSA liberated by OM oxidation was quite high in the 0.2–2 µm fraction (Table 2). Similar patterns were found for the <0.2 µm fraction as well. These results suggest that OMN is more concentrated in the <2 µm fractions. The 0.2–2 µm fraction is likely to hold the largest mass of OMN in this soil as it accounted for highest proportions of mass, OM, and RI phase among the fractions (Table 2).



We identified two distinctive regions within the observed aggregate (Figure 1a,b). The rough surface regions were characterized by the aggregation of smaller particles of diverse shapes (Figure 1a’ with red, Figure 3b–g). The smooth surface regions showed crystalline mineralogy with little aggregated features (Figure 1a’ in blue, Figure 1b’ in green, and Figure 3d,h). We can interpret the rough surface regions as the spots rich in RI phase because of amorphous mineralogy based on diffused electron diffraction patterns by TEM (Figure 3b,d,f,g) and clear EDS peaks of Al and Si (to a lesser extent, Fe) (Figures S2 and S3). Previous studies have shown high surface roughness and microporosity [15,32,67] as well as much smaller sizes of RI phase compared to crystalline mineral phases [17,30]. The location of the rough surface regions on the observed aggregate was largely overlapped with C-rich regions identified by STXM-NEXAFS (Figure 1c’ and Figure 2d’). In contrast, the smooth surface regions largely corresponded to single crystalline mineral without apparent stacking or aggregation (Figure 1b’) and showed little C (Figure 1c’ and Figure 2d’). These results suggest that C spatial distribution more strongly co-varied with RI phase than with crystalline minerals within the sonication-resistant aggregate, in support of our hypothesis. The small size and other physicochemical characteristics of the rough surface regions further suggest that these regions correspond to OMN which was suggested to be present in relatively high quantity in the 0.2–2 µm fraction based on the bulk fraction characterization [42].



We need careful interpretation of these results due to the possible re-aggregation which might have occurred after the particle-size fractionation. Although it is difficult to distinguish in-situ aggregation in field from the laboratory artifact, OMN is the presumed building block having high physical stability even against the maximum dispersion level [42]. Thus the presence and characteristics of OMN shown in the current study is unlikely to be affected by the anticipated re-aggregation. However, the spatial distribution of OMN (rough vs. smooth surface region) can be strongly influenced by the re-aggregation. This aspect should be more carefully examined in future studies.




4.2.Carbon Forms of the Organo-Mineral/Metal Nanocomposit


The STXM-NEXAFS analyses clearly showed heterogeneous distribution of organic C within the studied aggregate (Figure 1c,d). The whole observed region and four C-rich regions selected showed the dominance of amide and carboxylic C, suggesting that potentially-labile C was the main C form in the observed regions and thus presumably in OMN. These compounds appeared to be microbially-derived because the 0.2–2 µm fraction had lower C:N ratio and greater enrichment of 13C and 15N than 2–53 µm fraction and bulk soil [43].



Carbon functional group chemistry assessed by NEXAFS was slightly different among the four regions (Figure 3). The NEXAFS spectrum of whole aggregate, region b, c, and d showed weak peak of aliphatic C (287.3 eV) and had a limited resemblance to standard materials of humic acid, E. coli, and protein (Figure 2). On the other hand, the spectrum from region g showed more clear peaks especially in aliphatic C (287.3 eV), indicating higher similarity to the humic acid standard compared to the whole aggregate and the three other focused regions (Figure 2). Selective enrichment of aliphatic C on mineral surface during microbial transformation was reported in micro regions of fungal hypha in association with soil bacteria and iron oxides [50]. Thus the OM in the region g may be more microbially-reworked than the other regions. Preferential accumulation of microbially-derived compounds in smaller particle-size fractions has been documented from other soil types [13,49].



Aromatic C has been reported to be a major form stabilized C in some Andisols via preservation of pyrogenic C [68] and/or sorption of high C:N plant derived organic matter onto RI phase [69]. In our study, however, the solid-state 13C-NMR showed lower aromatic C in the 0.2–2 µm fraction compared to the 2–53 µm fraction and bulk soil sample [43]. C-NEXAFS could distinguish the source of aromatic C between char and non-pyrogenic compounds. Our spectra showed weak signal of fresh char peaks at 284.9 eV (protonated/alkylated aromatic C) and 286.2 eV (unsaturated/carbonyl substituted aromatic-C) and resembled more the aromatic C peaks from humic acid and bacteria at 285.5 eV (protonated/alkylated aromatic C) [70,71]. These results imply greater microbial contribution to OM accumulation in the studied aggregate compared to pyrogenic C. However, the presence of highly-altered, old char [72,73] or phenolic compounds cannot be ruled out for the studied Andisol due to our focus on the single aggregate from the 0.2–2 µm fraction and relatively negative Δ14C in this fraction, −114.8‰ (Table 2). The dominance of amide and carboxylic C groups with old radiocarbon age has been shown for shaking-resistant aggregates of intermediate-density range from other soil types [74].



These results suggest that the observed C-rich regions (and thus OMN) contain mixed organic compounds varying in the degrees of microbial alteration. Solomon et al. (2012) showed high complexity of the organic C functionalities and coexistence of various inorganic compounds in the thin sections from an undisturbed microaggregate of tropical Ultisol using STXM-NEXAFS [26]. They suggested that C stabilization in micro- and nano-scale regions occurred from cumulative results of physical protection and multiple chemical-binding mechanisms on external and internal surface of clay minerals [26,47]. Our results further showed the variation in C functionalities even within the single sonication-resistant aggregate isolated from the size-sorted fraction for the studied Andisol.




4.3. Organo Mineral/Metal Nanocomposite Act as Binding Agents


One of the least understood aspects of organo-mineral interaction in soil is the nature of binding agents that lead to microaggregate formation [21,25,42]. Based on the C, N, and selectively-extractable Fe and Al contents of the size fractions isolated after different aggregate dispersion levels, we previously suggested that the <2 µm fractions released after the maximum dispersion acted as major binding agents to form the robust hierarchical structure in the studied Andisol. By focusing on one aggregate from the 0.2–2 µm fraction, we attempted to identify the particles or regions within the aggregate that could serve as binding agents. In the few-µm-sized aggregate (Figure 1), we identified the rough surface regions that show the features corresponding to OMN. In addition, the C composition of the OMN-rich regions showed some variation, implying that the organic compounds were under various degradation stages. The bulk 0.2–2 µm fraction showed less negative Δ14C value compared to the 2–53 µm fraction (Table 2), indicating the presence of more modern C.



From these results, we hypothesize that OMN acts as a main binding agent in Andisol aggregate formation at submicron to micron scales (Figure 4). We consider two important roles of OMN in the 0.2–2 µm fraction: (i) formation of the rough surface and binding with crystalline minerals to form the aggregates of 0.2–2 µm size range as observed in Figure S1 (depicted in Figure 4 middle), and (ii) development of hierarchical structure via binding between the 0.2–2-µm-sized aggregates and their adhesion to larger mineral particles that have low surface reactivity (e.g., quartz, Figure 4 right). The latter role may be linked to the presence of OMN on outer surfaces of the 0.2–2-µm-sized aggregates. While the OMN in the 0.2–2 µm fraction appeared to be located on N2 gas accessible surfaces (Table 2), this aspect needs further assessment by other techniques due to the potential effect of unwanted re-aggregation and the inherent difficulty of estimating the SSA of RI phase.


Figure 4. Conceptual model linking presumed building block (left), sonication-resistant 0.2–2-µm-sized aggregates comparable to the studied aggregate in Figure 1 (middle), and their binding to larger mineral particles (right). The model depicts our new hypothesis that organo-metal/mineral nanocomposite (OMN) acts as major binding agent in the studied Andisol. Reactive inorganic (RI) phase may be present in both interior and outer surface of OMN.
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From a pedogenesis perspective, the hypothesized roles of OMN are achieved by the association of RI phase, formed via mineral weathering, with microbially-altered compounds (i.e., the new formation of OMN). Formation of highly reactive secondary minerals (RI phase) from the weathering of volcanic parent material is a major pedogenic process in Andisols [29,32], which leads to a relatively rapid formation of organo-metal or organo-mineral associations [31,75,76]. These associations may form in decadal time scale according to the recent study comparing the same soil used in the current study with an adjacent soil under no-tillage with litter compost addition over the last 28 years [77]. Appreciable levels of radiocarbon tracer derived from the compost were detected in the shaking-resistant aggregates of an intermediate-density range (2.0–2.5 g cm−3) where major portions of C and N (58–81%), oxalate- and pyrophosphate-extractable Al and Fe (79–86%), and thus presumably OMN were present [77,78]. The formation of the nanocomposites rich in OM with less-crystalline Al phase from gibbsite during microbial litter decomposition was observed in less than half a year [79], implying similar or faster rates of OMN formation in Andisol surface horizon where both labile OM and weatherable minerals are abundant. The overall importance of nano-scale interaction at mineral weathering front on soil OM stabilization has recently been pointed out [67]. We further propose that these nano-scale interactions may lead to the formation of OMN, which acts as a persistent binding agent for the development of hierarchical aggregate structure, thereby exerting further physical constraints for microbial access to and degradation of OM in soil. These results, together with growing evidence of preferential stabilization of microbially-processed compounds in soil [12,80,81,82,83], suggest that these nanocomposites may play a major role in SOM stabilization and aggregation in a wider range of soil types. Further research using intact microaggregates is needed to establish the functional relationship between OMN accumulation and aggregation-induced physical protection of soil OM.




4.4. Concluding Remarks


We examined the spatial complexity present at submicron scale by conducting a detailed observation and analyses of a single, physically-fractionated aggregate. While further efforts to examine other aggregates, fractions, and soil types are warranted, our results provide the first evidence of the linkage among SOM (concentration and carbon chemistry), micromorphology, and soil mineralogy at nanoscales. This was achieved by a coupling of STXM-NEXAFS with electron microscopy (SEM, and TEM/XRD/EDX). High spatial heterogeneity within the single aggregate isolated from the 0.2–2-µm size fraction even after the maximum level of dispersion (Figure 1 and Figure 3) corroborates the previous work [84] which showed the absence of homogenous “primary particle” proposed earlier as the basic building block [85]. By the maximum dispersion, we reached the lowest level of aggregate hierarchy operationally possible and were able to characterize the organo-mineral associations occurring at the fundamental level. The spatial overlap of organic matter, RI phase, and surface roughness identified here has an important implication across spatial scales. Strong association of organic matter with RI phase has been demonstrated by C-metal correlations among a wide range of field soils including Andisols [36,39,40], by Δ14C-metal correlations in chronosequence soils [86,87], and among soil physical fractions [37,77]. Our observation at micron to submicron scale may provide a mechanistic reason for these correlations. SOM stability may be enhanced by the OM binding with RI phase (formation of organo-metal/mineral nanocomposite) via structural development of aggregate (physical entrapment of OM). The roles of the nanocomposite proposed here (Figure 4) may help to bridge the knowledge gap between physical aggregation process and biogeochemical reactions taking place within soil physical structure.
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