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Abstract. Accurate quantifications of soil organic (SOC) and inorganic (SIC) carbon are essential for a better understanding
of the global carbon cycle. The procedures usually used to quantify SOC and SIC (e.g., elemental analysis after
pretreatment) rely on various approximations and can lead to analytical errors. Ramped thermal analyses are increasingly
investigated to quantify SOC and SIC by heating a single aliquot and continuously measuring the carbonaceous compounds
emitted. The Rock-Eval® thermal analysis (RE) has been standardized to estimate organic and inorganic C contents of oil-
bearing rocks through two parameters named TOC and MINC, respectively. Moreover, its pyrolysis phase before the
oxidation provides the basis for calculating indices to characterize soil organic matter (SOM). However, statistical post-hoc
corrections of TOC and MINC are needed to adjust their estimations of SOC and SIC contents because SOC and SIC
decomposition signals overlap at the end of the pyrolysis. A new cycle with a final pyrolysis temperature of 520 °C
(PYRO520) instead of 650°C is investigated to avoid SIC decomposition while preserving OM characterization during
pyrolysis. The results are compared to the quantifications obtained with the standard analysis cycle (PYRO650) and by
elemental analysis after pretreatments. The PYRO520 cycle corrects the misallocation of the end-of-pyrolysis signals
between the TOC and MINC parameters and thus accurately and repeatably estimated SOC and SIC contents measured by
EA after pretreatments without needing post-hoc corrections. Moreover, the values and interpretations of the indices

characterizing SOM are not drastically modified by the pyrolysis modification.
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1 Introduction

Two carbon (C) forms can be found in soils: soil organic carbon (SOC) and soil inorganic carbon (SIC). Since the early
1990s, only about 4% of soil C publications have addressed SIC (Raza et al., 2024). Traditionally, SIC has been viewed as
inert over a human lifetime, only slightly affected by land use and agricultural practices, and thus considered irrelevant to
studies on soil C sequestration and soil ecology (Dina Ebouel et al., 2024; Raza et al., 2024). However, an increasing number
of studies shows that the presence of SIC can enhance SOC stabilization (Rowley et al., 2018; Qafoku et al., 2023; Shabtai et
al., 2023) and may act either as a sink (Entry et al., 2004; Manning, 2008; Cailleau et al., 2011; Wang et al., 2015; Bughio et
al., 2016; Raheb et al., 2017; Gao et al., 2017; Liu et al., 2018; Gatz-Miller et al., 2022; Liu et al., 2023) or as a source of
atmospheric CO, (Emmerich, 2003; Bertrand et al., 2007; Chevallier et al., 2016; Raza et al., 2021; Zamanian et al., 2021;
Guo et al., 2021; Zhao et al., 2022). Despite these findings, the influence of SIC-related processes on the global C cycle
remains uncertain. Consequently, accurate quantifications of SOC and SIC are essential for completing soil C databases,
improving digital mapping of SIC, and integrating SIC dynamics into global C cycle models (Sharififar et al., 2023; Dina
Ebouel et al., 2024; Raza et al., 2024).

The elemental analysis (EA) remains the reference method for soil C quantification. It consists ofin high-temperature
combustion (> 1000 °C) of the soil sample and measurement of the emitted carbon dioxide (CO2; 1SO, 1995; Bispo et al.,
2017; Apesteguia et al., 2018; Shamrikova et al., 2023). Both SOC and SIC decompose at this temperature. To quantify SOC
and SIC, the total carbon (TC) is first estimated by EA on one aliquot, and then either SOC or SIC is estimated on a second
aliquot by removing the unwanted C form prior to EA or by using specific methods quantifying SOC (e.g., wet oxidation) or
SIC (e.g., calcimetry). However, SIC removal by acidification or SOC removal by combustion can be incomplete or even
alter the untargeted C form (Schlacher and Connolly, 2014; Apesteguia et al., 2018; Shamrikova et al., 2023, 2024 ; He et al.

2025). Moreover, specific quantification methods depend on approximations for estimating SOC yields from wet oxidation,
while calcimetry is calibrated exclusively for quantifying calcium carbonate (e.g., calcite) and thus misses other carbonate
forms (e.g., calcium magnesium carbonate like dolomite; Apesteguia et al., 2018; Nayak et al., 2019; Shamrikova et al.,
2023, 2024). The unquantified C form is then calculated using the difference (e.g., SIC = TC - SOC), leading to an increase

in the measurement error of the result (e.g., ASIC = \/ATCZ + ASOC?). Sample heterogeneity and/or very low or high
contents of one C form can also lead to inconsistencies and even negative or null values (Apesteguia et al., 2018;
Shamrikova et al., 2023, 2024). The loss-on-ignition method quantifies SOC and SIC by heating a single aliquot and by
measuring the mass loss during the heating. The mass loss up to 450—600 °C is usually attributed to organic matter (OM)
decomposition and the mass loss up to 850—-950 °C to carbonate decomposition. However, the temperature limits reported in
the literature are variable, and other processes (e.g., clay dehydroxylation) can contribute to mass loss. Moreover, SOC
contents are estimated by assuming that OM contains on average 58% carbon, a proportion that can vary widely between
soils (from 40% to 71%; Apesteguia et al., 2018; Dina Ebouel et al., 2024; Shamrikova et al., 2024).
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Thermal analyses are increasingly investigated to quantify both SOC and SIC on a single aliquot by continuously measuring
the carbonaceous compounds released either during oxidation alone (Vuong et al., 2013, 2015; Apesteguia et al., 2018) or
during pyrolysis and oxidation (Delahaie et al., 2023; Hazera et al., 2023; Koorneef et al., 2023). Since SIC generally
decomposes at higher temperatures than SOC, these methods use temperature boundaries to distinguish the compounds
emitted by the SOC decomposition from those emitted by the SIC decomposition. Among these methods, the Rock-Eval®
thermal analysis (RE) has been standardized to estimate organic and inorganic C contents in oil-bearing rocks through two
parameters named TOC (total organic carbon) and MINC (mineral carbon), respectively. The advantage of RE is to include a
pyrolysis phase before the oxidation during which hydrocarbon compounds (HC) are measured in addition to carbon
monoxide (CO) and CO; (Lafargue et al., 1998; Behar et al., 2001). The HC measurement is used to calculate indices that are
increasingly used in soil science to characterize soil OM (Disnar et al., 2003; Carrie et al., 2012; Sebag et al., 2016; Cécillon
etal., 2018; Malou et al., 2023).

Nevertheless, thermal analyses are not exempt from uncertainties on temperature boundaries to be used for distinguishing the
signals from SOC and SIC thermal decompositions. Recent quantifications of SOC and SIC by RE in calcareous samples
showed that the sum of TOC and MINC parameters accurately estimates the TC content, while the TOC parameter
underestimates the SOC content and the MINC parameter overestimates the SIC content. A proportion of SOC is accounted
in the MINC parameter because of an overlap of the SOC and SIC decomposition signals at the end of the pyrolysis
(Delahaie et al., 2023; Hazera et al., 2023; Koorneef et al., 2023). Indeed, SIC thermal decomposition begins at the end of
the pyrolysis, while a proportion of SOC remains in the crucible. The CO> emitted by SIC decomposition reacts with the
residual organic C to form two CO molecules (Boudouard’s reaction: CO2 + Corg — 2CO). The production of CO at the end
of pyrolysis (i) leads to the arbitrary halving of the CO signal between TOC and MINC parameters although the yield of the

Boudouard’s equilibrium depends on temperature, and (ii) increases the uncertainties on temperature boundaries to be used

to distinguish SOC and SIC signals since SIC thermal decomposition usually does not produce CO (CaCOs3 5» CaO + COy).
Thus, distinguishing SOC and SIC decomposition signals during pyrolysis remains uncertain and likely depends on the
forms of SOC and SIC in the soil sample. A post-hoc correction has been proposed consisting in subtracting a proportion of
the TOC parameter (8--9%) from the MINC parameter (Sebag et al., 2022a; Hazera et al., 2023) and adding it to the TOC
parameter (Disnar et al., 2003). However, this correction may not be suitable for all soil types and remains calibrated on
SOC and SIC contents estimated by the reference methods, which themselves include measurement errors.

Preventing SIC thermal decomposition by reducing the final temperature of pyrolysis could avoid the need for post-hoc
corrections for SOC and SIC quantification. The standard pyrolysis reaches 650 °C, a high temperature originally chosen to
measure the HC emitted by the thermal decomposition of the most mature organic matters of oil-bearing rocks (Lafargue et
al., 1998). With this standard pyrolysis, the temperature boundary of 520 °C is often used in soil literature to distinguish the

HC signal emitted by refractory OM from the HC signal emitted by highly refractory OM (Malou et al., 2020; Deluz et al.,

2024). However, in soils, the most persistent OM are hydrogen-depleted so their decomposition emits few HC at high
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temperatures (Disnar et al., 2003; Barré et al., 2016; Sebag et al., 2016). The HC emitted by soil samples at the end of the
pyrolysis are rare and not relevant for the characterization of soil OM (Pacini et al., 2023; Deluz et al., 2024). Delarue et al.
(2013) even suggested that the HC emitted at the end of the pyrolysis could be mainly products from secondary reactions
occurring in the pyrolysis furnace. Therefore, lowering the final temperature of pyrolysis should not compromise the

characterization of soil OM through the HC-based indices. Calcite and dolomite, the most common soil carbonates
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{Lafargue-et-ak-1998). Reducing the final temperature of pyrolysis to 520 °C offers a practical compromise: it prevents the
StS-decomposition of calcite and dolomite during pyrolysis while still preserving a meaningful HC signal for characterizing
soil OM. In this approach, SIC would be quantified exclusively during the subsequent oxidation phase.

Therefore, the aim of this study was to improve the direct quantification of SOC and SIC with RE by lowering the final
temperature of pyrolysis rather than applying post-hoc corrections on TOC and MINC parameters. To this end, 173 soils and
nine reference materials were analyzed with both the standard analysis cycle (noted PYRO650) and a cycle with a final
pyrolysis temperature of 520 °C (noted PYRO520). The SOC and SIC quantifications using TOC and MINC parameters
directly obtained with the two cycles (i.e., without post-hoc corrections) were compared to the SOC and SIC quantifications
by EA after pretreatments. The indices characterizing OM obtained with the two cycles were compared. We hypothesized
that (i) TOC and MINC parameters obtained with the PYRO520 cycle were respectively higher and lower than those
obtained with the PYRO650 cycle, (ii) TOC and MINC parameters obtained with the PYRO520 would not differ
significantly from the SOC and SIC contents estimated by EA, and (iii) the indices characterizing OM obtained with both
cycles were linearly correlated.

2 Materials and methods
2.1 Materials

A total of 173 agricultural soils of varied geographical origins, land uses, and textures were selected (Fig. 1, Table S1). The
soils were sampled at depths ranging from 0—10 cm to 210—220 cm (Table S1). Samples were sieved to 2 mm, milled with
200 um mesh, and dried at 40 °C to constant weight before Rock-Eval® (RE) and elemental analyses (EA). The soil organic
carbon (SOC) contents measured by EA after removing soil inorganic carbon (SIC) by acidification ranged from 1.2 g C kg*
to 68.2 g C kg* and the SIC contents measured by EA after removing SOC by combustion ranged from 0.0 g C kg to
94.9 g C kg (Table S1). Among these soils, 26 were considered non-calcareous (SIC < 2.0 g C kg%). The X-ray diffraction
analyses detected quartz, phyllosilicates, and-and-147-were-calcareous—with carbonates. Carbonates were mainly in-the-form
of-calcite and, to a lesser extent, dolomite (Table S1).




130

135

[%] Sand 50-2000 um

Figure 1: Particle size distributions as the proportion of sand, silt, and clay (%) of the 173 soils. Cl: clay, SiCl: silty clay, SaCl:
sandy clay, ClLo: clay loam, SiClLo: silty clay loam, SaClLo: sandy clay loam, Lo: loam, SiLo: silty loam, SaLo: sandy loam,
Si: silt, LoSa: loamy sand, Sa: sand (USDA classification).

Nine reference materials from environmental agencies were also analyzed (Table 1). Their reference SOC contents ranged
from 2.6 g C kg™ to 56.1 g C kg™ and their reference SIC contents ranged from 0.4 g C kg™ to 54.8 g C kg™* (Table 1).



Table 1: Name, type, environmental agency and total carbon (TC), soil organic carbon (SOC), soil inorganic carbon (SIC)
reference contents (g C kg™) of the nine reference materials

Name Type Environmental agency TC SOC SIC
SR-1 Rock Norwegian Petroleum Directorate 36.9 224 145
NIST-8704  River sediment National Institute of Standards and Technology USA 335 240 9.1
PACS-3 Marine sediment National Research Council Canada 329 317 12
ERM- . Joint Research Centre Institute for Reference

Calcareous soil 93.0 56.1 36.9
CC690 Materials and Measurements

Joint Research Centre Institute Reference Materials
BCR-280R  Lake sediment 174 141 3.4
and Measurements

i Wageningen Evaluating Programs for Analytical
ISE-850 Calcareous soil i 683 25 658
Laboratories

Agriculture and Agri-Food Canada, Lethbridge

AAFC-01 Calcareous soil (eroded) . 275 111 165
(intern)
i Agriculture and Agri-Food Canada, Lethbridge
AAFC-02 Calcareous soil (non-eroded) (intern) 209 136 7.2
intern

i i Natural Resources Canada (NRCan) Canadian Centre
Till-3 Subsoil . 115 111 04
for Mineral and Energy Technology (CANMET)

140

2.2 Elemental analysis

ed-on-tThree aliquots of each

sample were analyzed using an elemental analyzer. The aliquots dedicated tofer total carbon (TC) quantification were

analyzed directly by EA without pretreatment. Carbonates of the aliquots dedicated to SOC quantification were removed by
145 acid treatment before EA (Table 2). Organic matters (OM)SOC of the aliquots dedicated to SIC quantification wereas
removedeestroyed by combustion at 550 °C before EA (Table 2). The TC, SOC, and SIC contents estimated by EA are noted

TCea, SOChrci+ea, and SICsso-c+ea, respectively.



Table 2: Sample weight (mg), device and protocol used by the four laboratories for soil organic carbon (SOC) and soil inorganic
150 carbon (SIC) quantification by elemental analysis (EA) or thermal ramp

Samples Weight Device SOC protocol SIC protocol
France, Italy, Tunisia 1320 Elementar Vario Fumigation with HCI Muffle furnace ignition at
‘ (n=113) B Isotope Select (12 M) + EA 550 °C (6 h) + EA
| 0.2--10
(SOoC) Thermo Flash 2000 o . i
Germany Fumigation ~with HCI Thermal ramp analysis after
| 15-- EA (SOC)
(n=15) (12 M) + EA 550 °C
800 LECO R612 (SIC)
(SIC)
Hungary - Thermo Flash 2000  Acidification HCI (3 M) + Muffle furnace ignition at
| (n=30) - EA washing + EA 550 °C (6 h) + EA
‘ Canada 5 200 Thermo Flash 2000 ASmaH-seale—acidification Muffle furnace ignition at
(n=15) - EA with HCI (6 M) + EA 550 °C (6 h) + EA

Carbon contents were measured using EA and conducted in four laboratories. Sample weights, elemental analyzer devices,
| and pretreatment protocols differed among the four laboratories (Table 2). Carbon content estimations by EA were replicated

between one and five times for soil samples and at least four times for the reference materials. Each reference material was
155 analyzed by the four laboratories (Table 2).

2.3 Rock-Eval® thermal analysis
2.3.1 Method description

FheTGC,-SOC,—and-SIC—~contents—were—estimated—on—o0ne unpretreated aliquot of each sample was analyzed using a
RE6Standard apparatus (Vinci Technologies, France). SOC and SIC contents were estimated by the TOC_(total organic
160 carbon) and MINC_(mineral carbon) parameters, respectively. The-TC content was estimated by the sum of the TOC and
MINC parameters. Steel crucibles were filled with 60 + 1 mg of sample and analyzed using the standard “Bulk Rock”
method. The analysis consists of a pyrolysis phase under an inert atmosphere (N2, purity =99.99%) during which
hydrocarbon compounds (HC), carbon monoxide (CO), and carbon dioxide (CO.) emissions are measured, followed by an
oxidation phase under synthetic air (80% N, and 20% O, purity =99.99%) during which CO and CO; emissions are
165 measured. Thus, five thermograms are obtained at the end of the analysis.
RE analyses were replicated three times for the nine reference materials as well as for 11 soil samples distributed across the
TC content range of the studied soil samples (Table S1).
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2.3.2 Calculation of the TOC and MINC parameters

Two RE cycles were performed on each sample with differing final pyrolysis temperatures: a standard pyrolysis with a final
temperature of 650 °C (noted PYRO650), and a pyrolysis with a reduced final temperature of 520 °C (noted PYR0520). In
both cycles, the pyrolysis started with an isotherm of 3 min at 200 °C and continued with a temperature ramp of 25 °C min.
The PYRO650 cycle ended at 650 °C without an isotherm to avoid further SIC decomposition (Behar et al., 2001), whereas

the PYRO520 cycle ended with an isotherm of 5 min at 520 °C to complete the-therral pyrolysis of OM decomposing at this

temperature._An _isotherm of 3 min was tested but seemed too short to properly estimate the amount of OM pyrolyzed at

520 °C (data not shown). The sample was cooled down at the end of the pyrolysis before the oxidation phase. The oxidation

phase was identical for both cycles. The oxidation started with an isotherm of 3 min at 200 °C and continued with a
temperature ramp of 25 °C min™ up to an isotherm of 7 min at 850 °C to ensure the complete thermal decomposition of
carbonates (Hazera et al., 2023).

The five thermograms obtained with the PYRO650 cycle were divided into nine curves: S1 and S2 refer to the HC emitted
during and after the 200 °C isotherm, respectively; S3CO and S3°CO display the CO emitted during pyrolysis before and
after 550°C, respectively; S3CO; and S3’CO; denote the CO, emitted during pyrolysis before and after 550°C, respectively;
S4CO refers to the CO emitted during oxidation, and S4CO; and S5, to the CO, emitted during oxidation before and after
650°C, respectively (Table 3).



185

190

195

Table 3: Temperature spans (°C) and contributions to the TOC and MINC parameters (%) of the curves obtained with the
PYRO650 and PYRO520 cycles (n = 173)

PYROLYSIS OXIDATION
HC (ef0) CO2 co CO:2
S1 S2 S3CO  S3°CO S3CO2 S3°CO2 S4CO S4CO; S5
PYRO650
200-—- 200-—-
Temperature span 200 200--650 550--650  200--550 550--650 200-650 650--850
550 650
Parameter TOC TOC TOC TOC/MINC TOC MINC TOC TOC MINC
Contribution to the 1+0/
0+£0 115 2+1 16+x7 13%15 4+1 66+6 86+17
parameter 2+3
PYRO520
200— 200—-
Temperature span 200 200-—-520 - 200—-520 - 200—-650 650—-850
520 850
Parameter TOC TOC TOC - TOC - TOC TOC MINC
Contribution to the
0+t0 9%5 2+1 - 16+6 - 4+1 68+5 100
parameter

The parameters obtained with the PYRO650 cycle are noted TOCesso, MINCeso (Eqs 1 and 2), and TCeso.

1
TOCqs0 = S1+ 52 +S3C0 + 5S3'CO + S3CO, + S4CO + S4CO, @

MINCgso = %SS’CO + S3'CO, + S5 )
The S3°CO and S3’CO: curves obtained with the PYRO520 cycle were null (Table 3). The parameters obtained with the
PYRO520 cycle are noted TOCsz, MINCsz (Egs 3 and 4), and TCszo.
TOCs,0 = S1 + S2 + S3CO + S3CO, + S4CO + S4CO, 3)
MINCg,o = S5 “4)
The relative errors of the TOC and MINC parameters were estimated at 1.2 % and 3.3 % respectively (Pacini et al., 2023).

2.3.3 Calculation of the indices characterizing organic matter

The main indices used in the literature to characterize soil OM are the hydrogen index (HI), the oxygen index (OIRES6), the
I-index, and the R-index, which are directly calculated from the thermograms (e.g., Chassé et al., 2021; Deluz et al., 2024;
Sebag et al., 2022). In addition, there is the proportion of stable SOC on a century scale (Cgs) predicted by the Partysoc
model (e.g., Cécillon et al., 2018, 2021; Delahaie et al., 2024, 2023).

[a mis en forme : Indice
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The HI corresponds to the amount of HC emitted during pyrolysis relative to the TOC (Eq 5, mg HC g TOC; Behar et al.,
2001; Carrie et al., 2012). The OIRES relates to the amount of oxygen emitted as CO and CO, during pyrolysis of OM
relative to the TOC (Eq 6, mg O, g™ TOC; Behar et al., 2001; Carrie et al., 2012). The HI and OIRES are correlated with the
H:C and O:C ratios of OM, respectively (Disnar et al., 2003). The HI =f(OIRE6) diagram is used to assess the
decomposition state of OM: HI generally decreases with depth, reflecting the progressive oxidation of OM, i.e.,
dehydrogenation (decrease of HI) and relative oxidation (increase of OIRE6) of OM (Disnar et al., 2003; Barré et al., 2016;
Sebag et al., 2022a). The HI and OIRE6 were obtained using the same calculation for both cycles of analysis but they are not
equivalent as the temperature span of the S2 and S3CO; curves, as well as the TOC value, differ for each cycle (Table 3, Eqs
1 and 3). The HI and OIRES6 are noted Hleso, OIRE66s0, Hlsz0, and OIREBGsz when obtained with the PYRO650 and the
PYRO520 cycles, respectively.

_s2
HI = - X 100 ®)
OIREG = 0 33€0 | 100+ 2253302 149 )
28" TOC 44”7 TOC

The | and R indices are calculated from a subdivision of the S2 curve into five areas: Al (200—340 °C), corresponding to
highly labile biopolymers, A2 (340—-400 °C), labile biopolymers, A3 (400—-460 °C), resistant biopolymers, A4 (460—
520 °C), refractory biopolymers, and A5 (> 520 °C), highly refractory biopolymers (Sebag et al., 2016; Malou et al., 2020;

Deluz et al., 2024). The | and R indices correspond to the proportions of thermally labile and thermally stable OM,

respectively, and are calculated from the Al, A2, A3, A4, and A5 areas expressed as percentages of the S2 curve (Eqs 7, 8,
and 9). Since the A5 area does not apply with the PYRO520 cycle, the calculation of the R index was modified accordingly.
The | and R indices are noted lgso and Reso (Eqs 7 and 8) when obtained with the PYROG650 cycle and Is20 and Rsxo (Eqs 7
and 9) when obtained with the PYRO520 cycle.

Igso = logso[(Al + A2)/A3] =I5 @
Rgso = (A3 + A4 + A5)/100 ®)
Rsz0 = (A3 + A4)/100 [©)]

The | = f(R) diagram is used to investigate the dynamics of OM decomposition in the studied samples by comparing results
with those from a conventional decomposition model, as described in Sebag et al. (2016).

The Cgs proportion is estimated by the PARTY soc model. The PARTY soc model is a random forest machine learning model

that estimates the Cgs proportion of a sample from several RE parameters that have shown strong correlation with the Css

proportion of soils under bare fallow for several decades (Cécillon et al., 2018). The cycle used by Cécillon et al. (2018) was
similar to the PYROG650 one but differed from it in its pyrolysis and oxidation temperature ramps: 30 °C min* and
20 °C min respectively, versus 25 °C min for the PYROG650 cycle. Fifteen soil samples were analyzed with the cycle used
by Cécillon et al. (2018) to assess the influence of these differences on the obtained Cgs proportions (N°-9,-21,-23,27-58,66;
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69,-91,92109,151, 157168175177 Table S1). The Soil Carbon module of the Geoworks™ software (Geoworks
V1.8R1, Vinci Technologies) was used to predict the Css proportions for each soil sample and each RE analysis cycle with
the PART Ysoc v2.0 model (Cécillon et al., 2021). With both the PYRO650 cycle and the cycle from Cécillon et al. (2018),
the Geoworks™ software integrates CO and CO; pyrolysis signals up to 560 °C and the CO, oxidation signal up to 611 °C
(Cécillon et al., 2018). With the PYRO520 cycle, the HC, CO, and CO; pyrolysis signals were integrated across the whole
pyrolysis temperature range. The Cgs proportions obtained with the PYRO650, PYRO520 cycles, and the one used by
Cécillon et al. (2018) are noted CsSeso, CsSs20, and Csscecitton, respectively.

2.4 Data analysis

The measurement repeatability was assessed using the median of standard deviations and coefficients of variation. The
measurement accuracy was evaluated using the median of the absolute values of the relative error with respect to the
reference contents of standard materials. For the measurements of the SIC content, only calcareous samples (SIC >2 g C kg
1 were included, specifically, this involved seven reference materials (Table 1), and 37 soil samples that were reanalyzed
from the total of 147 calcareous soil samples.

The significance of the differences between the paired variables was evaluated within a 95% confidence interval using the
Student’s test for parametric variables (HO: the variables are not different, t-test function of the statistical software R, R Core
Team, 2024) and the Wilcoxon’s test for non-parametric variables (HO: the variables are not different, wilcox.test function of
R). Ordinary least squares regressions between the variables were tested with the linear model fitting function (Im function
of R) without their intercept. The overall significance of the regression was evaluated with the Fisher’s test (HO: the
relationship between the two variables is not significant). The coefficient of determination R? reflects the proportion of
variance explained by the regression. The significance of the difference between the regression slope and 1 was evaluated
within a 95% confidence interval using the Student’s test (HO: the slope is equal to 1, t-test function of R). The regression
slopes are given with their standard errors.

3 Results and discussion
3.1 Quantification of soil organic and inorganic carbon with the PYRO520 cycle of the Rock-Eval® device

TCea was well estimated by TCeso (TCeso = (1.00 £ 0.00) TCea, p-value (p) < 0.001, R?=0.997; Fig. S1), while TOCsso
underestimated SOCrci+ea by 9% (TOCsso = (0.91 + 0.01) SOChci+ea; Fig. 2) and MINCeso overestimated SICssoec+ea by 2%
(MINCsso = (1.02 + 0.01) SICssoeceea; Fig. 2).
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PYRO520

PYRO520
. y =(0.98 £ 0.01)x y =(1.001 £ 0.005)x
&0 R*=0.968 R*=0.996
p=0.222 75- p=0.801

30 :;%:__ —

SOC content (g C kg 1) estimated by TOC
SIC content (g C kg™') estimated by MINC

PYROG650 PYROB50
y = (0.91* £0.01)x y = (1.02* £ 0.01)x
R® = 0.968 R? = 0.995
; p <0.05 p <0.05
5 0 o 50 75

SOC content (g C kg’1) estimated by SOCyc.ea SIC content (g C kg") estimated by SICsspceen

Figure 2: SOC and SIC contents (g C kg™) estimated by TOCeso and MINCeso (gray) and TOCso and MINCszo (black),
respectively (n=182 i.e., 173 soils + 9 reference materialssamples), vs SOC and SIC contents estimated by SOChci+ea and
SICssoec+ea, respectively (n =173 soils), and reference SOC and SIC contents (n =9 reference materials). Soil samples are
represented by dots, and reference materials by triangles. Error bars show the standard deviations of SOC and SIC estimations by
SOChci+ea and SICssoec+ea (black symbols only, n =117), TOCeso and MINCeso (n = 20 i.e., 11 soils + 9 reference materials), and
TOCs20 and MINCszo (n = 20), respectively. The 1:1 line (y = x) is plotted as a solid black line. Regression slopes are significantly
different from zero (p-value (p) < 0.001). The p-values displayed on the graph indicate whether the slope significantly differs from
1. * Slope significantly differs from 1.

The deviations between TOCgs0 and SOChci+ea showed distributions significantly shifted towards negative values, while the
deviations between MINCeso and SICsso-c+ea Showed distributions significantly shifted towards positive values (Fig. 3).
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Figure 3: Distributions of deviations (g C kg*) between the SOC content estimated by TOCeso (top) or TOCs2 (bottom) and by
SOChHci+ea or the reference SOC content (left) and between the SIC content estimated by MINCeso (top) and MINCsz (bottom)
and by SICsso-c+ea or the SIC reference content (right, n=182). The zero-deviation line is plotted as a solid black line. The
medians of the deviation are plotted as red dashed lines.

These results confirm that, with the PYROG650 cycle, a systematic error in the signal allocation between the TOCgso and
MINCeso parameters is added to the random measurement error of the Rock-Eval® device. Delahaie et al., (2023), Hazera et
al. (2023) and Stojanova et al. (2024) reported underestimations by the TOC parameter of 13%, 16%, and 8%, respectively,
and overestimations by the MINC parameter of 7%, 4%, and 4%, respectively, with RE analysis cycles identical or similar to
the PYROG650 cycle. The reported percentage of deviations between the EA and RE estimations are in the same range of
values but vary depending on the datasets. These observations confirm that correcting these deviations with a fixed
coefficient estimated on specific datasets could lead to substantial errors. Recently, this correction has been statistically
modeled using machine learning algorithms to avoid errors related to the use of a fixed correction coefficient for all soils
(Stojanova et al., 2024). However, this latter method was also calibrated on SOC and SIC contents estimated with the
standard quantification methods (see Introduction), and only on French agricultural topsoils with a SOC content not
exceeding 50 g C kg™ so far.

TCea was also well estimated by TCsz (TCsz0 = (1.01 £ 0.00) TCea, p < 0.001, Rz = 0.997; Fig. S1). TOCsz was statistically
higher than TOCeso (Wilcoxon’s test: p <0.05) and was not statistically different from SOChciea (Wilcoxon’s test:
p =0.96). The slope of the regression between SOChci+ea and TOCszo (TOCsz = (0.98 + 0.01) SOChci+ea; Fig. 2) was not
statistically different from 1 (Student’s test: p =0.222, Fig. 2). The mean of the absolute deviations between TOCs and
SOChci+ea Was larger for samples with SOC content > 40 g C kg™ (8.95 + 5.14 g C kg, n = 11) than for samples with SOC
content <40 g C kg (1.66 +1.78 g C kg?). MINCsy was statistically lower than MINCeso (Wilcoxon’s test: p < 0.05) but
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remained statistically different from SICsso-c+ea (Wilcoxon’s test: 0.01 < p < 0.05). However, the slope of the regression
between MINCsy and SICsseecsea (MINCszo = (1.001 + 0.005) SICssoc+ea; Fig. 2) was not significantly different from 1
(Student’s test: p =0.801, Fig. 2). The deviations between TOCsy and SOChci:ea, and between MINCsy and SICssoec+ea.
showed distributions centered around zero, comparable to the distribution of random measurement errors (Fig. 3).

The larger mean of absolute deviations between TOCsy et SOChci+ea for soil samples rich in SOC was consistent with the
results of Disnar et al. (2003) whoprevieushy reported particularly large deviations between the RE and EA estimations for
“biopolymer-rich samples”. However, the high SOC content estimations by EA showed also_inconsistencies. The mean of

the absolute deviation between SOCpci+ea and the SOC content estimated as TCga - SICssoec+ea Was larger for samples with
SOC content>40gCkg* (853+7.71gCkg?, n=11) than for samples with SOC content<40g C kg™
(2.00 £2.22 g C kg*; Table S1). Several studies reported effects of acid pretreatment on the OM and/or incomplete SIC

removal by acid pretreatment that can lead to substantial errors in SOC quantification (Schlacher and Connolly, 2014;

Apestequia et al., 2018; He et al., 2025). Moreover, Apesteguia et al. (2018) pointed out that subtracting carbon contents

estimated on different aliquots can lead to inconsistencies in the results. Thus, the remaining discrepancies between

SOChci+ea and TOCsy could be due to underestimation of high SOC contents by RE or analytical errors in the standard

procedure itself. MHNCsag

éi“nrnnf fram SIC

ALY 1l g tact- N N1 n O NEY Llnwag
T o Ld o7
SiCesgec EG:éM*NQs&_ (1 _nntn'nn) sic LEAS r:ig_ 23 + cionif: dy-different i FStudent’s—test—p=0.801
Fig—2=MINCs, estimated properly SICssoec+ea Up to 100 g C kg for the samples of this study containing exclusively

calcite and dolomite. No siderite or oxalate carbonates were detected by the X-ray diffraction analyses on the samples used

in this study (Table S1). The thermal decomposition of siderite or oxalate carbonates can start before 400 °C during the

pyrolysis phase (Ferro, 2012; Sebag et al., 2018) and thus might impact the SOC and SIC quantification by RE.Fhe

OCs20-306-SOC e caane—beh MHNC20-aRE-SIC carSh o dlistrib As—centered-around

zorg a H thutian af d meast rrare (Cin 2
Y = = = AR A

The repeatability of RE analyses was satisfactory. The medians of the standard deviations and the coefficients of variation
obtained by RE were lower than or equivalent to the ones obtained by EA (Table 4).
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Table 4: Medians of standard deviation (SD, g C kg) and coefficient of variation (CV, %) of the total carbon (TC), organic
carbon (SOC) and inorganic carbon (SIC) content estimations replicated at least 3 times on both the soil collection and the
reference material sets. Median of the absolute relative errors (%) calculated with respect to the reference values given by the
environmental agencies for TC, SOC and SIC content estimations. N indicates the number of samples replicated and n indicates
the number of analyses used for the calculations. SIC*: standard deviations, coefficients of variation and relative errors are
reported for calcareous samples only (SIC content > 2 g C kg™?).

Method Soil collection set Reference material set

form

sD CVv N n Relative error SD CV N n
12.

socC SOChcivea 0.4 4.0 117 408 11.7 2.1 ; 9 283
TOCes0 02 17 11 33 5.0 01 08 9 27
TOCs2 02 25 11 33 8.7 01 04 9 27
S|C550°c+g 14.

Sic* 03 25 37 112 21.9 1.7 6 7 152
A
MINCeso 05 17 10 30 13.8 02 15 7 21
MINCs2 05 14 10 30 5.1 01 11 7 21

TC TCea 04 15 50 155 2.9 1.3 40 9 278
TCes0 06 1.3 11 33 2.0 02 10 9 27
TCs20 04 1.0 11 33 14 01 03 9 27

For the reference materials, the standard deviations and the coefficients of variation of EA were calculated from the results
of four laboratories, which explained their higher values compared to the ones of soils and RE analyses. Nevertheless, RE
analyses exhibited the lowest standard deviations and coefficients of variation among the five laboratories (data not shown).
The medians of the standard deviations and the coefficients of variation obtained with the PYRO520 cycle were comparable
to the ones obtained with the PYROG650 cycle (Table 4). The repeatability of the PYRO520 cycle was equivalent to that of
EA or the PYRO650 cycle.

The values obtained by RE seemed more accurate than those obtained by EA. The medians of the absolute relative errors
obtained by RE were lower than the ones obtained by EA (Table 4), yet the reference values were estimated by EA.
Although the medians of relative errors for TCea and SICsseec+ea Were calculated from the results of four laboratories, they
are consistent with the ones reported by Shamrikova et al. (2023): between 10% and 23% for TC contents ranging from
1gCkg?to 300 g C kg™ and between 15% and 25% for SIC contents ranging from 1 g C kg* to 120 g C kg*. The relative
errors obtained by RE were higher than the ones reported by Pacini et al. (2023) of 1.2% for TOC and 3.3% for MINC.
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However, the relative errors reported by Pacini et al. (2023) were calculated with respect to the mean value obtained by a set
of RE devices and not with respect to a reference value. Thus, the relative errors reported by Pacini et al. (2023) reflect the
inter-laboratory reproducibility of RE results rather than the accuracy of RE results. The relative errors obtained with the
PYRO520 cycle were similar to the ones obtained with the PYRO650 cycle (Table 4). The accuracy of the estimations
obtained with the PYRO520 cycle was finally satisfactory.

Thus, lowering the final temperature of pyrolysis at 520°C (i) corrected the misallocation of the end-of-pyrolysis signals in
the TOC and MINC parameters without the need for post-hoc corrections, and (ii) improved the estimations of the SOC and
SIC contents estimated by EA after acid or heating pretreatments. The TOCsz and MINCszo parameters were reproducible

and accurate estimators of the SOCrci+ea and SICsso:c+ea Values for the soil samples as well as for the reference materials

including rock and sediment samples.

3.2 Consequences of the change of the analysis cycle on the indices of organic matter characterization
3.2.1 Hydrogen index and oxygen index

The hydrogen indices (HI) and oxygen indices (OIRE6) obtained with the PYRO520 and PYRO650 cycles were statistically
different (Wilcoxon’s tests: p < 0.05) but remained within similar ranges. Hleso range was 20—-310 mg HC g* TOC and Hlszo
range was 16—-285 mg HC g TOC (Fig. 4a). OIRE6gso range was 216-—-1159 mg O, g™ TOC and OIRE®sz range was 256-—
1149 mg 0, g TOC (Fig. 4b).
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Figure 4: Comparison of the indices characterizing OM obtained with the PYRO650 and PYRO520 cycles (n = 173). a. Hlszo vs
Hleso (Mg HC g2 TOC) b. OIRE6s20 vs OIRE6es0 (Mg O2 g™t TOC) ¢. Hlszo = f(OIREBs20) in black and Hleso = f(OIRE6ss0) in gray.
d. Is20 s leso. €. Rs20 VS Reso. f. 1520 = f(Rs20) in black and leso = f(Reso) in gray. The 1:1 line (y = x) is plotted as a solid black line.
Regression slopes are significantly different from zero (p-value (p) < 0.001). The p-values displayed on the graph indicate whether
the slope significantly differs from 1. * Slope significantly differs from 1.

Sebag et al. (2016) reported HI range of 5--400 mg HC g TOC and OIRE6 range of 150---1020 mg O,g*TOC for a
diversity of A and B horizons (n = 527) analyzed with a cycle similar to the PYRO650 one. Delahaie et al. (2023) reported
HI range of 67—-515mg HC g* TOC and OIRE6 range of 75--337 mg O,g* TOC for a diversity of French agricultural
topsoils (n =1891) analyzed with a cycle similar to the PYRO650 one. The HI and OIRE6 measured in this study were
therefore consistent with those reported in the literature.

The HI and OIRES6 obtained with the PYRO520 cycle were linearly correlated with those obtained with the PYRO650 cycle
(R?>0.98, p <0.001; Fig. 4a and 4b). Hlsx were on average lower than Hleso (Hls20 = (0.83 * 0.01) Hleso; Fig. 4a). The S2
curve integrations obtained with the PYRO520 cycle were reduced by the HC emitted between 520 °C and 650 °C thus their
integrations were lower. As the TOCszo parameter was higher than the TOCgso parameter (Fig. 2), the S2:TOC ratio of the
PYRO520 cycle used in the HI calculation (Eq. 5) was lower than the one of the PYROG650 cycle. OIRE6s20 were on average
close to OIRE6eso (OIRE6s20 = (0.99 + 0.01) OIREG6eso; Fig. 4b). The absence of CO and CO, signals reduction-of the-S3CO
ane-S3C0,-curvesby-the CO,-emitted-between 520°C and 550°C in the PYRO520 cycle was offset by the 5-minute isotherm
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at 520°C at the end of the pyrolysis. The integrations of the S3CO and S3CO: curves obtained with the PYRO520 cycle
were, on average, slightly higher than those obtained with the PYROG650 cycle (Fig. S2 and S3). As the TOC parameter was
also higher with the PYRO520 cycle (Fig. 2), the S3CO:TOC and S3CO2:TOC ratios of the PYRO520 cycle used in the
OIRES calculation (Eq. 6) were equivalent to those of the PYRO650 cycle. Only one soil sample (No. 168, Table S1)
showed a large difference between OIRE6gso and OIRE6sz, respectively 1441 +25mg O,g* TOC and 910 =9 mg O, g
LTOC. This sample, which had a very low SOC content, showed the largest relative difference between TOCsz
(46+0.1gCkg?) and TOCeso (2.1+0.0gCkg?), greatly influencing the S3CO:TOC and S3CO2:TOC ratios.
Consequently, the OIRE6eso of this sample was particularly high and aberrant compared to the OIRE6 values reported in the
literature.

The general trend of the HI = f(OIRE6) diagram was preserved with the PYRO520 cycle (Fig. 4c). With the PYRO520
cycle, HI and OIRE6 are henceforth calculated with more accurate TOC values as they are no longer influenced by the
presence of SIC. Moreover, the S2, S3CO, and S3CO2 curves are integrated over identical temperature intervals (200—
520°C), contrary to Hleso and OIRE6gso, for which the S2 curve was integrated over 200—-650 °C and the S3CO and S3CO-
curves over 200--550 °C (Table 3). Consequently, Hlsz and OIREBs20 are more coherent for characterizing organic matter in

soil samples.

3.2.2 I-index and R-index

Is20 and Rszo were statistically different from leso and Rgso, respectively (Student’s test: p < 0.05), but remained within similar
ranges. lgso ranged from -0.35 to +0.40 and Isy from -0.23 to +0.36. Rgso ranged from 0.44 to 0.84 and Rsy from 0.45 to
0.82. Sebag et al. (2016) reported I indices ranging from -0.18 to +0.64 and R indices from 0.29 to 0.80 for a diversity of A
and B horizons (n =527) analyzed with a cycle similar to the PYRO650 one. Delahaie et al. (2023) reported | indices
ranging from -0.14 to +0.39 and R indices from 0.44 to 0.77 for a diversity of French agricultural topsoils (n = 1891)
analyzed with a cycle similar to the PYROG650 one. The I and R indices measured in this study were therefore consistent with
those reported in the literature.

The indices | and R obtained with the PYRO520 cycle were linearly correlated with those obtained with the PYRO650 cycle
(R?>0.9, p <0.001; Fig. 4d and 4e). ls,0 were on average lower than leso (Is20 = (0.82 + 0.01) leso; Fig. 4d), whereas the R
indices were on average not modified by the cycle change (Rsxo = (0.99 £0.01) Reso; Fig. 6e). This was due to the
modification in the contributions of the Al to A5 areas to the S2 curve used in the calculation of the I and R indices (Eq. 7,
8,and 9, Table 5).
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Table 5: Proportions (mean + standard deviation) of the Al, A2, A3, A4, and A5 areas (% of S2 curve) obtained with the
PYRO650 and PYRO520 cycles. The p-values indicate whether the difference between the proportions obtained with the
PYRO650 and PYRO520 cycles is statistically significant.

Al A2 A3 Ad A5
PYRO650 12350 21.2+38 288+29 24334 13.3+49
PYRO520 12.2+46 22.0+£35 30.6+2.8 35.2+5.9 NA
p-value 0.25 <05 <05 <05 NA

The absence of the A5 area in the PYRO520 cycle (approximately -13%) was offset by an increase of the A4 area
contribution (approximately +10%), as it included the HC emitted during the 5-minute isotherm at 520°C at the end of
pyrolysis, and by an increase of the A3 area contribution (approximately +2%; Table 5). Therefore, the ratio of the R index
(Eg. 8) was not significantly altered by the modification of the pyrolysis phase. In contrast, the A1+A2:A3 ratio used in the |
index calculation (Eq. 7) was slightly lower with the PYRO520 cycle because, although the contribution of the Al area was
not modified (Wilcoxon’s test: p = 0.25; Table 4), the contribution of the A3 area increased more than the one of the A2 area
(< 1%; Table 5). Since the calculation of the | index involves a logarithmic function, this slight decrease in the A1+A2:A3
ratio was amplified. However, the general trend of the | = f(R) diagram was preserved with the PYRO520 cycle (Fig. 4f).

3.2.3 Css proportion

The Cgscecition Proportions were not significantly different from the Cgseso proportions (Student’s test: p = 0.07, n = 15; Fig.

S4). The differences between the PYROG650 cycle and the one used by Cécillon et al. (2018) did not affect the Cgs
proportions estimated by the Partysoc algorithm. Cssszo was statistically different from Cgsseso (Wilcoxon’s test: p < 0.05) but

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

remained within similar ranges. Cgseso ranged from 32% to 85% and Cgssszo from 46% to 84%. Kanari et al. (2022) and

Delahaie et al. (2024) reported Cgs proportions ranging from 44% to 74% and from 25% to 82%, respectively, for a diversity
of French agricultural topsoils analyzed with the cycle used by Cécillon et al. (2018). Therefore, the Cgs proportions
measured in this study were consistent with those reported in the literature.

(Csss20 = (1.02 + 0.00) Cgseso; Fig. 5).

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

Indice

a mis en forme :

Indice

a mis en forme :

Indice

19

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

Indice

a mis en forme :

(
(
(
(
(
(
(
(
[ a mis en forme :
(
(
(
(
(
(
(

Indice

o U A A ) UL




|425

430

435

y {3 I My Dbt ESe S Mt _:‘:'T‘.Q- ______
oo
] s
o\\o, 504 . o
o .
S
wn
o
251
y = (1.02* £ 0)x
R?=0.997
<0.05
01 B
0 25 50 75

Cseso (%)

Figure 5: Proportion Cgsszo vs proportion Csseso (n = 173). The 1:1 line (y = x) is plotted as a solid black line and the Cssszo = 61 %

and Cgss20 = 78 % lines are plotted as dashed black lines. Regression slope is significantly different from zero (p-value (p) < 0.001).
The p-value displayed on the graph indicates whether the slope significantly differs from 1. * Slope significantly differs from 1.

The Cgs proportion showed strong negative correlations with the parameters HI, S2, and the amount of pyrolyzed carbon
(Cécillon et al., 2021). These parameters were lower with the PYRO520 cycle because a part of the OM that usually
decomposes during pyrolysis was decomposed during the oxidation phase. Similarly, the Cgss proportion showed positive
correlations with the temperatures at which 50%, 70%, and 90% of the carbon is emitted as CO- during the oxidation phase
(Cécillon et al., 2021). These temperatures were higher with the PYRO520 cycle because the thermally stable fraction of
OM that did not decompose during pyrolysis decomposed at higher temperatures during the oxidation phase. Thus, the
Partysoc algorithm predicted higher Css proportions with the signals obtained with the PYRO520 cycle than with those

obtained with the PYROG650 cycle. The deviation of measurements between Csseso and Cssszo Seemed to depend on the

magnitude of Cgs value (Fig. 5). The deviations between Csseso and Cssszo Were larger for low Cgs values: on average 6% for

Csss20 values below 61% (n = 39), 1% for Cgsszo values between 61% and 78% (n = 66), and < 0.5% for Cgsszo values above

78% (n = 68).
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4 Conclusions

The TOC and MINC parameters obtained with the PYRO520 cycle were higher and lower than the ones obtained with the
PYROG650 cycle, respectively. Lowering the final pyrolysis temperature corrected the misallocation of the end-of-pyrolysis
signals between the TOC and MINC parameters and, thereby avoiding the need for post-hoc corrections. The TOCsz and
MINCs parameters estimated SOC and SIC contents measured by EA after pretreatments with both good repeatability and
accuracy. The MINCsyo parameter provided accurate estimates of SIC contents up to 100 g C kg*. However-Even if calcite

and dolomite are the main carbonates in soil, further investigations are needed on soil samples containing carbonates with a

thermal breakdown beginning before 520 °C, e.q. siderite and oxalate, to assess the influence of these carbonates on the SIC

quantification by RE. dDiscrepancies between the TOCszo parameter and the SOCrci+ea Values persisted for samples rich in
SOC (=40 g C kg). However, it is not straightforward to attribute these discrepancies to either RE analysis or EA analysis

on pretreated aliquots. Specific studies should focus on non-calcareous soils rich_in SOC-samples to_conclude on the RE
ability to estimate high SOC content-improve-the-estimation-of-their-SOC-contents by-RE.

The modification of the pyrolysis phase decreased the HI and | indices while having almost no effect on the OIRE6 and R
indices. Nevertheless, the general trends of the HI = f(OIRE6) and | = f(R) diagrams were preserved with the PYRO520
cycle. The proportions of Cgs predicted by the Partysoc algorithm with the PYRO520 signals were higher than the ones

predicted with the PYROG650 signals, especially for soils with a predicted Cgsszo below 61%.
Since the HI, OIRESG, I, and R indices—and-the-Cs-propertions obtained with the two cycles were linearly correlated, the
indices obtained with the PYROG650 cycle could be converted to be compared with those obtained with the PYRO520 cycle.

As the Partysoc algorithm is a machine learning model, a specific study should focus on the validation of the correlation

presented in this article. Ideally, the Partysoc model could be recalibrated with data obtained with the PYRO520 cycle.

Data availability. The dataset is available at https://doi.org/10.57745/AL3NVT.
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SM2: Figures

Author contributions. JH, DS, TC, and IK designed the experiment. GJ, DZ, LT, RM, and JF sampled the soils. JH and HR
performed the Rock-Eval measurements. GJ, DZ, FS, JF, and TC performed the elemental analysis. JH, TC, DS, IK, EV, and
HR analyzed the data. JH wrote the manuscript. TC, DS, IK, EV, GJ, DZ, FS, LT, RM and, JF reviewed and edited the

manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. The authors thank Kirsten Hannam, Sandra Yanni and Benjamin Ellert for providing the soil samples
from Canada and their elemental analyses.

The authors thank Nadhem Brahim, Patrice Coll, Edith LeCadre, Michel Brossard, and Lydie Lardy for soil collection and
soil classification in Tunisia and France.

21

[ a mis en forme : Indice

[ a mis en forme : Indice



https://doi.org/10.57745/AL3NVT
https://doi.org/10.57745/AL3NVT

470

475

480

485

490

495

The authors thank Nathalie Crozet and Eric Kohler for performing the XRD analysis of the samples used in this study.
Rock-Eval® is a trademark registered by IFP Energies Nouvelles.

Financial support. This research has been supported by the SIC-SOC-DYN “Organic and inorganic carbon dynamic in
calcareous soils” project of the first external call “Towards Healthy, Resilient and Sustainable Agricultural Soils” within the
EJP SOIL program (2022-2025), Horizon 2020 (grant no. 862695).

The analyses of the Hungarian samples have been supported by the project no. 2019-2.14-ERA-NET-2022-00037
implemented with the support provided by the Ministry of Culture and Innovation of Hungary from the National Research,
Development and Innovation Fund, financed under the ERA-NET COFUND/EJP COFUND funding scheme with co-
funding from the European Union Horizon 2020 research and innovation program.

Joséphine Hazera was partly funded by the project ALAMOD of the exploratory research program FairCarboN and received
government funding managed by the Agence Nationale de la Recherche under the France 2030 program, reference ANR-22-
PEXF-0002 — project ALAMOD.

References

Apesteguia, M., Plante, A. F., and Virto, I.: Methods assessment for organic and inorganic carbon quantification in
calcareous soils of the Mediterranean region, Geoderma Regional, 12, 39-48, https://doi.org/10.1016/j.geodrs.2017.12.001,
2018.

Barré, P., Plante, A. F., Cécillon, L., Lutfalla, S., Baudin, F., Bernard, S., Christensen, B. T., Eglin, T., Fernandez, J. M.,
Houot, S., Katterer, T., Le Guillou, C., Macdonald, A., Van Oort, F., and Chenu, C.: The energetic and chemical signatures
of persistent soil organic matter, Biogeochemistry, 130, 1-12, https://doi.org/10.1007/s10533-016-0246-0, 2016.

Behar, F., Beaumont, V., and De B. Penteado, H. L.: Rock-Eval 6 Technology: Performances and Developments, Oil & Gas
Science and Technology - Rev. IFP, 56, 111-134, https://doi.org/10.2516/0gst:2001013, 2001.

Bertrand, 1., Delfosse, O., and Mary, B.: Carbon and nitrogen mineralization in acidic, limed and calcareous agricultural
soils: Apparent and actual effects, Soil Biology and Biochemistry, 39, 276-288,
https://doi.org/10.1016/j.s0ilbio.2006.07.016, 2007.

Bispo, A., Andersen, L., Angers, D. A., Bernoux, M., Brossard, M., Cécillon, L., Comans, R. N. J., Harmsen, J., Jonassen,
K., Lamé, F., Lhuillery, C., Maly, S., Martin, E., Mcelnea, A. E., Sakai, H., Watabe, Y., and Eglin, T. K.: Accounting for
Carbon Stocks in Soils and Measuring GHGs Emission Fluxes from Soils: Do We Have the Necessary Standards?, Front.
Environ. Sci., 5, 41, https://doi.org/10.3389/fenvs.2017.00041, 2017.

Bughio, M. A., Wang, P., Meng, F., Qing, C., Kuzyakov, Y., Wang, X., and Junejo, S. A.: Neoformation of pedogenic
carbonates by irrigation and fertilization and their contribution to carbon sequestration in soil, Geoderma, 262, 12-19,
https://doi.org/10.1016/j.geoderma.2015.08.003, 2016.

22



500

505

510

515

520

525

530

Cailleau, G., Braissant, O., and Verrecchia, E. P.: Turning sunlight into stone: the oxalate-carbonate pathway in a tropical
tree ecosystem, Biogeosciences, 8, 1755-1767, https://doi.org/10.5194/bg-8-1755-2011, 2011.

Carrie, J., Sanei, H., and Stern, G.: Standardisation of Rock—Eval pyrolysis for the analysis of recent sediments and soils,
Organic Geochemistry, 46, 38-53, https://doi.org/10.1016/j.orggeochem.2012.01.011, 2012.

Cécillon, L., Baudin, F., Chenu, C., Houot, S., Jolivet, R., Katterer, T., Lutfalla, S., Macdonald, A., Van Oort, F., Plante, A.
F., Savignac, F., Soucémarianadin, L. N., and Barré, P.: A model based on Rock-Eval thermal analysis to quantify the size of
the centennially persistent organic carbon pool in temperate soils, Biogeosciences, 15, 2835-2849,
https://doi.org/10.5194/bg-15-2835-2018, 2018.

Cécillon, L., Baudin, F., Chenu, C., Christensen, B. T., Franko, U., Houot, S., Kanari, E., Katterer, T., Merbach, I., Van
Oort, F., Poeplau, C., Quezada, J. C., Savignac, F., Soucémarianadin, L. N., and Barré, P.: Partitioning soil organic carbon
into its centennially stable and active fractions with machine-learning models based on Rock-Eval® thermal analysis
(PARTYsoc v2.0 and PARTYsoc V2.0eu ), Geosci. Model Dev., 14, 3879-3898, https://doi.org/10.5194/gmd-14-3879-2021,
2021.

Chassé, M., Lutfalla, S., Cécillon, L., Baudin, F., Abiven, S., Chenu, C., and Barré, P.: Long-term bare-fallow soil fractions
reveal thermo-chemical properties controlling soil organic carbon dynamics, Biogeosciences, 18, 1703-1718,
https://doi.org/10.5194/bg-18-1703-2021, 2021.

Chevallier, T., Cournac, L., Hamdi, S., Gallali, T., and Bernoux, M.: Temperature dependence of CO 2 emissions rates and
isotopic ~ signature  from a  calcareous  soil, Journal of Arid  Environments, 135,  132-139,
https://doi.org/10.1016/j.jaridenv.2016.08.002, 2016.

Delahaie, A. A., Barré, P., Baudin, F., Arrouays, D., Bispo, A., Boulonne, L., Chenu, C., Jolivet, C., Martin, M. P., Ratié, C.,
Saby, N. P. A., Savignac, F., and Cécillon, L.: Elemental stoichiometry and Rock-Eval® thermal stability of organic matter
in French topsoils, SOIL, 9, 209-229, https://doi.org/10.5194/s0il-9-209-2023, 2023.

Delahaie, A. A., Cécillon, L., Stojanova, M., Abiven, S., Arbelet, P., Arrouays, D., Baudin, F., Bispo, A., Boulonne, L.,
Chenu, C., Heinonsalo, J., Jolivet, C., Karhu, K., Martin, M., Pacini, L., Poeplau, C., Ratié, C., Roudier, P., Saby, N. P. A,
Savignac, F., and Barré, P.: Investigating the complementarity of thermal and physical soil organic carbon fractions, SOIL,
10, 795-812, https://doi.org/10.5194/s0il-10-795-2024, 2024.

Delarue, F., Disnar, J.-R., Copard, Y., Gogo, S., Jacob, J., and Laggoun-Défarge, F.: Can Rock-Eval pyrolysis assess the
biogeochemical composition of organic matter during peatification?, Organic Geochemistry, 61, 66-72,
https://doi.org/10.1016/j.orggeochem.2013.06.004, 2013.

Deluz, C., Sebag, D., Verrecchia, E., and Boivin, P.: Soil organic matter thermal pools as influenced by depth, tillage, and
soil texture — A Rock-Eval® analysis study on the cropland soils of the Swiss Plateau, Geoderma, 445, 116871,
https://doi.org/10.1016/j.geoderma.2024.116871, 2024.

23



535

540

545

550

555

560

565

Dina Ebouel, F. J., Betsi, T. B., and Eze, P. N.: Soil inorganic carbon: A review of global research trends, analytical
techniques, ecosystem functions and critical knowledge gaps, CATENA, 242, 108112,
https://doi.org/10.1016/j.catena.2024.108112, 2024.

Disnar, J. R., Guillet, B., Keravis, D., Di-Giovanni, C., and Sebag, D.: Soil organic matter (SOM) characterization by Rock-
Eval pyrolysis: scope and limitations, Organic Geochemistry, 34, 327-343, https://doi.org/10.1016/S0146-6380(02)00239-5,
2003.

Emmerich, W. E.: Carbon dioxide fluxes in a semiarid environment with high carbonate soils, Agricultural and Forest
Meteorology, 116, 91-102, https://doi.org/10.1016/S0168-1923(02)00231-9, 2003.

Entry, J. A, Sojka, R. E., and Shewmaker, G. E.: Irrigation Increases Inorganic Carbon in Agricultural Soils, Environmental
Management, 33, 309-317, https://doi.org/10.1007/s00267-003-9140-3, 2004.

Ferro, K. I.: The impact of oxalogenic plants on soil carbon dynamics : formation of a millennium carbon storage as calcium

carbonate, Université de Neuchatel, https://doi.org/10.35662/unine-thesis-2347, 2012.

Gao, Y., Tian, J., Pang, Y., and Liu, J.: Soil Inorganic Carbon Sequestration Following Afforestation Is Probably Induced by
Pedogenic Carbonate Formation in Northwest China, Front. Plant Sci., 8, 1282, https://doi.org/10.3389/fpls.2017.01282,
2017.

Gatz-Miller, H. S., Gérard, F., Verrecchia, E. P., Su, D., and Mayer, K. U.: Reactive transport modelling the oxalate-
carbonate pathway of the Iroko tree; Investigation of calcium and carbon sinks and sources, Geoderma, 410, 115665,
https://doi.org/10.1016/j.geoderma.2021.115665, 2022.

Guo, Y., Wang, X., Li, X., Xu, M., Li, Y., Zheng, H., Luo, Y., and Smith, P.: Impacts of land use and salinization on soil
inorganic and organic carbon in the middle-lower Yellow River Delta, Pedosphere, 31, 839-848,
https://doi.org/10.1016/S1002-0160(21)60018-8, 2021.

Hazera, J., Sebag, D., Kowalewski, I., Verrecchia, E., Ravelojaona, H., and Chevallier, T.: Adjustments to the Rock-Eval®
thermal analysis for soil organic and inorganic carbon quantification, Biogeosciences, 20, 5229-5242,
https://doi.org/10.5194/bg-20-5229-2023, 2023.

Hazera, J., Sebag, D., Kowalewski, I., Ravelojaona, H., Jakab, G., Zachary, D., Schneider, F., Ellert, B., Yanni, S. F.,
Hannam, K., Brahim, N., Trombino, L., Manlay, R. J., Fouche, J., Kohler, E., Crozet, N., Chevallier, T.: Organic and
Inorganic  carbon calcareous soil data - EJP-Soil, SIC-SOC-DYN project, Recherche Data Gouyv,
https://doi.org/10.57745/AL3NVT, DRAFT VERSION, 2025

He, S., Yang, H., and Cui, X.: Technical note: assessing pretreatment approaches for serial pyrolysis-oxidation analysis of
sedimentary organic carbon, Biogeosciences, 22, 6243-6253, https://doi.org/10.5194/bg-22-6243-2025, 2025.

1SO: Dosage du carbone organique et du carbone total apres combustion seche (analyse élémentaire), 1995.

Kanari, E., Cécillon, L., Baudin, F., Clivot, H., Ferchaud, F., Houot, S., Levavasseur, F., Mary, B., Soucémarianadin, L.,
Chenu, C., and Barré, P.: A robust initialization method for accurate soil organic carbon simulations, Biogeosciences, 19,
375-387, https://doi.org/10.5194/bg-19-375-2022, 2022.

24


https://doi.org/10.35662/unine-thesis-2347
https://doi.org/10.57745/AL3NVT
https://doi.org/10.5194/bg-22-6243-2025

570

575

580

585

590

595

Khalidy, R., Arnaud, E., and Santos, R. M.: Natural and Human-Induced Factors on the Accumulation and Migration of
Pedogenic Carbonate in Soil: A Review, Land, 11, 1448, https://doi.org/10.3390/land11091448, 2022.

Koorneef, G. J., De Goede, R. G., Pulleman, M. M., Van Leeuwen, A. G., Barré, P., Baudin, F., and Comans, R. N.:
Quantifying organic carbon in particulate and mineral-associated fractions of calcareous soils — A method comparison,
Geoderma, 436, 116558, https://doi.org/10.1016/j.geoderma.2023.116558, 2023.

Lafargue, E., Marquis, F., and Pillot, D.: Rock-Eval 6 Applications in Hydrocarbon Exploration, Production, and Soil
Contamination Studies, Rev. Inst. Fr. Pét., 53, 421-437, https://doi.org/10.2516/0gst:1998036, 1998.

Liu, E., Zhou, J., Yang, X., Jin, T., Zhao, B., Li, L., Wen, Y., Soldatova, E., Zamanian, K., Gopalakrishnan, S., Mei, X., and
Kuzyakov, Y.: Long-term organic fertilizer-induced carbonate neoformation increases carbon sequestration in soil, Environ
Chem Lett, 21, 663-671, https://doi.org/10.1007/s10311-023-01568-4, 2023.

Liu, Z., Zhang, Y., Fa, K., Zhao, H., Qin, S, Yan, R., and Wu, B.: Desert soil bacteria deposit atmospheric carbon dioxide in
carbonate precipitates, CATENA, 170, 64-72, https://doi.org/10.1016/j.catena.2018.06.001, 2018.

Malou, O. P., Chevallier, T., Moulin, P., Sebag, D., Rakotondrazafy, M. N., Badiane-Ndour, N. Y., Thiam, A., and Chapuis-
Lardy, L.: Measuring the stability of soil organic carbon in Arenosols in the Senegalese Groundnut Basin, Journal of Arid
Environments, 213, 104978, https://doi.org/10.1016/j.jaridenv.2023.104978, 2023.

Manning, D. A. C.: Biological enhancement of soil carbonate precipitation: passive removal of atmospheric CO2, Mineral.
mag., 72, 639-649, https://doi.org/10.1180/minmag.2008.072.2.639, 2008.

Nayak, A. K., Rahman, M. M., Naidu, R., Dhal, B., Swain, C. K., Nayak, A. D., Tripathi, R., Shahid, M., Islam, M. R., and

Pathak, H.: Current and emerging methodologies for estimating carbon sequestration in agricultural soils: A review, Science
of The Total Environment, 665, 890-912, https://doi.org/10.1016/j.scitotenv.2019.02.125, 2019.

Pacini, L., Adatte, T., Barré, P., Boussafir, M., Bouton, N., Cécillon, L., Lamoureux-Var, V., Sebag, D., Verrecchia, E.,
Wattripont, A., and Baudin, F.: Reproducibility of Rock-Eval® thermal analysis for soil organic matter characterization,
Organic Geochemistry, 186, 104687, https://doi.org/10.1016/j.orggeochem.2023.104687, 2023.

Qafoku, O., Battu, A. K., Varga, T., Marcus, M. A., O’Callahan, B., Zhao, Q., Mergelsberg, S. T., Kew, W. R., Loring, J. S.,
Qafoku, N. P., and Leichty, S. I.: Chemical composition, coordination, and stability of Ca—organic associations in the
presence of dissolving calcite, Environ. Sci.: Nano, 10, 1504-1517, https://doi.org/10.1039/D2EN01143C, 2023.

R Core Team: R: A Language and Environment for Statistical Computing, 2024.

Raheb, A., Heidari, A., and Mahmoodi, S.: Organic and inorganic carbon storage in soils along an arid to dry sub-humid
climosequence in northwest of Iran, CATENA, 153, 66—74, https://doi.org/10.1016/j.catena.2017.01.035, 2017.

Raza, S., Zamanian, K., Ullah, S., Kuzyakov, Y., Virto, 1., and Zhou, J.: Inorganic carbon losses by soil acidification
jeopardize global efforts on carbon sequestration and climate change mitigation, Journal of Cleaner Production, 315, 128036,
https://doi.org/10.1016/j.jclepro.2021.128036, 2021.

25


https://doi.org/10.3390/land11091448

600

605

610

615

620

625

630

Raza, S., Irshad, A., Margenot, A., Zamanian, K., Li, N., Ullah, S., Mehmood, K., Ajmal Khan, M., Siddique, N., Zhou, J.,
Mooney, S. J., Kurganova, ., Zhao, X., and Kuzyakov, Y.: Inorganic carbon is overlooked in global soil carbon research: A
bibliometric analysis, Geoderma, 443, 116831, https://doi.org/10.1016/j.geoderma.2024.116831, 2024.

Rowley, M. C., Grand, S., and Verrecchia, E. P.: Calcium-mediated stabilisation of soil organic carbon, Biogeochemistry,
137, 27-49, https://doi.org/10.1007/s10533-017-0410-1, 2018.

Schlacher, T. A. and Connolly, R. M.: Effects of acid treatment on carbon and nitrogen stable isotope ratios in ecological
samples: a review and synthesis, Methods Ecol Evol, 5, 541-550, https://doi.org/10.1111/2041-210X.12183, 2014.

Sebag, D., Verrecchia, E. P., Cécillon, L., Adatte, T., Albrecht, R., Aubert, M., Bureau, F., Cailleau, G., Copard, Y.,
Decaens, T., Disnar, J.-R., Hetényi, M., Nyilas, T., and Trombino, L.: Dynamics of soil organic matter based on new Rock-
Eval indices, Geoderma, 284, 185-203, https://doi.org/10.1016/j.geoderma.2016.08.025, 2016.

Sebag, D., Garcin, Y., Adatte, T., Deschamps, P., Ménot, G., and Verrecchia, E. P.: Correction for the siderite effect on

Rock-Eval parameters: Application to the sediments of Lake Barombi (southwest Cameroon), Organic Geochemistry, 123
126-135, https://doi.org/10.1016/j.orggeochem.2018.05.010, 2018.
Sebag, D., Lamoureux-Var, V., Kowalewski, I., Pillot, D., and Ravelojaona, H.: Procédé pour la quantification et la

caractérisation du carbone dans les sols, 2022a.

Sebag, D., Verrecchia, E. P., Adatte, T., Aubert, M., Cailleau, G., Decaéns, T., Kowalewski, I., Trap, J., Bureau, F., and
Hedde, M.: Size fractions of organic matter pools influence their stability: Application of the Rock-Eval® analysis to beech
forest soils, Pedosphere, 32, 565-575, https://doi.org/10.1016/S1002-0160(21)60050-4, 2022b.

Shabtai, I. A., Wilhelm, R. C., Schweizer, S. A., Hoschen, C., Buckley, D. H., and Lehmann, J.: Calcium promotes persistent
soil organic matter by altering microbial transformation of plant litter, Nat Commun, 14, 6609,
https://doi.org/10.1038/s41467-023-42291-6, 2023.

Shamrikova, E. V., Vanchikova, E. V., Lu-Lyan-Min, E. I., Kubik, O. S., and Zhangurov, E. V.: Which method to choose for
measurement of organic and inorganic carbon content in carbonate-rich soils? Advantages and disadvantages of dry and wet
chemistry, CATENA, 228, 107151, https://doi.org/10.1016/j.catena.2023.107151, 2023.

Shamrikova, E. V., Vanchikova, E. V., Kyzyurova, E. V., and Zhangurov, E. V.: Methods for Measuring Organic Carbon
Content in Carbonate-Containing Soils: A Review, Eurasian Soil Sc., 57, 380-394,
https://doi.org/10.1134/S1064229323603104, 2024.

Sharififar, A., Minasny, B., Arrouays, D., Boulonne, L., Chevallier, T., Van Deventer, P., Field, D. J., Gomez, C., Jang, H.-
J., Jeon, S.-H., Koch, J., McBratney, A. B., Malone, B. P., Marchant, B. P., Martin, M. P., Monger, C., Munera-Echeverri, J.-
L., Padarian, J., Pfeiffer, M., Richer-de-Forges, A. C., Saby, N. P. A,, Singh, K., Song, X.-D., Zamanian, K., Zhang, G.-L.,
and Van Zijl, G.: Soil inorganic carbon, the other and equally important soil carbon pool: Distribution, controlling factors,
and the impact of climate change, Advances in Agronomy, 178, 165-231, https://doi.org/10.1016/bs.agron.2022.11.005,
2023.

26


https://doi.org/10.1016/j.orggeochem.2018.05.010

635

640

645

Stojanova, M., Arbelet, P., Baudin, F., Bouton, N., Caria, G., Pacini, L., Proix, N., Quibel, E., Thin, A., and Barré, P.:
Technical note: A validated correction method to quantify organic and inorganic carbon in soils using Rock-Eval® thermal
analysis, Biogeosciences, 21, 4229-4237, https://doi.org/10.5194/bg-21-4229-2024, 2024.

Vuong, T. X., Heitkamp, F., Jungkunst, H. F., Reimer, A., and Gerold, G.: Simultaneous measurement of soil organic and
inorganic carbon: evaluation of a thermal gradient analysis, J Soils Sediments, 13, 1133-1140,
https://doi.org/10.1007/s11368-013-0715-1, 2013.

Vuong, X. T., Prietzel, J., and Heitkamp, F.: Measurement of organic and inorganic carbon in dolomite-containing samples,
Soil Use and Management, 32, 53-59, https://doi.org/10.1111/sum.12233, 2015.

Wang, X., Wang, J., Xu, M., Zhang, W., Fan, T., and Zhang, J.: Carbon accumulation in arid croplands of northwest China:
pedogenic carbonate exceeding organic carbon, Sci Rep, 5, 11439, https://doi.org/10.1038/srep11439, 2015.

Zamanian, K., Pustovoytov, K., and Kuzyakov, Y.: Pedogenic carbonates: Forms and formation processes, Earth-Science
Reviews, 157, 1-17, https://doi.org/10.1016/j.earscirev.2016.03.003, 2016.

Zamanian, K., Zhou, J., and Kuzyakov, Y.: Soil carbonates: The unaccounted, irrecoverable carbon source, Geoderma, 384,
114817, https://doi.org/10.1016/j.geoderma.2020.114817, 2021.

Zhao, Y., Reichel, R., Herbst, M., Sun, Y., Briggemann, N., Mdrchen, R., Welp, G., Meng, F., and Bol, R.: Declining total
carbon stocks in carbonate-containing agricultural soils over a 62-year recultivation chronosequence under humid conditions,
Geoderma, 425, https://doi.org/10.1016/j.geoderma.2022.116060, 2022.

27


https://doi.org/10.1016/j.earscirev.2016.03.003

