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ABSTRACT
Soil organic matter (SOM) is a complex heterogeneous mixture formed through decomposition and organo-mineral interactions, and characterization 

of its composition and biogeochemical stability is challenging. From this perspective, Rock-Eval® is a rapid and efficient thermal analytical method that 
combines the quantitative and qualitative information of SOM, including several parameters related to thermal stability. This approach has already been used 
to monitor changes in organic matter (OM) properties at the landscape, cropland, and soil profile scales. This study was aimed to assess the stability of SOM 
pools by characterizing the grain size fractions from forest litters and topsoils using Rock-Eval® thermal analysis. Litter (organic) and topsoil samples were 
collected from a beech forest in Normandy (France), whose management in the last 200 years has been documented. Fractionation by wet sieving was used 
to separate large debris (> 2 000 µm) and coarse (200–2 000 µm) and fine particulate OM (POM) (50–200 µm) in the organic samples as well as coarse 
(200–2 000 µm), medium (50–200 µm), and fine (< 50 µm) fractions of the topsoil samples. Rock-Eval® was able to provide thermal parameters sensitive 
enough to study fine-scale soil processes. In the organic layers, quantitative and qualitative changes were explained by the progressive decomposition of labile 
organic compounds from plant debris to the finest organic particles. Meanwhile, the grain size fractions of topsoils presented different characteristics. The 
coarse organo-mineral fractions showed higher C contents, albeit with a different composition, higher thermal stability, and greater decomposition degree 
than the plant debris forming the organic layer. These results are consistent with those of previous studies that microbial activity is more effective in this 
fraction. The finest fractions of topsoils showed low C contents, the highest thermal stability, and low decomposition degree, which can be explained by the 
stronger interactions with the mineral matrix. Therefore, it is suggested that the dynamics of OM in the different size fractions be interpreted in the light of a 
plant-microbe-soil continuum. Finally, three distinct thermostable C pools were highlighted through the grain size heterogeneity of SOM: free coarse OM 
(large debris and coarse and fine particles), weakly protected OM in (bio)aggregates (coarse fraction of topsoil), and stabilized OM in the fine fractions of 
topsoil, which resulted from the interactions within organo-mineral complexes. Therefore, Rock-Eval® thermal parameters can be used to empirically illustrate 
the conceptual models emphasizing the roles of drivers played by the gradual decomposition and protection of the most thermally labile organic constituents.
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INTRODUCTION

Thermal analyses are commonly used to measure the
thermal stability of soil organic matter (SOM). In addition to
various compositional parameters, thermal stability is consi-
dered a proxy for biogeochemical stability, defined as the
bioavailability (or bioaccessibility) of SOM to decomposi-
tion by microorganisms (Plante et al., 2009). There is ample
literature on this topic, and the association between “ana-

lytical” thermal stability and “functional” biogeochemical
stability is much debated among different research schools
even today. Many studies have investigated thermograms as
proxies for SOM stability (Plante et al., 2011; Peltre et al.,
2013), but the thermal oxidation of SOM remains controver-
sial. In particular, the accuracy of oxidative thermal analyses
(i.e., combustion) has been subjected to strong criticism,
as the current approaches poorly discriminate biological
recalcitrance and are sensitive to carbon (C) content (Peltre
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et al., 2013; Schiedung et al., 2017). Nevertheless, according
to Gregorich et al. (2015), the Rock-Eval® analytical process
“is fundamentally different than other thermal degradation
techniques in that it involves use of an inert atmosphere and
rapid heating rates, and because it characterizes the reaction
products from heating rather than properties of the bulk
sample”.
Some studies have calibrated the results obtained using

Rock-Eval® with reference to those obtained using the con-
ventional techniques (Carrie et al., 2012; Delarue et al.,
2013; Hare et al., 2014). For instance, Albrecht et al. (2015)
compared the Rock-Eval® parameters with direct data on
structural and conformational characteristics obtained using
13C-cross-polarization magic-angle spinning nuclear mag-
netic resonance (CPMAS-NMR) and concluded that the
precision of Rock-Eval® results was good enough to iden-
tify thresholds of organic matter (OM) quality and thermal
stability induced by changes in microbial communities. Gre-
gorich et al. (2015) combined Rock-Eval® analysis with
X-ray absorption near-edge structure (XANES) spectroscopy
and demonstrated that the loss of SOM generally involves
preferential degradation of hydrogen (H)-rich compounds.
Similarly, using a combination of thermal analysis, diffe-
rential scanning calorimetry, and evolved gas analysis, Barré
et al. (2016) demonstrated that persistent SOM is thermally
more stable and contains fewer H-rich compounds (low
hydrogen index (HI)) than labile SOM. Finally, Soucémari-
anadin et al. (2018) showed that Rock-Eval® could precisely
reproduce labile C pools in soils identified by biological or
physical approaches (i.e., soil respiration test and isolation
of particulate OM (POM) via physical fractionation).
Furthermore, some higher-scale studies focused on func-

tional compartments, including the coarse (cPOM) and fine
free POM (fPOM) as well as the mineral-associated OM
(MAOM) fractions. The cPOM and fPOM fractions typi-
cally exhibit a low thermostability, corresponding to the
most labile C pools, while the MAOM fraction exhibits a
high thermostability, corresponding to the most stable C
pool (Saenger et al., 2013, 2015; Gregorich et al., 2015).
Previous studies have mainly emphasized the role of OM
stability in soil C sequestration, as controlled by various
environmental drivers, such as vegetation cover, land use,
and climate. However, some studies have offered different
perspectives. For instance, Sebag et al. (2016) illustrated the
relevance of two combined thermal indices derived from the
pyrolytic step of Rock-Eval® analysis to study the dynamics
of a more reactive fraction of SOM—pyrolysable C. Indeed,
these thermal indices are highly correlated when the stabi-
lization processes are driven by the gradual decomposition
of thermolabile fractions (Albrecht et al., 2015; Sebag et al.,
2016; Matteodo et al., 2018; Thoumazeau et al., 2020). Such
correlations are frequently observed in OM-rich samples

and are interpreted to be a consequence of the progressive
decomposition of POM (Lehmann and Kleber, 2015). In
contrast, OM-poor samples and certain soil classes, such as
Podzols or Arenosols, exhibit a deviation from these trends
and instead present the interactions between the organic
fraction and mineral matrix (Saenger et al., 2015; Sebag
et al., 2016; Matteodo et al., 2018; Malou et al., 2020).
This body of knowledge supports the hypothesis that a

decomposition (I) index-stability (R) index diagram inte-
grates the intrinsic stability (or biological recalcitrance) of
OM (i.e., the energy input to break down organic molecules)
and the stabilization of SOM through interactions with soil
minerals (i.e., the energy required to break the bonds between
SOM and mineral particles). Here, we tested this hypothesis
by characterizing the Rock-Eval® signatures (organic C con-
tent, composition, and thermal indices) of bulk samples as
well as various size fractions of the organic (litter) and topsoil
layers from a beech forest. More precisely, we monitored the
evolution of the thermal status of these samples, representing
a continuum from the most labile forms in the organic layers
(biogenic precursors) to the most stable ones in the subsoil
layers.

MATERIALS AND METHODS

Study site and previous studies

The study site, with an area of 7 200 ha, was located in
the Eawy State Forest, Normandy, France (1◦18′ E, 49◦44′
N). Its management in the last 200 years has been docume-
nted. The climate is oceanic temperate, with a mean annual
temperature of 10 ◦C and mean annual precipitation of
800 mm. The soil is an Endogleyic Dystric Luvisol (FAO,
2006), developed on a > 80-cm-thick layer of loess (silty
texture), overlying the clay-with-flint parent material. Soil
texture was similar among stands, with 130 g kg−1 clay,
700 g kg−1 silt, and 170 g kg−1 sand. The understory ve-
getation is a characteristic Endymio-Fagetum type, according
to phytosociological classification (Durin et al., 1967).
Research studies have been performed over the past

10 years on the soil biota (microorganisms, mesofauna,
and macrofauna) (Aubert et al., 2003; Hedde et al., 2007;
Chauvat et al., 2011; Trap et al., 2011c) and SOM dynamics
(litter decomposition, nitrogen (N) cycling, and soil C stock)
(Aubert et al., 2004, 2006, 2010; Hedde et al., 2008, 2010;
Trap et al., 2011a, b) in this region. The key findings of
these studies are summarized in a review by Aubert et al.
(2018). Over a 200-year chronosequence, it has been shown
that the best performance of the forest ecosystem, defined
as high OM recycling, was achieved when the plant and
soil communities jointly exhibited limited similarities and
complementarities in species functional traits. Although soil
and humus C fractions have been studied in terms of mass,
content, and stock dynamics, their stability warrants further
assessment.
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Sampling

The studied sample set (Table I) originates from previous
studies on SOM dynamics (i.e., quantitative and qualitative
changes) and combines morphological description, physical
fractionation, and C and N determinations (Hedde et al.,
2008). The selected plots cover the entire silvicultural cycle
(over a period of 200 years). Plots have always been occupied
by the same tree species (Fagus sylvatica L.), minimizing
possible changes in the chemical composition of plant debris.
A total of 75 humipedons, i.e., the upper parts of soil con-

stituted by organic and/or organo-mineral horizons (Zanella
et al., 2018), were described for 15 stands, with five points
per stand within a 25 cm × 25 cm quadrat. Each humipedon
was separated into the OL, OF/OH, andA horizons according
to their macroscopic morphological characteristics (Jabiol
et al., 2007). This horizon nomenclature corresponds to the
United States Department of Agriculture (USDA) nomencla-
ture as follows: OL=Oi, OF=Oe, andOH=Oa. Thereafter,
samples were collected from the horizons in delimited areas,
stored in plastic bags, air-dried, and weighed.

Fractionation

Physical fractionation was performed on the samples of
OF/OH horizons and topsoils using a method that depends
on the nature of the samples (Hedde et al., 2008).
We assumed that the state of decomposition of POM

in the organic layers is a function of its particle size, as
decay induces fragmentation. In the OF/OH samples, logs,
herbaceous vegetation litter, and beech fruits (masts and
nuts) were separated from the remaining OM (rOM) and
weighed. Then, the size distribution of the rOMwas assessed
by wet sieving using a vibratory sieve shaker. The rOM was
moistened with deionized water, deposited on the top sieve,
and passed through 2 000-, 200-, and 50-µm meshes. The

obtained fractions were subjected to flotation and panning
in water to separate the light fraction, comprising light
OM, from the heavy fraction, mainly comprising mineral
material. The fractions were oven-dried (40 ◦C for 48 h)
and weighed. The finest mineral fraction (< 50 µm) was
excluded. The resulting light organic fractions (O-fractions)
included decaying beech leaves (large debris, > 2 000 µm),
cPOM (O-coarse, 200–2 000 µm), and fPOM (O-medium,
50–200 µm). The O-coarse and O-medium fractions are
comparable to the functional litter compartments O-cPOM
and O-fPOM, respectively.
Furthermore, subsamples of air-dried topsoil (bulk A)

were subject to physical dispersion of particles prior to frac-
tionation, as described by Balesdent et al. (1991). The soil
samples were shaken with glass beads on an end-over-end
shaker for 16 h. The dispersed fractions were then separated
at 2 000, 200, and 50 µm through wet sieving. The coarsest
fraction (> 2 000 µm) was very limited in the studied soils,
as they developed from loess parent material. Therefore, this
fraction was removed. In the remaining fractions, light POM
was separated from the heavy minerals by flotation and sedi-
mentation in water. The< 50 µm suspension was flocculated
with CaCl2. All fractions were oven-dried and weighed.
The obtained organo-mineral fractions (A-fractions) were
as follows: A-coarse fraction (200–2 000 µm), A-medium
fraction (50–200 µm), and A-fine fraction (< 50 µm). These
A-fractions do not exactly match the functional soil compart-
ments conventionally referred to as cPOM, fPOM, occluded
POM (oPOM), and MAOM. Nevertheless, examinations
under a binocular microscope confirmed that the A-coarse
fraction was mostly composed of POM, whereas the A-fine
fraction was extremely poor in it. Consequently, we assumed
it reasonable to consider the A-coarse and A-fine fractions to
be relatively enriched with POM and MAOM, respectively,
with the A-medium fraction as a composite fraction.

TABLE I

Statistics (1st quartile, median, and 3rd quartile) of the measured or calculated values of Rock-Eval® parametersa) for litters (O horizon) and topsoils (A
horizon) and their respective size fractions of the soil sample set for the study site in the Eawy State Forest, Normandy, France

Sample TOC TpS2 HI OI I index R index

g kg−1 ◦C mg HCb) g−1 TOC mg CO2 g−1 TOC
All samples 97, 412, 502 372, 418, 458 276, 315, 394 77, 118, 188 0.13, 0.21, 0.39 0.42, 0.52, 0.57
Litter
Bulk sample 478, 487, 506 369, 371, 372 270, 287, 297 115, 119, 121 0.48, 0.49, 0.51 0.35, 0.36, 0.37
Large debris (> 2 000 µm) 444, 498, 536 370, 372, 375 249, 264, 273 111, 120, 159 0.36, 0.39, 0.42 0.40, 0.42, 0.44
O-coarse (200–2 000 µm) 417, 501, 506 373, 374, 375 249, 267, 295 100, 111, 197 0.31, 0.34, 0.39 0.42, 0.46, 0.49
O-medium (50–200 µm) 346, 423, 489 366, 371, 373 294, 342, 378 69, 77, 236 0.35, 0.35, 0.36 0.43, 0.45, 0.46

Topsoil
Bulk sample 38, 46, 57 461, 463, 464 299, 312, 319 143, 144, 153 0.15, 0.17, 0.19 0.54, 0.55, 0.57
A-coarse (200–2 000 µm) 382, 486, 584 426, 432, 433 349, 382, 410 41, 50, 268 0.07, 0.09, 0.10 0.55, 0.57, 0.58
A-medium (50–200 µm) 190, 244, 268 427, 437, 451 315, 370, 394 50, 63, 212 0.12, 0.15, 0.17 0.55, 0.57, 0.59
A-fine (< 50 µm) 25, 32, 58 463, 464, 465 316, 338, 366 97, 151, 292 0.11, 0.12, 0.15 0.59, 0.60, 0.62

a)TOC = total organic carbon; TpS2 = maximum cracking temperature; HI = hydrogen index; OI = oxygen indexl; I index = decomposition index; R
index = stability index.
b)Hydrocarbon.
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Rock-Eval® thermal analysis

Analyses were performed using 30–70 mg of powdered
samples with Rock-Eval® 6 (Vinci Technologies, France).
All analytical processes and protocols followed in the present
study are described elsewhere (Lafargue et al., 1998; Behar
et al., 2001; Disnar et al., 2003; Sebag et al., 2016). The
Rock-Eval® analysis is based on continuous measurement
of gas effluents, i.e., hydrocarbon (HC), carbon oxide (CO),
and carbon dioxide (CO2), released during the thermal
cracking of organic compounds (and thermal decomposition
of carbonate minerals) under pyrolytic conditions (from
200 to 650 ◦C at 25 ◦C min−1 in an inert atmosphere),
followed by the combustion of residual C (from 300 to 850 ◦C
in an oxidative atmosphere). The resulting thermogramswere
used to calculate the standard parameters by integrating the
amounts of HC, CO, and CO2 within the defined temperature
limits (Lafargue et al., 1998; Behar et al., 2001).
Over the past 15 years, applications in environmental sci-

ences have allowed the measurement of OM quality changes
in soils and recent sediments as well as the quantification
of C fluxes and stocks in various environments. In general,
these analyses are based on the four standard parameters
of total organic C (TOC), maximum cracking temperature
(TpS2), HI, and oxygen index (OI). The parameter TOC
is calculated as the sum of all C effluents (i.e., HC, CO,
and CO2). In soil samples, TOC represents the amount of
organic C and has been well calibrated in previous studies
(Disnar et al., 2003; Saenger et al., 2013; Malou et al.,
2020). The TpS2 corresponds to the oven temperature at
which the maximum HC is released during pyrolysis. The
HI corresponds to the amount of HC released during pyro-
lysis relative to TOC. In soil samples, decrease in HI along
soil profiles is related to the dehydrogenation of organic
compounds during pedogenesis (Disnar et al., 2003; Barré
et al., 2016). The OI corresponds to the amount of carbon
dioxide (CO2) released during pyrolysis before reaching the
temperature of 400 ◦C for CO and 500 ◦C for CO2 (i.e., from
the cracking of organic compounds, not from the thermal
decomposition of carbonates), expressed relative to TOC.
In soil samples, increase in OI along soil profiles is related
to relative oxygenation, which is often interpreted as the
aromatization of organic compounds.
In addition to the above standard parameters, Disnar

et al. (2003) have proposed using the shape of thermograms
to obtain additional information about SOM quality. In the
present study, we used the R index to measure the contribu-
tion of thermoresistant and thermorefractory C pools and the
I index to quantify the preservation of the thermolabile C
pool (Sebag et al., 2016). Both indices are derived from the
integrated S2 areas between specific bounds (200–400, 400–
460, and> 460 ◦C), usually interpreted as specific thresholds
of the thermal stability of organic compounds, separating

the thermolabile, thermoresistant, and thermorefractory C
pools (Figs. S1 and S2, see Supplementary Material for Figs.
S1 and S2) (Disnar et al., 2003; Sebag et al., 2006; Saenger
et al., 2013, 2015). In addition, both indices are calculated
from S2 thermograms (i.e., HC released by thermal cracking
under pyrolytic conditions), which are little or not sensitive
to the interference of mineral matrix and catalytic reactions.
These indices have been developed to study the most reactive
fraction of SOM (i.e., richer in H bonds and thermolabile),
which is directly involved in short-term changes in soil C dy-
namics. Nevertheless, as recommended by Schiedung et al.
(2017), these thermal indices do not consider the various
labile pools, that is, they do not reflect biological stability,
but focus on SOM biogeochemical stability.

RESULTS

Standard Rock-Eval® parameters

As shown in Table I, TOC varied among the bulk samples
(420–550 g kg−1 in litters and 30–80 g kg−1 in topsoils),
O-fractions (> 410 g kg−1 in large debris, 340–560 g kg−1

in O-coarse, and 210–600 g kg−1 in O-medium), and A-
fractions (380–740 g kg−1 in A-coarse, 190–400 g kg−1 in
A-medium, and 15–60 g kg−1 in A-fine). The boxplots show
a fairly continuous decreasing trend from the OL horizon
(only beech litter) and large debris toward the O-fractions
and A-coarse fraction and a drastic decreasing shift toward
the A-medium and A-fine fractions (Fig. 1).
The TpS2 exhibited a typical pattern, with low values

(ca. 370 ◦C) for the litters and their size fractions and high

Fig. 1 Boxplots of soil total organic carbon (TOC) contents of litters (O
horizon) and topsoils (A horizon) and their respective size fractions of
the soil sample set for the study site in the Eawy State Forest, Normandy,
France. The horizontal bands indicate the range of values for the bulk
samples of litters (gray) and topsoils (dark gray) from the dataset of Sebag
et al. (2016). Boxes show 25–75 percentiles, vertical lines show 10–90
percentiles, horizontal lines within boxes are median values (n = 25),
and points outside the boxes represent outliers. Large debris > 2 000
µm; O-coarse = 200–2 000 µm; O-medium = 50–200 µm; A-coarse =
200–2 000 µm; A-medium = 50–200 µm; A-fine < 50 µm. The dash line
indicates the mean of all samples.
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values (420–470 ◦C) for topsoils and their size fractions
(Fig. 2).
The HI showed great variability among samples (Fig. 2).

Specifically, litter, large debris, and O-coarse presented low
HI variability with a range of 225–330 mg HC g−1 TOC

Fig. 2 Boxplots of standard Rock-Eval® parameters for litters (O horizon)
and topsoils (A horizon) and their respective size fractions of the soil sample
set for the study site in the Eawy State Forest, Normandy, France. TpS2
= maximum cracking temperature; HI = hydrogen index; OI = oxygen
index; HC= hydrocarbon; TOC= total organic carbon. Boxes show 25–75
percentiles, vertical lines show 10–90 percentiles, horizontal lines within
boxes are median values (n = 25), and points outside the boxes represent
outliers. Large debris > 2 000 µm; O-coarse = 200–2 000 µm; O-medium
= 50–200 µm; A-coarse = 200–2 000 µm; A-medium = 50–200 µm;
A-fine < 50 µm. The horizontal bands indicate the range of values for the
bulk samples of litters (gray) and topsoils (dark gray) from the dataset of
Sebag et al. (2016). The left and right dash lines indicate the means of all
samples of litters and topsoils, respectively.

and a mean of 275 mg HC g−1 TOC, whereas O-medium
presented high HI variability with a range of 240–420mgHC
g−1 TOC and a mean of 340 mg HC g−1 TOC. Moreover,
the HI values and their dispersion were markedly greater in
all A-fractions (290–900 mg HC g−1 TOC), but the values
decreased from the A-coarse (610 mg HC g−1 TOC) to
A-medium (555 mg HC g−1 TOC) and A-fine (455 mg
HC g−1 TOC). The HI values of the bulk topsoil samples
(255–330 mg HC g−1 TOC) were quite close to those of
O-coarse.
The OI patterns differed according to the horizons

(Fig. 2). The OI distribution was particularly remarkable
in the O-fractions. In each fraction, the majority of sam-
ples showed a low OI, ranging from 75 to 150 mg CO2

g−1 TOC (median ≈ 120 mg CO2 g−1 TOC). However,
the OI dispersion increased with decreasing fraction size,
ranging from 75 to 250 mg CO2 g−1 TOC in O-medium.
Meanwhile, the OI values and their dispersion increased
from A-coarse (ca. 35–340 mg CO2 g−1 TOC) to A-fine
(75–480 mg CO2 g−1 TOC), but decreased for the bulk
topsoil samples (135–175 mg CO2 g−1 TOC).

I-R index diagram

The I-R index diagram (Fig. 3a) presented a drastic
contrast and a large hiatus between the litters (I index> 0.9,
R index < 0.4) and topsoils (I index < 0.5, R index > 0.5),
with the O-fractions distributed along the regression line,
hereafter referred as the “decomposition line” as identified
by Sebag et al. (2016). The A-fractions were distributed
around the topsoil samples. The A-medium fractions were
distributed along the decomposition line, the A-fine fractions
were distributed above it, and the A-coarse fractions were
distributed below it. The R index ranges of the A-coarse and
A-medium fractions were close (Fig. 3b), highlighting the
relatively low I index values of coarse organic constituents
(> 200 µm). Conversely, the I index ranges of the A-fine and
A-medium fractions were close (Fig. 3c), highlighting the
relatively high R index values of fine organic constituents
(< 50 µm).

DISCUSSION

Rock-Eval® parameters and SOM composition

The standard Rock-Eval® parameters (i.e., TOC, TpS2,
HI, and OI) represent the general trends and signatures
(Figs. 1 and 2, Table I) related to the decomposition of SOM
and changes in its chemical composition. The present results
are consistent with the findings of previous studies using
Rock-Eval® (Di-Giovanni et al., 1998; Disnar et al., 2003;
Sebag et al., 2006, 2016; Saenger et al., 2013).
The TOC content (Fig. 1) decreased gradually from the

large debris to A-medium fractions and drastically in the
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Fig. 3 Diagram (a) and boxplots (b and c) showing the relationship between decomposition (I) index and thermal stability (R) index of litters (O horizon)
and topsoils (A horizon) and their respective size fractions of the soil sample set for the study site in the Eawy State Forest, Normandy. The dash-dotted lines
indicate the empirical limits between litters, O-fractions, and topsoils. The horizontal bands indicate the ranges of values for the bulk samples of litters (light
green) and topsoils (light brown) from the dataset of Sebag et al. (2016). The central regression line represents the “decomposition line” calculated using the
dataset of Sebag et al. (2016), and the dotted lines on both sides indicate the 95% confidence interval. The other two regression lines correspond to the
A-coarse fraction (bottom) and the A-fine fraction (upper). Boxes show 25–75 percentiles, vertical lines show 10–90 percentiles, horizontal lines within boxes
are median values (n = 25), and points outside the boxes represent outliers. A-coarse = 200–2 000 µm; A-medium = 50–200 µm; A-fine < 50 µm. The R
and I indices of A-fractions were compared with those of the topsoils, with * indicating significant difference at P < 0.05, ** indicating significant difference
at P < 0.01, and ns indicating no significant difference (P > 0.05). The dash lines indicate the means of all samples.

A-fine fractions. Hedde et al. (2008) have already underlined
this trend in their studied soils and reported that these changes
can be explained by the loss of C-based compounds through
leaching or microbial decay. Consequently, in topsoils, this
trend reflects the increasing proportion of the mineral matrix
with decreasing grain size of the fractions (up to 80% in the
finest A-fine fraction). These quantitative results (i.e., C con-
tent) confirm that the fractionation protocol (i.e., sieving and
flotation in water) separated the coarse fraction (A-coarse)
enriched in OM from the fine fraction (A-fine) enriched in
minerals. In addition, relative contributions indicated the
predominance of certain fractions in the samples. Speci-
fically, the organic layers were mainly composed of large
debris (> 2 mm; 60%–70% of C mass), while the topsoils
were mainly composed of A-fine (32%–45% of C mass)
(recalculated from Hedde et al., 2008).
Furthermore, based on TpS2, HI, and OI, the litters

presented a typical homogeneous signature of fresh plant
tissues, with all values falling within the ranges reported by
Sebag et al. (2016) (TpS2 ≈ 370 ◦C, HI ≈ 250–300 mg

HC g−1 TOC, and OI ≈ 120 mg CO2 g−1 TOC), which
also characterizes the OF/OH fractions (large debris and
O-coarse). Compared with fresh plant remains reported by
previous works, the signatures (i.e., OM quality) of litters,
large debris and O-coarse, reflect a low decomposition, with
no real impact on the bulk composition of biogenic inputs
(i.e., plant tissues).
Similar to litters, the topsoils presented TpS2, HI, and

OI values within the previously reported ranges (Sebag et al.,
2016) (TpS2≈ 440–460 ◦C,HI≈ 260–400mgHCg−1 TOC,
and OI ≈ 150–250 mg CO2 g−1 TOC). Meanwhile, unlike
the homogeneous O-fractions, the A-fractions exhibited di-
verse signatures. The stepwise increase in TpS2 reflects
increase in thermal stability with decrease in grain size. This
trend, related to decrease in HI and increase in OI, can be
interpreted as a consequence of decomposition, along with
other processes occurring in the superficial organic layers.
However, very high HI and very low OI of the A-coarse
fraction indicate a drastic change in the composition of this
fraction compared with that of the O-fractions. Such a change
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may be related to microbial OM, whose biogenic precursors
are H-rich and O-poor. These conclusions are corroborated
by the patterns of the C/N ratios. In the same samples, Hedde
et al. (2008) found the maximum C/N ratio (ca. 27) in the
litters, with the values gradually decreasing with decreasing
size of the O-fractions (23–24, 19–20, and 16–18 for large
debris, O-coarse, and O-medium, respectively). However,
the ratio in the A-coarse fraction was 20–22, between those
reported for large debris and O-coarse.
From this perspective, the fractionation protocol (i.e.,

sieving and flotation in water) may have separated the fo-
llowing fractions: i) homogenous O-fractions, comprising
coarse and fine free OM corresponding to fragmented but
weakly decomposed (high HI and low TpS2) plant debris
(i.e., primary production), ii) an A-coarse fraction enriched
in weakly decomposed (very high HI) microbial OM (i.e.,
secondary production), iii) an A-fine fraction enriched in
soil minerals and stabilized OM (high TpS2), and iv) an
A-medium fraction, intermediate between the coarse and
fine A-fractions, confirming its composite nature. Finally,
these results illustrate the concept of the plant-microbe-soil
continuum. However, for comparison between the organic
and topsoil fractions, the compositional indices (HI and OI)
appear, on the one hand, insufficiently sensitive to measure
the progressive decomposition of plant debris in the litter,
and on the other, too sensitive to the compositional changes.
It is, therefore, difficult to distinguish between the various
processes (i.e., biogenic precursor composition, labile pool
decomposition, and organo-mineral interactions) that may
explain the changes in thermal stability measured by TpS2.

Thermal stability and gradual decomposition

The I-R index diagram (Fig. 3) shows the patterns of
SOM quality (I index) and thermal stability (R index) as a
function of the grain size fractions. In a previous study, high
continuous input of OM was observed in all stands based on
the measurement of litter production (Trap et al., 2011a). As
expected, the litters (low decomposition and low stability)
differ drastically from topsoils (high decomposition and high
stability). The hiatus between litters and topsoils was also
evident between the O- and A-fractions, reflecting a major
threshold. Considering that thermal stability can integrate
several mechanisms of OM stabilization (Saenger et al.,
2013; Gregorich et al., 2015; Sebag et al., 2016), we assume
that this gap is related to multiple interactions between the
organic fractions and mineral matrix.
The large debris, O-coarse, and O-medium are derived

directly from the aerial litters which first enter the soil
through accumulation in the OL horizon. However, they
displayed increasing decomposition (i.e., I index values) and
thermal stability (i.e., R index values). First, both indices
of the bulk litter and O-fractions were strongly correlated,

indicating that the gradual decomposition of labile pools
(decrease in I index) is a major driver of OM stabilization
(increase in R index) (Albrecht et al., 2015; Matteodo et al.,
2018; Thoumazeau et al., 2020). Second, the O-fractions
overlapped with one another, indicating that their evolution
(i.e., gradual decomposition of labile pools) is probably fairly
continuous and comparable. Third, the variances of both
indices were large for all O-fractions, which can be explained
by the different ages of the studied plots. Indeed, the large
debris and O-coarse fractions showed low variability for each
stand but high variability during the sylvicultural cycle (Trap
et al., 2011a). In contrast, the O-medium fractions appeared
relatively stable along the 200-year chronosequence. These
results extend the conclusions of previous studies using the
same sample set, which showed that the modification in
soil biota activity may be responsible for changes in the
decaying processes and SOM dynamics (Hedde et al., 2008;
Trap et al., 2013). Thermal analysis shows that the stability
of the coarser fractions in organic layers (large debris and
O-coarse) could be affected by temporal changes in soil biota
activity (Trap et al., 2011c), whereas the stability of the finer
fractions (O-medium) varies slightly over time. In the present
study, topsoil and A-medium fractions were plotted along
the decomposition line (Fig. 3), indicating that the gradual
decomposition of the most labile compounds continues to
play a major role in the stabilization of SOM. Conversely,
the A-coarse and A-fine fractions were plotted below and
above the decomposition line, respectively, indicating di-
fferences in the processes of stabilization. The ranges of R
index were comparable between the A-coarse and A-medium
fractions, indicating that the stability benefit (positive R
shift compared with the O-fraction) was of the same order
of magnitude for both fractions and may be related to the
physical protection provided by the mineral matrix to all A-
fractions. Nevertheless, the lower I index values of A-coarse
reflect a higher decomposition of thermolabile constituents.
This may be explained by the differences in aggregate sizes
for each fraction, as occlusion is more efficient in micro-
than in macro-aggregates (Six et al., 2002). However, the
structural analysis of these soils has demonstrated that they
are primarily composed of micro-aggregates (Trap et al.,
2011a). Therefore, another explanation would be the rela-
tionship between thermal status and compositional indices:
an advanced decomposition of the most labile fraction (low
I index) coincides with a significant increase in HI. Howe-
ver, this relationship is contrary to the evolution of plant
debris in litters and soils (i.e. decrease in HI). The microbial
activity may provide interesting clues: I index values can be
influenced by intense microbial decomposition of plant OM,
whereas HI values reflect the synthesis of H-rich microbial
OM.
Finally, the A-fine fraction presented a higher thermal

stability (highestR index) than the A-medium fraction, albeit
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without differences in the decomposition of the thermola-
bile pool (I index). This may be explained by the strong
interactions between this finest OM fraction and the mineral
matrix: both A-medium and A-fine fractions would be phy-
sically protected in micro-aggregates, but the latter would
also be protected at an even finer scale (occlusion within
clay microstructures, adsorption on mineral surfaces, and/or
formation of organo-mineral complexes).
From this perspective, the I-R index diagram empha-

sizes that the thermal stability (R index) of topsoil OM
changes continuously due to the gradual decomposition (I
index) of the most labile pools (i.e., a strong inverse cor-
relation between the two indices along the decomposition
line). In addition, different thermal statuses can be assigned
depending on the type of interaction with the mineral ma-
trix. The organic particles constituting the A-coarse fraction
(200–2 000 µm) are larger than the topsoil micro-aggregates.
Therefore, they are poorly protected by occlusion and more
easily accessible and decomposed by soil microorganisms.
The organic particles forming the A-medium fraction (50–
200 µm) are better protected in micro-aggregates (occlusion)
and less bioavailable for soil microorganisms. However,
because of the separation protocol, we cannot rule out the
possibility of the presence of a composite A-medium fraction
with an intermediate signature between the two functional
compartments (POM and MAOM). The organic constituents
of the A-fine fraction (< 50 µm) are diluted in an abundant
mineral matrix. As the A-fine fraction had a higher thermal
stability without showing a further decomposition state com-
pared with the A-medium fraction, it is reasonable to assume
that this is related to the additional protection provided by

the mineral matrix (i.e., occlusion in clay microstructures,
adsorption, and/or complexation).
Finally, the main conclusions of this study are summa-

rized in Table II, which shows the relationships between
the thermal stability indices, size fractions, thermal C pools
(labile, resistant, and refractory), and some pedogenic pro-
cesses. The differential mineralization in organic fractions
causes the decrease of labile C pool with a proportional
increase in the resistant and refractory pools, ultimately
resulting in the decrease of the decomposition index (I index
calculated as labile/resistant ratio) and the relative increase
of stability (R index calculated as resistant + refractory).
As the changes in resistant and refractory C pools directly
result from the decrease in the labile C pool, this free OM is
plotted on the decomposition line. Conversely, all A fractions
are stabilized through processes related to matrix protec-
tion. These mechanisms attenuate decomposition, and the
protected pools, even the labile one, are stabilized. Con-
sequently, the labile C pool decreases in the favor of the
resistant C pool, resulting in proportional shifts in decom-
position (lower I index) and stability (higher R index). The
same mechanisms allow the discrimination of the fraction
occluded in micro-aggregates (on the decomposition line)
and the one weakly protected (below the decomposition
line). Likewise, interactions with the soil mineral fraction
provide protection strong enough to increase the resistant
and refractory pools, thus increasing stability (above the
decomposition line).

SOC stability and SOM dynamics

We consider that changes in OM quality (I index, HI,
and OI) and thermal stability (R index and TpS2) reflect

TABLE II

Relationships between litter (O horizon) and topsoil (A horizon) organic matter (OM) thermal stability indices, size fractions, thermal C pools, and some
pedogenic processes

Samplea) Characteristic Stabilization process C poolb) I indexc) R indexd) Positione)

L Rs Rf

Litter Labile OM mineralization Resistant OM preservation Decrease Increase Increase Small decrease Small increase On
Topsoil Incorporation in mineral

matrix
Physical protection Decrease Increase Small decrease Small increase On

A-coarse Weekly protected, labile OM
mineralization, incorporation
in mineral matrix

Resistant OM preservation,
physical protection

Decrease Increase Increase Large decrease Moderate increase Below

A-medium Well-protected, labile OM
mineralization, incorporation
in mineral matrix, long-time
evolution

Resistant OM preservation,
physical protection, occlusion
(micro-aggregates)

Decrease Increase Moderate decrease Moderate increase On

A-fine Stabilized, labile OM
mineralization, incorporation
in mineral matrix, very
long-time evolution

Resistant OM preservation,
physical protection, occlusion
(micro-aggregates), adsorption
(mineral)

Decrease Increase Increase Moderate decrease Large increase Above

a)A-coarse = 200–2 000 µm; A-medium = 50–200 µm; A-fine < 50 µm.
b)L = thermolabile; Rs = thermoresistant; Rf = thermorefractory.
c)Decomposition index, calculated as L/Rs.
d)Stability index, calculated as Rs + Rf.
e)On = on the decomposition line; Below = below the decomposition line; Above = above the decomposition line.
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the consequences of differences in the biogeochemical sta-
bility of grain size fractions. Indeed, our results illustrate a
conventional model of biogeochemical stabilization, that is,
splitting OM into free and protected pools, the latter being
protected in organo-mineral assemblages, (bio)aggregates,
and/or clay microstructures (von Lützow et al., 2007). It is
straightforward to relate this conventional pool model with
the interpretation of the I-R index diagram. Indeed, the
gap in the decomposition degree (I index) can be seen as
a distinction between the free POM in litters, large debris,
O-coarse, and O-medium and the protected OM, including
the weakly protected A-coarse, well-protected A-medium,
and strongly stabilized A-fine, according to their relative
positions in the I-R index diagram (Fig. 3). In the litters, the
different fractions are, by nature, enriched in free POM and
are probably rapidly turned over. In topsoils, any discussion
about residence times remains speculative, as the separation
protocol does not isolate pure functional compartments.
However, OM dynamics can be represented schemati-

cally by crossing the quantitative (C stocks) and qualitative
(bulk composition and thermal stability) variables. Because
the studied soils are comparable, the parameter TOC can
be used to represent the relative changes in SOC content in
various grain size fractions (Fig. 4). In the O horizon (i.e.,
litter and OF/OH horizons), OM changes are mainly related
to biochemical processes (i.e., progressive decomposition
and mineralization of labile compounds) driven by certain
intrinsic OM properties, such as the structural stability of
organic compounds, and extrinsic environmental factors,

such as primary production, edaphic conditions, and biota.
In the topsoils, the differences observed between various size
fractions appear independent of the properties of the overly-
ing organic layers but are directly related to their interactions
with the mineral matrix (soil structure, mineral surfaces, and
so on).
Thus, our results can be interpreted within the frame-

work of the emergent view and current debate on SOC
dynamics. As assumed by the conceptual model proposed by
Schmidt et al. (2011), the Rock-Eval® analysis can clearly
differentiate the organic and mineral samples (litter/topsoil
and organic/mineral fractions) in terms of the OM content,
composition, and thermal stability. In addition, changes in
compositional parameters (HI and OI) appear to pinpoint the
main stages of the plant-microbe-soil continuum by high-
lighting i) the source (i.e., plant remains) of organic particles
in the organic layers, ii) the probable impact of organisms
on the poorly protected topsoil coarse fractions, and iii)
the specific signature of the fine fraction that dominates in
topsoils. Moreover, the thermal parameters provide an em-
pirical illustration of the soil continuum model developed by
Lehmann and Kleber (2015). Indeed, the I-R index diagram
graphically represents i) the progressive decomposition of
the most labile compounds (i.e., decomposition line), which
starts in the litter and continues down to the finest fraction
of the topsoils, and ii) the clustering of the topsoil fractions
related to the types of interactions between organic particles
and soil minerals. At this point, the diagram also features the
bioenergetic framework proposed by Williams and Plante

Fig. 4 Schematic showing that in litters (O horizon) and their size fractions (i.e., large debris, O-coarse, and O-medium), the mineralization of biological
remains (decrease in TOC) increases SOM stability (decrease in I index) due to the preservation of the thermoresistant pool and in the various size fractions
of the topsoils (A horizon) (i.e., A-coarse, A-medium, and A-fine), the interactions between biota and the mineral matrix increase SOM stability (decrease in
I index) due to the formation of the thermorefractory pool. The increase in SOM stability leads to C sequestration. TOC = total organic carbon; SOM = soil
organic matter; I index = decomposition index; large debris > 2 000 µm; O-coarse = 200–2 000 µm; O-medium = 5–200 µm; A-coarse = 200–2 000 µm;
A-medium = 50–200 µm; A-fine < 50 µm. The boxes indicate the ranges of values for the bulk samples of litters (green) and topsoils (brown) from the
dataset of Sebag et al. (2016).
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(2018), which utilizes thermally determined activation ene-
rgy and energy density to assess the persistence of SOM.
Nevertheless, further studies are warranted to verify whether
thermal pools can be assimilated into functional compart-
ments and whether the R and I indices can be related to
activation energy and energy density, respectively.

CONCLUSIONS

This study highlights some assets of the Rock-Eval®
thermal analysis and its derived parameters to quantify the
decomposition and stability of SOM. Various parameters,
including HI, I index, and R index, which are related to
the most reactive part of SOM, reflect changes in OM com-
position and thermal stability induced by decomposition of
labile compounds as well as organo-mineral interactions in
topsoils. Moreover, the combination of compositional and
thermal indices assumes that at least three thermal C pools
can be identified to model the grain size heterogeneity of
SOM: i) free particulate plant-derived OM (low decomposi-
tion and low stability) in litters and their size fractions, ii)
coarse weakly protected OM (high decomposition and high
stability) probably partly decomposed by microorganisms
in the organic fractions of topsoils, and iii) fine stabilized
OM (high decomposition and high stability) related to the
mineral fractions of topsoils. Although the thermal pools do
not correspond exactly to the conventional functional com-
partments, they allowed us to elucidate the dynamics of OM
in forest soils developed from loess in northwestern France.
This case study accurately illustrates the concept of the
plant-microbe-soil continuum and new emerging paradigms,
contributing to a comprehensive understanding of OM for-
mation and its fate in soil. Our findings underscore that the
size and stoichiometry of the decomposition products and
their interactions with the soil matrix determine their thermal
stability. Further studies should focus on the evolution of
the thermal properties of OM according to changes in soil
(micro)biota over time.
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