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A B S T R A C T   

Soil organic carbon (C) is a key component of the global C budget. As soil organic C turnover rates decrease with 
depth, agricultural practices favoring deep organic C storage will gain importance as long-term climate change 
mitigation strategies. In addition, amendment of pyrogenic organic matter (biochar) is considered a promising 
practice for sequestering C in croplands. However, so far the >30 cm depth soil organic C pool, and subsoil 
biochar dynamics in particular, has been understudied. 

To address this, we focused on leftovers from pre-industrial charcoal kilns as a proxy to study the accrual of 
century-old biochar in the subsoil (30–100 cm) in comparison to adjacent control soil. Using thermal and 
elemental analyses as well as size and density fractionations (i.e., separating particulate and mineral-associated 
organic matter), we determined the distribution of pyrogenic organic C within the soil profile and investigated its 
stabilization in depth. We measured the dissolved organic carbon (DOC) concentrations as well as absorbance 
and fluorescence properties of dissolved organic matter (DOM) at different depths to characterize the effects of 
century-old biochar accumulation on the current leaching of DOM. 

Our results showed that the presence of century-old biochar resulted in an increase of 53.8 ± 25.1 t C ha− 1 in 
0–100 cm, and 12 % of the pyrogenic organic C was stored in 30–60 cm. No difference in C stocks was observed 
in 60–100 cm between kiln sites and reference soils. Most of the pyrogenic organic C has been translocated as 
particulate organic matter, either free or occluded, to subsoils. This led to a change in the dominant fraction of 
organic matter in the E horizon; in reference soils 64.7 % of the total C was associated with mineral phases as 
opposed to only 42.3 % in soils enriched with biochar. The thermal analysis of the mineral-associated organic 
matter revealed that pyrogenic organic C was associated with mineral phases. With depth, DOC concentrations 
decreased and the relative contribution of microbial byproducts to fluorescent DOM increased. The soils enriched 
with century-old biochar displayed lower DOC concentrations and more aromatic DOM in the Ap horizon, which 
suggests biochar dissolution is still an on-going process. Our results suggest that the vertical transfers of century- 
old biochar mainly occurred as particle leaching in macroporosity and bioturbation but continuous dissolution 
has also contributed in these fine-textured cropland soils. In conclusion, the association of pyrogenic organic C 
with mineral phases as well as its migration in subsoil horizons promoted its physical disconnection from abiotic 
and biotic degrading agents, which likely contribute to the long-term stability of biochar.   

1. Introduction 

Soils, in particular in croplands, are increasingly considered as key 
players for climate change mitigation and adaptation (IPCC et al., 2019; 
Paustian et al., 2016). Globally, more than half of the soil organic matter 
(OM) stock is located in subsoil horizons (i.e., deeper than 30 cm) 
(Balesdent et al., 2018; Jobbágy and Jackson, 2000; Luo et al., 2019). A 

wide range of management practices aiming to sequester carbon (C) in 
soils (i.e., net transfer of CO2 from the atmosphere into the soil for a 
given duration) through C storage (i.e., increase in organic C stocks over 
time in the soils of a given land unit) exist but differ according to the 
mechanisms targeted (Derrien et al., 2023). Some strategies increase C 
inputs to the soil while others reduce the accessibility of OM to de-
composers. As organic C residence time increases with depth, strategies 
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favoring subsoil organic C storage arouse interest in a long-term (i.e., 
centennial and longer) climate change mitigation perspective (Button 
et al., 2022). However, the efficiency assessment of sequestration 
practices relies on accurate understanding of mobility and persistence of 
OM in soils (Chenu et al., 2019). 

The amendment of pyrogenic OM (i.e., biochar) stands among the 
most promising climate-smart approaches for its combined short-term 
and long-term C storage potential, long persistence in soils and agri-
cultural benefits (IPCC et al., 2019; Joseph et al., 2021; Lehmann, 
2007a; Smith, 2016). Biochar could be defined either as tailored solid 
organic material produced by heating biomass above 350 ◦C under 
controlled pyrolysis conditions with limited or no oxidant concentra-
tions to prevent combustion without specific purpose (IPCC et al., 2019) 
or as pyrogenic OM specifically produced for amending soils (Bird et al., 
2015). For the present study, we will use the terminology biochar for 
solid pyrogenic OM material, even if its amendment for agricultural 
purposes was not meant at the time of the pyrolysis. 

Multiple meta-analyses have reported that biochar addition 
improved soil functions by increasing aggregate stability, porosity, pH 
and water holding capacity (Joseph et al., 2021). They have also shown 
that plant productivity increased due to an increase in nutrient supply 
and uptake by plants, a liming effect, favorable conditions for root 
growth and microbial activity and an overall increased resilience to 
disease and environmental stressors (Biederman and Harpole, 2013; 
Jeffery et al., 2011; Joseph et al., 2021). The greatest yield increases 
have been observed in low-nutrient acidic soils and sandy soils in the 
tropics and drylands (Crane-Droesch et al., 2013; Joseph et al., 2021). 
Biochar effects and properties evolve with time from quick dissolution 
(less than a month), reactive surface development (1–6 months) and 
aging (>6 months) (Joseph et al., 2021). Beyond improved soil functions 
and agronomic benefits, biochar addition has significant potential for C 
storage and sequestration (IPCC et al., 2019; Paustian et al., 2016). 
Pyrogenic OM displays long-term (centennial or longer) persistence in 
soil due to its recalcitrance against biotic and abiotic oxidation (Forbes 
et al., 2006), which is attributed to the high degree of aromaticity and 
condensation (Kuzyakov et al., 2014; Lutfalla et al., 2017; Wiedemeier 
et al., 2015). Although pyrogenic OM persistence in soils depends 
strongly on ecosystem properties (Schmidt et al., 2011) and organic 
precursor (Czimczik and Masiello, 2007), its recalcitrance increases with 
greater degree of aromaticity and condensation (Kuzyakov et al., 2014). 
During its stay in soils, biochar properties evolve over time through 
breakdown and surface oxidation (Cheng et al., 2006; Cheng and Leh-
mann, 2009; Brieuc Hardy et al., 2017). Several studies in field condi-
tions investigated biochar effects during multiple seasons and years 
(Biederman and Harpole, 2013; Crane-Droesch et al., 2013; Jeffery 
et al., 2011; Joseph et al., 2021), but most of the studies investigating 
the effects of biochar aging and conducted in-situ are limited to <10 
years (Joseph et al., 2021). Only few models exist to investigate 
centennial or longer aging of pyrogenic OM such as Amazonian Terra 
Preta soils, wildfire affected soils, industrial sites, relic kiln sites (Bird 
et al., 2015; Schmidt and Noack, 2000). The past production conditions 
and the precursor biomass differed strongly from current controlled 
settings of biochar production, which likely leads to different final py-
rogenic materials (Bird et al., 2015). However, studies investigating 
biochar property changes at multi-year and centennial scales corrobo-
rate (Joseph et al., 2021). First, with time biochar undergoes physical 
breakdown of its structure, which creates fragments at the microscale 
and the nanoscale and further promotes dissolution (Spokas et al., 
2014). Then, surface oxidation leads to the development of functional 
groups (i.e., carboxyl, phenol, carbonyl) (Cheng et al., 2008, 2006), the 
precipitation of phyllosilicates and carbonates onto biochar surfaces and 
the increase in total N content, H:C and O:C ratios (Hardy et al., 2017). 
These changes lead to greater cation exchange capacity, total N and 
available K+ concentrations, and promote organo-mineral associations 
such as aggregates and adsorption (Burgeon et al., 2022, 2021). In 
southern Belgium, pre-industrial charcoal production kiln sites have left 

biochar particles, which have been incorporated in cropland soils since 
their conversion from woodlands around 150–200 years ago (Hardy 
et al., 2017). The pyrolysis process in kiln sites, intended at producing 
charcoal as fuel for the steel industry, resulted in a product analogous to 
today’s biochar produced from hardwood feedstocks at ~450 ◦C (Hirsch 
et al., 2017). Therefore these sites are an excellent model to unravel the 
long-term fate of biochar within soil profile. These pre-industrial kiln 
sites have been used previously to study biochar aging processes in the 
soil (Borchard et al., 2014; Burgeon et al., 2021; Hardy et al., 2017a; 
Hardy et al., 2017b; Mastrolonardo et al., 2019). 

In addition to to be ubiquist and persistent in global topsoils (Reisser 
et al., 2016), pyrogenic OM is also prone to vertical transport (Bonhage 
et al., 2022; Hobley, 2019; Schiedung et al., 2020). This migration 
downwards enhances its disconnection with biotic and abiotic oxidation 
agents and its stability (Button et al., 2022). However, knowledge gaps 
remain regarding the long-term effects of biochar surface addition on its 
dissolution, vertical translocation and stabilization below 30 cm deep. 
The long-term fate of biochar in subsoil horizons is still poorly under-
stood and quantified (Abiven et al., 2011; Button et al., 2022; Hockaday 
et al., 2007; Schiedung et al., 2020; Spokas et al., 2014). Before enabling 
widespread biochar adoption, studies investigating long-term biochar 
persistence and mobility in the 0–100 cm soil profile are required. 

The potential mechanisms involved in translocating and stabilizing 
organic C in subsoils are dissolved organic carbon (DOC) leaching, living 
root rhizodeposition, root growth and decay, bioturbation and the 
physical translocation of particulate or mineral-bound OM as well as 
microbial activity and its necromass accrual (Button et al., 2022; Rum-
pel and Kögel-Knabner, 2011). Hence, the rate of vertical C migration 
depends on a combination of abiotic (e.g., water balance, infiltrability, 
texture) and biotic (soil fauna and vegetation) factors which vary 
significantly across ecosystems (Jobbágy and Jackson, 2000). As C mi-
grates to the subsoil, its residence time tends to increase (Hicks Pries 
et al., 2023; Luo et al., 2019). Balesdent et al. (2018) showed that the 
majority of organic C present at 30 cm depth is characterized by a me-
dian age ranging between 100 and 300 years, whereas at 100 cm depth 
this corresponds to 1250 years. Luo et al. (2019) reported a large vari-
ation in subsoil organic C mean turnover times worldwide (i.e. ranging 
between 146 years for deserts and 3854 years for tundra). Organic C 
stability in subsoils (i.e., slower turnover) results from limited distur-
bance from cultivation (Button et al., 2022), lower relative abundance of 
both organic C and microbial biomass (Fontaine et al., 2007; Salomé 
et al., 2010), physical disconnection between decomposers and sources 
of OM (Dove et al., 2020; Heitkötter and Marschner, 2018; Salomé et al., 
2010), and enhanced stabilization capacity because of the relatively 
higher content of reactive and unsaturated mineral surfaces and cations 
(Rasse et al., 2005; Rumpel and Kögel-Knabner, 2011), as well as 
dominance of oligotrophic conditions which limits microbial activity 
(Button et al., 2022; Dove et al., 2020; Salomé et al., 2010). However, 
fresh OM amendment can promote subsoil decomposition of millennia 
old OM through positive priming effects (Fontaine et al., 2007). While 
progressively incorporated deeper in the soil profile, OM is continuously 
processed resulting in a breaking down of OM into relatively smaller and 
oxidized biopolymers which coincides with the formation of microbial- 
derived compounds (Kaiser and Kalbitz, 2012; Roth et al., 2019) and 
decreased C:N ratios with depth (Rumpel and Kögel-Knabner, 2011). 

Soil OM is composed of a continuum of various compounds, which 
differ in nature, recalcitrance (i.e., resistance to decomposition in given 
pedoclimatic conditions) and originate from both plants and microor-
ganisms (Angst et al., 2021; Derrien et al., 2023). Multiple methods 
allow for characterizing the lability of soil OM to microbial processing 
and its persistence in soils (Derrien et al., 2023). Among them, protocols 
separating the bulk soil OM into fractions differing in size and density 
suitably characterize pools of contrasting composition, interactions with 
minerals and mean residence times (Lavallee et al., 2020; Poeplau et al., 
2018). Physical fractionation protocols, generally using density and size 
thresholds respectively of 1.4–1.8 g cm− 3 and size 50 µm, isolate two 
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main fractions: particulate organic matter (POM) and mineral- 
associated organic matter (MAOM) (Derrien et al., 2023; Lavallee 
et al., 2020). The POM refers to the mineral-free light fraction. It mostly 
originates from plant and fungi hyphae, and it is composed of a relative 
enrichment of structural organic compounds and displays high C/N ra-
tios. While being preferentially used by soil microorganisms (mean 
residence time from shorter than 10 years to decades), POM is physically 
transferred into the soil and could persist due to its biochemical recal-
citrance (e.g., pyrogenic OM), physical protection into aggregates and 
microbial inhibition due to edaphic conditions (e.g., low temperature, 
water logging) (Derrien et al., 2023; Lavallee et al., 2020). The MAOM 
typically refers to the heavier and finer fraction. It is defined as the 
fraction associated with silt- and clay-size minerals (Lavallee et al., 
2020) and it is made of microbial necromass and byproducts as well as 
some plant compounds (Angst et al., 2021; Whalen et al., 2022). MAOM 
is enriched in nitrogen (N), displaying low C/N ratios, and persists in the 
soil thanks to chemical bonding to minerals (varying in nature and 
strength) and physical protection in aggregates. The C stabilized in the 
MAOM fraction can display mean residence time from decades to cen-
turies and even millennials (Georgiou et al., 2022). Eusterhues et al. 
(2007) showed that MAOM could be ~2000 years older than the rest of 
the soil OM because old C is recycled in the microbial biomass (Derrien 
et al., 2023) and because bonding to minerals and occlusion decrease 
OM capacity to be metabolized (Fontaine et al., 2007; Lavallee et al., 
2020). Some studies stressed the importance of differentiating OM in 
different particle size fractions (Kögel-Knabner et al., 2008; von Lützow 
et al., 2007) and POM occluded in aggregates of different sizes (Virto 
et al., 2010) for reaching functional OM fractions. Biochar amendment 
has been shown to increase POM content and C in the coarse sand, fine 
sand and silt and clay aggregate fractions after multiple years (Cooper 
et al., 2020). In similar soils from pre-industrial kiln sites, biochar 
enrichment promoted macroaggregation and pyrogenic OM was recov-
ered both in free POM and associated with minerals occluded in ag-
gregates and sorbed onto silt and clay sized minerals (Burgeon et al., 
2021; Kerré et al., 2016). 

Numerous analytical methods exist to identify, characterize and 
quantify pyrogenic OM, which are based either on physical separation, 
chemical oxidation, thermal analysis, spectroscopy and molecular 
marker analyses (Bird et al., 2015). These methods provide different 
results and these differences vary with the chemical composition and 
aging of pyrogenic OM (Bird et al., 2015; Kerré et al., 2016). Among 
them, thermal analysis and in particular differential scanning calorim-
etry (DSC) has been reported to be an efficient way to characterize the 
whole OM continuum and the different pyrogenic organic compounds 
by analyzing different proxies such as the heat flow at a given temper-
ature, specific temperature at exotherm peaks, 50 % burn-off tempera-
tures and by differentiating thermally labile and stable forms (Leifeld, 
2007; Plante et al., 2009). In addition, experiments using standard ad-
ditions of biochar to mineral soils free of pyrogenic OM and comparing 
with other analytical methods showed that DSC is suitable for quanti-
fying biochar in bulk soils (Hardy et al., 2017; Kerré et al., 2016) and 
allows for quantifying pyrogenic organic C in size and density fractions 
(Burgeon et al., 2021). Although DSC relatively quantifies pyrogenic OM 
compared to control soils, its accuracy in similar kiln sites has been 
validated (Hardy et al., 2017; Kerré et al., 2016). The quantification of 
aged biochar has been shown to be challenging as its chemical and 
physical properties strongly evolve with continuous breakdown and 
surface oxidation (Hardy and Dufey, 2017; Kerré et al., 2016). 
Depending on the oxidation procedure, such as ‘Walkley-Black’ di-
chromate oxidation (Walkley and Black, 1934) or the chemo-thermal 
oxidation, the recovery of aged pyrogenic C contents differs (Kerré 
et al., 2016). Hardy and Dufey (2017) showed that the recovery of py-
rogenic organic C by the dichromate oxidation is incomplete, and 
oxidation yield decreases with aging. DSC provides thermograms that 
allow for quantifying aged pyrogenic OM even for small samples such as 
fractions recovered from size and density fractionation. 

In this study, our objective is to quantify the long-term (c. 200 years) 
effect of biochar surface accumulation on C storage in the subsoil and 
investigate the mechanisms involved. Numerous studies focused on 
artificially aged charcoal, however, to study processes involved in long 
term in-situ vertical migration, proxies from sites characterized by his-
torical pyrogenic OM accumulation are needed (Bonhage et al., 2022; 
Hobley, 2019; Knicker, 2011). Here, we take the opportunity of the 
presence of century-old biochar (CoBC), derived from pre-industrial 
charcoal kiln sites, incorporated in soils. We compared 5 soils 
enriched in CoBC, visible as 20 m wide black spots on bare soils, to 5 
adjacent reference soils, both modalities under conventional cropping in 
temperate climate. 

In particular, we aim here to 1) quantify the long-term consequences 
of biochar accumulation on C stocks and stabilization in the 30–100 cm 
soil ayer, and 2) investigate the mechanisms involved in biochar vertical 
mobility. As aging leads to biochar structure physical breakdown pro-
moting dissolution and therefore its potential for leaching (Spokas et al., 
2014), we performed a size and density fractionation of soils and 
collected pore water for DOC analyses to investigate biochar physical 
breakdown, dissolution and further vertical mobility. In addition, aging 
and surface oxidation modify biochar thermal signature and interactions 
with minerals (Burgeon et al., 2021; Hardy et al., 2017; Brieuc Hardy 
et al., 2017; Leifeld, 2007), therefore we performed thermal analyses (i. 
e., DSC) to quantify and characterize pyrogenic OM in bulk soil and 
fractions characterized by different stabilization processes in the subsoil. 
We used a physical fractionation scheme previously applied in topsoils 
enriched with CoBC in the same site (Burgeon et al., 2021). The present 
study focuses on three main fractions differing in density and location in 
aggregates - the free light fraction (free LF), the occluded LF (occ. LF) 
and the heavy fraction (HF) - and shared in different aggregate-size 
classes - macroaggregates (250–2000 µm), microaggregates (50–250 
µm) and silt and clay particles (<50 µm). To investigate vertical mobility 
of biochar through dissolution and leaching, we installed suction-cups 
and collected soil pore water at three different depths in CoBC and 
reference soils for six months. We analyzed each sample for dissolved 
organic carbon (DOC) and dissolved OM (DOM) optical properties using 
absorbance and fluorescence spectroscopy to characterize DOM 
aromaticity and investigate its origin. In addition, we performed PAR-
AFAC modeling to identify the main components explaining the fluo-
rescent DOM pool (Fouché et al., 2020). To our knowledge, the present 
study is the first to investigate the vertical mobility of biochar amend-
ment over the long-term (c. 200 years) under temperate field conditions. 

We hypothesize that historical surface accumulation of pyrogenic 
OM increased subsoil organic C stocks and pyrogenic C significantly 
contributes to this subsoil C storage. As century-old biochar accumula-
tion led to an enrichment in pyrogenic OM as free and occluded POM in 
the topsoil horizon and assuming LF particle leaching being the main 
transfer process, we hypothesize that pyrogenic organic C occurred 
mainly as POM in the subsoils. We also hypothesize that century-old 
pyrogenic OM would be adsorbed to HF in the subsoil horizons thanks 
to dissolution and adsorption processes favored by breakdown and 
surface oxidation. Finally, we hypothesize that DOM from soils enriched 
in century-old biochar still display specific optical properties and con-
trasted DOC concentrations compared to reference soils. 

2. Materials and methods 

2.1. Study site 

This study focuses on a Luvisol from the Belgian loam belt located in 
Isnes (Wallonia). In this region, fields are spotted with dark soil patches 
which occurred as a legacy from pre-industrial charcoal production in 
hearth mounds (Hardy et al., 2017). The selected study site, a 13 ha plot, 
was chosen as it contains multiple relic charcoal hearths and its repre-
sentativeness of the conventional agriculture in the Belgian loam belt. 
The average annual precipitation on the site is of 840 mm of rain and the 
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mean annual temperature is 9.8 ◦C. The studied field undergoes a con-
ventional rotation of four crops established since 1985, which alternates 
chicory (Chichorium intybus L.), winter wheat (Triticum aestivum L.), beet 
root (Beta vulgaris L.) and cover crops (a mixture of mustard and pha-
celia). Crops are regularly amended with mineral fertilizers and pesti-
cides. Soil samples were collected after the destruction of the cover crops 
and before the chicory sowing in 2018. Soil water was collected with 
suction cups during the winter wheat growing season from February to 
August 2019. 

In this site, 5 dark hearth patches were selected and studied as 
proxies for soils that have been enriched with century-old pyrogenic 
organic C (here called century-old biochar, CoBC). Adjacent to these 
patches (~40 m away), soils were studied as biochar free reference 
(REF). 2 modalities were therefore investigated in our work, CoBC and 
REF. The entire field displays a soil characterized as a Haplic Luvisol, 
dominated by a silt loam texture and developed on decarbonated loess 
(IUSS Working Group WRB, 2015). Three soil horizons were identified 
during a soil pit analysis, i.e. the C rich and plowed topsoil with ~15 % 
of clays, ~77 % of silts and 8 % of sands, referred to as the Ap horizon 
(0–30 cm), followed by a subsoil eluvial E horizon with ~18 % of clays, 
~75 % of silts and 7 % of sands (30–60 cm) and a clay enriched Bt 
horizon with ~23 % of clays, ~72 % of silts and 5 % of sands (60–100 
cm) (Fig. S1). No variation in soil horizon depth and thickness was 
observed within the field when each site was cored for soil sampling and 
pore-water suction cup installation. Therefore, all analyses and stock 
calculations were performed for 30 cm thickness in Ap and E horizons 
and 40 cm thickness for the Bt horizon. Baseline soil characteristics are 
available in Burgeon et al. (2022). The analysis and ancient soil maps 
(Ferraris, 1777 – Vandermaelen, 1846–1854 – “Cartes du dépôts de la 
guerre”, 1865–1880) revealed that the study site was converted from 
forest to cropland circa 175–243 years ago. During this conversion, the 
soil plowing incorporated the biochar leftovers from hearths in the soil 
thus enabling us to claim the studied CoBC were roughly 200 years old. 

2.2. Soil sampling and analysis 

For CoBC and REF, samples were collected from 5 different locations 
in the studied field. Each sample was pooled as a composite from 3 soil 
cores to avoid punctual heterogeneities for each soil horizon (Ap, E and 
Bt). In the lab, samples were dried at 40 ◦C for 48 h, gently ground, 
sieved using a 2 mm grid prior to storage and further analyses. 

The bulk densities (BD) of each soil type (CoBC and REF) and soil 
horizons (Ap, E and Bt) were determined in 3 soil pits. In each soil pit, 
two samples were collected per soil horizon using 100 cm3 metal rings. 
The soil BD were calculated as the ratio of soil dry weight (60 ◦C – 48 h) 
to the known volume of soil. As all soils did not contain coarse elements 
(>2 mm), the soil BD corresponds to fine earth BD. 

2.3. Soil fractionation 

The full extent of the fractionation protocol set up in the present 
study is given in Burgeon et al. (2021), in which the topsoil horizon 
samples were fractionated, and described in detail in the supplementary 
information. Here, we performed the same fractionation protocol for 
samples of the 30–60 cm E horizon. The Bt horizon was not fractionated. 
For each modality, bulk soil samples from the 5 replicates followed a 
four-step fractionation protocol based on size and density (Fig. S2). 

Step 1 – We followed a series of wet sieving to divide the soil into 
three aggregate size classes. We deposited 80 g of soil (previously sub-
merged in distilled water for 5 min) on a 2 mm grid sieve sitting in a bath 
with 2 cm of distilled water covering the mesh (Cooper et al., 2020; Six 
et al., 1998). We simultaneously rotated and tilted the sieve for 50 ro-
tations during 2 min. Subsequently, this sieve was back washed in a glass 
container and dried until complete evaporation (60 ◦C) whereas the 
finer material was deposited on a sieve 250 µm mesh. Next, the same 
approach was applied considering a sieve with a 50 µm mesh. Three 

fractions were obtained as an outcome to this fractionation procedure, i. 
e. the coarse sand size fraction (2000–250 µm), the fine sand size fraction 
(250–50 µm) and the silt and clay size (S&C) fraction (<50 µm). Any 
material coarser than 2000 µm, mostly composed of annual plant resi-
dues and with no visible century-old biochar particle, was discarded. 

Step 2 – This step differentiated soil fractions based on their density 
using sodium polytungstate (SPT − 1.85 g cm− 3). We submerged 10 g of 
each of the three fractions of different size collected in step 1 in 50 mL of 
SPT. These were then gently shaken head over head 10 times to soak the 
sample and remove air bubbles and placed in a vacuum chamber (140 
kPa) for 10 min then left to rest under atmospheric pressure for 20 min. 
All samples were then centrifuged at 4700 g for 10 min. The superna-
tant, considered as the light fraction (LF), was collected on glass fiber 
filters (0.45 µm). These operations were repeated thrice. Subsequently, 
the filters containing the free LF were thoroughly rinsed with distilled 
water and dried at 60 ◦C. Following the third centrifugation the pellet 
was shaken into suspension using distilled water in order to remove the 
SPT from the mineral dominated heavy fraction (HF). We then centri-
fuged (4700 g, 10 min) the suspension and discarded the distilled water. 
This cleaning operation was repeated thrice. From this procedure we 
obtained for both modality (CoBC and REF) and their 5 repetitions: free 
LF and HF of either coarse sand, fine sand or S&C size. 

Step 3 – The coarse sand size HF (i.e., macroaggregates) isolated from 
step 2 was placed on a 250 µm sieve installed on a shake plate and in a 
water bath with distilled water running through the sieve. The sample 
was in contact with 50 glass beads, shaked during 5 min, which led to 
aggregate breakdown. From this step, we isolated the macroaggregate 
protected (Mp) fine sands (>50 µm) and the Mp-S&C size fractions. 

Step 4 – This final step was conducted in 4 phases. The first was a 
density fractionation using SPT to recover the Mp-LF from Mp-S&C size 
HF. The second phase broke down finer aggregates using ultrasonication 
set at 440 J mL− 1 for 2 min (Soniprep 150 MSE) to free the occluded LF in 
macroaggregates, microaggregates and the S&C fraction. After ultra-
sonication of fractions we applied density fractionation using SPT in 
which we isolated occluded LF and HF protected in macroaggregates, pro-
tected in microaggregates or in free S&C fractions. Finally, wet sieving 
allowed for separating mp-fine sand and mp-S&C particles. From the step 
4, we isolated the following fractions: non-occluded Mp-LF, occluded Mp- 
LF, Mp-S&C size HF, occluded mp-LF, mp-fin sands, mp-S&C size HF, 
occluded LF and free S&C size HF. 

Following the soil fractionation, the bulk soil, the free LF and HF 
isolated during step 2 as well as the occluded LF and HF of step 4 
(Fig. S2) were analyzed for C and N concentrations and thermal anal-
ysis. The C and N concentrations were determined via dry combustions 
using a Euro EA elemental analyzer (Hekatech, Germany). Prior to 
analysis, inorganic C was removed from mineral dominated HF samples 
through an acidification with HCl. Because insufficient material was 
obtained from the fractionation of the soil to enable an elemental 
analysis of free LF and occluded LF we pooled the replicates of each 
modality into a single sample. 

Finally, we calculated the mass and C recovery for each fractionation 
step as the ratio between soil mass or C content gathered at the output of 
the fractionation step to that used as input for the same step. The weight 
recovery following the wet sieving (step 1) procedure was of 100.1 ±
0.2 % and 99.8 ± 0.3 % for CoBC and REF. For this same step, the C 
recovery was of 99.9 ± 13.8 % and 96.6 ± 24.6 % for CoBC and REF 
respectively. The weight recovery following step 4 was of 92.2 ± 1.6 % 
and 91.5 ± 0.6 % for CoBC and REF respectively. Finally, the C recovery 
for this step was of 80.9 ± 12.8 % for CoBC and 84.6 ± 13.8 % for REF. 

2.4. Thermal analysis 

We used differential scanning calorimetry (DSC) to analyze the 
thermal stability of OM and differentiate pyrogenic from non-pyrogenic 
forms. We used this method as previous studies showed that the quan-
tification of pyrogenic organic C via DSC was correlated to oxidation 
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methods (Kerré et al., 2016) and molecular markers (Hardy et al., 2022), 
and because DSC could be performed on small soil fractions. Soil frac-
tions were analyzed using simultaneous thermal analysis (Netzsch STA 
449, Selb, Germany) from the Agroscope facilities in Zurich, 
Switzerland. Prior to analyzing our samples, the calorimeter was cali-
brated for temperature and sensitivity using six different known stan-
dards: indium, tin, bismuth, zinc, aluminum and silver. 

3 bulk samples out of the 5 replicates were analyzed for each soil 
horizon (Ap, E and Bt) and for both CoBC and REF modalities. The 3 
replicates (per modality) displaying the most similar soil C contents 
were selected for DSC analysis. We analyzed the free LF and HF isolated 
in step 2 as well as the occluded LF and HF obtained as outputs from step 
4 of the fractionation procedure (highlighted in Fig. S2). As insufficient 
free LF and occluded LF were obtained to enable repetitions of the DSC 
analysis, we pooled the replicates of these different fractions into single 
samples for each modality. As such, for CoBC and REF soils, the occluded 
LF and the free LF were analyzed with no repetitions whereas HF were 
analyzed in triplicates. Prior to analysis, these samples were ground to 
powder. Roughly 20 mg were weighed in open aluminum pans for 
mineral dominated fractions (i.e. bulk soil samples and HF). For C rich 
fractions (occluded LF and free LF) 2 mg of material were diluted 10 
times in Al2O3. A heating range between 50 and 700 ◦C was set for the 
analyses and heated at a rate of 20 ◦C min− 1. A synthetic air flow of 50 
mL min− 1 was set. To account for an increase in heat capacity of the 
sample, a baseline correction was drawn between 170 and 550 ◦C on the 
signal acquired. These two temperatures were selected as the offset of an 
endotherm caused by residual water contained in minerals on one hand 
and on the other as the onset of the quartz endotherm. To characterize 
the DSC curves, we used the peak heat flow (W g− 1), the C normalized 
heat flow (W gC− 1) and the corresponding signal temperature. The 50 % 
burnoff temperatures, (i.e. the temperature at which 50 % of the inte-
grated heat has been evolved) was analyzed to compare samples. The 
soil C contents of all available bulk soil samples strongly correlated with 
the sum of peak heat flows per sample (R2 = 0.85, p-value < 0.001). 

We differentiated the thermally labile and thermally stable forms of 
organic C using a threshold temperature of 390 ◦C in which organic C is 
considered thermally labile below this threshold and thermally stable 
above this threshold. This cut-off temperature was chosen based on 
previous studies (Burgeon et al., 2021; Dell’Abate et al., 2000; Lopez- 
Capel et al., 2005). For soils in the CoBC modality, the pyrogenic OM 
was quantified as the additional heat flow occurring in the thermally 
stable part of the thermogram in CoBC soils compared to the heat flow in 
the stable region in REF soils. The sum of peak heat flows (i.e., peak 
heights) below 390 ◦C divided by the sum of peak heat flows corre-
sponded to thermally labile C part of a sample. Similarly, the ratio of the 
sum of peak heat flows occurring above 390 ◦C to the sum of peak heat 
flows refers to the part of stable C of a sample. The labile or stable C 
content of a sample was calculated as the product of these ratios and the 
C content of the sample. Finally, the pyrogenic organic C content of a 
fraction of CoBC is calculated as follows (the remaining C content is 
considered as non pyrogenic organic C) on thermograms normalized by 
the sample C content: 

PyOC =
CoBCstable − REFstable

CoBCtotal
*CoBCC (1) 

Equation (1) – Quantification of pyrogenic organic C content (PyOC, g 
100 g− 1) in soil samples (fractions or bulk soils). CoBC and REF, the two 
concerned modalities. Stable, the C normalized peak heat flow occurring 
above 390 ◦C. Total, the sum of C normalized peak heat flows characterizing 
a sample in CoBC samples. CoBCC: the C content of the studied sample. 

The quantification of the pyrogenic C content is based on the 
assumption that REF soils do not contain pyrogenic OM. However, the 
historical plowing of the field has likely led to incorporate some pyro-
genic OM from the kiln sites into current REF soils. Therefore the 
calculated pyrogenic C content could be considered as an excess 
compared to reference soils, thus likely being underestimated. 

2.5. Soil solution sampling and analyses 

To study the solubility of century-old biochar in soils we collected 
soil pore water in CoBC and REF modalities from February to August 
2019 during winter wheat growing season. Borosilicate suction cups (1 
µm mesh) were inserted at a 20◦ angle with respect to a vertical axis in 
the three soil horizons (i.e. 20, 45 and 80 cm) for the 5 field replicates of 
each studied soil for a total of 45 suction cups. Each suction cup was 
connected to a 1 L vacuum resistant glass bottle in which a depression 
ranging between 140 and 600 hPa was applied. This suction was fixed 
based on two tensiometer readings as measured in the E horizon. When 
the soil became too dry for sampling the pumping was halted, limiting 
sampling periods to cold and rainy seasons. Soil pore water samples 
were stored in fully filled pre-combusted (550 ◦C) and acidified amber 
glass vials. After field sampling, all waters were refrigerated at 4 ◦C. DOC 
analyses were conducted on 44 CoBC and 37 REF pore water samples 
within 2 months following sampling and optical properties of DOM were 
analyzed within 9 months. We acknowledge that losses of DOC and 
related decreases in DOC concentrations could occur while kept refrig-
erated and in the dark prior to being analyzed (Nachimuthu et al., 2020). 
However, as both REF and CoBC water samples were collected at the 
same time and kept at 4 ◦C for the same period, we assume that possible 
DOC decline did not alter the observed concentration differences. In 
addition, for a specific site and depth, no systematic decrease with time 
within the two months of maximum conservation period was observed. 

DOC concentrations were measured by applying high-temperature 
combustion by making use of a TOC Analyzer (LOTIX Combustion, 
Teledyne Tekmar, Mason, OH, USA). Milli-Q blanks and standards were 
run prior to and following every 5 samples. A new calibration was 
generated for each DOC run of at most 20 samples. Concentrations of 
DOC were calculated as the mean of three injections with a coefficient of 
variance <5 % (detection limit = 0.3 mg/L, analytical uncertainties =
3.6 %). 

Optical properties of DOM were investigated to explore their origin 
in the soil. UV–visible absorbance and fluorescence measurements and 
Emission Excitation Matrices (EEM) were performed at room tempera-
ture (Horiba-Jobin spectrometer Yvone Scientific Edison, NJ) using the 
Horiba EzSpec v1.2.0.32 software (BGeoSys, ULB, Belgium). Each 
sample was analyzed individually in 1 cm pathlength quartz cuvette. 
Absorbance spectra were blank-corrected using Milli-Q water. UV–vi-
sible absorbance spectra and excitation values were collected between 
255 and 600 nm at 3 nm step increments and emission wavelengths were 
scanned from 280 to 600 nm. Band pass for excitation and emission was 
5 nm and integration time was 0.2 s. We used the EzSpec software 
correction procedure to correct EEMs files for blanks and inner filter 
effects, and removed 1st and 2nd order Rayleigh scatter. The signal was 
normalized to Raman Units by dividing EEM intensities by the integral 
of the Raman peak of MilliQ samples which was located at an excitation 
of 350 nm at emission ranging between 371 and 428 nm (Lawaetz and 
Stedmon, 2009). 

Six different indices were determined based on absorbance and 
fluorescence measurements to characterize the DOM, i.e. the specific UV 
absorbance (SUVA254, L mgC− 1 m− 1), the total fluorescence (Raman 
Unit), the total fluorescence normalized by DOC concentration (RU L 
mgC− 1), the fluorescence index (FI), and the humification index (HIX). 
Furthermore, we decomposed the 111 collected EEMs into individual 
fluorescent compounds (fluorophores) by running a parallel factor 
analysis (PARAFAC). 

SUVA254 was calculated as the decadal UV absorbance at 254 nm 
divided by the DOC concentration. SUVA254 is positively correlated to 
bulk DOM aromaticity (Weishaar et al., 2003) therefore dissolved PyOC 
would display higher SUVA254 values (Tang et al., 2016). The total 
fluorescence was calculated as the sum of EEMs and further normalized 
by the DOC concentration to determine the difference in contribution of 
the fluorescent dissolved organic matter (FDOM) to the entire DOM 
pool. FI was calculated as the ratio of emissions between 450 and 500 
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nm at an excitation wavelength of 370 nm (McKnight et al., 2001). It 
illustrated the source of DOM from plant and soil organic matter derived 
(~1.2) to microbial products (~1.8) (Fellman et al., 2010). HIX was 
calculated as the area under the emission spectra between 435 and 480 
nm divided by the peak area over two spectral bands 300–345 nm +
435–480 nm, at an excitation of 254 nm (Fellman et al., 2010). HIX 
increase illustrated a shift of emission maximum towards longer wave-
lengths related to a greater abundance of high-molecular weight aro-
matic fluorescing molecules with lower H:C ratios (Birdwell and Engel, 
2010; Fellman et al., 2010). 

PARAFAC models decomposed fluorescence data that are arranged 
in three-dimensional arrays (i.e. sample × excitation wavelength ×
emission wavelength) into accurate spectra and relative concentrations 
(in Raman Unit) of known fluorescent groups showing similar chemical 
composition in a complex DOM mixture ( Murphy et al., 2008, 2013). 
PARAFAC individual compounds refer to compound groups such as 
humic-like, fulvic-like or protein-like with distinct optical properties 
rather than single organic compounds (Fellman et al., 2010). PARAFAC 
modeling was performed using the staRdom package v1.0.18 (Pucher 
et al., 2019) in R software v4.2.2 (R Core Team, 2022) in order to 
separate EEMs into independent fluorescent compounds. Excitation and 
emission wavelengths below 270 nm were removed from matrices to 
avoid deteriorating signal-to-noise ratios. Prior to modeling, regions of 
the spectra influenced by 1st and 2nd order scatter peaks were omitted. 
A five-compound model was generated incorporating a total of 102 
samples of which 9 samples were considered as outliers and removed 

from the model. Model parameters were constrained to be non-negative. 
The model, which identified compounds with unimodal emission max-
ima, was validated using residual analysis, split-half analysis and 
random initialization (Murphy et al., 2013; Pucher et al., 2019; Stedmon 
and Bro, 2008) and explained 99.8 % of the total fluorescence signature. 
For each sample, the intensity of each PARAFAC compound was 
normalized to the total fluorescence and expressed as the relative 
contribution of each compound to the total fluorescence. The identified 
compound emission and excitation spectra were compared with previ-
ous studies investigating biochar DOM optical properties and using the 
open fluorescence database (Murphy et al., 2014) (https://openfluor. 
lablicate.com/). The 5 compounds have been previously reported by 
studies available in the openfluor database (Tucker Congruence Coeffi-
cient, TCC > 0.95) and in studies in cropland soil with recent biochar 
amendments (Table 1). The description and likely structures of these 5 
compounds based on their excitation and emission wavelengths are re-
ported in Table 1. 

2.6. Data analysis 

We pursued the comparison of soil C, N and C:N ratios of bulk soil 
using a one factor analysis of variance (ANOVA) and classified means 
using a least significant differences test (LSD test) to differentiate mo-
dalities and horizons (p value < 0.05). Similarly, the analysis of soil 
fractions compared masses, C and N contents and concentrations as well 
as C:N ratios for a given fraction (step 2 free LF, step 2 HF, step 4 occ. LF 

Table 1 
Description and likely structure of the five fluorescent compounds characterized by the PARAFAC modeling and determined based on EEMs in comparison to previous 
studies and Openfluor database comparison.  

Component Excitation 
max 

Emission 
max 

Description and likely 
structure 

Source of DOM Fellman 
et al., 
2010 

Liu 
et al., 
2019 

Eykelbosch 
et al., 2015 

Jamieson 
et al., 2014 

Openfluor 
comparisonb  

(nm) (nm)   Review Soils & 
Biochar 

Soils & 
Biochar 

Biochar (component 
with TCC >
0.95) 

1 <270 435 UVA Humic-like or fulvic like 
fluorophores, similar to peak A 
in Cobble 1996 

Terrestrial C6 – A C2 27          

2 <270 380 UVA humic-like – Low 
molecular weight aromatic 
fluorophores associated with 
microbial activity. Optical 
properties close to 
syringaldehyde (producted in 
breakdown of lignin). Similar to 
peak C in Cobble 1996 

Terrestrial, 
Autochtonous, 
Marine 

C4 – – C1 22          

3 360–365 
(<270) 

450 UVC humic-like - High 
molecular weight, aromatic and 
condensed fluorophores, 
abundant in wetlands 

Terrestrial C10 – – – 16          

4 <270 490–510 UVA humic-like or fulvic like - 
High molecular weight, 
syringaldehyd-like (byproducts 
of lignin breakdown), 
associated with high DOM 
contents, soil-derived DOM, 
ubiquituous in freshwater 
environment 

Terrestrial C5 C2 – C4 33          

5 340 410 Humic-like, associated with 
microbial activity with 
antrhopogenic origin found in 
agriculturally dominated 
watersheds 

Terrestrial, 
Autochtonous, 
Marine 

C15 C1 C – 3         

*number of studies reporting similar emission and excitation wavelenghts found in the openfluor database. 
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and step 4 HF). Per fraction we compared size classes and soil types 
(CoBC and REF). For each fraction we differentiated means using a one- 
way ANOVA and classified means based on a LSD test (p < 0.05). 

For the analysis of DSC results, signal treatments and presentation 
were undertaken using R v.4.4.2 (R Core Team, 2022). Bulk soil samples 
and HF are represented as the mean ± sd of triplicates whereas only one 
replicate exists for free or occluded LF. Similarly, to the elemental 
composition analysis, the comparison of indicators was pursued by a 
one-way ANOVA and the classifications of means pursued through a LSD 
test. Only DSC peak heights on soil HF were compared by pairs based on 
site location between CoBC and adjacent REF soil using a student paired 
t-test. The threshold p-val remained of 0.05 for all tests. A Wilcoxon rank 
sums test was used on soil pore water samples to compare their DOC 
contents, and indices characterizing DOM optical properties by pairs 
according to combinations of given horizons (Ap, E and Bt) and modality 
(CoBC, REF). 

To ensure a trustworthy fractionation protocol the mass recovery 
was determined as the sum of fractions weight for a given step divided 
by the sample weight used as input to this fractionation step. We 
calculated the weight recovery for steps 2 and 4. Similarly, we calcu-
lated the C content recovery as the sum of C content per fractionation 
step over the C content of the fraction used as input material. 

3. Results 

3.1. Total C and N distribution in the soil profile 

In the 0–30 cm Ap horizon, BD was lower in CoBC than REF soils 
(Table 2). BD increased with depth and was similar in E and Bt horizons 
in modalities. The organic C contents decreased with depth from 26.4 ±
5.1 to 3.6 ± 1.0 g kg− 1 in CoBC and from 13.8 ± 0.4 to 3.2 ± 1.0 g kg− 1 

in REF (Table 2). The organic C content was 1.8 times higher in the E 
horizon in CoBC (8.0 ± 2.8 g kg− 1) than in REF soils (4.4 ± 2.0 g kg− 1) 
but similar in the Bt horizon of the two modality. CoBC soils had 64.2 ±
25.7 % higher N content than REF soils in the Ap horizon, but no sig-
nificant difference in horizons E and Bt (Table 2). C:N atomic ratios 
decreased with depth from 13.2 ± 1.7 to 7.5 ± 1.9 in CoBC and from 
11.5 ± 0.6 to 6.6 ± 1.5 in REF (Table 2). While atomic C:N ratios tend to 
be higher in all horizons in CoBC compared to REF soils, differences 
were not significant. 

In the Ap horizon (0–30 cm), organic C stocks were 93.5 ± 18.1 tC 
ha− 1 in CoBC and 54.6 ± 1.6 tC ha− 1 in REF soils, representing 71 % 
higher stocks in CoBC (Table 2). In the E horizon (30–60 cm), C stocks 
were 35.5 ± 12.3 tC ha− 1 in CoBC and 20.0 ± 8.9 tC ha− 1 in REF soils, 
which represents 78 % higher stocks in CoBC than in REF soils (Table 2). 
Overall, the subsoils horizons (E and Bt) represented 37.8 ± 9.2 % and 
40.9 ± 6.2 % of the 0–100 cm organic C stocks in CoBC and REF soils, 
respectively. For the 0–100 cm thickness, summing the three horizons 
(Table 2), soils in the CoBC modality stored 150.4 ± 22.8 tC ha− 1 (from 
123.7 to 189.4 tC ha− 1 among replicates) as opposed to between 93.8 ±

12.1 tC ha− 1 in REF soils (from 81.8 to 115.9 tC ha− 1). This represented 
an average increase of ~60 % in C stocks for the 0–100 cm thickness in 
CoBC compared to REF soils. 

3.2. Aggregation patterns and elemental analysis of 30–60 cm layer 
fractions 

The mass distribution between fractions following the soil fraction-
ation revealed no differences in terms of aggregation patterns between 
CoBC and REF in the E horizon (30–60 cm, Table 3). Following the wet 
sieving and the density fractionation (end of step 2), the weight of the 
coarse sand size fraction was equal to that of the fine sand size fraction 
and heavier than the silt and clay fraction for both CoBC and REF soils 
(Table 3). The weights of free LF were similar between CoBC and REF in 
the different size classes even though coarse sand size free LF dominated 
free LF fractions (Table 3). Free LF as coarse sand size particles 
contributed to 53 % and 41 % of the free LF in CoBC and REF soils, 
respectively (Table 3). Similarly, results produced by the last fraction-
ation step (4) showed no significant differences in the weight of the 
occluded-LF between studied modalities (Table 3). 

The relative contribution of the different fractions (all size classes 
combined for free LF from step 2, occluded LF and HF from step 4) to the 
total soil C content is illustrated in Fig. 1 as a function of depth (the 
topsoil data originates from Burgeon et al., 2021). The C distribution 
among fractions showed the HF (step 4) contribution to soil organic C 
content increased with depth for both REF and CoBC soils, and its 
contribution in the E horizon was higher in REF than in CoBC soils 
(CoBC = 42 ± 11; REF = 65 ± 8 % of soil organic C, Fig. 1). The relative 
contribution of free LF to total soil C content increased with depth in 
CoBC but not in REF soils (Fig. 1). The increase in HF and free LF con-
tributions was mostly at the expanse of occluded LF (step 4) in both 
modalities. In CoBC soils, free LF (step 2) represented 39 ± 10 % while 
occluded LF represented 19 ± 14 % of the C content of the E horizon. In 
the E horizon, the free LF of coarse sand size (step 2) displayed the 
greatest fraction C content (2.5 ± 1.3 g kg− 1) in CoBC soils, but not in 
REF soils (0.4 ± - g kg− 1, Table 3). 

The elemental analysis of free LF and HF (step 2) showed no mean-
ingful differences in N contents as a function of the size class (Table 3). 
However, when summing N contents in free LF (step 2) of different size 
classes according to modalities (CoBC & REF), the total N content of 
CoBC was higher than that in REF soils (CoBC = 0.12 ± 0.05; REF = 0.05 
± 0.02 g kg− 1 - Table 3). Similarly, when summing the N contained in HF 
of different size classes (step 4 HF), more N was found in CoBC than in 
REF soils (CoBC = 0.82 ± 0.15; REF = 0.66 ± 0.16 g kg− 1 - Table 3). 

Results showed higher atomic C:N ratios in free LF than HF for both 
soil types and no significant differences as a function of size. Further-
more, when comparing HF isolated by step 2 (density fractionation) and 
step 4 (ultrasonication), C:N ratios of HF from step 4 (~4.3) were 
smaller than HF from step 2 (~6) for both modalities. 

Table 2 
Bulk density (BD), C, pyrogenic organic C (PyOC), N distributions in the bulk samples. Contents are expressed in g kg− 1 soil, stocks in tC ha− 1. BD values were used to 
determine C stock of a given horizon. Results are expressed as mean ± sd. A letter indicates significant differences between modalities across horizons (LSD-test, p-val 
< 0.05). No PyOC is found in REF (-). No significant trace of PyOC can be distinguished in the DSC thermogram of CoBC Bt Horizon (ns).   

Depth BD C N C:N C PyOC PyOC  
cm g cm− 3 g kg− 1 g kg− 1  t ha− 1 g kg− 1 t ha− 1 

CoBC Ap (0–30) 1.18 ± 0.11 a 26.4 ± 5.1 a 2.3 ± 0.2 a 13.2 ± 1.7 a 93.5 ± 18.1 a 8.2 ± 3.4 30.5 ± 12.8 
REF 1.32 ± 0.07b 13.8 ± 0.4b 1.4 ± 0.1b 11.5 ± 0.6 abc 54.6 ± 1.6b    

CoBC E (30–60) 1.48 ± 0.05c 8.0 ± 2.8c 0.7 ± 0.2c 12.5 ± 1.1 abc 35.5 ± 12.3c 0.9 ± 0.4 4.2 ± 1.9 
REF 1.51 ± 0.01c 4.4 ± 2 d 0.5 ± 0.1c 9.5 ± 2.8 bcd 20.0 ± 8.9 d    

CoBC Bt (60–100) 1.49 ± 0.05c 3.6 ± 1 d 0.6 ± 0.1c 7.5 ± 1.9 d 21.5 ± 6.1 d ns ns 
REF 1.50 ± 0.06c 3.2 ± 1 d 0.6 ± 0.1c 6.6 ± 1.5 cd 19.2 ± 5.9 d    
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3.3. Thermal analysis and pyrogenic organic C distribution in the profile 

The use of DSC on bulk soil samples revealed the presence of pyro-
genic OM in the Ap and E horizons but not in the Bt horizon, as shown by 
higher heat flows from CoBC than from REF, at temperatures above 
390 ◦C (Fig. 2). In the Ap horizon the presence of pyrogenic organic C 
was marked by three additional heat flows occurring at 386 ± 3 ◦C, 435 
± 2 ◦C and 520 ± 1 ◦C in CoBC bulk samples but unseen in REF soils. 

In the E horizon, the presence of biochar was marked by a higher 
heat flow occurring in CoBC soils (above 390 ◦C). The thermograms of 
bulk samples were characterized by a sharp exotherm occurring at CoBC 
= 318.3 ± 4.2 ◦C and REF = 322.3 ± 0.6 ◦C and a second smaller 
exotherm occurring at CoBC = 432.7 ± 6.7 ◦C and REF = 437.0 ± 5.2 ◦C 
(Fig. 2). This second exotherm peak also occurred in the Ap horizon. In 
the Bt horizon, no trace of pyrogenic organic C was detected for bulk 
samples as the first exotherm occurred for both modalities at 323.0 ◦C 
± 0.3 and the shoulder at 439.0 ± 0.5 ◦C with similar stable:total ratios 
(Fig. 2). No significant difference in 50 % burnoff temperature occurred 
between modalities in the E horizon (CoBC = 324.2 ± 6.6; REF = 320.5 
± 2.8 ◦C) nor Bt horizon (CoBC = 321.8 ± 1.9; REF = 321.5 ± 2.7 ◦C) 
(Table S1). 

An analysis of mineral associated OM (HF – step 4) in different ho-
rizons and according to size classes (Mp, mp, S&C) revealed the presence 
of pyrogenic organic C in all HF marked as an shoulder occurring at 
~400 ◦C. This was particularly visible in the Ap horizon (Fig. S3). In the 
E horizon the presence of biochar was characterized by a shoulder in the 
thermogram occurring at ~400 ◦C (Fig. 3). Furthermore, in the E hori-
zon, CoBC HF thermograms are characterized by an overall higher heat 
flow per unit C (values reported in Fig. 3) than in the Ap horizon 
(Fig. S3) with relatively larger increases in heat flow in CoBC than in 
REF soils. For both CoBC and REF, free or occluded LF thermograms 
showed that a majority of the heat flow occurred above 400 ◦C in both 
horizons (Fig. 3, Table S1). The single replicate available per size class 
(for occluded LF and free LF) suggested a decrease of heat flow per unit C 

occurring in the E horizon particularly so for macro (Mp) and micro- 
protected (mp) LF compared to fractions of the Ap horizon (Fig. 3, 
Fig. S3). Finally, free LF in the CoBC E horizon showed the same three 
visible exotherms as bulk samples (Fig. 2, Fig. 3) as well as for hand- 
picked PyOC (Burgeon et al., 2021), which revealed the presence of 
pyrogenic organic C in LF fractions. However, no difference in 50 % 
burn-off temperature of the HF fractions (step 2 and step 4) occurred 
between modalities in the E horizon (Table S1). The HF (step 4) in CoBC 
showed greater stable:total heat flow ratios than REF (Table S1). In the 
E horizon, the stable:total heat flow ratios of free LF and occluded LF of 
S&C size were slightly higher in CoBC than REF soils (Table S1). 
Therefore, using the same methodology as for bulk soil samples, ~25 % 
of the total pyrogenic organic C in the E horizon occurred as associated 
with mineral phases, showing a majority of pyrogenic organic C in the E 
horizon occurs as free or occluded LF (Table S1). 

Along the 0–100 cm soil profile, the thermally stable:total peak ratio 
(i.e., similar to stable:total heat flow ratio) for bulk CoBC soils was 
significantly higher compared to bulk REF soils in the Ap (CoBC = 43 ±
2 %; REF = 19 ± 5 %) (Burgeon et al., 2021) and E horizon (CoBC = 28 
± 5 %; REF = 16 ± 2 %) but not different in horizon Bt (CoBC = 20 ± 1 
%; REF = 20 ± 2 %, Table S1). Using stable:total peak ratios on bulk soil 
samples we quantified pyrogenic organic C contents of 0.9 ± 0.4 g kg− 1 

of soil and stocks of 4.2 ± 1.9 tC ha− 1 in the 30–60 cm E horizon 
(Table 2). CoBC soils in the 0–100 cm stored 34.7 ± 12.9 t ha− 1 of py-
rogenic organic C and the 30–60 cm accounted for 12 ± 4 % of the total 
pyrogenic organic C in the 0–100 cm. 

The Fig. 4 illustrates similar stocks in stable C for both modalities 
(stable:total) as well as an increase in total C caused by the presence of 
PyOC in CoBC soils. For both Ap and E horizons, additional labile OM is 
visible in CoBC soils. Indeed in the Ap horizon, CoBC soils had on 
average a greater stock of non-pyrogenic organic C of ~8.4 t ha− 1 

compared to REF soils, which represented 22 % of the C stock difference 
between modalities. In the E horizon, non-pyrogenic organic C 
contributed to ~11.3 t ha− 1 (73 %) of the stock difference between CoBC 

Table 3 
Mass & elemental analyses of subsoil fractions (E horizon). C (%) and N (‰), the C and N concentrations of a fraction, C and N (g kg− 1) the content of C and N of a 
fraction for 1 kg of bulk soil (i.e., fraction C concentration multiplied by fraction mass). Results are presented for the two major fractionation steps: 2 & 4 and expressed 
as mean ± sd and a letter indicating significantly different values (LSD-test, p-val < 0.05) as a function of the size class and the modalities for a given fractionation step. 
p values are presented for differences at a given fractionation step. No values (-) are indicated when insufficient material was gathered during the fractionation to 
enable an elemental analysis or repetitions. Note the C concentration and content of occluded fractions are deduced as the difference between step 2 and step 4 HF.    

size mass  C C  N N  C:N   
(µm) (g kg − 1)  (%) (g kg − 1)  (‰) (g kg − 1)  (-) 

step 2 - free LF CoBC 2000–250 4.1 ± 2.0 a 63.1 ± 3.2 2.6 ± 1.3 a 17.6 ± 6.8 0.07 ± 0.05  41.3 ± 20.9 
250–50 2.4 ± 1.2 ab 39.4 ± 4.1 0.9 ± 0.4 b 14.9 ± 6.5 0.04 ± 0.02  29.2 ± 9.8 
<50 1.2 ± 0.2 b 28.2 ± 11.7 0.3 ± 0.1 b 11.1 ± 1.7 0.01 ± 0.00  24.8 ± 7.2 

REF 2000–250 3.5 ± 0.0 a 10.6 ± - 0.4 ± - b 5.8 ± 0.0 0.02 ± 0.00  18.2 ± - 
250–50 2.1 ± 0.0 ab 10.1 ± 1.6 0.2 ± 0.0 b 5.1 ± 2.6 0.01 ± 0.01  22.0 ± 8.2 
<50 3.0 ± 2.6 ab 8.6 ± 2.0 0.2 ± 0.2 b 5.5 ± 5.0 0.02 ± 0.02  27.5 ± 23.8       

p < 0.05      
step 2 - HF CoBC 2000–250 392.7 ± 28.7 a 0.5 ± 0.3 2.0 ± 1.1 a 0.9 ± 0.4 0.34 ± 0.16 a 6.3 ± 2.1 

250–50 330.1 ± 53.5 ab 0.5 ± 0.2 1.6 ± 0.8 a 0.8 ± 0.2 0.26 ± 0.11 ab 6.0 ± 1.5 
<50 270.8 ± 40.0 bc 0.4 ± 0.2 1.1 ± 0.5 a 0.7 ± 0.3 0.19 ± 0.09 abc 6.1 ± 2.7 

REF 2000–250 410.0 ± 120.5 a 0.4 ± 0.1 1.5 ± 0.7 a 0.6 ± 0.3 0.27 ± 0.13 ab 6.6 ± 3.0 
250–50 364.1 ± 107.5 a 0.3 ± 0.1 0.9 ± 0.1 a 0.5 ± 0.2 0.19 ± 0.11 bc 5.9 ± 3.0 
<50 218.8 ± 59.3 c 0.2 ± 0.1 0.5 ± 0.2 b 0.5 ± 0.1 0.10 ± 0.01 c 4.8 ± 1.9    

p < 0.001   p < 0.05   p < 0.05   
step 4 - occ. LF CoBC 2000–250 0.9 ± 0.5 a 73.0 ± - 0.7 ± -  – –  – 

250–50 1.1 ± 0.5 ab 56.8 ± - 0.6 ± -  – –  – 
<50 0.3 ± 0.0 ab 72.5 ± - 0.2 ± -  – –  – 

REF 2000–250 1.4 ± 0.0 ab 19.8 ± - 0.3 ± -  – –  – 
250–50 0.4 ± 0.0 b 0.8 ± - 0.0 ± -  – –  – 
<50 0.7 ± 0.0 ab – –  – –  –    

p < 0.05         
step 4 - HF CoBC 2000–250 350.2 ± 31.5 a 0.4 ± 0.1 1.3 ± 0.4  1.1 ± 0.4 0.39 ± 0.13  3.5 ± 0.9 

250–50 298.0 ± 48.8 ab 0.3 ± 0.1 1.0 ± 0.4  0.8 ± 0.2 0.23 ± 0.06  4.3 ± 0.7 
<50 264.7 ± 39.1 ab 0.3 ± 0.1 0.8 ± 0.2  0.8 ± 0.1 0.21 ± 0.04  4.2 ± 1.2 

REF 2000–250 355.0 ± 111.6 a 0.3 ± 0.2 1.3 ± 0.8  0.8 ± 0.2 0.28 ± 0.11  4.6 ± 2.7 
250–50 336.2 ± 99.8 a 0.3 ± 0.1 0.9 ± 0.1  0.7 ± 0.2 0.24 ± 0.10  4.4 ± 2.0 
<50 215.0 ± 59.4 b 0.3 ± 0.1 0.6 ± 0.3  0.7 ± 0.3 0.15 ± 0.07  4.8 ± 2.2  
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and REF and pyrogenic organic C accounted for between 5.7 % and 16.6 
% of the total organic C content (Table 2). 

3.4. DOM concentrations and optical properties 

The DOC concentration of soil pore water decreased with depth and 
was significantly lower in CoBC compared to REF for the Ap and E ho-
rizons (Fig. 5). SUVA254 values (i.e., increasing with bulk DOM aroma-
ticity) decreased with depth and were higher in CoBC than REF for the 
Ap horizon (Fig. 5). FI (values close to 1.8 indicate mainly microbial 
derived fluorescent DOM (FDOM) and values close to 1.2 mainly plant 
derived FDOM) increased with depth but did not differ with REF (Fig. 5). 
HIX (higher values correspond to more aromatic and condensed FDOM) 
decreased with depth and did not show any differences among soil ho-
rizons (Fig. 5). The total fluorescence of DOM was slightly correlated 
with DOC concentrations (R2 = 0.26, p < 0.001) and decreased with 
depth but did not differ between CoBC and REF for a given depth 
(Fig. S4). The fluorescence of DOM normalized by DOC concentration 
was strongly correlated with SUVA254 (R2 = 0.95, p < 0.001) (Fig. S4). 

Five fluorescent compounds were identified through PARAFAC 
modeling on pore water samples of the studied modalities combined. 
Their relative contribution to FDOM as well as their respective EEM are 
presented in Fig. S5. Our results showed no differences in relative 
abundance between compounds C1, C2 and C5 when comparing the two 
modalities (Fig. S5). Compound C1, which represents a group of high 
molecular weight and aromatic organic compounds, was the dominating 
(~45 % total fluorescence) fluorophore in the Ap horizon and its 
contribution to FDOM strongly decreased with depth (~35 % total 

fluorescence). Inversely, the contribution of compounds C2 & C5, which 
both represented low molecular weight and microbial derived organic 
compounds increased with depth (Fig. S5). Compound C3, which rep-
resented high molecular weight, aromatic and condensed fluorophores, 
displayed a lower contribution in the Ap horizon of CoBC than in REF 

Fig. 1. Relative contribution of fractions to total soil C according to horizons in 
the Ap horizon (0–30 cm) and the E horizon (30–60 cm). C distributions are 
shown according to the studied modalities (CoBC & REF) and horizons for 
heavy fraction (HF), occluded light fractions (occ. LF) or free light fractions 
(free LF). Free LF originates from the step 2 while occluded LF and HF from the 
step 4 of the fractionation protocol. Data for the topsoil is available in Burgeon 
et al. (2021). 

Fig. 2. Thermograms of bulk soil samples with or without pyrogenic organic C 
(CoBC and REF) as a function of depth. The heat flow is normalized by the 
organic C content of samples. Per given depth each line represents the mean ±
sd, n = 3 independent field replicates. 
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soils. In the E horizon, C3 was relatively less abundant in CoBC than REF 
soils. Finally, compound C4, highly conjugated and associated with 
lignin breakdown, was similarly commonly found in REF and CoBC soils 
(Fig. S5). 

4 Discussion 

4.1. Effects of century-old biochar on C stocks in the topsoil and subsoil 
layers 

To compare our results to international and national estimates of soil 
organic C stocks, we used the methodology developed by Meersmans 
et al. (2009) for Flanders (adapted based on the Belgian soil classifica-
tion). For the studied Luvisol of the REF modality, soil C stocks were of 
37 ± 3 tC ha− 1 at 0–30 cm (Ap), 18 ± 1 tC ha− 1 at 30–60 cm (E) and 13 
± 1 tC ha− 1 at 60–100 cm (Bt) and 68 ± 3 tC ha− 1 over 0–100 cm 
(Meersmans et al., 2009). These estimates are slightly lower than the C 
stocks calculated from our field measurements (Table 2). However, they 
are very similar to the global estimates for Luvisols (all land uses 
considered) of 31 tC ha− 1 and 65 tC ha− 1 for 0–30 cm and 0–100 cm 
respectively (Batjes, 1996). More precisely, for this particular region (i. 

e. the Belgian loess belt), cropland Luvisols have been reported to hold 
~42 tC ha− 1 in the plowing layer, showing that the C stock of our 
studied REF soil is slightly above average (Goidts and van Wesemael, 
2007). 

The variability of C stocks in-between replicates of REF and CoBC 
soils resulted from differences in the initial amount of biochar leftovers 
at hearth sites following charcoal production and the past land use. The 
western part of the field had been a grassland until more recently than 
the eastern part, which led to greater C contents in the north-west rep-
licates. The century-old biochar accumulation led to an increase in 
organic C stocks of 53.8 ± 25.1 tC ha− 1 compared to reference soils in 
the 0–100 cm profile (Table 2). Pyrogenic organic C represented 30.5 ±
12.8 tC ha− 1 in CoBC of which 12.1 ± 7.5 % was found in the E horizon 
(Table 2). While CoBC soils stored 35.9 ± 18.8 tC ha− 1 more C than REF 
in the 0–30 cm Ap horizon, representing a 68 % increase, the relative 
difference in C stocks between CoBC and REF soils was of 78 % in the 
30–60 cm E horizon (Table 2). The surface accumulation of biochar led 
to the downward transfer of pyrogenic OM after ~200 years and to 
subsoil C storage. However its effects on the soil C dynamics have been 
limited to 60 cm deep as no difference in C stocks, pore-water DOC 
concentrations and DOM optical properties were observed deeper. The 

Fig. 3. Thermograms of the free light fraction (free LF, step 2), the occluded light fraction (occ LF, step 4) and the heavy fraction (HF, step 4) according to size classes 
(Mp: macroaggregate protected, mp: microaggregate protected or free) in the E horizon (30–60 cm). For free LF and occ LF, the replicates were combined to allow for 
DSC analysis. For HF, each line is the mean ± sd, n = 3 independent field replicates. Values report the mean maximum punctual heat flow ± sd for both studied 
modalities (W gC− 1). 
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relatively low C contents of REF soils and the difference in organic C 
stocks between modalities brings forward the large potential for C 
storage of Luvisols, even deeper than 30 cm, through agricultural 
practices favoring OM inputs into soils (Chenu et al., 2019; Derrien 
et al., 2023; Stewart et al., 2007). Considering a C concentration ranging 
between 70 % and 90 % in pyrogenic OM on one hand (depending on 
pyrolysis conditions) and the mass yield of ~30 % (ratio between fresh 
feedstock and pyrogenic C mass) on the other (Jiang et al., 2017; Leh-
mann, 2007b), we estimated that approximately 130–170 t ha− 1 of 
hardwood were needed to produce the 34.7 tC ha− 1 of pyrogenic organic 
C reported here. 

Given that the initial amount of biochar deposited on the kiln site 
and the mineralization rate of biochar are unknown (Bowring et al., 
2022), determining a precise vertical transportation rate is complicated. 
However, when roughly 12 % of the actual total pyrogenic organic C 
stock occurs in the E horizon, and considering ~30 cm vertical migra-
tion (30–60 cm) over 200 years’ residence time and neglecting miner-
alization losses, an indicative transport rate of 1.5 mm yr− 1 can be 
estimated from this study. This is very close to the transport rate of 2.35 
mm yr− 1 after 200 years estimated by Rumpel et al (2015). Such a small 
vertical migration rate and limited fractions recovered below 30 cm, can 
be explained by the low water infiltrability of the fine textured soils and 
the potential for pyrogenic C retention onto mineral phases (Hobley, 
2019; Major et al., 2010; Schiedung et al., 2020). Schiedung et al. (2020) 
showed in a column experiment that only a limited fraction of pyrogenic 
OM was vertically transferred and fine textured soils had the potential 
for absorbing mobilized pyrogenic OM. In addition, pyrogenic organic C 
retention was shown to increase with depth in particular fine textured 
soils (Schiedung et al., 2020). Therefore, we can assume that transport 
rates decrease with depth, explaining the absence of pyrogenic organic C 

below 60 cm. 
DSC represents an operationally defined method for quantifying 

pyrogenic C in soil, which is based on the overall higher thermal stability 
of pyrogenic as compared to non-pyrogenic organic moieties. Using DSC 
enabled us to quantify pyrogenic organic C in small soil fractions 
separated by size and density and in soil layers depleted in organic C, 
which no other method could have performed. However, this procedure 
is not a direct quantification of pyrogenic organic C content. It consists 
in estimating the content of pyrogenic organic C by comparing ratios in 
peak height and differences in C content between modalities. Our 
quantification of the amount of pyrogenic carbon was based on the 
assumption that no pyrogenic OM is found in REF soils. However, it is 
likely that REF soils contained a small amount of pyrogenic OM as all 
soils do (Reisser et al., 2016; Soucémarianadin et al., 2019). The his-
torical plowing of the field has likely led to adding some biochar par-
ticles from the kiln sites into areas outside of the dark patches. Therefore 
the presented estimates based on DSC could be considered as an excess 
in pyrogenic organic C compared to a reference, meaning the pyrogenic 
organic C stocks in CoBC are underestimated. 

Hardy et al. (2017a), who used standard additions of biochar to 
mineral soils free of pyrogenic organic C, reported that pyrogenic 
organic C content in kiln site soils accounted for 79.5 % of the difference 
in C content between surface layers of CoBC and REF soils (Hardy et al., 
2017). This linear relationship corresponds well with our estimates for 
the Ap horizon (Burgeon et al., 2021) but not for the E horizon where 
pyrogenic organic C represented ~27 % of the C content difference 
(Table 2). These differences in the contribution in pyrogenic organic C in 
CoBC compared to REF among horizons could result from different 
processes governing OM accrual in topsoil and subsoil layers (Button 
et al., 2022). First, OM accumulation can result from greater plant 

Fig. 4. Soil organic C and pyrogenic organic C (PyOC) distribution as a function of depth. The bar plot represents the evolution of C stocks (tC ha− 1) as a function of 
depth and per studied soil (CoBC & REF). The thermally stable or labile forms of organic C are represented in the bar plot and used to identify the amount of 
pyrogenic organic C in CoBC. 
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productivity and higher aboveground and belowground OM inputs 
driven by biochar accumulation (Joseph et al., 2021). However, there is 
a global consensus that biochar-driven yield increases are limited in 
nutrient-rich loamy soils in temperate climate (Crane-Droesch et al., 
2013; Joseph et al., 2021). More specifically, two studies conducted in 
the same field showed that the harvested crop yields of both winter 
wheat (Heidarian Dehkordi et al., 2020a) and chicory roots (Heidarian 
Dehkordi et al., 2020b) did not differ between CoBC and REF soils. 
Therefore, we can assume OM accrual in CoBC compared to REF soils, in 
particular in 30–60 cm depth, did not result from increased above-
ground and belowground plant productivity. Then, biochar addition can 
lead to storage in non-pyrogenic OM due to modification in microbial 
carbon use efficiency, adsorption of root exudates, microbial metabo-
lites and microbial necromass, and protection in aggregates with 
improved aggregation (Burgeon et al., 2021; Cooper et al., 2020; Hardy 
et al., 2017; Joseph et al., 2021). The greater non-pyrogenic OM increase 
in the E horizon compared to the Ap horizon could result from a higher 
proportion of microbial-derived proteins and root exudates in depth 
than in the topsoil, which have a strong potential for binding pyrogenic 
organic compounds (Brodowski et al., 2005; Kleber et al., 2007; Poirier 
et al., 2018). Our study shows that the addition of a relatively small 
amount of pyrogenic OM could contribute to store non-pyrogenic OM in 
soil horizons below 30 cm deep. 

4.2. Surface pyrogenic organic C accumulation induced a shift from 
MAOM to POM as the main fraction in the 30–60 soil layer 

The elemental analysis of soil fractions from the E horizon showed 
that in REF soils most of the C was associated with mineral phases in HF 
(REF = 64.7 ± 8.3 %; CoBC = 42.3 ± 10.6 % total organic C) whereas in 
CoBC soils, the majority of C was found as LF, POM either free or 
occluded within aggregates. The MAOM fraction accounted for com-
parable C stocks for both CoBC and REF soils in the E horizon (Table 3). 
Our values of C contents of the MAOM and its contributions to the total 
soil C pool fall in the reported values in croplands (Begill et al., 2023; 
Georgiou et al., 2022; Rocci et al., 2021). The MAOM fraction dominates 
the soil C stocks in cropland soils, which are relatively poor in OM, as the 
POM is quickly processed and poorly replenished as the plant biomass is 
massively exported (Cotrufo et al., 2019; Lugato et al., 2021). However, 
higher heat flow below 390 ◦C of the HF fractions in CoBC than REF soils 
(Fig. 3) suggest the presence of pyrogenic organic C led to a significant 
accrual of non-pyrogenic in the MAOM fraction. 

The differences in C stocks between CoBC and REF modalities mainly 
resulted from the greater C contents of free or occluded POM (REF =
35.3 ± 8.3 %, CoBC = 57.5 ± 10.6 %). This result validated our hy-
pothesis that century-old biochar accumulation led to an enrichment in 
pyrogenic OM as free and occluded POM in the subsoils. These results 
vouch for pyrogenic organic C migration downwards to the subsoil 
through bioturbation or physical transport of particles through porosity 
(Hobley, 2019). The vertical mobility of biochar as POM has previously 

Fig. 5. Dissolved organic carbon concentration, Spectific UV Absorbance at 254 nm (SUVA254), fluorescence index (FI) and humification index (HIX) for soil pore 
water samples collected in the two studied modalities (CoBC & REF) at 20 cm (in Ap horizon), 45 cm (in E horizon) and at 80 cm (in Bt horizon). The above p-values 
indicate the significance of the distribution difference among the horizons for each modality using Kruskal-Wallis test (i.e., smaller p values indicate greater sig-
nificance of the median difference). Values in bold font indicate the significance of distribution difference between similar horizons of different modalities using 
paired Wilcoxon test. 
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been reported (Bonhage et al., 2022; Major et al., 2010; Schiedung et al., 
2020). For free POM to migrate downwards by leaching, their affinity to 
mineral phases must be relatively small to avoid being retained in the 
topsoil and their size should be small enough to be able to move within 
soil pores (Schiedung et al., 2020). Interestingly, particles of coarse sand 
size were the most abundant of the three free LF size classes for the 
topsoil (Burgeon et al., 2021) and the subsoil. This repartition suggests a 
preferential leaching of sand-size POM and may result from a limited 
affinity with mineral phases for big particles, whereas smaller ones tend 
to be occluded as observed in the Ap horizon (Burgeon et al., 2021). 
Inversely the bigger the particle the more it was expected to be retained 
mechanically from vertical movement. Therefore, the lower occurrence 
of pyrogenic POM as large sand size in the E horizon, as compared to the 
Ap horizon, may result from the limited migration rate. It could explain 
the relatively low amount of pyrogenic OM in depth below 30 cm and its 
absence below 60 cm. It suggests that leaching in macroporosity could 
be the main vertical transfer process. In these fine textured soils, the in- 
situ observations of multiple worm casts supported that bioturbation 
could also be a dominant mechanism involved in the vertical distribu-
tion of pyrogenic POM (Carcaillet, 2001; Eckmeier et al., 2007; Major 
et al., 2010). 

The occluded LF was the smallest of the three C pools in the E horizon 
(REF = 14.5 ± 12.16 %, CoBC = 19.07 ± 14.4 %). Here, the mass re-
covery after soil fractionation did not allow for an elemental analysis of 
the occluded LF, therefore, the C contained in this fraction was esti-
mated as the difference between the total C content and the sum of 
carbon contained in the free LF and HF, and considering the DOC frac-
tion as negligible (~0.2 % of total soil organic C, data not shown). 
Nonetheless, our results suggested occluded LF were less prone to ver-
tical migration in comparison to free POM and MAOM likely due to 
physical protection, which is favored by bioturbation (Vidal et al., 
2019). For the Luvisol studied here, occlusion was particularly impor-
tant for the topsoil Ap horizon (Burgeon et al., 2021). Differences in OM 
distribution among fractions raises the question of the role of aggrega-
tion in C stabilization and limiting vertical migration in subsoils. 

4.3. Biochar accumulation led to DOC adsorption and continuous 
pyrogenic organic C dissolution after ~200 years 

Regardless of larger soil organic C contents in CoBC soils, our results 
revealed lower concentrations of DOC in the soil pore water for the Ap 
horizon (0–30 cm) than in REF soils. These findings differ from results of 
previous field and batch experiments with addition of biochar, which 
showed higher DOC concentrations (Liu et al., 2019; Yang et al., 2022) 
or no significant differences (Major et al., 2010). The lower DOC con-
tents reported here for CoBC could result from a higher sorption of non- 
pyrogenic DOM onto pyrogenic particles in the Ap horizon (Brodowski 
et al., 2005; Kerré et al., 2017; Smebye et al., 2016). While biochar aging 
through oxidation was shown to favor its solubility (Abiven et al., 2011), 
aging also improves retention of DOC by sorption with the appearance of 
functional groups onto pyrogenic particles (Cheng et al., 2006). 

As expected, absorbance and fluorescence indices (e.g., SUVA254, FI, 
HIX) showed that plant derived material (e.g., high SUVA254, low FI) 
dominated the DOM in the Ap horizon while in the Bt horizon DOM was 
mainly derived from microbial compounds (e.g., decreasing SUVA254, 
increasing FI with depth). As such, our results agreed with the 
commonly accepted paradigm whereby, plant-derived dissolved organic 
compounds are continuously processed, co-precipitated and sorbed 
along the soil profile leading to changes in aromaticity and molecular 
weight of DOM (Kaiser and Kalbitz, 2012; Roth et al., 2019). As a 
consequence, DOM and soil OM are both dominated by microbial by- 
products in subsoil horizons (Angst et al., 2021; Kaiser and Kalbitz, 
2012; Roth et al., 2019; Rumpel and Kögel-Knabner, 2011). 

The optical properties of DOM differed among soils only in the Ap 
horizon (0–30 cm). The bulk DOM displayed a greater aromaticity in 
CoBC than in REF soils (i.e., higher SUVA254 values). Interestingly, no 

significant differences in fluorescence indices (i.e., FI, HIX, total fluo-
rescence, fluorescence normalized by DOC concentration) were 
observed between modalities. The SUVA254 index was the most suitable 
tool to trace the dissolution of century-old biochar. Dissolution of 
condensed structures through solubilization of pyrogenic organic C and 
increased solubilization with aging was observed by Abiven et al. 
(2011). However, in a field experiment, Liu et al. (2019) did not observe 
significant differences in SUVA254 and fluorescence indices between 
control and biochar treatments. Our results clearly showed the contin-
uous solubilization and leaching of aged pyrogenic organic C from sur-
face layers ~200 years after biochar accumulation. We can assume that 
biochar aging, through the decrease in hydrophobicity and related in-
crease in solubility (Aller et al., 2017), promoted its dissolution and 
leaching downwards. Our findings support previous studies which 
showed continuous export of black carbon from catchments affected by 
historical fires (Dittmar et al., 2012; Hockaday et al., 2007; Wagner 
et al., 2018). It highlights that surface pyrogenic organic C accrual could 
sustain its cycle from terrestrial to aquatic ecosystems over the long 
term. 

The use of PARAFAC modeling enabled the identification of five 
major compounds used to characterize DOM and provided insights into 
the solubilization patterns of pyrogenic or non-pyrogenic OM. Com-
pounds C1, C2 and C5 (Table 1) displayed similar contributions to the 
total FDOM between soils and appeared as commonly found compounds 
in agricultural settings (Fellman et al., 2010) regardless of the presence 
of biochar in the soil (Liu et al., 2019). Interestingly, compound C3, 
which is characterized by more aromatic compounds of high molecular 
weight, contributed the least to total fluorescence in Ap and E horizons 
in CoBC soils as compared to REF. This suggested that, in CoBC soils, 
aromatic high molecular weight non-pyrogenic OM compounds were 
sorbed and microbially processed in topsoil horizon and hence did not 
migrate vertically (Kaiser and Kalbitz, 2012; Roth et al., 2019). Abiven 
et al. (2011) showed based on a batch experiment testing the solubility 
of pyrogenic OM (chestnut, pyrolysis T = 450 ◦C), that 10-year-old 
charcoal released between 40 and 55 times more condensed structures 
than fresh charcoal, showing not only that biochar released very aro-
matic molecules but also that this is the consequence of aging. Optical 
properties showed that century-old biochar was likely solubilized into 
aromatic compounds (i.e., higher SUVA254) but PARAFAC modeling did 
not provide a specific fluorophore related to pyrogenic organic C 
dissolution and migration to subsoils. 

Overall our results on the dissolved fraction corroborates DSC anal-
ysis on POM and MAOM fractions. The DSC analysis of soil fractions 
showed that between 0.08 and 0.12 g of pyrogenic C for kg− 1 of soil 
occurred as MAOM. This accounted for between ~25 % of the total 
pyrogenic organic C reported for the E horizon. The presence of dis-
solved century-old biochar and pyrogenic C onto MAOM fractions sug-
gests that, beyond transport as particles, pyrogenic organic C could be 
continuously dissolved, leached and adsorbed onto minerals. Pyrogenic 
organic C dissolves in the topsoil, moves in subsoil as DOM and is finally 
adsorbed on reactive mineral surfaces where pyrogenic organic C 
retention increases, in particular in fine-textured soils (Abiven et al., 
2011; Brodowski et al., 2005; Sokol et al., 2018, Schiedung et al., 2020). 

5. Conclusions 

Here, we performed elemental and thermal analyses on bulk samples 
and size and density fractions in the 30–60 layer in soils enriched in 
century-old biochar and their reference counterparts. We studied unique 
settings where biochar was produced in charcoal kilns approximately 
200 years ago and incorporated in conventionally cropped fields since. 
We quantified the pyrogenic organic C contents and stocks in soils and 
fractions in three layers: 0–30, 30–60 and 60–100 cm. 

The surface accumulation of biochar 200 years ago led to subsoil C 
storage as indicated by the 30–60 cm E horizon containing 78 % more C 
in CoBC than in REF soils. In 0–100 cm, the biochar addition resulted in 
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a additional stock of 53.8 ± 25.1 t C ha− 1 of which 34.7 ± 12.9 t ha− 1 

was pyrogenic organic C. The 30–60 cm E horizon stored 12 ± 4 % of the 
total pyrogenic organic C. No increase in C stocks and no pyrogenic 
organic materials were observed in 60–100 cm in CoBC soils. We pro-
vide evidence of the downwards migration of a fraction of pyrogenic OM 
but limited to 60 cm 200 years after surface incorporation in this type of 
fine-textured soil such as the studied Luvisols. While 75 % of the dif-
ference in C stocks between CoBC and REF was made of pyrogenic 
organic C in the 0–30 cm Ap horizon, pyrogenic organic C only 
accounted for ~27 % of the C content difference in the 30–60 cm. 
Therefore, our study showed that the addition of a relatively small 
amount of pyrogenic OM could contribute to storing non-pyrogenic OM 
below 30 cm deep. As OM is more stabilized and persistent in subsoil 
than in topsoil, this storage of biochar-derived non-pyrogenic OM is 
likely persistent. 

In 30–60 cm, the biochar accumulation led to a shift in the fraction 
contributing the most to the total C stock. In CoBC soils, most of the C 
occurred as free and occluded POM while most of the C was contained in 
the MAOM fraction in REF soils. In 30–60 cm, pyrogenic organic C was 
recovered in all size and density fractions. Although most of the pyro-
genic organic C was recovered in free and occluded POM, ~25 % of the 
total pyrogenic organic C in the E horizon occurred as associated with 
mineral phases. Our study showed that most of the pyrogenic organic C 
has migrated downwards as POM, and mostly as sand-size POM. This 
suggests that particle leaching in macroporosity and bioturbation are 
likely major processes involved in the vertical transfers of biochar. 

Soil pore water collected from suction cups during the winter wheat 
growing season revealed lower DOC concentrations and a greater bulk 
aromaticity of DOM in CoBC than in REF soils. Although biochar favors 
non-pyrogenic DOM adsorption, it is continuously dissolved and leached 
from surface layers ~200 years after accumulation. We can hypothesize 
that biochar aging, through its functionalization and decrease in hy-
drophobicity, promotes its solubility and transfer as dissolved pyrogenic 
organic C. 

The DSC analysis on MAOM fractions corroborated the optical 
properties of DOM from CoBC soils. The continuous leaching of dis-
solved pyrogenic C and the presence of pyrogenic C onto MAOM frac-
tions suggests that, in addition to its transport as particles, biochar could 
be continuously dissolved and leached from topsoil layers and adsorbed 
onto reactive minerals in the subsoils. 

Overall, we clearly highlighted that surface amendments of biochar 
increased C stocks in both topsoil and subsoil horizons through both 
pyrogenic and non-pyrogenic OM storage. Therefore, it would be 
interesting to investigate the processes (e.g., stabilization, solubiliza-
tion, microbial activity) promoting non-pyrogenic organic C contribu-
tion to biochar-driven C storage and their evolution with biochar aging. 
Furthermore, as we showed that century-old biochar is still solubilized, 
we believe further research studying the role of biochar as a hotspot of 
biogeochemical processes and investigated biochar solubilization and 
sorption onto soil minerals in subsoil would provide great insights in 
long term pyrogenic OM dynamics. Investigating the impact of biochar 
on the persistence of both pyrogenic and non-pyrogenic OM in the 
different soil fractions would also give useful information on the rele-
vance of biochar amendment as a practice for C storage over the long 
term. 
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