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 2 

Abstract 25 

With the increased global interest in sequestering carbon in soil, it is necessary to understand the 26 

composition of different pools of soil organic matter (SOM) that cycle over suitably short timeframes. To 27 

explore in detail the chemical composition of agroecologically relevant yet distinct fractions of SOM, the 28 

light fraction of SOM (LFOM), the 53-µm particulate organic matter (POM), and the mobile humic acid 29 

(MHA) fractions were sequentially extracted from agricultural soils and characterized using both 13C cross 30 

polarization magic angle spinning nuclear magnetic resonance (CPMAS NMR) spectroscopy and also 31 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). The NMR results showed a 32 

decrease in the O-alkyl C region assigned to carbohydrates (51–110 ppm) and an increase in the aromatic 33 

region (111–161 ppm) proceeding from the LFOM to the POM and then to the MHA fraction. Similarly, 34 

based on the thousands of molecular formulae assigned to the peaks detected by FT-ICR-MS, condensed 35 

hydrocarbons were dominant only in the MHA, while aliphatic formulae were abundant in the POM and 36 

LFOM fractions. The molecular formulae of the LFOM and POM were mainly grouped in the high H/C 37 

lipid-like and aliphatic space, whereas a portion of the MHA compounds showed an extremely high (17–33, 38 

average of 25) double bond equivalent (DBE) values, corresponding to low H/C values of 0.3–0.6, 39 

representative of condensed hydrocarbons. The labile components appeared most pronounced in the POM 40 

(93% of formulae have H/C>1.5) similar to the LFOM (89% of formulae have H/C>1.5) but in contrast to 41 

the MHA (74% of formulae have H/C>1.5). The presence of both labile and recalcitrant components in the 42 

MHA fraction suggests that the stability and persistence of soil organic matter is influenced by a complex 43 

interaction of physical, chemical, and biological factors in soil. Understanding the composition and 44 

distribution of different SOM fractions can provide valuable insights into the processes that govern carbon 45 

cycling in soils, which can help inform strategies for sustainable land management and climate change 46 

mitigation. 47 

 48 
Keywords: Soil management; ESI-FT-ICR-MS; condensed hydrocarbons; double bond equivalent; 13C 49 

CPMAS NMR.  50 
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1. Introduction 51 

Soil organic matter (SOM) content is one of the main factors influencing soil chemical, physical, and 52 

biological properties. It is the major pool of global C as it contains more than three times as much C as either 53 

the atmosphere or terrestrial vegetation (Prăvălie et al., 2021). The composition and roles of SOM have been 54 

investigated for decades, yet, its formation, transformation, and involved mechanisms are still a matter of 55 

debate (Kleber and Lehmann, 2019; Olk et al., 2019). To identify the composition of SOM in the soil 56 

ecosystem, its recalcitrance, and response to land use and climatic changes, it is necessary to identify the 57 

molecular composition of SOM fractions (Mustafa et al., 2023), especially those that cycle over suitably 58 

short time frames. Understanding SOM molecular composition is very relevant to soil in the Mediterranean 59 

basin, where climatic and pedogenic conditions and agricultural management seem to favor the loss of SOM, 60 

which results in significant environmental and financial impacts (Ferreira et al., 2022; Jones et al., 2012). 61 

Despite measures taken to conserve SOM, soils in the Mediterranean basin continue to be depleted from 62 

SOM and nutrients. Therefore, an understanding of SOM pools composition and possible transformation is 63 

necessary.  64 

As SOM is made of different pools, isolation of specific sub-fractions of SOM that have different yet 65 

well-defined chemical characteristics and turnover rates, can allow depicting various stages of organic matter 66 

development in soil, as affected by land management (Mustafa et al., 2023; Schnitzler et al., 2007). Cao et 67 

al. (2011) introduced an integrated physical-chemical fractionation procedure to sequentially separate the 68 

light fraction of soil organic matter (LFOM), and particulate organic matter (POM), and the mobile humic 69 

acid (MHA) fraction. These SOM fractions represent different stages of SOM stabilization as the LFOM 70 

and POM fractions consist of partially decomposed plant residues, while the MHA is composed of more 71 

stabilized materials, e.g., humates. Results have shown that the humic fractions contributed 72 

disproportionately to the aromatic portion in the 13C NMR spectrum of the whole SOM, while the LFOM 73 

and POM contributed to the aliphatic portion (Cao et al., 2011), suggesting that the joint use of these fractions 74 

can better describe whole SOM than can either a humic, stabilized SOM, approach or the LFOM/POM alone. 75 

Identify the molecular composition of pools representing different stage of SOM ca help identify 76 

management practices to prevent or minimize SOM depletion.   77 

The 13C NMR spectroscopy has been widely applied to characterize SOM composition in solid phases 78 

(Berns and Knicker, 2014; Mustafa et al., 2022) and has been applied to LFOM (Wang et al., 2012), POM 79 
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 4 

(Yeasmin et al., 2020), and MHA fractions (Cao et al., 2011). These studies showed that LFOM and POM 80 

were strongly aliphatic, while in contrast the MHA contained more carboxyl and aromatic functional groups. 81 

Another advanced technique, electrospray ionization Fourier transform ion cyclotron resonance mass 82 

spectrometry (ESI-FT-ICR-MS), has attracted attention for SOM characterization due to its ultrahigh mass 83 

resolution and accuracy at the molecular level (Fox et al., 2017; Kaplan et al., 2016). The FT-ICR-MS is a 84 

sophisticated characterization tool for assigning molecular formulae to thousands of individual peaks that 85 

can be detected in the mass spectrum of complex mixtures (Sleighter and Hatcher, 2011). The FT-ICR-MS 86 

has been mainly used for dissolved organic matter from aqueous environments, however, it is increasingly 87 

used to characterize soil extracts (Fernández et al., 2008; Ohno et al., 2010; Seifert et al., 2016) and humic 88 

substances (Ikeya et al., 2015, 2013) where soil humic acids (HAs) showed molecular formulae with H/C 89 

and O/C ratios similar to condensed hydrocarbons. However, only the study by Ohno et al. (2010) used FT-90 

ICR-MS to characterize the MHA, comparing its chemical nature to those of water-extractable organic C 91 

from plants and soils. In that study, the MHA were enriched in lipid and condensed aromatic components 92 

but depleted in lignin-like compounds, whereas the aqueous plant and soil extracts contained more diverse 93 

mixtures of lipid-, protein-, carbohydrate-, and lignin-like compounds.  94 

To our knowledge, little previous work has presented molecular-level characterization of a suit of SOM 95 

fraction that represents progressive stages of SOM stabilization in Mediterranean soils. Our work utilized 96 

the FT-ICR-MS to elucidate the molecular composition and likely transformations of three different SOM 97 

pools sequentially extracted from the same soil sample. We hypothesized that the LFOM and POM share 98 

some compositional similarities (Abdelrahman et al., 2016; Cao et al., 2011), whereas the MHA will be 99 

compositionally different. To verify the hypothesis, the objective of this work was to identify the molecular 100 

compositions of the LFOM, POM, and MHA, using the combination of 13C CPMAS NMR and FT-ICR-MS 101 

to gain better insights into their chemical characteristics and possible transformations. Comparing the 102 

chemical characteristics with the progression from the physically isolated LFOM and POM to the mineral-103 

bound MHA fraction allows a better understanding of changes in molecular composition of SOM at different 104 

stages and provide insights into which stages of SOM may be more compositionally vulnerable under 105 

different land management practices or environmental conditions. Understanding the chemical 106 

characteristics and distribution of different SOM fractions, physically extracted vs. mineral-bound, can help 107 

inform strategies for sustainable land management and carbon sequestration.  108 
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 109 

2. Materials and Methods  110 

2.1. Site description and sampling 111 

Soil samples were collected from two experimental field trials (Foggia and Metaponto) at different 112 

locations in the South of Italy (412735 N and 153018 E; 40°2425 N and 16°4824 E). The soils were 113 

Vertisols, specifically Typic Calcixererts (Soil Survey Staff 2014) derived from alluvium with silt and clay 114 

texture.  115 

The cultivation history of both soils was a rotation of lentil (Lens culinaris) and wheat (Triticum sps.). 116 

In 2009, the experimental fields were converted to organic management, having fertilization treatments for 117 

different types of organic fertilizers, with three field replicates. Annual fertilization was applied to provide 118 

100 kg N ha−1 to each wheat crop, or 13.1 kg P2O5 ha−1 to each lentil crop. This study focuses on compost 119 

and organo-mineral fertilizer treatments, as the common practice in Mediterranean management. In the 120 

organo-mineral fertilizer, the N component was collagen-based while the P component was collagen- and 121 

ground rock phosphate-based, and both were applied to provide the required N or P to the designated crop.  122 

Soils were sampled after harvest where each soil sample was a composite of three cores each with three 123 

field replicates, air-dried, ground to pass through a 2-mm sieve, and then stored for subsequent analyses. 124 

Sampling depth was set to the 0–30 cm as a representative depth for field crops, the tillage and rootzone 125 

depth, and contains significant proportion of SOM, with contributions of both surface (e.g., crop residues) 126 

and root-derived organic matter inputs. More information about soils, field trials, fertilizers, and sampling 127 

are provided elsewhere (Abdelrahman et al., 2016). 128 

 129 

2.2. SOM extraction and characterization 130 

Soils samples (total of 48 samples representing 2 site, 2 fertilization, 2 crops, 2 sampling time, 3 131 

replicates) were sequentially extracted for the LFOM (> 2000 µm), 500–53 µm POM, and MHA fractions. 132 

Extraction of the LFOM and POM fractions was performed with modification of the procedure by Cao et al. 133 

(2011), as described by Abdelrahman et al. (2016). The LFOM was separated by density (1.60 g mL–1) using 134 

Na polytungstate followed by dispersion in Na metaphosphate and wet sieving separation of the 500–53 µm 135 

POM. The remaining silt + clay size particles were dried overnight and then used for the MHA extraction 136 

through overnight shaking in 0.25 M NaOH under an N2 atmosphere, followed by decantation and 137 
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acidification of the supernatant to pH 1.0 using 2.0 M HCl. The humic fraction precipitates were separated 138 

through centrifugation and then cleansed of soil contaminants through re-solubilization in KOH and re-139 

precipitation by HCl, followed by dialysis for three days in successively weaker HCl solutions and then 140 

deionized water (Mao et al., 2008). Finally, the MHA samples were lyophilized. Each field replicate was 141 

extracted separately for the SOM fractions. Averaged across both sites and both fertilizer treatments, the 142 

LFOM, POM, and MHA fractions contained 331, 307, and 442 g C kg–1 fraction and 18, 24, and 36 g N kg–143 

1 fraction, respectively (Abdelrahman et al., 2017, 2016).  144 

 145 

2.3. 13C Cross-Polarization Magic-Angle Spinning (CPMAS) NMR 146 

Due to the reported similarities (Abdelrahman et al., 2017, 2016) in the same fraction among different 147 

sites/treatments, only four samples of each fraction representing sites/treatments were characterized using 148 

13C CPMAS NMR. Spectra were obtained at a 13C resonance frequency of 75.4 MHz on a 7.05 T Varian 149 

INOVATM Unity (Varian Inc., Palo Alto, CA, USA). An HX Apex probe was used with a stator holding 6 150 

mm diameter cylindrical zirconia Pencil® rotors with Vespel® drive tips. Samples were spun at 8000 ± 3 Hz 151 

at 22°C. The spectra were collected with a sweep width of 25 kHz and an acquisition time of 20 ms. The 152 

optimal contact time and recycle delay for the cross-polarization experiment were determined in preliminary 153 

experiments to be 1 ms and 5 s, respectively. During cross-polarization, the 1H radio frequency (RF) field 154 

strength was set to 47.0 kHz and the 13C RF field strength to 41.1 kHz. To compensate for inhomogeneities 155 

of the Hartmann-Hahn condition, an ascending ramp of 15.3 kHz on the 1H-RF field was used (Berns and 156 

Conte, 2011). Proton decoupling was done using a SPINAL sequence with a 1H field strength of 50.4 kHz, 157 

a phase of 4.5°, and a pulse length of 12 µs. 158 

The free induction decays were recorded using VnmrJ (Version 1.1 RevisionD, Varian Inc., Palo Alto, 159 

CA, USA) and processed by Mestre-C (Version 4.9.9.9, Mestrelab Research, Santiago de Compostela, 160 

Spain). Fourier transformation was carried out with an exponential filter function with a line broadening 161 

(LB) of 25–50 Hz. Baseline correction was done using the manual baseline correction function of Mestre-162 

C. The 13C chemical shifts are reported relative to tetramethylsilane (=0 ppm) using adamantane as an 163 

external reference. The relative intensities of the regions were determined using the integration routine of 164 

the MestReC software. When spinning sidebands (ssb) were present, the relative intensities were corrected 165 

for the ssb as described in Berns and Conte (2011). The NMR spectra were divided into seven regions: 166 
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aliphatic (45–0 ppm), N-alkyl and methoxy (64–45 ppm), O-alkyl (90–64 ppm), di-O-alkyl (108–90 ppm), 167 

aromatics (161–108 ppm), COO/N–C=O (190–161 ppm), and ketones and aldehydes (215–190 ppm). 168 

Aliphaticity [Aliphatic C peak area (0–110 ppm)]100/[Total peak area (0–160 ppm)] and aromaticity 169 

[Aromatic C peak area (110–160 ppm)]100/[Total peak area (0–160 ppm)] of samples were calculated 170 

according to González Pérez et al. (2004).  171 

 172 

2.4. Molecular characterization using FT-ICR-MS  173 

Due to the reported similarities (Abdelrahman et al., 2017, 2016) in the same fraction among different 174 

sites/treatments, only four samples of each fraction representing sites/treatments were dissolved in an 175 

adequate amount of methanol in an ultrasonic bath under heat without further cleanup steps to prevent further 176 

sample loss (especially of more polar compounds) that commonly occurs during solid phase extraction. 177 

These methanol solutions were introduced by flow injection with a syringe pump at 8 µl/min into the FT-178 

ICR-MS (LTQ-FT Ultra, ThermoFisher Scientific), equipped with an electrospray ionization (ESI) source 179 

and a 7 T superconducting magnet. Negative ion mode was utilized to prevent the dual detection of 180 

protonated and sodiated [(M+H)+ and (M+Na)+] ions that occur in positive ion mode.  181 

All samples were analyzed consecutively during one day (and repeated the next day with comparable 182 

results) under the following conditions: spray voltage/capillary voltage/tube lens 2.9 kV/-50 V/-130 V, 183 

respectively; sheath-gas 3 arb, without aux-gas or sweep gas; transfer capillary 275°C; mass range 200–1000 184 

Da. To prevent sample carry-over, flushing of the spray capillary was done first with an isopropanol-185 

methylene chloride-chloroform mixture, followed by 10–20 fold with pure methanol. Prior to and between 186 

analyses, blanks were analyzed to exclude any memory effect in the form of a DOM pattern. 187 

Detailed information on external and internal calibration can be found in the Supplementary Information. 188 

Peaks at several randomly selected consecutive recalibrated masses (odd and corresponding even nominal 189 

masses) were first characterized manually in order to confirm the actual mass accuracy and to determine the 190 

proper constraints in the formula assignment program (in house-developed Scilab routines). This test showed 191 

that the most intense peaks were mainly CHO peaks. Therefore, the number of heteroatoms was permitted 192 

as follows: carbon, hydrogen, and oxygen were unlimited, sulfur ≤ 1, nitrogen ≤ 2, and P=0. The molecular 193 

formula rules outlined by Stubbins et al. (2010) eliminated the vast majority of duplicate formulae for a 194 

single peak. In the cases where duplicate formulae existed (only 0.1–1.3% of the peaks), the formula 195 
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extension approach (Kujawinski and Behn, 2006) was utilized, where the formula chosen was that which 196 

fell into a CH2 homologous series.  197 

Once molecular formulae had been assigned, various visualization diagrams were plotted. The van 198 

Krevelen diagram plots the elemental ratios of H/C and O/C of the formulae, where this alignment can be 199 

representative of a biochemical compound class. Kendrick mass defect (KMD) analysis separates 200 

components that have similar skeletal formulae yet different quantities of a specific functional group (Ikeya 201 

et al., 2015). CH2 and COO are two common repeating units conventionally used during KMD analysis. To 202 

calculate the KMD for the CH2 group, its Kendrick mass (KM) is first calculated, leading to calculation of 203 

its KMD value through the following equations (Ikeya et al., 2015):  204 

KM (CH2) = (calculated mass) × [(nominal mass of CH2) / (exact mass of CH2)]   (1) 205 

KMD (CH2) = KM(CH2) – [nominal KM(CH2)]       (2) 206 

Formulae of the same family, for example the members of an alkylation series, have the same Kendrick 207 

mass defect but different nominal Kendrick masses and therefore are positioned along a horizontal line in 208 

the Kendrick (CH2) plot. Horizontal lines of different Kendrick mass defects correspond to formulae of 209 

different composition, such as degrees of saturation or heteroatom content. 210 

Double bond equivalent (DBE) is calculated as the sum of the number of ring structures plus the number 211 

of double bonds per molecular structure, described as CcHhNnOoSsPp (Ikeya et al., 2015), by the following 212 

equation: 213 

DBE = c – h/2 + n/2 + p/2 +1        (3) 214 

As described by Koch and Dittmar (2006), aliphatic compounds have DBE/C<0.3 and H/C>1, and a 215 

modified aromaticity index, AImod, can be used to distinguish aromatic (AImod 0.5–0.67) from condensed 216 

aromatic (AImod >0.67) entities.  217 

 218 

3. Results and Discussion 219 

3.1. 13C CPMAS NMR of SOM fractions  220 

The 13C CPMAS NMR spectra of the LFOM fractions (Fig. S1A, Supplementary Information) were 221 

dominated by the signal at 72 ppm (O-alkyl) and the N, O-substituted alkyl structures in general (108-90, 222 

90-64 and 64-45 ppm). The largest signal around 72 ppm corresponds to the chemical shift of C-OH groups, 223 

mostly found in carbohydrates, but also in lignin side chains. The sharp signal at 105 ppm originates from 224 
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di-O-alkyl bridges in polymeric carbohydrate chains. These chemical structures are found in cellulose, 225 

hemicellulose, starch, pectin, and lignin, though the latter usually contributes the least. The NMR spectrum 226 

of the LFOM hence confirmed the nature of the LFOM as partially decomposed plant material (Gregorich 227 

et al., 2006). The signal at 72 ppm was also the strongest signal in the spectra of the POM fractions (Fig. 228 

S1B, Supplementary Information), but the overall N,O-substituted alkyl regions (108-90, 90-64 and 64-45 229 

ppm) were greatly reduced. This relative reduction of the carbohydrate regions indicates a slightly more 230 

advanced state of decomposition of the POM fraction compared to the LFOM fraction. 231 

Fig. 1 232 

The MHA spectra (Fig. S1C, Supplementary Information) were characterized by a very large and broad 233 

signal centered at 130 ppm indicating aromatic and/or unsaturated C. The aromatic region (161-108 ppm) 234 

encompassed 46–49% of the total spectral area in the MHA fraction from the Foggia plots and the 235 

unsubstituted aliphatic compounds (45–0 ppm) accounted for around 15% (Table S1, Supplementary 236 

Information). Despite the reported similarities (Abdelrahman et al., 2017, 2016) in the same fraction among 237 

different sites/treatments, significant observations are discussed. In fact, the MHA from the Metaponto plots 238 

also displayed significantly higher presence of aromatic compounds (31–32%) compared to the LFOM and 239 

POM fractions, while the relative amounts of the unsubstituted aliphatic region (45-0 ppm) were around 26–240 

27%. Aromatic and unsubstituted aliphatic compounds require larger amounts of oxygen and energy to be 241 

metabolized and degraded by microorganisms and hence tend to accumulate in soil. In combination with the 242 

strongly reduced carbohydrate regions, the MHA spectra are consistent with stabilized C fractions (Sonsri 243 

et al., 2022). As the three fractions were isolated sequentially from the same sample, we postulate that these 244 

fractions represent a continuum of organic matter stabilization in soil.  245 

The chemical compositions of each fraction at each site were not remarkably different between the 246 

compost and fertilizer treatments. Similarly, the spectra of LFOM and POM fractions from each fertilizer 247 

treatment did not differ notably between the two field sites. Only the MHA fraction differed visibly between 248 

the two sites. Comparison of the relative signal intensities (Table S1, Fig. S2, Supplementary Information) 249 

showed that in both treatments the MHA fraction were significantly enriched in aromatic compounds (161-250 

108 ppm) at the Foggia site, while at the Metaponto site it showed significantly higher contents of substituted 251 

and unsubstituted aliphatics (45-0, 64-45, and 90-64 ppm). It was not expected that the chemical 252 

compositions of the fractions are not affected by fertilization, especially as the LFOM and POM fractions of 253 
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the compost treatments were expected to display significantly higher signals in the carbohydrate region 254 

stemming from degraded plant material. However, the collagen-base (i.e., protein-base) of the fertilizer 255 

probably generated similar signals, as signals from amino acids also fall within this region. Nevertheless, as 256 

fractions were extracted through flotation and wet sieving, compounds soluble in aqueous solutions (i.e., 257 

containing hydrophilic polar groups) are removed and hence part of the SOM is not recovered.  258 

 259 

3.2. SOM molecular composition revealed by FT-ICR-MS 260 

3.2.1. General spectral characteristics of SOM 261 

Similar to the observations for the CPMAS NMR spectra, the FT-ICR-MS (data not shown) were fairly 262 

similar within each fraction for the different sites and compost/fertilizer treatments. For all LFOM samples, 263 

most of the peaks were detected in the m/z range of 500–650 Da. Some signals with high magnitude [>40% 264 

of the base (i.e., largest) peak in each spectrum] were observed at nominal masses 507, 509, 511, 535, and 265 

537. These peaks corresponded to long-chain dicarboxylic acid formulae with predominantly aliphatic 266 

character (e.g., C32H64O4, H/C=2.0, O/C=0.125). The POM spectra were mainly in the m/z range of 400–267 

800 Da, with some signals having higher magnitudes at 250–300 Da. Peaks in the MHA spectra were 268 

detected mostly in the m/z ranges of 370–440 and 480–700 Da. For the POM and MHA samples, high 269 

magnitude peak clusters were detected at nominal masses 704, 819, and 935. These peaks possibly originated 270 

from triply charged Na polytungstate that had been used to separate the POM but remained in the POM and 271 

subsequently extracted MHA fraction, despite multiple washing steps. These peaks, as well as other high 272 

mass defect peaks of inorganic origin due to possible incomplete de-salting (Sleighter and Hatcher, 2011), 273 

were manually deleted from the peak lists. 274 

Due to the presence of salt peaks and the inherent similarities among the spectra for each fraction type, 275 

only peaks that were present in all samples of the same fractional type were analyzed further. By doing so, 276 

comparisons between the LFOM, POM, and MHA fractions were more reliable, since sample preparation 277 

and instrumental reproducibility were ensured by removing peaks that were only detected in 1–3 samples of 278 

the same fractional type.  279 

 280 

3.2.2. van Krevelen plots of SOM fractions  281 

A conceptual van Krevelen diagram depicting the associated regions is given in Fig. S3 (Supplementary 282 
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Information). From the molecular formulae assigned to the common peaks detected in all samples of the 283 

same fraction for sites/treatments, van Krevelen diagrams were constructed (Fig. 2a), which are colored 284 

according to their heteroatom content. Table 1 summarizes the averaged mass spectral characteristics (O/C, 285 

H/C, DBE, modified aromaticity index: AImod), as well as the percentages of formulae that fall into various 286 

categories (%CHO, %CHON, %CHOS, aliphatic vs. aromatic). The CHO compounds (black points in Figs. 287 

2–4) were by far the most abundant components, accounting for 90–92% of all formulae in the LFOM and 288 

POM and about 83% of the formulae in the MHA (Table 1). Formulae containing S and N (blue and red 289 

points, respectively, in Figs. 2–4) were less abundant and most fell into the aliphatic category with high H/C. 290 

The van Krevelen diagrams for the compiled formulas of the LFOM and POM fractions (Fig. 2a) were 291 

similar, having average O/C and H/C values of 0.24–0.26 and 1.69–1.72, respectively. Most of these 292 

formulae fell into the lipid-like (H/C 1.5–2.0, O/C 0–0.3) aliphatic region, as previously reported (Hockaday 293 

et al., 2009; Ohno et al., 2010; Sleighter and Hatcher, 2008). In contrast, the MHA molecular formulae were 294 

grouped in two clearly separated ranges: the lipid-like region and the condensed hydrocarbon region (H/C 295 

0.2–0.7, O/C 0.0–0.67) often categorized as black carbon. Carbohydrates (especially those without 296 

carboxylic groups), which have high O/C and high H/C, generally cannot adequately compete for a charge 297 

during the ESI process of complex mixtures and are therefore not detected in the mass spectra here, or those 298 

reported elsewhere (Hockaday et al., 2009; Ohno et al., 2010). The van Krevelen plot of the MHA fraction 299 

reported by Ohno et al. (2010) also showed molecular formulae that clustered mostly in the two separate 300 

regions of lipid-like and condensed hydrocarbon spaces, with some also aligning in the lignin-like central 301 

region (H/C 0.7–1.5, O/C 0.1–0.67). The present MHA fraction showed scarce formula assignments in the 302 

lignin space. This lack of lignin assignments in the MHA might be related to the fully aerobic soil conditions, 303 

which would promote lignin oxidation (DiDonato et al., 2016). Nevertheless, Ge et al. (2022) found that 304 

river dissolved organic matter associated with cropland inputs was dominated by lignin-like species with 305 

higher O/C and lower H/C ratio. This indicate that the lignin-like species may have different pathways of 306 

transport and transformation in different environmental contexts. Having essentially no molecular formulae 307 

assigned to the lignin space in the MHA plot (Fig. 2a) indicated that the MHA had progressed beyond initial 308 

humification status, which is in line with Ohno et al. (2010) who concluded that formation of the MHA is 309 

marked by a decrease in lignin components and an increase in condensed aromatic components. Consistently, 310 

(Olk et al., 2006) used 13C CPMAS NMR to find the MHA, from paddy rice soils, enriched in phenolic 311 
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lignin residues, suggesting incomplete decomposition, as phenolic lignin compounds are normally oxidized 312 

and degraded during the humification processes (DiDonato et al., 2016). Although condensed aromatic 313 

components are less susceptible to degradation and can contribute to long-term carbon sequestration in soil, 314 

adopting conservative practices, such as cover crop and reduced tillage, that prevent the oxidation of 315 

relatively less recalcitrant components such as lignin residues can contribute to SOM accumulation.   316 

D’Andrilli et al. (2015) introduced the molecular lability boundary (MLB) to differentiate between 317 

molecular constituents of natural organic matter that vary in intrinsic lability. The MLB is set at H/C=1.5, 318 

so formulae having H/C>1.5 are defined as more labile compounds (lipid-like and aliphatic region) while 319 

formulae having H/C<1.5 are defined as more recalcitrant materials in the aromatic and condensed aromatic 320 

regions. The proportion of formulae in the labile region appear most pronounced in the POM (93% of 321 

formulae have H/C>1.5) similar to LFOM (89% of formulae have H/C>1.5) but in contrast to MHA (74% 322 

of formulae have H/C>1.5), as shown in Table 1 and Fig. 2a. Intrinsic biochemical lability of compounds 323 

can differ from their degradability in soils, likely depending on their location within the soil matrix, their 324 

strength of binding to the soil mineral surfaces or within SOM, and the presence of specific microbial 325 

enzymes. Yet, D’Andrilli et al. (2015) provided some validation for the MLB by associating relative labilities 326 

estimated through this process for dissolved organic carbon samples with their degradation rates during 327 

weekly incubations.  328 

Figure 2b shows the relationship between H/C ratios and m/z for the common formulas of the SOM 329 

fractions. The molecular formulae with H/C ratios greater than 1.5 were distributed throughout the mass 330 

range of 250–800 Da in all analyzed fractions. This suggests that these compounds are likely to be present 331 

in a variety of SOM molecules with different mass ranges. In contrast, molecular formulae with low H/C 332 

ratios (0.3–0.6), which are indicative of condensed aromatics, were only observed within the m/z range of 333 

400–800 Da. The limited distribution of condensed aromatics in the higher mass range may reflect their 334 

relative recalcitrance to degradation. Furthermore, the presence of labile components in the MHA, within 335 

the m/z range of 250–400 Da, suggests its relative susceptibility to decomposition by soil microorganisms. 336 

The combined presence of both recalcitrant and labile components implies that the MHA contribution to 337 

long-term carbon sequestration in soil, depends on practices that promote SOM conservation. Overall, these 338 

results suggest that the composition of MHA is complex and dynamic, with a diverse range of molecular 339 

formulae and susceptibility to microbial degradation. 340 
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 341 

Table 1 342 

Fig. 2 343 

3.2.3. The Kendrick mass analysis 344 

The Kendrick mass analysis is useful for grouping compounds with similar structural characteristics, 345 

such as the presence of functional groups or the degree of unsaturation, which can facilitate the identification 346 

of compounds that are structurally related and may have similar properties, such as solubility, reactivity, or 347 

stability. The LFOM and POM fractions clearly differed from the MHA fraction in the relationships between 348 

the KMD (CH2) and the nominal Kendrick mass (Fig. 3a). The LFOM and POM compounds were situated 349 

in one wide band extending to higher KMD values, which corresponds to the high H/C aliphatic compounds 350 

shown in the van Krevelen diagrams (Fig. 2a). This wide band was also present in the MHA fraction, but a 351 

second, narrower band having considerably lower KMD (0.1–0.5) was distinctly separate, correlating to the 352 

condensed aromatics at low H/C in the van Krevelen diagram. Formulae that aligned at the same KMD value 353 

across the mass range are indicative of an alkylation series. Formulae with high KMD (i.e., high H/C) have 354 

longer CH2 homologous series, i.e., more CH2 groups in their alkylation series, covering a wider mass range. 355 

The lower KMD (i.e., low H/C) formulae have fewer components in each homologous series, because 356 

condensed aromatic ring systems have less opportunity for CH2 expansions. The KMD findings indicate that 357 

the MHA fraction is composed of a complex mixture of both aliphatic and aromatic compounds with 358 

different degrees of unsaturation. This complexity, reflecting both both recalcitrant and labile components, 359 

highlights the importance of management practices that promote SOM conservation for long-term carbon 360 

sequestration. 361 

Fig. 3 362 

 363 

3.2.4. The distribution of double bond equivalent (DBE) values 364 

The DBE describes the degree of unsaturation and help predicting the properties and reactivity of organic 365 

compounds. As shown in Fig. 3b, the DBE values increased progressing from the LFOM and POM (average 366 

DBE of approximately 6, with values as high as 25) to the MHA (average DBE of 9, with values up to 33). 367 

The vast majority of molecular formulae in the LFOM and POM had DBE <11, which held true across the 368 
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entire mass range. The MHA fraction showed two clearly different DBE regions of molecular formulae, 369 

whether graphed against m/z, H/C, or O/C (Figs. 3–4), similar to the Inogashira humic acid as reported by 370 

Ikeya et al. (2012). The MHA region with lower DBE values (mostly ≤12 across the m/z range of 300–800 371 

Da with higher H/C of 1.4–2.1, Fig. 4a) is characteristic of aliphatic lipid-like components (Ikeya et al., 372 

2012), consistent with those found in the LFOM and POM. The second region – found exclusively in the 373 

MHA – exhibited extremely high DBE values (from 17 at m/z 400 Da up to 33 at m/z 800 Da), low H/C 374 

values (0.33–0.60), and higher O/C values (0.35–0.65, Fig. 4b). This set of traits indicates components 375 

having yet higher degrees of microbially driven oxidation and condensation, corresponding to a higher 376 

number of DBE than those reported elsewhere (Ikeya et al., 2015) 377 

Fig. 4 378 

Exemplary structures of specific formulae with exceptionally high DBE values in the MHA fraction are 379 

provided in Fig. 5, in order to illustrate the types of structures that could give rise to such DBE values. It 380 

should be noted that many other structural isomers are also possible. In general, the low H content dictates 381 

that these structures be condensed polycyclic aromatic hydrocarbons (PAHs) with abundant double bonds 382 

and rings. Simultaneously, abundant oxygen – often as much as hydrogen – is also incorporated, accounting 383 

for the high O/C ratios. These presumptions are not incongruent with the NMR results, as we expect these 384 

condensed PAHs to represent only a subset of all inherent organic molecules in the MHA fraction.  385 

Fig. 5 386 

Presuming that in general carbonyl compounds (as in Fig. 5c) as a reactive species should be rather 387 

unstable in soil, and therefore seldom found, and above all, their ionization efficiencies in negative ion mode 388 

are lower than carboxylic groups, we hypothesize that these high DBE formulae are oxygenated condensed 389 

PAHs bearing mostly hydroxyl- and carboxylic side groups as postulated in Figs. 5a, b. These condense 390 

PAHs shall be consistent with the significant presence of carboxyl C in the NMR spectrum (Fig. 1) and of 391 

aromatic C in both the NMR spectrum and the van Krevelen diagram (Fig. 2a) of the MHA. Such C contents 392 

between 59 and 65% in the examples given in Fig. 5 are similar to those of humic substances, where the 393 

humic acids commonly contain >55% C. 394 

The DBE–H/C plots (Fig. 4a) suggest the sequential evolution of SOM fractions from the LFOM and 395 

POM fractions derived from plant and physically uncomplexed SOM fractions to the mineral-bound MHA 396 

fraction. The molecular formulae of the LFOM and POM were mainly in the aliphatic region (DBE <10, 397 
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H/C 1.5–2), while the MHA had a greater proportion of its molecular formulae with distinctly higher DBE 398 

and lower H/C, which are characteristic of condensed PAHs. The various DBE plots together with the NMR 399 

spectra, the van Krevelen plots, and their derived calculations, collectively demonstrate a continuum of 400 

increasingly degraded/stabilized composition from the LFOM/POM to the MHA. This continuum is 401 

consistent with the proposed increasing degree of decomposition from the LFOM/POM to the MHA, as also 402 

demonstrated by the carbohydrate compositions of these fractions (Abdelrahman et al. 2016). These findings 403 

indicate that the MHA is composed of both plant-derived and microbially-derived components, reflecting 404 

the dynamic nature of SOM composition.  405 

The presence of condensed aromatic C in the MHA and SOM may have multiple sources, as suggested 406 

by the literature. These sources include precursors of smaller condensed aromatic structures (2–5 rings) such 407 

as polynuclear quinones produced by fungi, as hypothesized earlier (e.g., Ikeya et al., 2015). A second 408 

potential source is charred-like plant materials that were subjected to degradation and oxidation processes 409 

within the soils (Abdelrahman et al., 2018). A third possible precursor is possibly produced from the 410 

transformation of lignin in the presence of hydroxyl radicals (Ikeya et al., 2015; Waggoner et al., 2015). The 411 

availability of lignin residues in soil and the absence of lignin signals in the van Krevelen plots of MHA 412 

underscores the potential of this mechanism for creating condensed aromatic C, but our data are not suited 413 

to distinguish between the three potential sources. Previous studies provided ample evidence that condensed 414 

aromatic C structures in humic fractions such as the MHA are not created artificially during the alkaline 415 

extraction and are instead naturally occurring species (Olk et al., 2019). 416 

 417 

3.3. NMR vs. FT-ICR-MS perspectives  418 

The FT-ICR-MS and NMR analyses were used to study the molecular composition of successively 419 

isolated SOM fractions, and the results revealed differences in the molecular compositions of the 420 

successively isolated SOM fractions. According to the molecular formulae signatures, the composition of 421 

the LFOM, POM, and the MHA can be characterized as follows: i) aliphatic substances were common in all 422 

three fractions and were most abundant in the LFOM and POM; ii) molecular formulae assigned to the lignin 423 

range were practically negligible; and iii) molecular formulae assigned to condensed aromatic hydrocarbons 424 

were characteristic of only the MHA. Hence, the MHA contained both labile fragments with H/C >1.5, as 425 

well as more condensed aromatic compounds with m/z >400 and DBE >17 (>4 rings), which suggest 426 
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recalcitrant SOM substances.  427 

However, solid state NMR analysis revealed that the LFOM was primarily composed of carbohydrates, 428 

which aligns with previous NMR studies conducted on the LFOM (Cao et al., 2011, Abdelrahman et al., 429 

2016), in contrast to the FT-ICR-MS characterization that identified the LFOM as mostly lipid and aliphatic. 430 

This discrepancy is observed as large carbohydrate polymers have low solubility and limited ionization 431 

efficiencies in negative ion mode ESI, due to their relatively lower ionic nature when compared to 432 

components containing carboxylic acid groups. Another potential difference between the methods is that 433 

unsubstituted aromatic C is more visible in NMR than in ESI-FT-ICR-MS, due to its nonpolar nature. 434 

Advanced forms of 13C NMR are considered to be a more quantitative measure of all C forms within SOM 435 

(Mao et al., 2017), while the qualitative ESI prefers ionic polar compounds and is only semi-quantitative at 436 

best. Yet the FT-ICR-MS more precisely characterized the components that it could detect, providing 437 

individual formulae instead of the broad classes of functionality that NMR provides.  438 

The absence of a lignin signature in the MHA fraction suggests that lignin may have been further 439 

degraded or synthesized to the condensed aromatic hydrocarbons observed in the MHA. This observation is 440 

consistent with the decomposition/humification continuum of soil C, and indicates that the intrinsic chemical 441 

nature of inputted materials may indeed affect their respective cycling rates, which contradicts the belief that 442 

SOM cycling is solely dictated by microbial access.  443 

 444 

4. Conclusions and implications 445 

This study investigated the molecular composition of different soil organic matter (SOM) fractions and 446 

differentiated them based on their molecular characteristics. The LFOM and POM fractions were found to 447 

contain mainly aliphatic substances, while lignin-like formulae were negligible, and condensed aromatic 448 

hydrocarbons were exclusive to the MHA fraction. The MHA fraction exhibited both labile fragments with 449 

H/C >1.5 and condensed aromatic compounds with m/z >400 and DBE >17, implying the presence of 450 

recalcitrant SOM substances. The coexistence of labile and recalcitrant components in the MHA highlights 451 

the importance of adopting practices that result in physical protection of this SOM pool in aggregates and 452 

organo-mineral complexes to promote long-term carbon sequestration. This study sheds light on the 453 

molecular composition and possible transformations of labile SOM fractions in Mediterranean arable soils 454 

and emphasizes the significance of understanding SOM compositional changes in response to environmental 455 
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and agronomic conditions. The findings reported here offers potential implications into agriculture and 456 

environment as the identification of specific SOM fractions, that are more prone to 457 

decomposition/stabilization or prime SOM decomposition under different environmental conditions, can 458 

help to inform strategies for enhancing carbon sequestration in agricultural soils by tailoring practices that 459 

promote the accumulation of recalcitrant SOM fractions. Further research is necessary to determine if the 460 

findings of this study are specific to the sampled locations or applicable to other agroecosystems and 461 

environmental settings. 462 

 463 
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Figure Captions  591 
 592 
Fig. 1. 13C CPMAS NMR spectra of a) the light fraction of soil organic matter (LFOM), b) the 500–53 µm 593 
particulate organic matter (POM) fraction, and c) the mobile humic acid (MHA) fraction from the compost 594 
treated plots at the Metaponto site (arrow = center glitch). 595 
 596 
 597 
Fig. 2. van Krevelen diagrams of the FT-ICR-MS molecular formulae that were common to all 4 598 
site/treatment combinations for each fraction (a) and the relationship between atomic H/C and m/z for the 599 
common molecular formulae (b) for the light fraction of soil organic matter (LFOM), the 500–53 μm 600 
particulate organic matter (POM), and the mobile humic acid (MHA) fractions. Formulas are colored 601 
according to heteroatom content (CHO, CHON, and CHOS formulas are black, red, and blue, respectively). 602 
 603 
 604 
Fig. 3. Kendrick mass defect analysis plots as a function of CH2 (a) and the relationship between double 605 
bond equivalents (DBE) and m/z for the molecular formulae that were common to all 4 site/treatment 606 
combinations for each fraction (b) for the light fraction of soil organic matter (LFOM), the 500–53 μm 607 
particulate organic matter (POM), and the mobile humic acid (MHA) fractions. Formulas are colored 608 
according to heteroatom content (CHO, CHON, and CHOS formulas are black, red, and blue, respectively). 609 
 610 
 611 
Fig. 4. Relationships between double bond equivalents (DBE) and H/C (a) or O/C (b) for the molecular 612 
formulae that were common to all 4 site/treatment combinations for the light fraction of soil organic matter 613 
(LFOM), the 500–53 μm particulate organic matter (POM), and the mobile humic acid (MHA) fraction. 614 
Formulas are colored according to heteroatom content (CHO, CHON, and CHOS formulas are black, red, 615 
and blue, respectively). 616 
 617 
 618 
Fig. 5. Structure proposals to illustrate possible skeletal structures and functional groups for randomly 619 
selected formulae with varying high DBE values in the mobile humic acid (MHA) fraction. 620 
 621 
  622 
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Table 1. The number-averaged O/C, H/C, DBE, and AImod values for the molecular formulas that were common to all four site/treatment combinations for 623 
each fraction (LFOM, POM, and MHA), as well as the percentage of formulas that fall into categories based on aromaticity (aliphatic, aromatic, condensed 624 
aroamtic), heteroatom content (CHO, CHON, CHOS), and lability (calculated from the molecular lability boundary, D’Andrilli et al., 2015). 625 

Fraction O/C H/C DBE AImod 
% 

Aliphatic 

% 

Aromatic 

% Condensed 

Aromatic 
% CHO 

% 

CHON 

% 

CHOS 
% Labile 

LFOM 0.24 1.69 6.2 0.09 90.7% 0.8% 0.0% 90.2% 5.8% 4.0% 88.5% 

POM 0.26 1.72 5.4 0.06 94.9% 0.0% 0.0% 92.2% 2.8% 5.0% 92.9% 

MHA 0.30 1.51 8.9 0.18 76.3% 0.4% 17.1% 82.8% 4.4% 12.9% 73.6% 

 626 
LFOM; light fraction of soil organic matter; POM: 500–53 µm particulate organic matter; MHA: mobile humic acid; DBE: double bond equivalent; 627 
AImod: modified aromaticity index 628 
 629 
 630 
 631 
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Figure 4   
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Figure 5  
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