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ARTICLE INFO ABSTRACT
Keywords: Mineral-associated organic carbon (MAOC) is one of the largest and most persistent soil C reservoirs, with major
Mineral-associated organic matter implications for soil functioning and climate mitigation. However, bulk MAOC is chemically heterogeneous and
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may contain organic matter with contrasting solubility, chemical composition, source-related signatures, and
environmental controls, which remain poorly understood. Here, we used archived surface and subsurface soils
from 43 National Ecological Observatory Network sites across North America to isolate MAOC and partition it
into soluble fractions, which were released by repeated hydrofluoric acid (HF) extraction followed by water
rinsing, and insoluble fractions which comprised the extraction residue. Across sites, the soluble fraction
accounted for 11-96% of total MAOC, whereas the insoluble fraction accounted for 5-89%. The soluble fraction
exhibited a Langmuir-type accumulation pattern and was enriched in phenolic and carboxyl functional groups, as
well as lignin, tannin, and condensed aromatic-like molecules. In contrast, the insoluble fraction increased
nonlinearly without an apparent asymptote across the observed MAOC range and was enriched in alkyl C and
non-aromatic molecular classes, including lipids, carbohydrates, and proteins. Composition-based estimates
indicated stronger plant-associated contributions in soluble MAOC and stronger microbial-associated contribu-
tions in insoluble MAOC. Despite these chemical contrasts, radiocarbon values did not differ detectably between
the soluble and insoluble MAOC fractions; instead, AC declined with soil depth and increased with mean
annual precipitation. Environmental analyses showed that a higher contribution of soluble MAOC to bulk MAOC
was associated with deeper soils and wetter, more acidic, Fe/Al-rich conditions. These findings suggest that bulk
MAOC contains operationally separable fractions with distinct solubility, accumulation behavior, chemical
composition, source-related signatures, and environmental associations. Accounting for this heterogeneity may
improve conceptual and process-based models of MAOC dynamics.

1. Introduction Kleber, 2015). A large share of SOM is stabilized through association
with minerals as mineral-associated organic matter (MAOM), which

Soil organic matter (SOM) is a major global carbon stock that sup- stores about 65% of global soil organic carbon (SOC) and turns over on
ports soil fertility and regulates climate, yet it is vulnerable to climate decadal-to-millennial timescales (Torn et al., 1997; Kleber et al., 2015;
and land-use change (Davidson and Janssens, 2006; Lehmann and Sokol et al., 2022). Although minerals can also catalyze abiotic
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degradation, mineral protection generally increases activation-energy
barriers and constrains microbial access, yielding a net stabilizing ef-
fect in upland soils (Kleber et al., 2015, 2021; Hemingway et al., 2019;
Zhou et al., 2024). Understanding how organic carbon becomes asso-
ciated with minerals, and how different forms of mineral-associated
organic carbon (MAOC) vary in composition and persistence, is there-
fore central to predicting SOC dynamics and improving soil-carbon
management.

Organic matter associated with minerals is chemically and physically
heterogeneous. Organic inputs entering MAOM range from soluble
molecules, such as plant leachates, root exudates, microbial metabolites,
soluble products of litter depolymerization, cell-lysis products, and
extracellular polymeric substances, to less soluble or particulate mate-
rials, such as fine plant residues, microbial necromass fragments, and
hydrophobic compounds including lipids (K. Kalbitz et al., 2000; Kleber
et al., 2015; Cotrufo and Lavallee, 2022; Whalen et al., 2022). These
materials differ in polarity, molecular size, functional-group chemistry,
and physical form, all of which can influence how they interact with
minerals. Soluble organic compounds sorb to mineral surfaces at the
molecular scale, either through direct attachment to reactive mineral
surfaces or through co-precipitation with metal cations (Kaiser and
Guggenberger, 2000; Kleber et al., 2015, 2021). These interactions
can produce surface-conditioning layers through organo-mineral
bonding and multilayered or patchy coatings through subsequent
organo-organic associations (Kleber et al., 2007; Underwood et al.,
2024). Less soluble, hydrophobic, or particulate organic materials may
instead be retained in mineral-associated fractions through
organo-organic contacts, physical proximity to mineral particles, oc-
clusion within fine mineral-organic structures, or other solid-solid as-
sociations (Totsche et al., 2018; Possinger et al., 2020; Witzgall et al.,
2021; Kang et al., 2024). These association modes are not mutually
exclusive, and no routine fractionation method can isolate them as pure
mechanistic endmembers. Nevertheless, separating MAOC into opera-
tionally soluble and insoluble fractions provides a tractable way to test
whether these contrasting forms of MAOC differ in abundance, chemical
composition, source-related signatures, radiocarbon characteristics, and
environmental controls.

Most empirical studies and process-based SOC models have empha-
sized MAOM formation through the sorption of dissolved organic matter
to mineral surfaces. In many models, the process is represented using
Langmuir-type functions, in which dissolved organic matter accumu-
lates until available sorption sites approach saturation (Woolf and
Lehmann, 2019; Ahrens et al., 2020; Yu et al., 2020). This framework
is powerful for describing sorptive stabilization of soluble compounds,
but it may underrepresent mineral-associated organic matter that is
stabilized primarily as hydrophobic or particulate organic materials
through solid-solid associations. Some models have therefore included
additional routes for the formation of insoluble organic materials in
MAOC (Ahrens et al., 2020; Zhang et al., 2021). However, empirical
datasets that quantify both soluble and insoluble MAOC fractions across
broad environmental gradients remain limited. This gap restricts our
ability to evaluate whether MAOC fractions with contrasting solubility
follow different accumulation patterns, respond to different environ-
mental controls, or require separate representation in SOC models.

Distinguishing soluble and insoluble MAOC fractions may also help
clarify the debated origins of MAOC. Current SOC theory holds that
MAOC derives from both plant and microbial sources, with little
contribution from secondary synthesis (Schmidt et al., 2011; Lehmann
and Kleber, 2015; Sokol et al., 2019; Lavallee et al., 2020), yet the
relative contributions of these sources remain debated and the pathways
by which they enter MAOC are poorly resolved. Amino-sugar bio-
markers and chemical assays suggest that microbial-derived C contrib-
utes 12-87% of MAOC (mean: 39%), with the remainder attributed to
plant-derived C, varying across climates, soil depths, and land uses
(Angst et al., 2021). This contrasts with microbially centric models that
predict microbial dominance in MAOC formation (Cotrufo et al., 2013;
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Kallenbach et al., 2016), a view supported in part by solid-state >C NMR
studies reporting low aromatic C in MAOC (Kogel-Knabner et al., 2008).
However, the low aromatic signal may partly result from hydrogen
fluoride (HF) pretreatment, which is commonly used to remove para-
magnetic Fe before nuclear magnetic resonance (NMR) analysis but also
dissolves oxides and phyllosilicates that sorb dissolved organic matter.
Because HF can preferentially remove aromatic, likely plant-derived
compounds from soils, it may bias inferred MAOC composition toward
an apparently greater microbial contribution (Wen et al., 2021). In some
acidic forest soils, HF removed up to 76% of clay-associated C, much of it
aromatic (Eusterhues et al., 2007; Spielvogel et al., 2008).

Here, we used archived soils from National Ecological Observatory
Network (NEON) sites across North America to separate MAOC into two
operational fractions with contrasting solubility in aqueous solution and
to evaluate how these fractions differ in relative abundance, chemical
composition, source-related signatures, radiocarbon characteristics, and
environmental controls. We define the soluble MAOC fraction as the
total organic C released into the aqueous phase during both HF
demineralization and subsequent water rinsing. The insoluble MAOC
fraction is defined as the organic C remaining in the extraction residue,
representing organic C that remains insoluble under the same circum-
neutral conditions after mineral associations are disrupted. These frac-
tions are interpreted as operational pools with contrasting solubility,
rather than as pure mechanistic endmembers of MAOC formation.
Accordingly, these terms describe the aqueous behavior of the organic
matter after mineral dissolution and do not imply that soluble MAOC
existed in dissolved form in the intact soil solution. We hypothesized
that the soluble fraction would be enriched in reactive, aromatic com-
pounds with stronger plant-associated signatures, whereas the insoluble
fraction would be enriched in less aromatic compounds with stronger
microbial-associated signatures, and that the relative importance of
these two pools would vary systematically across environmental gradi-
ents. To test these hypotheses, we isolated MAOM by size-density frac-
tionation, partitioned MAOC into soluble and insoluble fractions using
repeated HF extraction and water rinsing, and characterized bulk MAOC
and its fractions using C K-edge X-ray absorption near-edge structural
(XANES), solid-state '3C NMR spectroscopy, Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS), and radiocarbon
analysis. This approach provides a cross-ecosystem assessment of
chemical and source-related heterogeneity within MAOC.

2. Materials and methods
2.1. Study sites and sampling

Soil samples were obtained from NEON soil archive, encompassing
43 terrestrial sites across the United States that span broad climatic,
edaphic, and ecological gradients (Fig. S1). At each site, soils were
collected from a single NEON “Megapit” following standardized NEON
protocols (Thorpe et al., 2016). This study focused on mineral soils from
A and B horizons, excluding C horizons due to low organic carbon
contents. For each site, chemical extractions were conducted on all
available A- and B-horizon samples from all sites (n = 180), while
detailed chemical characterization was performed on the uppermost A
or B horizon only (n = 74).

Soil physical and chemical properties, litter biomass, and root
biomass were obtained from the NEON data portal (Text S1). Soil
properties included texture, pH, elemental composition, cation-
exchange properties, and other standard NEON soil variables. Concen-
trations of Fe and Al in short-range-ordered (SRO) mineral phases and
organo-metal complexes (termed Fe,x and Alyy) were quantified in our
laboratory using ammonium oxalate extraction (Schwertmann and
Jackson, 1964). Mean annual temperature (MAT) data were obtained
from the NEON data portal, and mean annual precipitation (MAP) and
potential evapotranspiration (PET) data were derived using ClimateNA
v5.10 following established procedures (Wang et al., 2016). Effective
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moisture was calculated as MAP — PET.

2.2. Isolation of MAOC and separation of soluble and insoluble MAOC
fractions

Mineral-associated organic matter (MAOM) was first isolated from
bulk soil by density and size fractionation (Fig. 1). The density/size
fractionation protocol with sodium polytungstate (SPT) was used to
isolate MAOM (Leuthold et al., 2022). Air-dried soil (<2 mm; 5 g) was

2 mm sieved soil
Air-dried

Water-extractable
OM (WEOC)

Density < 1.85 g/cm3

Light fraction
(light POC)

Size < 53 um

C K-edge XANES
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first shaken with deionized water for 15 min to remove
water-extractable organic matter. The suspension was centrifuged at
5000 rpm for 30 min, and the supernatant was filtered through a
0.45-um polytetrafluoroethylene membrane. Particles retained on the
filter were returned to the residual soil. The residual soil was then mixed
with 25 mL sodium polytungstate (SPT; density = 1.85 g cm™>) and 12
glass beads, shaken for 18 h to disperse aggregates, and centrifuged at
5000 rpm for 30 min. The floating material was collected as the light
particulate organic matter fraction (light POM; density <1.85 g cm™3).

MilliQ water shaken 15 min,
centrifuged, and liquid decanted

1.85 g/cm3 SPT, shaken 18 h with beads

Density > 1.85 g/cm3

Heavy fraction

Silt and clay
(MAOC)

10% HF, shaken 2 h for 5 times

53 pm sieve

Size > 53 um

Sand
(Heavy POC)

o HF residues

FT-ICR-MS

Thorough rinse with MilliQ water (15 times)

3C NMR

HF-extracted MAOC

Rinsed MAOC

Insoluble MAOC

MAOC released in 10% HF solution

Soluble MAOC

Total MAOC released during extraction

MAOC released in rinse water

MAOC remaining in the extraction residue

Fig. 1. Workflow for the SOM fractionation into bulk MAOC, HF-extracted MAOC, soluble MAOC, and insoluble MAOC. WEOC, water-extractable organic carbon;
POC, particulate organic carbon; MAOC, mineral-associated organic carbon; HF-extracted MAOC, the OC released into 10% hydrofluoric acid (HF) solution; soluble
MAOC: a combination of HF-extracted OC and OC released during subsequent rinsing; insoluble MAOC: residual C remaining after water rinsing. The chemical
composition of soluble MAOC was derived by mass balance from the C K-edge XNAES and the '>C NMR of insoluble MAOC.
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The heavy fraction (density >1.85 g cm~>) was wet-sieved at 53 pm to
separate heavy POM (density >1.85 g cm ™3, size >53 pm) from MAOM,
which was operationally defined as the silt + clay-sized heavy fraction
(density >1.85 g cm ™3, size <53 pm). All fractions were dried at 60 °C
and ground before further analysis. Total mass recovery was monitored
for each sample. Samples were retained only when total mass recovery
was 75-120% of the initial dry soil mass; observed recoveries ranged
from ~80% to 110%.

MAOM was subsequently separated into soluble and insoluble frac-
tions using repeated HF extraction followed by extensive Milli-Q water
rinsing (Eusterhues et al., 2003) (Fig. 1). HF extraction effectively dis-
solves metal oxides and phyllosilicates and releases mineral-associated
organic carbon into solution, allowing MAOM to be separated opera-
tionally into soluble and insoluble fractions under the extraction con-
ditions used here (Roberson and Hem, 1969; Hossner, 1996; Eusterhues
et al., 2007; Spielvogel et al., 2008). Briefly, 1 g of dried MAOM was
treated with 10 mL of 10% HF and shaken for 2 h at room temperature.
The suspension was centrifuged at 5000 x g for 2 h, and the supernatant
was collected. This HF extraction was repeated five times. The combined
HF supernatants were stored at —20 °C and are referred to as
HF-extracted MAOC, representing the fraction of MAOC only released
into the 10% HF solution. The remaining residue was then rinsed 15
times with 10 mL Milli-Q water (pH 7.5) per rinse. The rinsing step
removed residual HF and recovered an additional fraction (~7%) of
MAOM (Fig. S2) that was not soluble under acidic HF conditions (10%
HF, pH =~ 3) but was released at circumneutral pH (Milli-Q water,
pH =~ 7.5). The organic C released during the HF extraction (i.e.,
HF-extracted MAOC) and subsequent rinsing was combined to quantify
the soluble MAOC fraction. The extraction residue remaining after HF
extraction and water rinsing was defined as the insoluble MAOC
fraction.

Carbon contents of bulk MAOC and insoluble MAOC were measured
by elemental analysis. Inorganic C was removed from calcareous sam-
ples by HCl fumigation before elemental analysis (Harris et al., 2001).
Total soluble MAOC concentration (g/Kg silt + clay) was calculated by
mass balance as the difference between bulk MAOC and insoluble
MAOC:

[bulk MAOC] — [insoluble MAOC] X finsolubl
(1 7finsoluble)

[Soluble MAOC] =

Where finsoluble i the mass ratio of insoluble MAOC to bulk MAOC. In
addition, carbon concentrations in HF-extracted MAOC were measured
using a total organic carbon analyzer.

2.3. Characterization of MAOC chemical composition

Carbon K-edge X-ray absorption near-edge structural (XANES) and
solid-state '3C cross-polarization magic-angle spinning (CPMAS) NMR
spectroscopy were used to characterize the C functional group compo-
sition of bulk MAOC and insoluble MAOC, respectively. Because XANES
and CPMAS NMR differ in detection principles, sample preparation, and
analytical sensitivity, cross-method mass-balance reconstruction was
restricted to broad functional groups detectable by both techniques and
was interpreted cautiously.

The XANES data were collected at the SGM beamline at the Canadian
Light Source, following established protocols (Mao et al., 2025) (Text
S2). Finely ground samples were pressed into pellets, and partial fluo-
rescence yield spectra were collected, normalized, and
energy-calibrated using standard procedures. Functional groups were
quantified by spectral deconvolution into quinonic, aromatic, phenolic,
aliphatic, carboxyl/amide, O-alkyl, and carbonyl components using
Gaussian peak fitting.

NMR data were collected from 36 uppermost A-horizon and 15 up-
permost B-horizon insoluble MAOC samples (Text S3). Spectra were
processed and integrated into seven chemical shift regions
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corresponding to major carbon functional groups. A molecular mixing
model was applied to estimate the relative contributions of six
biochemical classes: carbohydrates, proteins, lignin, lipids, carbonyls,
and condensed aromatics (Baldock et al., 2004; Nelson and Baldock,
2005). Because condensed aromatics are underrepresented in CPMAS
NMR due to rapid relaxation effects (Smernik et al., 2002), a 2x
correction factor was applied to the condensed aromatic fraction prior to
calculation of relative biochemical abundances (Hockaday et al., 2009).

The functional-group composition of soluble MAOC was recon-
structed by mass balance from the measured composition of bulk MAOC
and insoluble MAOC:

(PbuUc x bulk MAOC — Pimoluble X MAOC)
soluble MAOC

Psoupie =

Where Psopypies Phuik, and Pinsonpie represent the relative abundance of a
given functional group in the organic material of soluble MAOC, bulk
MAOC, and insoluble MAOC, respectively. Bulk MAOC, insoluble
MAOOC, and soluble MAOC represent OC concentrations (g/kg soil) in the
corresponding MAOC fractions.

To estimate the combined proportion of lignin and condensed aro-
matics in soluble MAOC and bulk MAOC, we first used the NMR dataset
to establish an empirical relationship between the molecular mixing
model estimate of lignin + condensed aromatics and the corresponding
aromatic + phenolic C functional-group abundance (Fig. S3). This
relationship was then applied to bulk MAOC and soluble MAOC, for
which functional-group composition was available. This approach may
underestimate aromatic compounds in soluble MAOC because it ex-
cludes non-aromatic functional groups associated with aromatic struc-
tures, particularly in soluble MAOC where carboxyl C is abundant (mean
50.0%, range 41.8-61.1%).

The molecular composition of HF-extracted MAOC was character-
ized by FT-ICR-MS. HF-extracted MAOC samples from uppermost A and
B horizons were purified using solid-phase extraction with PPL car-
tridges to remove salts and metals before mass spectrometric analysis
(Dittmar et al., 2008) (Text S4). Samples were analyzed using a 21 T
electrospray FT-ICR-MS at the National High Magnetic Field Laboratory
(Hendrickson et al., 2015; Smith et al., 2018). Molecular formulas were
assigned using PetroOrg software based on exact mass, elemental con-
straints, and mass-error thresholds. Peaks with signal-to-noise ratios >6
were retained. Molecular intensities were normalized to total signal
intensity (Sleighter et al., 2010), and compound classes were assigned in
van Krevelen space based on H/C and O/C ratios (Boye et al., 2017).
Because electrospray ionization and solid-phase extraction can intro-
duce selectivity, FT-ICR-MS data were interpreted as relative molecular
fingerprints rather than absolute compound concentrations. Potential
HF-induced changes in the detected molecular fingerprint were evalu-
ated separately by comparing Suwannee River fulvic acid before and
after exposure to 10% HF using FT-ICR-MS; experimental details and
results are provided in Text S7 and Table S4.

2.4. Estimation of plant and microbial contributions

Microbial- and plant-associated contributions in bulk MAOC and its
subfractions were assessed using chemical-composition-based ap-
proaches (Text S5). These estimates should not be interpreted as
definitive source partitioning, because many compound classes can
originate from both plant and microbial sources (Whalen et al., 2022).

For XANES-based estimates, lignin and condensed-aromatic-like
components were treated as indicators of predominantly plant-
associated or pyrogenic contributions, whereas non-aromatic compo-
nents were treated as primarily microbial-derived. This approach re-
flects a limitation common to compound class-based source estimates,
because aromatic compounds can also be produced by microbes,
including melanin and phenolic metabolites, and non-aromatic com-
pounds such as carbohydrates, proteins, and lipids can derive from both
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plant and microbial sources (Fernandez et al., 2019; Whalen et al.,
2022). For FT-ICR-MS- and NMR-based estimates, compounds were
assigned to plant or microbial-associated classes according to
biochemical class following the criteria described in Text S5. Contri-
butions to bulk MAOC were estimated using either XANES alone or a
combined FT-ICR-MS and '3C NMR data (Table S1). Contributions to the
insoluble MAOC fraction were estimated from 3C NMR data, whereas
those in the soluble MAOC fraction and HF-extracted MAOC were esti-
mated from XANES/NMR mass-balance reconstruction and FT-ICR-MS
data, respectively (Table S1).

2.5. Radiocarbon analysis

Radiocarbon contents of bulk MAOC and insoluble MAOC were
measured to evaluate whether the soluble and insoluble MAOC fractions
differed in radiocarbon signatures. Samples were selected from 19
NEON sites spanning broad gradients in MAP and MAT. The dataset
included uppermost A-horizon samples from 14 sites and paired up-
permost A- and B-horizon samples from five additional sites. For these
samples, soluble MAOC accounted for 27.3-61.5% of bulk MAOC. This
range was selected to avoid samples in which either soluble MAOC or
insoluble MAOC overwhelmingly dominated total MAOC, because such
samples would make mass-balance estimation of the soluble fraction
radiocarbon signature highly uncertain. Bulk MAOC and insoluble
MAOC were analyzed directly using a Mini Carbon Dating System at
Northern Arizona University. Results were reported as as A'4C (%o). The
radiocarbon signature of soluble MAOC was estimated by C-weighted
mass balance using fraction modern values:

(Fbulk x bulk MAOC — Finsotupte X insoluble MAOC)
soluble MAOC

Fiotuble =

where Fioupie, Fpuik, and Finsonple are the fraction modern values of soluble
MAOC, bulk MAOC, and insoluble MAOC, respectively. Bulk MAOC,
insoluble MAOC, and soluble MAOC represent OC concentrations (g/kg
soil) in the corresponding MAOC fractions. The calculated F,p . values
were then converted to A'*C. Additional details of radiocarbon analysis
are provided in Text S6.

2.6. Statistical analyses

All statistical analyses were performed in R, with statistical signifi-
cance evaluated at a = 0.05. Data normality and homogeneity of vari-
ance were assessed using the Shapiro-Wilk and Levene's tests,
respectively. When necessary, data were transformed to meet para-
metric assumptions. Differences between A and B horizons in the soluble
MAOC proportion and selected chemical properties were evaluated
using one-way ANOVA followed by Tukey's honestly significant differ-
ence test. Differences among MAOC fractions in functional-group
composition, biochemical-class abundance, and source-related signa-
tures were evaluated using ANOVA, with Tukey's test for post hoc
comparisons where appropriate. Uncertainty associated with the mass-
balance reconstruction of soluble MAOC composition was evaluated
using Monte Carlo uncertainty propagation. Measured C concentrations
and compound-class relative abundances were randomly sampled from
normal distributions based on their observed means and standard de-
viations, and soluble MAOC compound-class abundances were recalcu-
lated over 10,000 iterations.

Relationships between bulk MAOC concentration and soluble MAOC,
insoluble MAOC, or the soluble MAOC proportion were evaluated using
linear and nonlinear models. Candidate models included linear,
Langmuir-type, quadratic, exponential, power-law, and logarithmic
functions. Models were compared using Akaike information criterion
(AIC), and the model with the lowest AIC was selected unless competing
models differed by less than two AIC units, in which case the simpler
model was retained. Environmental controls on the soluble MAOC
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proportion and MAOC chemical composition were evaluated using
regression-based approaches. Multicollinearity among candidate pre-
dictors, including soil physicochemical properties, climate variables,
and vegetation variables, was first assessed using variance inflation
factors (VIFs) with the R package car. Variables with VIF > 5 were
removed before model selection. Backward stepwise regression using
the R package MASS was then used to identify predictors of the soluble
MAOC proportion, aromatic compound abundance in HF-extracted
MAOC, and aromatic compound abundance in insoluble MAOC. Par-
tial correlation analyses were used to visualize relationships between
selected environmental predictors and aromatic compound abundance
after accounting for covariation among predictors (Grace et al., 2016).

Structural equation modeling was conducted using the R package
piecewiseSEM to evaluate direct and indirect relationships among
effective moisture, soil pH, Fey,y and Aly, soil depth, and the soluble
MAOC proportion. Candidate paths were specified based on prior
knowledge of relationships among climate, soil geochemistry, mineral-
associated Fe and Al, and MAOC solubility. Non-significant paths were
sequentially removed when doing so improved model parsimony
without reducing overall model fit. Final model fit was evaluated using
Fisher's C statistic, and standardized path coefficients were reported.
Pairwise Levene's tests were used to compare the variability of the sol-
uble MAOC proportion with that of MAOC chemical-composition vari-
ables across environmental gradients. P-values were adjusted for
multiple comparisons using the Benjamini-Hochberg procedure.

Within each horizon, differences in A'#C among soluble MAOC,
insoluble MAOC, and bulk MAOC were evaluated using one-way
ANOVA followed by Tukey's honestly significant difference test. Re-
lationships between A'#C and environmental variables were evaluated
using Spearman rank correlations.

3. Results

3.1. Relative abundance and accumulation patterns of soluble and
insoluble MAOC fractions

The soluble and insoluble MAOC fractions varied substantially across
ecosystems and soil horizons (Fig. 2A). Across all A- and B-horizon
samples (n = 180), soluble MAOC accounted for 10.8-95.5% of bulk
MAOC, with a mean contribution of 52.5%. Insoluble MAOC accounted
for 4.5-89.2% of bulk MAOC, with a mean contribution of 47.5%. The
relative contribution of soluble MAOC was significantly greater in B
horizons than in A horizons, whereas insoluble MAOC showed the
opposite pattern (Fig. 2A).

Both soluble and insoluble MAOC concentrations increased with
increasing bulk MAOC concentration, expressed as g C kg™ ! silt + clay
(Fig. 2B). However, the two fractions showed different accumulation
patterns. Among the candidate models tested, a Langmuir-type model
best described the relationship between soluble MAOC and bulk MAOC
concentration, whereas insoluble MAOC was best described by an
accelerating nonlinear regression and did not show an apparent
asymptote within the observed MAOC range. Consequently, the relative
contribution of soluble MAOC to bulk MAOC declined with increasing
bulk MAOC concentration, while the relative contribution of insoluble
MAOC increased (Fig. 2C). This shift was more pronounced in wetter
ecosystems, defined here as sites with MAP/PET > 0.65.

3.2. Environmental associations with the soluble MAOC contribution

Structural equation modeling identified soil depth and effective
moisture (MAP — PET) as key predictors of the relative contribution of
soluble MAOC to bulk MAOC (Fig. 2D). The soluble MAOC/MAOQC ratio
increased with soil depth. Effective moisture was indirectly associated
with the soluble MAOC/MAOC ratio through its relationships with soil
pH and oxalate-extractable Fe and Al. Specifically, effective moisture
was positively associated with Feox + 1/2Alx and negatively associated
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Fig. 2. The relative contributions of soluble and insoluble MAOC fraction to bulk MAOC, and their key controlling environmental drivers. (A) The relative
contribution of soluble MAOC (soluble MAOC/bulk MAOC, %) in the A and B horizon soils (n = 180); The correlations between soluble or insoluble MAOC con-
centrations (B) or soluble MAOC/bulk MAOC (n = 180) (C) and MAOC concentrations (g C/kg silt + clay) (n = 180); (D) A structural equation model illustrating the
environmental factors influencing soluble MAOC/bulk MAOC (n = 180). In the boxplot, the box represents the first and third quartiles, the whiskers indicate the
minimum and maximum values, the horizontal line represents the median, and different lowercase letters denote statistically significant differences. In panel B, the
blue line represents a Langmuir adsorption model fit, and brown a fit with a modified model based on Langmuir. In panel C, the blue and brown lines show log-
arithmic fits, while the gray band represents the 95% confidence intervals. In panel D, solid arrows represent significant pathways, with red and blue arrows
indicating positive and negative piecewise relationships, respectively. The width of the arrows corresponds to the strength of the causal relationships. Numbers on the
arrows denote standardized path coefficients, with significance levels represented as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. MSE: mean square error; MAP:
mean annual precipitation; PET: potential evapotranspiration; Feox + 1/2Alo: a sum of oxalate-extractable Fe and Al, and only half of the extracted Al is considered.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

with soil pH. In turn, the soluble MAOC/MAOC ratio was positively
associated with Feox + 1/2Al,x and negatively associated with soil pH.
Soil pH was also negatively associated with Fe,y + 1/2Alyy. The final
SEM showed acceptable model fit based on Fisher's C statistic (Fisher's
C=28.104,P =0.231,d. f. = 6).

3.3. Chemical composition of bulk MAOC, soluble MAOC, HF-extracted
MAOC, and insoluble MAOC

The chemical composition of bulk MAOC and its soluble and insol-
uble fractions differed markedly (Fig. 3). Based on C K-edge XANES
analysis, bulk MAOC was dominated by carboxyl C and phenolic C.
Carboxyl C accounted for 29.4-43.2% of bulk MAOC, with a mean of
35.7%, and phenolic C accounted for 12.3-24.2%, with a mean of 19.6%
(Fig. 3A). Aromatic C and alkyl C were less abundant, accounting for
9.6-16.0% and 9.3-20.0% of bulk MAOC, respectively. Molecular
mixing model estimates based on functional-group composition indi-
cated that lignin and condensed aromatics together accounted for

43.7-58.7% of the organic material in bulk MAOC, with a mean of
51.0% (Fig. 3B).

Monte Carlo uncertainty propagation indicated that the mass-
balance reconstruction of soluble MAOC functional-group composition
was robust to propagated uncertainty (Table S1). Across 10,000 simu-
lations, all reconstructed compound classes had positive 95% confidence
intervals, and no simulations produced negative values.

Soluble MAOC was enriched in phenolic and carboxyl C relative to
insoluble MAOC (Fig. 3A). Phenolic C accounted for 18.3-33.8% of
soluble MAOC, with a mean of 27.5%, while carboxyl C accounted for
41.8-61.1%, with a mean of 50.0%. Molecular mixing model estimates
indicated that lignin and condensed aromatics together accounted for
48.2-74.0% of the organic molecules in soluble MAOC, with a mean of
62.5% (Fig. 3B).

Insoluble MAOC showed a contrasting composition. It was depleted
in phenolic C, carboxyl C, and aromatic C relative to soluble MAOC,
while being enriched in alkyl C (Fig. 3A). Phenolic C accounted for
0.04-6.0% of insoluble MAOC, with a mean of 3.1%, and carboxyl C
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Fig. 3. Chemical composition and properties of soluble MAOC, HF-extracted MAOC, insoluble MAOC, and bulk MAOC. (A) Relative abundance of functional groups
in soluble MAOC, insoluble MAOC, and bulk MAOC (n = 51). (B) Relative abundance of lignin and char in soluble MAOC, insoluble MAOC, and bulk MAOC in A- and
B-horizon soils (n = 51). (C) Relative abundance of biochemical classes in HF-extracted MAOC, identified by FT-ICR-MS in A- and B-horizon soils (n = 74). (D)
Chemical indices of HF-extracted MAOC calculated from FT-ICR-MS data (n = 74), including double bond equivalents (DBE), aromaticity index (AI), and nominal
oxidation state of carbon (NOSC). (E) Relative abundance of biochemical classes in insoluble MAOC (n = 51), derived from a mixing model. Boxes represent the first
and third quartiles; whiskers indicate minimum and maximum values; horizontal lines denote medians; and solid dots mark outliers. Different letters indicate

statistically significant differences among treatments (P < 0.05).

accounted for 2.2-13.4%, with a mean of 5.2%. Aromatic C accounted
for 0.04-17.9%, with a mean of 9.3%, whereas alkyl C accounted for
25.3-61.6%, with a mean of 32.9%. At the biochemical-class level,
insoluble MAOC was dominated by lipids, carbohydrates, and proteins,
which together accounted for 56.7-79.1% of the organic material, with
a mean of 68.6% (Fig. 3E). Lignin and condensed aromatics were less
abundant in insoluble MAOC, accounting for 16.4-37.5% of the organic
material, with a mean of 26.5%.

The HF-extracted MAOC fraction, which represented the major
component of total soluble MAOC (87%), was further characterized
using FT-ICR-MS (Fig. 3C). Aromatic compounds, defined as lignin,
tannin, and condensed aromatics, dominated the HF-extracted MAOC
fraction and together accounted for 76.8-99.0% of the assigned mo-
lecular formulas, with a mean of 94.2%. Lignin was the most abundant
class, accounting for 31.6-66.1%, with a mean of 46.1% of the assigned
molecular formulas, followed by condensed aromatics, which accounted
for 9.5-53.6%, with a mean of 35.1%, and tannin, which accounted for
6.8-19.1%, with a mean of 13.0%.

3.4. Environmental associations with the chemical composition of MAOC
fractions

Because the chemical composition of soluble MAOC was recon-
structed by mass balance from XANES and NMR data, analyses of
environmental controls focused on directly measured HF-extracted
MAOC and insoluble MAOC composition. Backward stepwise regres-
sion identified soil pH and MAP as retained predictors of the relative
abundance of aromatic compounds in HF-extracted MAOC. The relative
abundance of aromatic compounds in HF-extracted MAOC increased
with MAP and decreased with soil pH (Fig. 4A-D). For insoluble MAOC,
backward stepwise regression retained soil pH, clay content, and MAT as
predictors of aromatic compound abundance. The relative abundance of
aromatic compounds in insoluble MAOC increased with soil pH, clay
content, and MAT (Fig. 4E-H). These relationships were based on partial
regression analyses that accounted for covariation among retained
predictors.

3.5. Plant and microbial contributions to MAOC

Chemical composition-based estimates indicated that bulk MAOC
contained both plant- and microbial-associated organic matter (Fig. S4;
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Fig. 4. Key environmental factors shaping the relative abundance of aromatic compounds in HF-extracted MAOC fraction (n = 74) and insoluble MAOC fraction
(n = 51). Multivariate partial plots showing correlations between the relative abundance of aromatic compounds in HF-extracted MAOC or insoluble MAOC and
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figure legend, the reader is referred to the Web version of this article.)
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Table S2). Based on XANES-derived estimates, plant-associated or py-
rogenic components accounted for about 44-59% of the organic mate-
rial in bulk MAOC, with a mean of about 51%, while microbial-
associated or non-aromatic signatures accounted for about 41-56%,
with a mean of about 49%. Estimates based on combined FT-ICR-MS and
NMR data yielded broader and slightly higher plant-associated contri-
butions in bulk MAOC, ranging from about 40% to 81% of the organic
material, with a mean of about 59% (Fig. S5; Table S2).

The soluble and insoluble MAOC fractions showed contrasting
source-related signatures. Soluble MAOC had a stronger plant-
associated signature, with XANES/NMR estimates indicating that
plant-associated contributions accounted for about 48-74% of organic
molecules, with a mean of about 62% (Fig. S4; Table S2). FT-ICR-MS
analysis of HF-extracted MAOC showed an even stronger dominance
of lignin-, tannin-, and condensed-aromatic-like molecular classes,
which accounted for about 77-99% of the organic molecules, with a
mean of 94% (Fig. 3C; Fig. S6; Table S2). In contrast, insoluble MAOC
had a stronger microbial-associated contribution. Based on NMR-
derived biochemical-class estimates, plant-associated contributions
accounted for about 27-46% of the organic material in insoluble MAOC,
with a mean of about 36%, while microbial-associated contributions
accounted for about 54-73%, with a mean of about 64% (Fig. S4; Fig. S7;
Table S2).

3.6. Radiocarbon signatures of MAOC fractions

Across the radiocarbon dataset, AC values of soluble MAOC,
insoluble MAOC, and bulk MAOC ranged from —384%o to 146%o
(Fig. 5A). Within each horizon, soluble MAOC, insoluble MAOC, and
bulk MAOC did not differ significantly in A'*C. Radiocarbon values
differed more clearly by soil horizon than by MAOC fraction. For soluble
MAOC, insoluble MAOC, and bulk MAOC, AYC values were signifi-
cantly higher in A horizons than in B horizons (Fig. 5A). Spearman
correlation analyses showed that A'*C values were positively associated
with MAP and negatively associated with soil depth (Fig. 5B). These
relationships were observed for soluble MAOC, insoluble MAOC, and
bulk MAOC. The positive correlations with MAP were significant at
P < 0.05 for all three pools. The negative correlations with soil depth
were significant at P < 0.05 for soluble MAOC and at P < 0.01 for
insoluble MAOC and bulk MAOC. Thus, variation in radiocarbon
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signatures was more strongly aligned with horizon/depth and climate
than with the operational soluble versus insoluble fraction distinction.

4. Discussion
4.1. Environmental controls on the relative abundance of soluble MAOC

The large variation in soluble and insoluble MAOC fractions across
NEON soils indicates that the recoverable MAOC solubility is strongly
shaped by environmental context. Effective soil moisture, a climate
factor, and soil depth were strongly associated with the soluble MAOC
proportion, likely through their relationships with soil pH and Fe/Al
phase abundance. The higher soluble MAOC contribution in acidic, Fe/
Al-rich soils is consistent with stronger retention of soluble organic
compounds through sorption and metal complexation. Such acidic
mineral soils were also low in the total organic C concentration (Fig. S8).
These conditions further suppress microbial activity (Fierer and
Jackson, 2006), hence the production of microbial necromass for
insoluble MAOC formation (Totsche et al., 2018). As a result, DOC, once
entering the acidic mineral soils, is quickly adsorbed onto mineral sur-
faces rather than microbially assimilated to produce microbial necro-
mass (Sokol et al., 2019). Moreover, DOC readily percolates into subsoil
layers in wet environments (Karsten Kalbitz et al., 2000; Kaiser and
Kalbitz, 2012), potentially increasing the contribution of soluble
organic matter retained in deeper mineral horizons. In contrast, dry
ecosystems typically have a low net primary productivity, limited
moisture, and low abundance of Fe and Al oxides in soils, restricting
DOC production, vertical transport, and sorption (Schimel, 2010; Kaiser
and Kalbitz, 2012). In summary, soluble MAOC contributed more
strongly in deeper, lower-SOC soils and wetter climates, whereas
insoluble MAOC contributed more strongly in surface, higher-SOC soils
and drier regions. These patterns are consistent with, but do not directly
prove, differences in dominant retention processes.

4.2. Distinct accumulation pattern of soluble and insoluble MAOC

Both soluble MAOC and insoluble MAOC increased with total MAOC
concentration, but their accumulation patterns differed markedly
(Fig. 2B), suggesting distinct accumulation behavior. Soluble MAOC
followed a Langmuir-type relationship with total MAOC, approaching
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Fig. 5. A'C (%o) of soluble MAOC, insoluble MAOC, and bulk MAOC. (A) AC (%o) of soluble MAOC, insoluble MAOC, and bulk MAOC in the uppermost A soil
horizons from 19 NEON sites (n = 19) and B soil horizons from five NEON sites (n = 5). (B) Heatmap of Spearman correlation coefficients (r) between AYC (%o) of
soluble MAOC, insoluble MAOC, and bulk MAOC and environmental variables across 19 NEON sites (n = 24). Box plots display the interquartile range (25th to 75th
percentile), with whiskers indicating the minimum and maximum values, the horizontal line denoting the median, and different lowercase letters indicating sta-
tistically significant differences (P < 0.05). In the heatmap, red and blue colors indicate positive and negative correlations, respectively; color intensity reflects
correlation strength. Numerical values within cells represent correlation coefficients, with significance indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001;
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***P < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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an apparent upper limit at high MAOC concentrations. This saturation-
like behavior is consistent with the idea that retention of soluble organic
compounds is constrained by finite reactive mineral surfaces, metal-
binding capacity, or available organo-mineral interaction sites (Gu
et al., 1994; Hassink, 1997; Kaiser and Guggenberger, 2000). Such
behavior aligns with adsorption-based representations of MAOM for-
mation in some SOC models, where dissolved organic matter accumu-
lates on mineral surfaces until sorption capacity becomes limiting
(Woolf and Lehmann, 2019; Ahrens et al., 2020; Yu et al., 2020).

Insoluble MAOC showed a different pattern, increasing nonlinearly
without an apparent asymptote across the observed MAOC range. This
pattern suggests that the accumulation of less soluble or particulate
organic matter is not described well by a simple Langmuir-type sorption
model over the range of soils examined here. Instead, insoluble MAOC
may accumulate through processes involving physical proximity to
minerals, incorporation into fine mineral-organic structures, and
organo-organic interactions with pre-existing organic matter (Totsche
et al., 2018; Possinger et al., 2020; Witzgall et al., 2021; Kang et al.,
2024). Recent nanoscale and experimental studies show that
organo-organic interfaces and existing mineral-associated organic mat-
ter can promote additional C accumulation beyond direct sorption to
previously unoccupied mineral surfaces (Possinger et al., 2020; Kang
et al., 2024; King and Sokol, 2025). Although insoluble MAOC did not
show an apparent asymptote across the observed range, its accumula-
tion is ultimately finite. As insoluble organic matter continues to accu-
mulate in MAOM, increasing organic loading is expected to reach a
threshold concentration above which the organic-rich microaggregates
destabilize, particularly during MAOM isolation, due to the weak
organo-organic/particle-particle interactions (Kogel-Knabner et al.,
2008; Georgiou et al., 2025). Thus, both fractions are expected to
have upper limits of accumulation, but only soluble MAOC showed
saturation-like behavior within the observed MAOC range.

These contrasting accumulation dynamics imply a shift in the
dominant MAOC fraction as MAOC increases. Soluble MAOC appears to
contribute more strongly during the initial phase of MAOC accumula-
tion, whereas insoluble MAOC becomes progressively more important as
MAOC builds up, particularly in wetter ecosystems (MAP/PET > 0.65).
This transition may reflect declining availability of reactive mineral or
metal-associated sites for additional soluble organic matter retention,
coupled with enhanced litter inputs and microbial processing, which
promote the accumulation of less soluble or particulate organic matter
under conditions of greater organic matter supply. Consistently, a recent
study shows that increasing plant-derived DOC inputs promotes trans-
formation of DOC into microbial necromass, thereby shifting MAOC
accumulation from DOC sorption onto mineral surfaces to the accrual of
microbial residues onto pre-existing MAOC via organo—organic associ-
ations (King and Sokol, 2025).

4.3. Chemical composition of soluble and insoluble MAOC

The soluble and insoluble MAOC differed markedly in chemical
composition (Fig. 3). The high phenolic to aromatic C and carboxyl to
alkyl C ratios of soluble MAOC based on the XANES and NMR analyses
(Fig. 3A) and the dominance of aromatic compound classes in HF-
extracted MAOC based on the FT-ICR-MS analysis (Fig. 3C) together
suggest extensive oxidation of aromatic rings (phenolic), and side chains
(carboxyl), of dissolved aromatic compounds. These findings are
consistent with previous observations that organic compounds rich in
phenolic and carboxyl groups are generally polar and can interact
strongly with mineral surfaces or metal cations (Scheel et al., 2008;
Kleber et al., 2015).

The strong enrichment of aromatic C in soluble MAOC observed in
the present study was also found in previous studies. A recent FT-ICR-MS
study reported that aromatic compounds accounted for more than 75%
of the organic molecules in soluble MAOC recovered via sequential ex-
tractions using sodium pyrophosphate, hydroxylamine-HCl, and
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dithionite-HCl (Yang et al., 2024). Moreover, another study applying HF
extraction to MAOC and characterizing soluble MAOC using Fourier
transform infrared spectroscopy (FTIR) similarly found that soluble
MAOC was dominated by aromatic C (Wen et al., 2021). Furthermore,
previous work showed that HF-extraction residues were poor in aro-
matic and carboxylic carbon relative to soluble fraction from boreal
forest mineral soils based on bulk soils and a 13C NMR analysis (Warren
and Ziegler, 2017). The convergence of these results across fundamen-
tally different analytical approaches — including FT-ICR-MS, FTIR, and
13C NMR — supports the interpretation that the soluble MAOC recov-
ered here is enriched in aromatic compounds, in spite of potential
methodological biases associated with FT-ICR-MS regarding sample
preparation, and data acquisition and interpretation (Dittmar et al.,
2008; Ohno et al., 2016; Raeke et al., 2016).

Insoluble MAOC had contrasting chemical characteristics with lower
phenolic, carboxyl, and aromatic C but higher alkyl C at the functional
group level, and by depletion in lignin and condensed aromatics but
enrichment in lipids, carbohydrates, and proteins at the molecular level.
These chemical features indicate that insoluble MAOC is relatively
depleted in oxidized and polar functional groups and relatively enriched
in hydrophobic molecular features. The chemical contrast between
soluble and insoluble MAOC therefore supports the broader conclusion
that bulk MAOC contains chemically distinct subfractions that would be
obscured if MAOC were treated as a single homogeneous pool.

Despite the fact that the relative contributions of soluble or insoluble
fractions to total MAOC are ecosystem specific, the chemical composi-
tion of each fraction surprisingly remained relatively conserved across
ecosystems (Table S3). The relatively conservative nature of their
chemistry reflects joint controls of microbial processing, mineral sorp-
tion, and intrinsic chemical properties of organic compounds. Microbes
may preferentially decompose non-aromatic substrates (e.g., poly-
saccharides and amino acids) compared to lignin and tannins (Berg and
McClaugherty, 2008; Wilkinson et al., 2014), enhancing aromatic con-
tributions to SOM (Mao et al., 2025). Depolymerization and oxidation of
lignin and tannin during further decomposition produce soluble hy-
droxyl- and carboxyl-rich aromatic compounds that are preferentially
sorbed to mineral surfaces compared to non-aromatic compounds
(Kleber et al., 2015; Lehmann and Kleber, 2015; Lv et al., 2016; Hu et al.,
2024). Together, microbial processing and mineral interactions may
preferentially retain soluble, oxidized aromatic compounds, whereas
insoluble MAOC tends to consist of larger, hydrophobic, and weakly
oxidized organic materials.

Environmental controls on chemical composition were still detect-
able but modest. The relative abundance of aromatic compounds in HF-
extracted MAOC increased with MAP and decreased with soil pH,
consistent with stronger sorption of aromatic compounds under wetter,
more acidic, Fe/Al-rich conditions (Eusterhues et al., 2011; Coward
et al., 2018; Hu et al., 2024). In contrast, the share of aromatic com-
pounds in insoluble MAOC increased with soil pH, clay content, and
MAT. The mechanisms behind these relationships are less direct and
may involve differences in litter input (Fig. S9), microbial processing,
clay-associated physical protection, and pyrogenic C abundance
(Kogel-Knabner et al., 2008; Islam et al., 2022; Leuthold et al., 2025).
Because the statistical relationships were modest, these environmental
correlations should not be overinterpreted as strong causal controls.
Additionally, soil mineralogy can be a key factor influencing the
chemical composition of both soluble and insoluble MAOC
(Kogel-Knabner et al., 2008). In future work, we will characterize soil
mineralogy using X-ray diffraction (XRD) to better elucidate its role in
shaping the chemical composition of these MAOC fractions.

4.4. Source-related signatures of soluble and insoluble MAOC
It is challenging to quantify C sources in soils (Whalen et al., 2022),

and various approaches have been employed to estimate the quantities
of plant and microbial C, including chemical composition-based
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methods. Source assignments based on chemical composition must be
interpreted cautiously. Aromatic compounds can originate from plant
tissues, pyrogenic inputs, or microbial products such as melanin and
phenolic metabolites, while non-aromatic compounds such as carbo-
hydrates, lipids, and proteins can have both plant and microbial origins
(Fernandez et al., 2019; Whalen et al., 2022). Within this limitation, our
estimates of microbial-associated contributions in bulk MAOC based on
chemical composition are largely consistent with previous reports based
on amino sugar biomarkers, the most widely used methods for quanti-
fying microbial C (Angst et al., 2021). The combined FT-ICR-MS and
NMR analyses yielded plant-associated compositional estimates of about
40-80% (mean: about 59%) for the organic material in bulk MAOC,
similar to previous reports (13-88%, mean: 61%) based on biomarker
analyses (Angst et al., 2021). The XANES-based approach yielded a
slightly lower plant-associated estimate than FT-ICR MS/NMR estimate,
likely because only aromatic C is considered as plant-derived C. How-
ever, our results do not align with prior studies using 3C NMR spec-
troscopy, which reported that bulk MAOM primarily consisted of
polysaccharides and aliphatic compounds (Guggenberger et al., 1994;
Kogel-Knabner et al., 2008), potentially because a large portion of aro-
matics had already been removed by HF treatment prior to NMR
measurement.

Potential sources for the soluble MAOC include DOC derived from
highly decomposed aboveground litter, sloughed root tissues, and root
exudates (K. Kalbitz et al., 2000; Sokol and Bradford, 2019) and soluble
microbial metabolites, such as phosphate-containing compounds that
sorb strongly to mineral phases (Swenson et al., 2015; Spohn, 2024). The
insoluble MAOC is consistent with contributions from microbial necro-
mass and extracellular polymeric substances (EPS) (Totsche et al.,
2018). Nitrogen-rich microbial necromass can form stable associations
with minerals, especially poorly crystalline iron phases, whereas EPS
facilitate aggregation by binding mineral particles and organic matter
(Totsche et al., 2018; Zhao et al., 2025). The non-microbial C in insol-
uble MAOC likely includes fine-sized decaying plant litter and root
debris, and poorly oxidized pyrogenic C (Hardy et al., 2017; Witzgall
et al., 2021). However, direct identifications of these source materials
are warranted in future studies.

4.5. Radiocarbon signatures of soluble and insoluble MAOC

Our radiocarbon results showed no detectable difference in A*C
between soluble and insoluble MAOC in a given soil, suggesting that
these two fractions did not differ clearly in mean radiocarbon signature,
despite their distinct chemistry and source-related signatures. Because
AMG reflects the mean age and mixing history of carbon in a pool rather
than intrinsic stability, these results should not be interpreted as direct
evidence for equal persistence or vulnerability. One might expect the
higher abundance of reactive functional groups in the soluble fraction to
favor stronger mineral interactions; however, the measured A*C values
did not provide evidence for older mean carbon ages in this fraction
(Bélscher et al., 2025). The absence of detectable A'C differences be-
tween the two fractions may reflect several non-exclusive processes. On
one hand, the soluble fraction receives fresh DOC leached from over-
laying litter layers, which can decrease measured 1*C age of the soluble
fraction (Kaiser and Kalbitz, 2012; Ahrens et al., 2020). On the other
hand, the insoluble fraction may retain old carbon through repeated
microbial recycling without mineralization. High microbial carbon use
efficiency can promote successive assimilation and resynthesis of
organic substrates, resulting in the incorporation of older carbon into
newly formed microbial biomass and necromass (Rethemeyer et al.,
2005; Rumpel and Kogel-Knabner, 2011; Kastner et al., 2021). If mi-
crobial residues contribute substantially to insoluble MAOC, this recy-
cling can maintain the older carbon even if insoluble MAOC is more
accessible to microbial decomposition than soluble MAOC. Together,
these findings are consistent with previous work demonstrating that
radiocarbon measurements constrain the mean age of carbon within a
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pool but do not directly quantify its stability or vulnerability, i.e.,
decoupling 1*C age from intrinsic stability (Rethemeyer et al., 2005;
Rumpel and Kogel-Knabner, 2011).

Our results indicate that MAOC A!“C values decreased with
increasing soil depth and increased with increasing MAP across eco-
systems. These findings were also observed in previous studies.
Heckman et al. (2023) reported similar depth-related patterns across
NEON sites. Subsoils receive less fresh organic matter and support lower
microbial biomass and activity than surface horizons (Fontaine et al.,
2007; Rumpel and Kogel-Knabner, 2011), limiting both the replace-
ment of older MAOC and the formation of new MAOC, thereby
increasing MAOC persistence (Ahrens et al., 2020; Heckman et al.,
2023). Consistent with our findings, faster MAOC turnover was found
under warmer and wetter climatic conditions (Zhou et al., 2024). Higher
moisture enhances plant productivity, fresh carbon inputs and DOC
transport, while stimulating microbial activity (Kalbitz et al., 2000;
Rustad et al., 2001; Heckman et al., 2023). These processes accelerate
new MAOC formation and the replacement of older MAOC, and may
increase priming-driven destabilization of MAOC (Jilling et al., 2021;
Heckman et al., 2023).

4.6. Utility and limitations of HF extraction for separating soluble and
insoluble MAOC

Our results suggest that the 10% HF extraction followed by water
rinsing can recover a substantial soluble fraction of MAOM while
causing limited compositional alteration under the conditions tested.
Previous studies used oxalate, pyrophosphate, and dithionite to extract
mineral-associated organic matter associated with specific mineral
phases (Heckman et al.,, 2018; Yang et al., 2024). However, these
extractants only dissolve certain types of metal oxides and phyllosili-
cates, unlike HF that dissolves all phyllosilicates and metal oxides
regardless of their crystallinity and chemical composition (Roberson and
Hem, 1969; Hossner, 1996). The minimal alteration of SOC by 10% HF,
as demonstrated with fulvic acid and FT-ICR-MS analysis in the present
study (Text S7; Table 54), is expected. Fluoride is not generally expected
to be the primary driver of organic-matter alteration under these con-
ditions. It is the acid of the solution that alters the organics through
acidic hydrolysis of some labile proteins and polysaccharides (Skjemstad
et al., 1994; Craig and Collins, 2000; Zegouagh et al., 2004). However,
previous studies indicated that such alterations are minor and HF pre-
treatment largely preserves bulk SOC molecular composition (Schmidt
et al.,, 1997; Rumpel et al., 2006; Fang et al., 2010; Hall et al., 2020;
Zhao and Pan, 2023). Thus, HF extraction followed by water rinsing
provides a useful operational approach for separating the soluble and
insoluble MAOC fractions for further characterization, provided that
potential extraction-induced alteration and method-specific selectivity
are explicitly considered.

5. Conclusion

Our study provides a cross-ecosystem assessment of soluble and
insoluble MAOC fractions across diverse North American soils. These
fractions varied widely in their relative contributions to bulk MAOC and
differed strongly in chemical composition. Soluble MAOC showed
saturation-like accumulation with increasing total MAOC and was
enriched in oxidized aromatic compounds, consistent with stronger
plant-associated or pyrogenic compositional signatures. In contrast,
insoluble MAOC showed no apparent saturation over the observed
MAOC range and was enriched in less oxidized, non-aromatic molecular
classes, consistent with stronger microbial-associated compositional
signatures. These contrasting patterns indicate that bulk MAOC is not a
chemically uniform pool, but instead contains fractions with distinct
solubility, accumulation behavior, chemical composition, and source-
related signatures.

The unique but relatively conservative C chemistry associated with
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each fraction reflects chemical convergence, likely resulting from joint
controls of microbial processing, mineral interaction, and intrinsic
chemical properties of organic compounds. Our study further suggests
that inferred plant-versus microbial-associated contributions vary with
the relative contribution of soluble and insoluble MAOC, which in turn is
shaped by environmental context. Despite marked differences in C
chemistry and inferred source-related signatures, soluble and insoluble
MAOC did not differ detectably in A'*C within horizons. Together, these
findings integrate MAOC chemistry, source-related signatures, persis-
tence of MAOC, and environmental controls, providing a foundation for
understanding MAOC heterogeneity, stability, and accrual across
ecosystems.

Our findings provide empirical evidence useful for refining process-
based SOC models focused on MAOM dynamics. Models, such as
COMISSION 2.0 and JSM, treat MAOM formation as a single unified
sorption process (Woolf and Lehmann, 2019; Ahrens et al., 2020; Yu
et al., 2020). Our results suggest that MAOC dynamics may be better
represented by accounting for soluble organic matter retention and less
soluble or particulate organic matter (fine-sized, < 53 pm) accumulation
as distinct but interacting processes, rather than treating MAOC as a
single homogeneous sorption pool. These fractions may require different
parameterization of accumulation kinetics, chemical composition,
source-related inputs, and environmental sensitivities, as partly re-
flected in models such as Millennial model V2 and MEMS 2.0 model
(Zhang et al., 2021; Abramoff et al., 2022). Soluble MAOC may be
represented using Langmuir-type functions linked to oxidized aromatic
compounds, whereas insoluble MAOC may require alternative accu-
mulation functions linked to microbial turnover, particulate inputs, and
organo-organic or particle-particle interactions. Implementing this
separation in SOC models may allow for better understanding of MAOC
formation, destruction, and saturation (Georgiou et al.,, 2025),
improving projections of SOC responses to environmental change and
management.
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