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Abstract 24 

Sulfur (S) deficiency is becoming more widespread as atmospheric S deposition 25 

declines, increasing ecosystem reliance on mineralization of soil organic S as a source of 26 

plant-available sulfate. Yet how organic S chemistry evolves during soil development, and 27 

how this evolution is mediated by microbial processing and mineral association, remains 28 

poorly understood, particularly in drylands. Here, we used S K-edge X-ray absorption near-29 

edge structure spectroscopy and Fourier transform ion cyclotron resonance mass 30 

spectrometry to examine bulk, water-extractable, mineral-associated, and light particulate 31 

organic S across a semi-arid soil chronosequence characterized by progressive texture 32 

development and increasing microbial activity. Total soil S increased along the 33 

chronosequence, with organic S accounting for more than 90% of total S, suggesting that 34 

long-term accumulation of atmospherically derived S reflects biological assimilation and 35 

stabilization in organic matter, particularly mineral-associated organic matter, rather than 36 

passive accumulation of inorganic sulfate alone. Organic S was reorganized into pools with 37 

divergent chemical trajectories: water-extractable organic S became less aromatic, more 38 

oxidized, and more microbial-derived, reflecting microbial processing and adsorption-39 

induced fractionation; mineral-associated organic S remained enriched in oxidized S 40 

species, consistent with retention of oxidized groups by fine minerals; and light particulate 41 

organic S became progressively more reduced, consistent with preferential loss of oxidized 42 

S from the weakly protected particulate pool. Despite increases in microbial activity and 43 

total organic S, the proportion of phosphate-extractable sulfate remained stable, indicating 44 

that immediate S availability was buffered rather than simply increasing with microbial 45 

processing. These patterns support a mineral-filtering model in which increasing silt- and 46 
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clay-sized mineral surfaces during soil development progressively reorganize organic S 47 

between weakly protected particulate matter and stabilized mineral-associated organic 48 

matter. By stabilizing organic S and retaining released sulfate in an exchangeable, plant-49 

available form, these mineral surfaces buffer sulfate supply. 50 

 51 

Keywords: organic sulfur; drylands; mineral-associated organic matter; sulfur speciation; 52 

soil chronosequence 53 

1. Introduction 54 

Sulfur (S) is an essential macronutrient for plant growth and a key element in 55 

ecosystem functioning (Eriksen, 2009; Bern et al., 2015; Gupta and Germida, 2021). 56 

Historically, atmospheric deposition supplied substantial S to many terrestrial ecosystems, 57 

but recent emission controls have greatly reduced atmospheric S inputs (Santana et al., 58 

2021; Zhang et al., 2024). As external S inputs decline, microbial mineralization of soil 59 

organic S, the dominant form of S in most soils, is expected to become increasingly 60 

important for sustaining plant-available sulfate (Eriksen, 2009; Blum et al., 2013; Turner 61 

et al., 2016; van Veelen et al., 2020). This transition is especially relevant for drylands, 62 

which cover about 45% of Earth’s land surface, support more than two billion people, and 63 

constitute the largest terrestrial biome (Delgado-Baquerizo et al., 2013; Prăvălie, 2016).  In 64 

these systems, water limitation constrains both plant inputs and microbial activity, 65 

potentially altering the balance between organic S transformation, stabilization, and sulfate 66 

release. 67 
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The classical framework for soil organic S cycling emphasizes biochemical form. 68 

Organic S is commonly divided into ester-bonded S, such as ester sulfate, and carbon-69 

bonded S, such as amino-acid-derived S, organic sulfides, sulfoxides, and sulfonates 70 

(McGill and Cole, 1981; Eriksen, 2009). Microbial mineralization can release sulfate 71 

through intracellular oxidation of C-bonded S or through extracellular enzymatic 72 

hydrolysis of ester-bonded S (McGill and Cole, 1981; Eriksen, 2009). These 73 

transformations generally increase the oxidation state of organic S during decomposition  74 

(Schroth et al., 2007; Solomon et al., 2011; Prietzel et al., 2013; Tanikawa et al., 2022). 75 

However, highly oxidized S compounds may also be rapidly hydrolyzed and lost from 76 

organic matter, leaving residual organic S that is not necessarily more oxidized after 77 

decomposition (Blum et al., 2013). Thus, biochemical form provides an essential starting 78 

point for understanding organic S reactivity, but it does not fully explain why some organic 79 

S persists whereas other S is mineralized or lost. 80 

A key unresolved dimension is how organic S chemistry is distributed among soil 81 

organic matter fractions that differ in accessibility, protection, and turnover. The particulate 82 

organic matter (POM) and mineral-associated organic matter (MAOM) framework 83 

provides a useful way to place organic S chemistry within this physical context. In soil 84 

carbon research, POM is generally considered a relatively weakly protected pool derived 85 

largely from plant residues, whereas MAOM consists of organic compounds associated 86 

with silt- and clay-sized minerals and is often more microbially processed and longer-lived  87 

(Lavallee et al., 2020; Cotrufo and Lavallee, 2022). Applying this framework to organic S 88 

suggests that the same S functional group may have different persistence depending on 89 

whether it resides in dissolved organic matter, particulate organic matter, or mineral-90 
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associated organic matter (Fig. 1). A recent continental-scale study showed that mineral-91 

associated organic S (MAOS) accounts for a large fraction of total soil S and is more 92 

decomposed, chemically diverse, and climate-sensitive than particulate organic S (POS) 93 

(Zhang et al., 2026). What remains unresolved is how such fraction-specific chemical 94 

differentiation develops through time during soil formation, especially where texture, 95 

microbial activity, and hydrologic conditions change together. 96 

The Substrate Age Gradient of Arizona (SAGA), a 3-million-year semi-arid soil 97 

chronosequence in northern Arizona, provides a well-constrained system for examining 98 

this question. The sites share similar parent material, climate, and relief, but surface soils 99 

become progressively finer textured with increasing substrate age. Silt and clay contents, 100 

volumetric soil water content, pore space, microbial biomass, and microbial activity all 101 

increase along the chronosequence, whereas soil organic carbon and net primary 102 

production peak at intermediate ages before declining at the oldest site, likely due to 103 

phosphorus limitation (Selmants and Hart, 2008; Newman and Hart, 2015; Mao et al., 104 

2025). Previous work at SAGA showed that soil organic C chemistry is shaped by coupled 105 

microbial processing and mineral retention, with bulk soil organic matter becoming 106 

enriched in plant-derived aromatic C and microbial C while water-extractable organic 107 

matter becomes depleted in aromatic C and enriched in non-aromatic C during soil 108 

development (Mao et al., 2025). These known C trajectories make SAGA an informative 109 

setting for testing whether soil organic S follows a similar mineral- and microbially 110 

mediated chemical evolution. 111 

Here, we ask whether soil organic S evolves as a single progressively decomposed 112 

pool during soil development or instead separates into chemically divergent pools 113 
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depending on mineral association. We hypothesized that increasing soil development 114 

would lead to three linked outcomes: (1) bulk and water-extractable organic S would 115 

become more microbially processed and oxidized; (2) mineral-associated and particulate 116 

organic S would diverge in oxidation state if mineral association selectively preserves 117 

oxidized S species that are otherwise lost from weakly protected particulate matter; and (3) 118 

exchangeable sulfate would not simply track microbial activity or total organic S if mineral 119 

stabilization and sulfate adsorption buffer immediate S availability. To test these 120 

predictions, we partitioned soil organic S into water-extractable organic S (WEOS), light 121 

particulate organic S (LPOS), and mineral-associated organic S (MAOS), characterized 122 

bulk, MAOS, and LPOS speciation using S K-edge X-ray absorption near-edge structure 123 

(XANES) spectroscopy, and resolved WEOS molecular composition using electrospray 124 

ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR-MS). 125 

2. Materials and methods 126 

2.1 Study sites and ecosystem properties 127 

The SAGA chronosequence is located within the San Francisco Volcanic Field in 128 

northern Arizona, USA, and includes four sites with substrate ages of 1 ky, 55 ky, 750 ky, 129 

and 3000 ky. The sites share similar parent material (microporphyritic basalt cinders), low 130 

relief (<1% slope), and present-day climate, with mean annual air temperature of 131 

approximately 11 °C and mean annual precipitation of approximately 340 mm. Surface 132 

mineral soils (0-15 cm) were collected from under tree canopies, including pinyon pine 133 

(Pinus edulis) and one-seed juniper (Juniperus monosperma), and from inter-canopy 134 

spaces, where vegetation shifted from shrubs at the youngest site to grass at the three older 135 
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sites (Selmants and Hart, 2008; Newman and Hart, 2015). Four replicate samples were 136 

collected and stored air-dry (Mao et al., 2024). Soils are circumneutral, with pH values 137 

between 6.0 and 7.1 and no consistent trend with substrate age. Additional site information, 138 

including elevation, climate, soil classification, and dust contribution, is provided in Table 139 

1 and in Selmants and Hart (2008). 140 

Soil physical, chemical, and microbial properties changed systematically with 141 

substrate age. Silt + clay content increased from 3.0% to 85.1%, and volumetric soil water 142 

content increased from 6% to 18% (Mao et al., 2024). Soil organic carbon (SOC) 143 

concentration peaked at the 750-ky site before declining at the 3000-ky site, and net 144 

primary production followed a similar pattern, apparently because of phosphorus limitation 145 

at the oldest substrate (Selmants and Hart, 2008; Newman and Hart, 2015). In contrast, 146 

microbial biomass C (MBC) and the MBC/SOC ratio generally increased with substrate 147 

age (Table 2). Microbial necromass C relative to SOC also increased substantially with 148 

substrate age (Mao et al., 2024). 149 

2.2 Fractionation and quantification of soil sulfur 150 

Exchangeable inorganic sulfate, used here as a proxy for bioavailable S, was 151 

extracted with 0.016 mol L-1 KH2PO4 at a soil-to-solution ratio of 1:20 (Wilhelm Scherer, 152 

2009; Xu et al., 2016; Zhang et al., 2024). Suspensions were centrifuged, and supernatants 153 

were filtered before sulfate concentrations were measured by ion chromatography (Thermo 154 

ICS 5000). Bulk organic S was operationally estimated as total S minus exchangeable 155 

sulfate, because sulfides are not expected to occur in appreciable amounts in these dry, oxic 156 

soils (Blum et al., 2013; Kopittke et al., 2016). 157 
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MAOM, light POM, and heavy POM fractions were isolated using the size and 158 

density fractionation protocol described in Mao et al. (2024), with sodium polytungstate 159 

(SPT) solution at a density of 1.85 Mg m-3. Light POM was defined as the density fraction 160 

<1.85 Mg m-3. The remaining heavy fraction (>1.85 Mg m-3) was sieved at 53 µm to 161 

separate heavy POM (>53 µm) from MAOM (<53 µm). Carbon, nitrogen, and S 162 

concentrations of bulk soils, LPOM, and MAOM were determined using an elemental 163 

analyzer (Thermo Fisher Isolink EA). The HPOM fraction was not measured because little 164 

organic matter was attached to coarse sands, resulting in S concentrations below the 165 

detection limit (Leuthold et al., 2022). MAOS and LPOS concentrations on a bulk soil 166 

basis were calculated from S concentrations in the isolated fractions and their 167 

corresponding mass recoveries. 168 

2.3 Sulfur K-edge XANES spectroscopy 169 

Sulfur K-edge XANES spectroscopy was used to characterize S oxidation-state 170 

classes in bulk soils, MAOM, and LPOM at the SXRMB beamline of the Canadian Light 171 

Source. Samples were finely ground and mounted as thin films on double-sided carbon 172 

tape affixed to copper holders. Two or three fluorescence-mode scans were collected for 173 

each sample and averaged. The scan range was 2450-2530 eV, with step sizes of 1.0 eV in 174 

the pre-edge region, 0.15 eV across the S K-edge, and 0.75 eV in the post-edge region. 175 

Energy was calibrated using CaSO4 with a white-line energy of 2482.8 eV (Manceau and 176 

Nagy, 2012). 177 

XANES spectra were normalized using ATHENA (Ravel and Newville, 2005) and 178 

fitted in Fityk (Wojdyr, 2010) with six Gaussian functions (G1-G6) and two arctangent 179 
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functions following Manceau and Nagy (2012). The Gaussian curves represent exocyclic 180 

S (G1), heterocyclic S (G2), sulfoxide (G3), sulfone (G4), sulfonate (G5), and sulfate or 181 

ester-sulfate species (G6) (Manceau and Nagy, 2012). Gaussian peak areas were corrected 182 

for changes in absorption cross-section with increasing oxidation state using the generic 183 

calibration curve: 184 

y = 0.3841x - 909.97        (1) 185 

where x is the energy of the absorption maximum of a Gaussian curve and y is the scaling 186 

factor (Manceau and Nagy, 2012). Relative abundances were calculated as each corrected 187 

Gaussian area divided by the sum of all corrected Gaussian areas. 188 

The decomposition index, which reflects changes in soil organic S groups during 189 

microbial decomposition of litter (Schroth et al., 2007), was calculated as (Turner et al., 190 

2016): 191 

Decomposition index = (FG5 + FG6)/(FG1 + FG2 + FG3)        (2) 192 

where FG represents the relative abundance of each S group. Higher values indicate a more 193 

decomposed or oxidized organic S pool. The electronic oxidation state (EOS) values of 194 

individual S species were calculated as: 195 

EOS = 0.6179x - 1529        (3) 196 

where x is the white-line peak energy (Zeng et al., 2013; Zhu et al., 2016). The EOS can 197 

differ from formal oxidation state, especially for reduced S in complex organic compounds 198 

(Xia et al., 1998; Zhu et al., 2016). EOS values were rounded to integers for high-valency 199 

S species (EOS > 4) and reported as calculated for low-valency S species (EOS <= 4) (Xia 200 

et al., 1998; Zhao et al., 2006; Zhu et al., 2016). Average S oxidation state (ASOX) was 201 

calculated as: 202 
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ASOX = Σ(FGi  EOSi)        (4) 203 

where FGi is the relative abundance of S group i and EOSi is the corresponding electronic 204 

oxidation state. 205 

2.4 FT-ICR-MS analysis of water-extractable organic sulfur 206 

Water-extractable organic matter was obtained by mixing bulk soil with Milli-Q 207 

water at a 1:5 soil-to-water ratio. Suspensions were shaken for 8 h (Li et al., 2018), 208 

centrifuged at 2800 g and 4 °C for 20 min, and filtered through 0.22 µm PTFE membranes. 209 

Filtrates were desalted and concentrated using PPL cartridges (Bond Elut PPL, 100 mg, 3 210 

mL) following Dittmar et al. (2008) and Li et al. (2018). Briefly, cartridges were rinsed 211 

with methanol and acidified water (pH 2), acidified samples were passed through the 212 

cartridges, and retained organic matter was eluted with methanol after rinsing and drying 213 

with N2 gas. WEOM extracts were stored at -20 °C before analysis, and procedural blanks 214 

were prepared using a water-methanol mixture. 215 

WEOM samples were analyzed using a Bruker Daltonics 12 T Apex-Qe FT-ICR 216 

MS at Old Dominion University with electrospray ionization in negative-ion mode. 217 

External and internal standards were used for calibration (Chen et al., 2018; Coward et al., 218 

2019). Peaks with signal-to-noise ratios >=5 were exported for molecular formula 219 

assignment. Peaks detected in PPL extraction blanks and solvent blanks were removed. 220 

Molecular formulas were assigned within the following elemental ranges: C2-50, H2-100, N0-221 

7, O0-30, S0-3, and P0-2. Instrumental parameters and molecular formula assignments have 222 

been described in detail (Chen et al., 2018; Coward et al., 2019). Because the present study 223 

focuses on organic S, only S-containing molecules were evaluated. Assigned molecules 224 
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were classified into eight biochemical classes using van Krevelen space (O/C versus H/C; 225 

Table S1): amino sugar, carbohydrate, condensed aromatic, lignin, lipid, protein, tannin, 226 

and unsaturated hydrocarbon (Tfaily et al., 2015; Boye et al., 2017).  227 

Molecular indices were calculated for S-containing compounds. Double-bond 228 

equivalence (DBE), representing the sum of double bonds and rings in a molecule, was 229 

calculated as DBE = 1 + C + 0.5*(N - H + P) (Koch and Dittmar, 2006), where C, H, N, 230 

and P are atomic counts in each assigned formula. The modified aromaticity index (AImod) 231 

was calculated as AImod = (1 + C - 0.5*O - S - 0.5*(N + P + H))/(C - 0.5*O - N - S - P) 232 

(Koch and Dittmar, 2016). Intensity-weighted average DBE, AImod, O/C, and O/S values 233 

were calculated following Hawkes et al. (2020). 234 

2.5 Statistical analyses 235 

Differences among substrate ages and canopy types were evaluated separately 236 

using one-way analysis of variance, grouping data by the respective factor. Significant 237 

differences were identified using Fisher’s LSD post hoc test or, when assumptions of 238 

normality or homogeneity of variance were not met, the non-parametric Kruskal-Wallis 239 

test with post hoc comparisons in the agricolae package. Normality and homogeneity of 240 

variance were assessed using Shapiro-Wilk and Levene’s tests, respectively. Statistical 241 

analyses were performed in R 4.1.2. Statistical significance was determined at P < 0.05, 242 

and different letters indicate significant differences among groups. Relationships between 243 

soil properties and S parameters were assessed using Spearman rank correlations and 244 

visualized as a heatmap. Because substrate age, silt + clay content, moisture, and microbial 245 
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activity covary along the SAGA chronosequence, correlation results were interpreted as 246 

associations rather than direct evidence of causation. 247 

3. Results 248 

3.1 Organic S accumulation and redistribution among solid fractions 249 

Soil S accumulated strongly during early to intermediate stages of soil development. 250 

Total soil S increased from 0.055-0.097 g kg-1 at the 1-ky site to 0.212-0.224 g kg-1 at the 251 

750-ky site (p < 0.05), followed by a slight, non-significant decline to 0.20-0.21 g kg-1 at 252 

the 3000-ky site (p > 0.05; Fig. 2a; Table S2). Organic S showed the same broad pattern, 253 

increasing from approximately 0.05 g kg-1 to approximately 0.21 g kg-1 across the 254 

chronosequence (Fig. 2b). Organic S accounted for 91-96% of total soil S and showed no 255 

significant trend in its proportional contribution across substrate age (p > 0.05; Fig. 2c). 256 

Exchangeable S also increased with substrate age (Fig. 2d), but represented only 3.7-8.7% 257 

of total S (Fig. 2e), and its proportion did not vary significantly with substrate age (p > 258 

0.05; Fig. 2e). 259 

Partitioning of organic S shifted strongly toward mineral-associated pools during 260 

soil development. The S concentration of the isolated MAOM fraction decreased from 261 

0.29-0.35 g kg-1 silt + clay at the 1-ky site to 0.17-0.18 g kg-1 silt + clay at older sites (p < 262 

0.05; Fig. 3a). However, because the mass of the fine fraction increased substantially, 263 

MAOS concentration expressed on a bulk-soil basis increased from 0.008-0.025 to 0.15-264 

0.18 g kg-1 soil with substrate age (p < 0.05; Fig. 3b). Consequently, MAOS increased from 265 

18% of total organic S at the 1-ky site to 85% at the 750-ky site (p < 0.05), after which it 266 

remained high at the 3000-ky site (p > 0.05; Fig. 3c). 267 
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LPOM contained substantially higher S concentrations than MAOM, but LPOM S 268 

concentration declined with substrate age. The S concentration of the isolated LPOM 269 

fraction decreased from 1.6-4.4 g kg-1 LPOM at the 1-ky site to approximately 1.6-1.7 g 270 

kg-1 LPOM at the 750-ky site, with most change occurring between the two youngest sites 271 

(p < 0.05; Fig. 3d). In contrast, LPOS concentration on a bulk soil basis did not change 272 

significantly with substrate age, ranging from 0.02 to 0.06 g kg-1 soil (p > 0.05; Fig. 3e). 273 

The proportion of LPOS in total organic S declined from 43% at the 1-ky site to 16% at 274 

the 55-ky site (p < 0.05), remained near 25% at the 750-ky site, and declined further to 10% 275 

at the 3000-ky site (p < 0.05; Fig. 3f). These fraction-level variables did not differ 276 

significantly among canopy types when analyzed across all sites or within individual 277 

substrate ages (p > 0.05; Tables S2 and S3). 278 

Bulk SOM C/S ratios ranged from 62 to 117, with a mean of 85 ± 20 (Fig. S1). 279 

Relative to bulk SOM, MAOM had lower and less variable C/S ratios, ranging from 52 to 280 

75, with a mean of 64 ± 6.5. Neither bulk SOM nor MAOM showed a clear trend in C/S 281 

ratio across substrate age (Fig. S1). Canopy effects were secondary to the substrate-age 282 

trends: total S and exchangeable S were higher under tree canopies than in inter-canopy 283 

soils at the 1-ky and 55-ky sites, respectively, but most S pools and fraction-level variables 284 

did not differ significantly among canopy types (Tables S2 and S3). 285 

3.2 Mineral-associated and particulate organic S followed opposing oxidation-state 286 

trajectories 287 

Organic S speciation differed among bulk soil, MAOS, and LPOS, and the direction 288 

of change with soil development depended on fraction. In bulk soil, the relative abundance 289 
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of sulfonate S (G5) increased with substrate age, whereas exocyclic S (G1), heterocyclic S 290 

(G2), and sulfoxide S (G3) decreased significantly (p < 0.05; Fig. S2). Other S species 291 

showed no consistent age-related trends. In LPOS, exocyclic S (G1) and heterocyclic S 292 

(G2) increased with substrate age, whereas sulfone S (G4) and sulfonate S (G5) declined 293 

significantly (p < 0.05; Fig. S3). In contrast, MAOS showed relatively stable S speciation 294 

across the chronosequence, with only sulfoxide S (G3) decreasing consistently with 295 

substrate age (p < 0.05; Fig. S4). 296 

Grouping S species by oxidation state further showed that mineral association was 297 

linked to enrichment in oxidized S. Reduced S was defined as the sum of exocyclic S (G1) 298 

and heterocyclic S (G2), whereas oxidized S was defined as the sum of sulfone S (G4), 299 

sulfonate S (G5), and sulfate or ester-sulfate S (G6) (Turner et al., 2016; Poulin et al., 2017). 300 

In bulk soil, oxidized S accounted for 45-68% of total organic S, with an average of 56%. 301 

MAOS was consistently more oxidized than LPOS, containing 61-74% oxidized S, with 302 

an average of 69%, compared with 44-55% and an average of 50% in LPOS. 303 

ASOX and the decomposition index showed similar broad patterns among bulk 304 

organic S, MAOS, and LPOS, but the decomposition index showed slightly lower within-305 

site variability (Fig. 4). We therefore used the decomposition index as the primary 306 

integrated indicator of organic S processing. Bulk organic S generally became more 307 

decomposed with substrate age, although the pattern varied among canopy types (Fig. 4b). 308 

In inter-canopy soils, the decomposition index increased from 0.89 at the 1-ky site to 1.58 309 

at the 750-ky site before declining to 0.98 at the 3000-ky site. Under pine canopies, it 310 

remained near 0.70 from the 1-ky to 750-ky sites, then increased sharply to 1.73 at the 311 
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3000-ky site. Under juniper canopies, it increased steadily from 0.82 to 1.81 with substrate 312 

age (p < 0.05). 313 

The solid fractions diverged from this bulk pattern. MAOS was substantially more 314 

decomposed than LPOS across substrate ages (Fig. 4d,f), but its decomposition index 315 

remained statistically stable across the chronosequence (p = 0.19 overall; p > 0.05 within 316 

each canopy type; Fig. 4d). By contrast, the LPOS decomposition index declined with 317 

substrate age in inter-canopy soils, from 0.74 to 0.46 (p < 0.01), with the sharpest decline 318 

at the 3000-ky site (Fig. 4f). Under juniper canopies, the LPOS decomposition index 319 

decreased from 0.69 to 0.55 (p < 0.05), whereas under pine canopies it remained relatively 320 

constant near 0.62 (p > 0.05). Despite these within-canopy trends, decomposition indices 321 

of bulk organic S, MAOS, and LPOS did not differ significantly among canopy types when 322 

pooled across substrate ages or within individual age sites (p > 0.05; Tables S2 and S3). 323 

3.3 WEOS recorded dissolved-phase microbial processing 324 

S-containing molecules detected in WEOM by FT-ICR-MS were used to 325 

characterize WEOS. The proportion of S-containing molecules relative to all WEOM 326 

molecules ranged from 1% to 5% and showed no clear trend with substrate age (Fig. 5). 327 

Among WEOS molecules, lipid-like compounds fluctuated across the chronosequence, 328 

ranging from 6% to 24% of total S-containing molecules. Protein-like molecules increased 329 

significantly from 25% to 66% with substrate age (p < 0.05), whereas lignin-like molecules 330 

declined from 47% to 13% (p < 0.05), despite minor variation among canopy types (Fig. 331 

5). Other molecular classes were minor components, each accounting for less than 5% of 332 

WEOS. Molecular diversity indices, including richness, Shannon diversity, and Gini-333 
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Simpson diversity, showed no consistent trends with either substrate age or canopy type 334 

(Fig. S5). 335 

WEOS molecular indices changed systematically with substrate age. The modified 336 

aromaticity index (AImod) decreased from 0.09 ± 0.03 to 0.04 ± 0.01 (Fig. 6a), and double-337 

bond equivalents decreased from 6.89 ± 1.98 to 3.40 ± 0.46 (Fig. 6b). In contrast, O/C and 338 

O/S ratios increased from 0.34 ± 0.02 to 0.38 ± 0.03 and from 5.85 ± 0.55 to 7.23 ± 0.14, 339 

respectively (Fig. 6c,d). Together, these trends indicate that WEOS molecules became less 340 

aromatic, more saturated, and more oxidized during soil development. 341 

3.4 Exchangeable sulfate was decoupled from microbial processing and organic S 342 

accumulation 343 

Exchangeable S increased with substrate age in concentration but not as a 344 

proportion of total S (Fig. 2d,e). Thus, although total organic S, microbial biomass, and 345 

microbial activity increased along the chronosequence, the fraction of soil S present as 346 

exchangeable sulfate remained relatively stable. This pattern indicates that stronger 347 

microbial processing and larger organic S pools did not translate directly into a greater 348 

proportional pool of immediately exchangeable sulfate. 349 

Correlations among S properties and ecosystem variables provide additional 350 

context for this decoupling (Fig. 7). The proportion of MAOS in total organic S was 351 

positively correlated with silt + clay content, whereas the LPOS decomposition index was 352 

negatively correlated with silt + clay content (p < 0.05). WEOS molecular composition 353 

was also associated with microbial properties: O/C and O/S ratios were positively 354 

correlated with MBC/SOC, whereas AImod and DBE were negatively correlated with 355 
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MBC/SOC (p < 0.05). Exchangeable S was positively correlated with total organic S but 356 

negatively correlated with the LPOS decomposition index (p < 0.05). Because silt + clay 357 

content covaries with substrate age, soil moisture, and microbial activity along the 358 

chronosequence, these relationships are interpreted as associations consistent with mineral 359 

filtering rather than as isolated effects of texture alone. 360 

4. Discussion 361 

4.1 Biological assimilation and mineral association retain external sulfur inputs 362 

during soil development 363 

The dominance of organic S in total soil S indicates that S accumulation along 364 

SAGA reflects biological cycling rather than passive retention of inorganic sulfate alone. 365 

Aeolian dust is an important external input to Colorado Plateau soils, supplying fine 366 

particles and nutrients to otherwise nutrient-poor semi-arid landscapes (Reynolds et al., 367 

2001; Reynolds et al., 2006). Atmospheric S deposition in the Southern Colorado Plateau 368 

is relatively low but measurable, providing a continuing external S source (Sullivan et al., 369 

2011), and atmospherically deposited S occurs primarily as inorganic sulfate (Takahashi et 370 

al., 2006). The fact that more than 90% of total S occurred in organic forms therefore 371 

implies assimilation of sulfate into biological and organic matter pools, followed by 372 

stabilization during soil development. The progressive increase in MAOS from 18% to 85% 373 

of organic S is consistent with this interpretation, although it reflects the combined effects 374 

of substrate age, texture, moisture, microbial activity, and ecosystem development. 375 

The decline in total S at the oldest site parallels previously reported declines in SOC 376 

and net primary production, which have been attributed to phosphorus limitation during 377 



 18 

ecosystem retrogression (Selmants and Hart, 2008; Newman and Hart, 2015). This pattern 378 

suggests that biological inputs remain important for sustaining S stocks even when mineral 379 

surfaces are abundant.  380 

Canopy-associated enrichment of soil S pools at younger sites further indicates that 381 

vegetation can influence local S inputs through throughfall, stemflow, dust interception, 382 

and litter inputs (Lindberg and Garten, 1988), consistent with fertility-island patterns in 383 

drylands (Schlesinger et al., 1996; Coble and Hart, 2013). Specifically, total S was higher 384 

under canopies at the 1-ky site, whereas exchangeable S was higher under canopies at the 385 

55-ky site. However, canopy effects weakened at older sites, suggesting that geochemical 386 

development and fine-fraction accumulation increasingly dominate over microsite-scale 387 

vegetation effects. 388 

4.2 Mineral association preserves oxidized S while particulate organic S loses oxidized 389 

groups 390 

A central result of this study is that organic S speciation did not change uniformly 391 

during dryland soil development. Although bulk organic S became more decomposed 392 

overall, the two solid SOM fractions followed opposing chemical trajectories: MAOS 393 

remained persistently oxidized and highly decomposed, whereas LPOS became 394 

progressively more reduced. This divergence indicates that bulk organic S patterns can 395 

mask contrasting transformations among fractions and that the fate of organic S depends 396 

strongly on its association with particulate versus mineral-associated organic matter. 397 

The opposing oxidation-state trajectories of MAOS and LPOS suggest a mineral-398 

filtering mechanism. In the weakly protected particulate pool, reduced S can be oxidized 399 
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during microbial decomposition to sulfonate or sulfate/ester-sulfate species. However, 400 

because LPOS lacks strong mineral association, these oxidized species may be rapidly 401 

hydrolyzed by extracellular enzymes or mineralized to inorganic sulfate (Blum et al., 2013; 402 

Zhang et al., 2026), leaving the residual particulate pool enriched in reduced S. This 403 

mechanism is consistent with the decline in LPOS decomposition index and with the 404 

decreasing S concentration of LPOM with substrate age. It also explains why the LPOS 405 

pattern differs from the increase in organic S decomposition index observed during litter 406 

decomposition by Schroth et al. (2007): in soils, oxidized S products may not accumulate 407 

in the particulate residue if they are rapidly hydrolyzed and lost. 408 

In contrast, MAOS maintained a high decomposition state and oxidized S 409 

composition across the chronosequence. MAOS contained a large proportion of oxidized 410 

S, including sulfonate and sulfate/ester-sulfate species, and its decomposition index did not 411 

decline with substrate age despite increasing microbial activity (Fig. 4d). This persistence 412 

is consistent with preferential stabilization of oxidized S compounds in association with 413 

silt- and clay-sized minerals (Tanikawa et al., 2022). Ester-sulfate groups can interact 414 

strongly with mineral surfaces, and previous studies have reported greater oxidation of 415 

organic S in fine or mineral-associated fractions than in bulk or coarse fractions (Prietzel 416 

et al., 2007; Tanikawa et al., 2022). Microbial residues may also contribute to the oxidized 417 

S composition of MAOS, particularly because microbial biomass and fungal residues can 418 

contain substantial S and microbial necromass increases along SAGA (Gupta and Germida, 419 

2021; Heinze et al., 2021; Mao et al., 2024; Zhang et al., 2026).  420 

The persistence of approximately 30% reduced S in MAOS indicates that mineral 421 

association does not exclusively stabilize oxidized compounds. Reduced S may enter 422 
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MAOM through plant litter that has undergone microbial modification, microbial biomass 423 

and necromass, or aggregation of reduced organic matter with fine minerals  (Solomon et 424 

al., 2001; Turner et al., 2016; Liang et al., 2017; Lavallee et al., 2020; Gupta and Germida, 425 

2021). Thus, the mineral filter is not absolute. Rather, our results suggest that mineral 426 

association changes the relative fate of S functional groups: oxidized S compounds that are 427 

rapidly lost from weakly protected particulate matter can persist when associated with fine 428 

minerals, while reduced S compounds can also be stabilized when incorporated into 429 

mineral-associated organic matter. 430 

4.3 WEOS reflects microbial processing and adsorption-induced fractionation 431 

WEOS provided molecular-scale evidence that microbial processing intensified 432 

during soil development. The decline in AImod and DBE indicates decreasing aromaticity 433 

and unsaturation, and the increases in O/C and O/S indicate greater oxidation of S-434 

containing dissolved organic molecules (Roth et al., 2013). These trends parallel the 435 

broader WEOM patterns reported for SAGA (Mao et al., 2025). They likely reflect both 436 

microbial transformation of plant-derived dissolved organic matter and mineral adsorption-437 

induced fractionation during passage through soil. Microbial-derived organic matter, 438 

including necromass and metabolites, generally has lower aromaticity and unsaturation 439 

than plant-derived organic matter (Fellman et al., 2008; Li et al., 2018; Roth et al., 2019), 440 

whereas minerals preferentially retain aromatic compounds from solution (Ding et al., 2020; 441 

Hu et al., 2024; Mao et al., 2025). 442 

The molecular-class distribution of WEOS further supports this interpretation. The 443 

decline in lignin-like compounds and increase in protein-like compounds indicate a shift 444 
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from plant-derived aromatic inputs toward microbial-derived or microbially processed 445 

molecules. These dissolved S-containing molecules likely form a transfer pool linking 446 

plant inputs, microbial biomass, mineral surfaces, and exchangeable sulfate. The positive 447 

correlations of the intensity-weighted O/C and O/S ratios of S-containing WEOS molecular 448 

formulas with MBC/SOC, together with the negative correlations of their AImod and DBE 449 

values with MBC/SOC (Fig. 7), indicate that greater microbial biomass relative to SOC 450 

was associated with less aromatic, more saturated, and more oxidized WEOS molecules. 451 

Thus, WEOS is not merely a small soluble pool; it records both microbial transformation 452 

and adsorption-induced fractionation during soil development. 453 

4.4 Sulfate availability is buffered by organic S mineralization and mineral retention 454 

Exchangeable sulfate was decoupled from both microbial activity and organic S 455 

accumulation. Although microbial biomass, microbial activity, and total organic S 456 

increased with substrate age, exchangeable sulfate remained a small and proportionally 457 

stable fraction of total S. This pattern indicates that enhanced microbial processing does 458 

not necessarily lead to a larger immediate pool of plant-available sulfate. Instead, sulfate 459 

availability appears to be buffered by the balance between organic S mineralization and 460 

mineral retention. 461 

Minerals likely exert this buffering through two linked processes. First, mineral 462 

association promotes MAOS formation and protects organic S from rapid enzymatic 463 

mineralization, slowing sulfate release. Second, the same fine mineral fractions can adsorb 464 

sulfate with moderate binding strength, reducing leaching while maintaining an 465 

exchangeable pool that remains potentially available for biological uptake (Eriksen and 466 
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Askegaard, 2000; Zhang et al., 2026). The positive correlation between exchangeable S 467 

and total organic S suggests that organic S mineralization contributes to sulfate supply, 468 

whereas the negative correlation between exchangeable S and the LPOS decomposition 469 

index is consistent with rapid loss of oxidized S groups from the labile particulate pool. 470 

Together, these patterns suggest that fine minerals can function as both stabilizers of 471 

organic S and retainers of mineralized sulfate (Fig. 1). 472 

This dual role has implications for interpreting S availability in developed dryland 473 

soils. Microbial activity alone may be a poor predictor of exchangeable sulfate because the 474 

products of decomposition can be retained, adsorbed, or incorporated into mineral-475 

associated pools. Similarly, bulk organic S concentration may not indicate immediate S 476 

supply if much of the pool is mineral-associated. The size and chemistry of weakly 477 

protected particulate organic S, together with the capacity of fine minerals to retain released 478 

sulfate, may provide a more mechanistic basis for predicting sulfate availability than bulk 479 

organic S or microbial biomass alone. 480 

5. Conclusions 481 

Across this semi-arid soil chronosequence, organic sulfur did not follow a single, 482 

progressive decomposition trajectory during soil development. Instead, it partitioned into 483 

chemically distinct pools whose trajectories depended on mineral association. As soils 484 

became finer textured and more microbially active with substrate age, bulk organic S 485 

became more decomposed, and water-extractable organic S shifted toward less aromatic, 486 

more oxidized, and more microbial-derived molecules. In contrast, the two solid organic 487 

matter fractions diverged: mineral-associated organic S remained consistently oxidized and 488 
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highly decomposed, whereas light particulate organic S became progressively more 489 

reduced. This opposing behavior is the clearest signal in our data and suggests that soil 490 

development partitions organic S not only by physical fraction, but also by oxidation state. 491 

The divergent behavior of MAOS and LPOS points to a mineral-filtering 492 

mechanism. In weakly protected particulate organic matter, oxidized S species, particularly 493 

sulfate/ester-sulfate species, may be rapidly hydrolyzed or mineralized and lost as 494 

inorganic sulfate, leaving the residual LPOS enriched in reduced S. In contrast, comparable 495 

oxidized S species persist in MAOS, consistent with stabilization by silt- and clay-sized 496 

minerals through adsorption, aggregation, or association with microbial residues. Thus, 497 

mineral association appears to alter the chemical fate of organic S, preferentially preserving 498 

oxidized S compounds that would otherwise be rapidly transformed or lost from particulate 499 

organic matter. 500 

This fraction-specific sorting also helps explain why microbial activity did not 501 

translate directly into greater immediate sulfate availability. Although microbial biomass, 502 

microbial activity, and total organic S increased along the chronosequence, the proportion 503 

of exchangeable sulfate remained relatively stable. Fine mineral fractions may therefore 504 

simultaneously promote microbial transformation, stabilize organic S within MAOM, and 505 

retain released sulfate on exchange sites. As a result, microbial activity or bulk organic S 506 

alone is an incomplete predictor of sulfate supply; the distribution of organic S between 507 

particulate and mineral-associated pools, and the chemical state of those pools, may 508 

provide a more mechanistic indicator of S availability. 509 

These interpretations remain hypotheses based on fraction-level chemistry and 510 

associations along a chronosequence. Because silt and clay content covary with substrate 511 
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age, soil moisture, microbial activity, plant inputs, and ecosystem development, this study 512 

cannot isolate texture as a single causal driver. Establishing causality will require process-513 

level experiments, including fraction-specific mineralization assays, sulfatase and 514 

arylsulfatase measurements, isotope-labeling experiments, and sorption studies that resolve 515 

which organic S moieties are preferentially retained by mineral surfaces. 516 

Overall, this study complements the continental-scale POM-MAOM framework for 517 

organic sulfur proposed by Zhang et al. (2026) by providing a soil-development perspective 518 

on how mineral-associated and particulate S pools become chemically distinct. As 519 

atmospheric S deposition declines and ecosystems rely increasingly on organic S 520 

mineralization to sustain sulfate supply, distinguishing weakly protected particulate S from 521 

stabilized mineral-associated S will be essential for predicting S availability in drylands 522 

and other mineral-rich soils. The central implication is that fine minerals do not merely 523 

protect organic S; they partition its oxidation state, persistence, and availability during soil 524 

development. 525 
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Figures and tables 761 

Table 1. Substrate age, geographic coordinates, elevation, climate, and United States 762 

Department of Agriculture (USDA) soil taxonomic classification of each of the four sites 763 

of the Substrate Age Gradient of Arizona (SAGA). MAP = mean annual precipitation, 764 

MAAT = mean annual air temperature, and PET = potential evapotranspiration. Data from 765 

(Selmants and Hart, 2008; Newman et al., 2020). 766 

Site Substrate 

age 

(ky) 

Latitude, 

Longitude 

Elevation 

(m) 

MAP 

(mm) 

MAAT 

(°C) 

PET  

(mm y-1) 

USDA Soil 

Classification 

pH Dust 

contribution 

(%) 

Sunset 

Crater 

1 35.394°N, 

111.424°W 

1905 328 12 1325 Typic 

Ustorthent 

6.57-

7.08 

8.9 

O’Neill 

Crater 

55 35.246°N, 

111.459°W 

1941 352 11 1328 Typic 

Durustand 

6.40-

6.56 

42.5 

Red 

Mountain 

750 35.538°N, 

111.867°W 

2073 325 11 1334 Typic 

Argiustoll 

6.39-

6.82 

86.1 

Cedar 

Mountain 

3,000 35.391°N, 

112.141°W 

2003 338 11 1324 Typic 

Haplustalf 

6.00-

6.38 

100 

 767 
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Table 2. Soil and microbial properties of the Substrate Age Gradient of Arizona (SAGA). 768 

SOC = soil organic carbon, bulk C/N = carbon to nitrogen of bulk soils, MBC/SOC = the 769 

ratio of microbial biomass C to SOC, MNC/SOC = the ratio of microbial necromass C to 770 

SOC. Data from (Selmants and Hart, 2008; Gu et al., 2019; Mao et al., 2024). 771 

Substrate Age Canopy type SOC 

(g/kg)  

Silt+Clay content 

(g/kg) 

Bulk C/N  MBC/SOC 

(%) 

MNC/SOC 

(%) 

1 Inter- 

canopy 

 

4.1 30 12.0 0.61 19.18 

55 9.2 441 8.9 0.92 42.87 

750 17.1 766 10.8 2.43 47.06 

3000 13.0 852 9.1 2.47 58.41 

1 Pine 6.6 41 14.9 0.37 12.51 

55 10.4 417 9.5 0.69 47.06 

750 20.6 802 12.4 2.41 37.64 

3000 16.3 838 10.3 2.34 50.49 

1 Juniper 8.5 72 17.8 0.21 11.94 

55 10.3 477 9.8 0.57 42.33 

750 19.8 714 11.7 2.66 41.53 

3000 15.2 824 9.9 2.82 47.67 

  772 
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   773 

 774 

Fig. 1. Conceptual overview of organic sulfur cycling, stabilization, and sulfate 775 

availability in developing dryland soils. Plant inputs and microbial turnover transfer S 776 

among dissolved organic S (DOS, can be represented by water-extractable organic S), 777 

particulate organic S (POS), microbial biomass, and mineral-associated organic S (MAOS). 778 

Microbial mineralization releases sulfate, which can be taken up by plants and microbes or 779 

retained as exchangeable sulfate on silt- and clay-sized minerals. During soil development, 780 

increasing silt and clay contents can enhance microbial activity by improving soil water 781 

retention and pore space, while also promoting organic S stabilization through adsorption 782 
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and aggregation and retaining released sulfate. This framework illustrates the dual role of 783 

fine mineral fractions in regulating organic S persistence and sulfate availability. 784 

Arrows indicate major transformation pathways, and red symbols denote mineral effects 785 

on microbial and geochemical processes. Other pathways, including desorption, 786 

precipitation, and plant uptake, are omitted for clarity. 787 
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Fig. 2. Variations in average total sulfur (S) concentration (a), organic S concentration (b), 790 

proportion of organic S to total S (c), exchangeable S concentration (d), and proportion of 791 

exchangeable S to total S (e) as a function of substrate age. Error bars represent one 792 

standard error. Different letters indicate significant differences across substrate ages for 793 

values pooled across canopy types. 794 
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 796 

Fig. 3. Sulfur (S) in soil organic matter fractions as a function of substrate age. (a) S 797 

concentration of mineral-associated organic matter (MAOM), (b) mineral-associated 798 

organic S (MAOS) concentration expressed on a bulk-soil basis, (c) proportion of MAOS 799 

to total organic S, (d) S concentration of light particulate organic matter (LPOM), (e) light 800 

particulate organic S (LPOS) concentration expressed on a bulk-soil basis, and (f) 801 

proportion of LPOS to total organic S. Error bars represent one standard error. Different 802 

letters indicate significant differences among substrate ages for values pooled across 803 

canopy types. 804 



 36 

1 10 100 1000

1.0

1.5

2.0

2.5

3.0

3.5

4.0

1 10 100 1000

0.0

0.5

1.0

1.5

2.0

2.5

1 10 100 1000

2.0

2.5

3.0

3.5

4.0

4.5

1 10 100 1000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

1 10 100 1000

1.8

2.0

2.2

2.4

2.6

2.8

3.0

1 10 100 1000

0.4

0.5

0.6

0.7

0.8

 Intercanopy

 Pine

 Juniper

A
S

O
X

Substrate age (ky)

Total S Total S

 Intercanopy

 Pine

 Juniper

 Intercanopy

 Pine

 Juniper

 Intercanopy

 Pine

 Juniper

 Intercanopy

 Pine

 Juniper

 Intercanopy

 Pine

 Juniper

D
e

c
o

m
p

o
s
it
io

n
 I

n
d

e
x

Substrate age (ky)

A
S

O
X

Substrate age (ky)

MAOS

D
e

c
o

m
p

o
s
it
io

n
 I

n
d

e
x

Substrate age (ky)

r2=0.36, p=0.24

r2=0.04, p=0.78

r2=0.01, p=0.87

MAOS

A
S

O
X

Substrate age (ky)

LPOS

a b

c d

e f
LPOS

D
e

c
o

m
p

o
s
it
io

n
 I

n
d

e
x

Substrate age (ky)

r2=0.76,p=0.001

r2=0.9,p=0.02

r2=0.2,p=0.4

 805 

Fig. 4. Variations in average oxidation state (ASOX) and decomposition index of bulk soil 806 

organic sulfur (a, b), mineral-associated organic sulfur (c, d), and light particulate organic 807 

sulfur (e, f) as a function of substrate age. Error bars represent one standard error. 808 
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Fig. 5. Proportion of sulfur (S)-containing compounds relative to total dissolved organic 811 

matter (DOM) and relative weighted abundance of biochemical classes of water-812 

extractable organic sulfur (WEOS) as a function of substrate age. 813 



 38 

1 10 100 1000

0.02

0.04

0.06

0.08

0.10

0.12

1 10 100 1000

0.30

0.32

0.34

0.36

0.38

0.40

0.42

1 10 100 1000

2

3

4

5

6

7

8

9

1 10 100 1000

5.0

5.5

6.0

6.5

7.0

7.5

 Intercanopy

 Pine

 Juniper

Substrate age (ky)

A
I m

o
d

a

c

b

d

Substrate age (ky)

O
/C

Substrate age (ky)

D
B

E
Substrate age (ky)

O
/S

 814 

Fig. 6. Molecular parameters of water-extractable organic sulfur as a function of substrate 815 

age. Variations in intensity-weighted modified aromaticity index AImod, double bond 816 

equivalence DBE, ratio of oxygen to carbon O/C, and ratio of oxygen to sulfur O/S as a 817 

function of substrate age.  818 
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 820 

 821 

Fig. 7. Correlation heatmap of soil properties and sulfur (S) parameters. The size of the 822 

circles indicates the absolute value of the Spearman correlation coefficient. Blue colors 823 

indicate positive correlations, and red colors indicate negative correlations. * indicates p < 824 

0.05; ** indicates p < 0.01; *** indicates p < 0.001. Exch.S/total S = exchangeable S to 825 

total S; MBC/SOC = microbial biomass C to SOC; MNC/SOC = microbial necromass C 826 

to SOC; DI_bulk = decomposition index of bulk soil organic S; DI_MAOS = 827 

decomposition index of mineral-associated organic S; DI_LPOS = decomposition index of 828 

light particulate organic S; AImod = modified aromaticity index; DBE = double-bond 829 

equivalence; O/C = oxygen-to-carbon ratio; O/S = oxygen-to-sulfur ratio. 830 
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 832 

Fig. 8. Schematic summary of divergent organic sulfur trajectories during dryland soil 833 

development. Water-extractable organic sulfur (WEOS) becomes less aromatic, more 834 

oxidized, and more microbial-derived; light particulate organic sulfur (LPOS) becomes 835 

relatively reduced, consistent with preferential loss of oxidized S species; and mineral-836 

associated organic sulfur (MAOS) remains highly oxidized and decomposed. Together, 837 

these patterns support a mineral-filtering model in which fine mineral fractions sort organic 838 

S by oxidation state while buffering sulfate availability. 839 
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