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ABSTRACT

This work deals with the debate on the Fossil Organic Carbon (FOC) input in modern environments,
its possible implication for the carbon cycle and suggests the use of Rock-Eval 6 pyrolysis as a
relevant tool for tracking FOC in such environments. Considering that such a delivery is mainly due
to supergene processes affecting continental surface, we studied OM in different OM reservoirs such
as bedrocks, alterites, soils and rivers in two experimental catchments (Draix , Alpes de Haute
Provence, France). Samples, collected in these different compartments, were subjected to
geochemical (Rock-Eval 6 pyrolysis) investigations and artificial bacterial degradations. After
comparison of geochemical fingerprint of samples, some geochemical markers of FOC were defined
and tracked in the different reservoirs. Our results confirm the contribution of Fossil Organic Carbon
(FOC) in modern soils and rivers and display the various influences of the weathering and erosional
processes on the fate of FOC during its exchange between these pools. In addition, the contrasted
behaviour of these markers upon these supergene processes has also pointed out the refractory or
labile characters of the FOM. Bedrock to river fluxes, controlled by gully erosion, are characterised
by a qualitative and quantitative preservation of FOM. Bedrock to alterite fluxes, governed by
chemical weathering, are characterised by a FOC mineralisation without qualitative changes in deeper
alterites. Alterite to soils fluxes, ruled by (bio)chemical weathering are characterised by a strong FOC
mineralisation and qualitative changes of FOM. Henceforth, weathering and erosional processes
induce different FOM evolution and affect the fate of FOC toward the global carbon cycle. In this
study, gully erosion would involve a maintaining of an ancient sink for the global carbon cycle, while
(bio)chemical processes rather a source of CQO,. Finally, this study suggests that Rock-Eval 6
pyrolysis would be considered as a relevant tool for tracking FOC in modern environment.

Keywords: Fossil organic matter, experimental watersheds, marls, alterites, soils, riverine particles, mechanical
erosion, chemical weathering, biochemical weathering, carbon cycle, RE6 pyrolysis.

INTRODUCTION

The current increase of atmospheric CO; since the Industrial Revolution, considered as a
green house gas, induces a series of climatic, environmental, and human consequences
(Prentice et al., 2001). This atmospheric CO; concentration is regulated by processes
controlling the carbon fluxes between different carbon pools such as atmosphere, ocean,
continental hydrosphere, soil, biomass, and lithosphere (Houghton, 2003). Nevertheless, the
present debate concerning the unidentified nature of the missing carbon sinks (Kaufmann and
Stock, 2003) gives us evidence that many unknowns punctuate the estimation of these fluxes.
As an example until to now, numerous estimations of soil or river carbon amounts or fluxes
have been calculated (Eswaran ef al., 1993; Balesdent, 1996; Batjes, 1996; Adams and Faure,



1996; Carter et al., 1997, Holland, 1978; Berner ef al., 1983; Degens ef al., 1991; Probst,
1992; Amiotte Suchet; 1995; Ludwig et al., 1996, Aitkenhead and McDowell, 2000), and all
these estimations rely on the prerequisite that the OC occurring in soils or loaded in rivers
exclusively originate from the current biomass. Such estimates do not take into account FOC
yielded by weathering and erosion of sedimentary rocks that can supply soils, rivers and
atmosphere. For instance, Meybeck (1993) and Blair ef al. (2003) suggest that FOC could
reflect up to 40-45% of Particulate OC (POC) annually carried by rivers to world oceans.
Hence, this supply would represent a significant flux (between 0.04-0.08 Gt FOC.y™") of C
for the global carbon cycle (Table 1). These different hypothesis or considerations point out
the problem of the validity of the quantification of carbon stocks and fluxes.

FOC delivery in soils or rivers is mainly controlled by weathering and erosion affecting
continental surfaces composed of shales carbonates sands and sandstones. At a global scale,
the chemical weathering of shales and carbonates, that represent about 40-45 % of
continental surface (Meybeck, 1987: Amiotte-Suchet et al., 2003) annually releases 0.1 Gt of
FOC (Di-Giovanni et al., 2002). Although their chemical weathering rates are lower than
shales and carbonates (Amiotte-Suchet, 1995), those delivered from sands and sandstones
remain unknown. In addition, no FOC fluxes from the mechanical erosion of outcropping
sedimentary rocks have been reported. However, at global scale, mechanical rock denudation
is 4 to 11 higher than those due to chemical one (Probst, 1992; Gaillardet, pers. com.).
Nevertheless, a meaningful part of the delivered FOC can be mineralised as describe some
investigations (Petsch ef al., 2000) studying the organic content of weathering profiles
(alterite). Following a complementary way, another recent works promote the occurrence of
FOM or FOC both in modern soils and rivers (Di-Giovanni ef al., 1999a; 1999b; Bilodeau et
al., 1990; Raymond and Bauer, 2001) and would mean that a part of FOC is not mineralised
during these supergene processes. These works only complete other older observations, made
by organic petrographs or palynologists that have also testified occurrence of FOM in marine
sediments (Gadel and Ragot, 1973; Combaz, 1980) or in riverine particles (Johnson and
Thomas, 1884). These different points should drive future research toward 1) the evaluation
of delivery processes (chemical and mechanical) of FOC in supergene pools, 2) the
appreciation of parameters involved in its mineralisation and 3) the assessment of its real and
significant contribution to the global carbon cycle.

This paper focuses on two main goals. The first is to consider this work as preliminary
pointing up the contributions of the gully erosion and (bio)chemical weathering to the
delivery and fate of FOC in modern environment. With this respect, FOC was tracked
following a multi carbon pool approach (bedrocks, alterites, soils and rivers) from two
experimental watersheds (Draix, Alpes de Haute Provence, France). Choice of these two field
sites lies in the fact that they are monitored by the Cemagref and their geomorphology, vegetal
cover, soils, geology and sediment products are well described (Brochot and Meunier, 1995). The
second objective is to suggest that the Rock-Eval 6 pyrolysis (Vinci Technologies®), widely
used by petroleum engineers for the geochemical analyses of OM in sedimentary rocks
(Lafargue et al, 1998), can be also an attractive tool for tracking FOC in modern
environment. This tracking is based on the identification of specific geochemical fossil
markers in marly rocks (supposed to contain a significant FOC content). Without any heavy
procedures prior to RE6 pyrolysis, this method rapidly provides both qualitative and
quantitative fingerprints of the organic matter and was successfully tested for recent organic
materials (Di-Giovanni ef al., 1998 ; Noél, 2001 ; Disnar et al., 2003).

RESEARCH SITE AND SAMPLING STRATEGY



Experimental catchments

Studied area consists in two small experimental watersheds (Le Laval and Le Brusquet)
located near Digne (Alpes-de-Haute-Provence, France, Figure la). Their physical
characteristics are listed in the table 2.

Le Laval watershed is characterised by a poor vegetation density (21%) composed with grass,
graminaceous, broom, scots pines and oaks. Callovo-oxfordian to middle Bathonian marly
limestones characterise its bedrock. Le Brusquet watershed is covered at 87% by a scots
pines forest. Bedrock is composed of Toarcian black shales, upper Aalenian grey shales,
lower Aalenian limestones and Bajocian marly limestone. All these geological formations
develop badlands facies due to strong gully erosion rates (Brochot and Meunier, 1995).

Samples

Samples were collected into various supergene carbon reservoirs, which can contain some
FOC. These are alterite, soils, fluvial particles and bedrocks.

Five bedrocks, representing the whole geological facies observed in these watersheds, were
examined (Figure 1b, c). Only Callovo-oxfordian substratum from Le Laval was analysed
while the whole geological formation of Le Brusquet, from Upper Toarcian to Bajocian
(Haccard et al., 1989), were sampled (Figure 1b).

In Le Laval watershed, one alteration profile ALA1 was collected in a flat area. Callovo-
oxfordian marls constitute its bedrock and it is overlaid by a meadow (Figure 1c).

Because, soils characteristics are mainly rely to vegetation and bedrock ones (Duchauffour,
2001), five soil profiles were also collected according variation of these two parameters. As
soon as this was feasible, we have separated humus into OL, OF and OH horizons and
sampled Al organo-mineral horizon (Figure 1b, c).

Height riverine particles, from the two watersheds and collected at different seasons at the
outlets of the watersheds, were also studied. They consist into five suspended loads (SL),
picked up with automatic sampling, and three bed loads (BL). Four SL originate from Le
Laval and correspond to spring (2 samples), summer and autumn whereas only a summery
SL was examined for Le Brusquet. Two BL were sampled in spring and summer and
autumnal BL for Le Brusquet.

METHODS
Rock-Eval pyrolysis

REG6 pyrolysis comprises two successive analytical stages performed with a temperature
program of 25°C min™. The first one consists, in a pyrolysis of 100mg of sample, previously
crushed, in oven. Pyrolysis effluents are carried by nitrogen and hydrocarbons and oxygenate
compounds yielded during a temperature range of 200-650°C are quantified. The second
consists in the oxidation, in an oven and upon air, of the pyrolysed carbonaceous residue
subjected to a temperature comprised between 400°C and 750°C (Espitali¢ ef al., 1985;
Lafargue et al., 1998; Figure 2).

Here, we focus on S; signal delivered by pyrolysis stage and whose intensity depends of the
amount of hydrocarbon compounds progressively released during thermal cracking of the
sample. Analysis of this signal provides some parameters such as 1) 7,cq, expressed in °C,
that is the temperature at which the release the maximal amount of hydrocarbon occurs
(temperature at the top of the signal) and ii) Hydrogen Index (HI, in mg HC g TOC), that is



can defined as an indicator of the richness of hydrogen of pyrolysed sample. Amount of
Organic Carbon (OC) of samples is given by Total Organic Carbon (TOC, expressed in %),
that is equal to the sum of pyrolysed organic carbon plus residual organic carbon provided by
oxidation stage (Figure 2).

Deconvolution of S» signals from RE6 pyrolysis

S, peaks are frequently accompanied with shoulders — e.g. multilobed signals - defined as the
successive release of various hydrocarbon compounds displaying different thermal stabilities
(Copard, 2002; Disnar et al., 2003). Deconvoluting the S, signal requires computer
treatments as those developed by Peakfit software (SPSS®) and proceeding by an automatic
iteration which should reproduce the best adjustment of the S, signal (i.e. r* determination
coefficient close to 1). This treatment provides different elemental gaussians describing the
release of hydrocarbon compounds, whose their common characteristic feature is to be
emitted in a close temperature range. Thereby, such compounds can be belonged to a single
cluster.

Although totally arbitrary, the best adjustment of deconvolution of the studied samples is
obtained with a model with 6 gaussians sharing the hydrocarbon compounds into 6 clusters.
The maximal amount of hydrocarbon compounds of each cluster is defined by its own 7peak,
or rather by a close range of 7peak (£15°C) whose mean temperature is: 250°C, 310°C,
370°C, 435°C, 480°C and 550°C and respectively named F1, F2, F3, F4, F5 and F6. Later,
the relative contribution of these clusters, to the S; signal was also semi-quantified by the
calculation of peak surfaces of the corresponding gaussians plotted to those of the entire S,
signal surface (Figure 3-4, Table 3).

Biochemical Oxygen Demand (BOD)

Despite this method is widely used in term of environmental indicator in wastewater
treatment processes, and notably for monitoring the degree of pollution due to biodegradable
compounds in aquatic environment (Hikuma and Yashuda, 1988), BOD is, at our knowledge,
unperformed for the simulation of the bacterial degradation of FOC in soils. Although the
bacterial community is different from those residing in soils, BOD is here performed in order
to simulate the biodegradation occurring in such environment and attributable to the bacterial
community (Lin, 1988 ; Albéric, 1998).

Experiments, providing signals from aerobic conditions, were performed in an incubator vial
(510 ml) kept in the darkness, in close system, with water (432 ml) and air, and at constant
temperature (20°C). Because these simulations were carried out both at constant temperature
and volume, measurements of the variation of gas amount can be estimated by the variation
of pressure (Heddle and Tavener, 1981). Hence, oxygen uptake can be calculated with the
CO; absorption released during aerobic bacterial respiration in three sodium hydroxide chips
incorporated into incubators. 100 to 150 mg of substrates plus two nutrients capsules and 100
ul of bacterial seed (Bacta-pur™ XLG) were added into the incubators which are overcome
by a OxiTop® (WTW) respirometer. DOC was also analysed with type Shimadzu TOC-
5000A. Control samples, consisting in a substrate of glucose solution of 23 and 46 mg 17,
coinciding to a theoretical BOD of 17 and 34 mg, have ensured the reliability of the
experiments (Rodier, 1996).

Bedrock (T4), soil (LA3-OL; LA3-Al) and riverine (SL-LA12) samples were considered as
substrates for biodegradation assays. Incubation of these samples were stopped after 12, 23
and 56 days and judged to be complete when no further increase in cumulative oxygen



uptake was noticed over a 24h period. For each steps, biodegradation residues were filtrated
and then subjected to RE6 pyrolysis. Shape of S; curves was compared with that of the initial
samples, (Figure 5). Because there is indubitably a contamination of filter and bacteria
mixing with the samples during their rescue after each BOD stages, we have pyrolysed a
mixture comprising filter and bacteria. This blank sample (filter and bacteria), were also
pyrolysed in order to control their contribution to the analysed samples S, signal.

RESULTS
ROCK-EVAL 6 PYROLYSIS

Bedrocks

Callovo-oxfordien (T4) and Upper Aalenian shales (BR6R2) shales exhibit the highest TOC
values (0.5<COT<0.7%) (Figure 6a). Lower Aalenian carbonates (BR4R) and Bajocian
marly limestones (BR2R) show rather modest values of TOC comprised between 0.10 to
0.15%. These low TOC are also accompanied by low HI between 26 and 100 mg HC.g ~
'TOC (Figure 6b).

Alterites

TOC of samples from A-L A1 profiles, underlain by black shales, roughly decrease from the
subsurface (1.87%, A-LA1-1) to a depth of 35 cm (A-LA1-6, 0.26%) and then values slightly
decrease (Figure 6¢). If one exclude, the deeper samples A-LA1-6 and 10 (188 and 126 mg
HC.g'TOC), HI values tend to markedly decrease with depth from 178 down to 59 mg HC.g"
'TOC (Figure 6¢).

Soil profiles

Whatever the considered catchment, soils samples exhibit similar trends of their TOC values
(Figure 6d). Litter horizons (OL and OF) show more often values between 30 to 40%,
excepted for BR10 profile, for which the higher TOC values is only of 11.91%. TOC values
decrease from OH horizons (5 to 30%) to the organo-mineral horizon Al (1.82 - 3.84%).
Evolution of IH values along soil profiles (Figure 6e) follows also the same trend than TOC
values. Litter horizons (OL and OF) exhibit high HI values (340 —533 mg HC.g 'TOC). HI
?ecreases from OH horizons (320 mg HC g'TOC) to horizons Al (157 — 226 mg HC.g’
TOC).

Riverine particles

Rock-Eval parameters differ slightly following the watersheds (Figure 6a,b). The single
suspended load collected in the Le Brusquet watershed shows modest TOC (1.26%) and HI
(121 mg HC.g'TOC) while bed load sample is characterised by lower TOC (0.72%) and HI
values (28 mg HC.g'TOC). Conversely, geochemical parameters from SL and BL samples
originate from Le Laval are rather lower. Whatever the date of sampling, SL. samples provide
TOC values comprised between 0.5 and 0.65% and HI values from 50 to 75mgHC g'TOC.
The two BL samples are characterised by TOC identical to those of SL sample but with lower
HI values (near 30mgHC g 'TOC).

Global Geochemical data



RE6 pyrolysis results are also illustrated in the Figure 7 describing the evolution of HI and
1/TOC for the whole studied samples. This enables a comparison between geochemical
signatures of OM from each pool.

Litter samples provide high HI and TOC values steadily decreasing down to Al horizon
samples, and for the latter, their geochemical signature provide an intermediate response
between litter and bedrock samples. This trend can reflect either a progressive alteration of
recent OM (mineralisation of OC), due to bacterial activity and weathering caused by water
infiltration, or a mixture between recent and fossil OM. These two assumptions could also
conjointly act.

The absence of litter horizons coupled with the concomitant act of these two previous
hypotheses would explain why the most surficial sample ALAl-1 exhibits the same
geochemical signature than samples Al in the same catchment. From ALA2 to ALAS, the
two geochemical trends are consistent both with a pursuit of the mineralisation and with an
increase of a fossil contribution to the mixture of OM. However, if the deep part of the
profile (since ALA1-6) is characterised by 1/TOC higher than underlain marls and claiming
for a mineralisation of OC, interpretation of HI values trend in the deep part of alterite is
rather unclear (see Figure 6¢). Excepted ALA-6 and 10, these values are quite similar to that
of bedrock (T4 sample, Figure 6a,b). So, from ALA-6 to 10, if we consider that OM has
essentially a fossil origin, these results may indicate a FOC mineralisation without qualitative
changes in FOM.

Geological samples provide poor HI, lower than 100 mg HC g TOC (Figure 6b) and a higher
1/TOC ratio than 1.43 (Figure 7). Although their TOC values are consistent with those
previously recorded for same lithology but for Lower Cretaceous rocks of the Vocontian
Basin (SE France, Bréheret and Herbin, 1987), their very low HI values would be the upshot
of weathering process of outcropping bedrocks.

At first glance, according to the considered catchment, a close correlation between
geochemical data of riverine particles and bedrocks samples is observed. For Le Laval
watershed, SL. and BL samples exhibit an equivalent 1/TOC ratio to those of Callovo-
Oxfordian marly sample (T4). However, SL sample from Le Brusquet is characterised by
lower 1/TOC ratio than the outcropping substratum. SL geochemical fingerprint would be
interpreted in term of mixture between fossil and recent OM inherited from soils and vegetal
cover. One of the relevant argument supporting this statement is the higher density of the
vegetal cover in Le Brusquet (87% of the catchment) compared with that of le Laval (21.7%).
These observations clearly evidence the input of FOC in supergene environment by the
discharge of fossil OM in river. In addition TOC values of riverine particles are consistent
with those exhibited by marly bedrocks and not those of limestones, and thereby, would
argue for a preferential delivery of FOC in rivers by marly facies (Figure 6a). However and
excepted for sample SL-LA9, HI data from stream particles are slightly lower than the
bedrocks one - low HI being more pronounced for BL samples (Figure 6b; Figure 7). This
lower amount of hydrocarbon compounds contained in OM framework from BL samples
would indicate a gentle oxidation of FOM which preferentially affects hydrocarbon
compounds and thus induces a decrease in HI values (Lo and Cardott, 1995).

S; SIGNAL DECONVOLUTION

Relative contribution of clusters (F1, F2, F3, F4, FS and F6), for which their 7peak were
defined in Methods section, varies according the samples and the location where they have
been collected (Figures 3-4).



Bedrocks

The 6 clusters have been well characterised in all bedrock samples but except for F6, without
significant trends and with a large variation of their contribution (Table. 3, Figure 3).

Alterites

S, signals from alterite samples were also subjected to a deconvolution (Table 3). These
samples were mainly characterised by the 4 following clusters (F1, F3, F4, F5 and F6).
Evidence of the F1 cluster occurs bellow 25 cm depth, furthermore, the deeper is the
collected sample, the more expressed is the F1contribution, which rise up to 50%. Except for
the surface sample ALA1-1, no contribution of F2 is registered. No vertical trend has been
recorded for F3 cluster, which represents however a large part of S, signals (20 to 44.5%).
Although significantly preponderant in the first 20 cm, with a contribution from 17 to 48%
for samples ALA1-1 and ALA1-4 respectively, F4 contribution roughly decreases and
becomes relatively minor (0-12%) for the deeper samples. Evidences of a contribution of the
most thermally stable clusters, FS and F6, is recorded without clear trends with depth.

Soils

Contrary to bedrock, only five clusters appear in soil samples (F2, F3, F4, FS and F6).
(Figure 4, Table 3). F2 and F3 contributions decrease from litter horizons (respectively near
37% - 35 %) to horizon Al (down to 15% - 25 %). F4 and F5 increase from litter (an average
of 14% - 18% respectively) to horizon Al (up to 24%-21%). The most thermally stable
cluster F6 is never observed in litter and exhibits a modest contribution from 2 to 17% in
horizon Al.

Riverine

As previously seen with Rock-Eval data, clusters distribution in SL samples varies following
the watersheds (Figure 3; Table 3). F4 is defined as the major cluster after deconvolution in
Le Brusquet. F2 and F5 present relative a contribution of 10% and 20%, F1, F3 and F6 are
minor or even absent, their relative contributions do not exceeding 3%. For SL samples from
Le Laval, F1, F3 and F6 are well-evidenced (average of about 22, 38, 21% respectively).
With 4 and 9% respectively, F2 and F5 exhibit a poor relative contribution in these
suspended loads, and excepted for SL-LA9 (21%), F4 is absent.

This discrepancy between clusters distribution of the two catchments is also observed for BL
samples. For the unique BL sample from Le Brusquet, contribution of F1 (15.5%) is higher
than of the SL sample (1.5%). F4 and F5 have a prevalent contribution (85%) and F2, F3 and
F6 are rather inconspicuous. In Le Laval, F2 is nonexistent; F6, F1 and F3 are major whereas
F4 and F5 represent a modest part of S, signals (about 10% in average).

BIOCHEMICAL OXYGEN DEMAND

Analysed samples exhibit a significant but variable increase in BOD values according time
(Figure 8). Litter sample LA3-OL is characterised by a progressive increase in BOD value up
to the term of the biodegradation experiment and presents a high final BOD (>40 mgO; 17).
This result contrasts with those obtained for other samples (SL-LA12; LA3-Al and T4)
characterised by an increase from low BOD values (<10 mg d’02 1™") only during the first 12
days and further, a stabilisation of this signal (Figure 8).



Relationship between consummation rate and duration
OC biochemically weathered can be calculated by the following relation (expressed in mg):
OCdegraded = TOcinitial - (TOCremain+ DOC)

Conjointly to BOD record, the amount of altered OC from litter sample increases up to the
end of experimental incubation duration. For other samples, their values are invariant after 12
days (Table 4). After 56 days, the yield of OC consumed from litter, A1 horizon, SL and
marly bedrock is 78, 50, 44 and 35% respectively.

S2 signals evolution during BOD tests

Soil samples from OL and Al horizons mainly contain organic component that are
pyrolysable at temperature between 300 and 480°C (Figure 5). More particularly for the litter
sample, the longer is the duration of the BOD test, the more significant is the emergence of a
shoulder at 480°C. This temperature corresponds to F5 cluster and occurs to the detriment of
that characterising F3 cluster (380°C).

For marly sample, hydrocarbon released during the beginning of pyrolysis (F1 cluster) incurs
an abrupt decrease caused by bacterial attack (Figure 5). The last step of experiment is also
characterised by a decrease of F4 cluster (435°C) to the benefit of the most refractory cluster
F6 (550°C).

Although the discrepancy with the initial S, signal of bedrock sample, S, pyrograms of SL
samples during BOD tests exhibit a similar fingerprint to that of geological sample (Figure
5).

Hydrocarbon release upon pyrolysis of the blank sample (filter and bacteria) is occurred
following a temperature range of 250 to 450°C. This temperature range is typical of these
including F1, F2, F3 and F4 clusters (Figure 9). So, it is expected that filter and bacteria
participate to the observed contribution of these 4 clusters to the S; signal of all samples
subjected to BOD tests. However, these results not counteract those obtained with the
bedrock sample and exhibiting, during the BOD tests, a progressive disappearance of some
clusters having a low thermal stability (F1 to F4) to the benefit of that having a strong one
(F6).

DISCUSSION
Global geochemical data show significant FOC input in streams without any degradation of
these carbonaceous particles. Conversely, FOC delivered in soils, through alterite, strongly
depends on (bio)chemical weathering processes. More accurately, we postulate that chemical
processes (i.e. oxidation and hydrolysis) reigns in the deep horizon of alterite, and a coupling
between bacterial activities and these processes rather acts in the upper part of this
transitional reservoir and along soil profiles.

Definition of fossil geochemical markers
A key requirement for defining the occurrence and fate of FOC in supergene carbon pool is

to identify a fossil fingerprint in OM mixture of a considered pool. In this study, we would
propose Rock-Eval 6 pyrolysis and more especially S, signal deconvolution as a tool to



define such fingerprint. For litter samples of the two watersheds, deconvolutions of S; signals
deliver exclusively clusters F2 to F5 without any occurrence of F1 and scarcely F6 (Figure 4;
Table 3). At first sight and as testified with BOD experiments, their biodegradation products
are also provided only these 4 clusters, which constitute the main components of the
deconvolution of S; signals after BOD (Figure 5). On the contrary, F1 and F6 as well as the
other clusters F2 to F5, are often observed after the deconvolution of S; signal from bedrocks
samples and riverine particles (Figure 3).

Henceforth, F1 and F6 being exclusively reported in the bedrock formation and riverine
particles, these two extreme clusters will be here considered as geochemical markers of
FOM. Furthermore and according to BOD tests, F1 appears to be very sensitive to bacterial
attack while F6 appears more recalcitrant to this biodegradation.

Fate of geochemical fossil markers in the different supergene carbon pools

The role of gully erosion and (bio)chemical weathering to the fate of FOC in supergene
environment can be surveyed by tracking the fossil markers (F1 and F6) in and between these
various supergene reservoirs.

Figure 10 deciphers the evolution of these two markers throughout the soil profiles. As
previously stated, F1 and F6 do not exist in litter horizons whereas F6 is observed in organo-
mineral horizons (Table 3). The process of FOC delivery in soil would merely favours the
preservation of the most recalcitrant hydrocarbon cluster F6. Because of its labile characters
through (bio)chemical weathering, F1 is entirely mineralised since the deep soil horizon.
Undoubtedly, mineralisation of cluster F1 occurs either when FOM is incorporated in soil
pool, where bacterial activity is supposed predominant, or when FOM resides in alterite, a
transitional compartment between bedrock and soil. So examination of the fate of F1 (and
F6) in ALA1 profile can provide reliable indications for the beginning of its mineralisation.
At the bottom of ALAI profile, contribution of both F1 and F6 to the S, signal is about 55%
(Figure 11; Table 3), but however, exhibits different trends toward the top of the profile. If
F6 shows a homogeneous contribution through the profile (about 10-15%), F1, dominant in
deep (40%) drastically decreases when the transition alterite / soil arises.

The occurrence of F6 in this alterite profile reinforces our previous assumption about the
strong recalcitrant power of F6 through weathering and bacterial attacks. A contrario, F1 is
mineralised when fossil organic particles are reincorporated into soils and even into the upper
part of alterite, where (bio)chemical weathering is effective.

Although their contribution varies according to the catchments, F1 and F6 clusters were
often recognised after the deconvolution of S; signal of SL and above all of those of BL
particles (Table 3). On the scale of these catchments, occurrence of these fossil clusters, more
strongly expressed in particles inherited from Le Laval, would mean that FOC delivery in
rivers occurs following the preservation of the most labile cluster F1 as well as the most
recalcitrant cluster F6, without significant changes in the geochemistry of FOM (Figure 6a, b,
Figure 12).

Relationship between supergene processes and FOC release in supergene carbon cycle

By the fate of the geochemical markers identified in this study, a general sketch describes the
movement of FOM in modern environments following the major supergene processes (erosion
and weathering) acting in and between the different reservoirs (Figure 12). In the Draix
catchments, mechanical erosion corresponds to gully erosion of marls engendering badlands



facies. This erosion is supposed to be the main process reloading FOC in streams (Di-
Giovanni ef al.,1999b). Chemical weathering leads to the formation of alterite profiles (Campy
and Macaire, 2003). (Bio)chemical weathering occurs, and must be also considered, when
alterites are overlaid of vegetation propitious for soil development and consequently for
bacterial activity (Figure 12).

As seen with their similar TOC values (Figure 6a), geochemical fingerprints of riverine
particles and bedrock samples are very close. So, bedrock to river fluxes, ruled by gully
erosion, are characterised by the qualitative and quantitative preservation of FOM and are
effective without any significant FOC mineralisation (Figure 12). Absence of mineralisation of
fossil materials from the catchment is also argued by the occurrence of pyrite, optically
observed in stream particles (Copard ef al, in correction), and characterised by weathering
rate higher than that of OC (Littke et al., 1991).

Bedrock to alterite fluxes, ruled by chemical weathering, are characterised by the pyrite
disappearance, probably oxidised into sulphate (Copard et al., in correction). Because TOC
values of the deep samples from alterite are lower than the bedrock one, a significant
mineralisation of FOC is also reported. However, these deep samples exhibit similar
qualitative feature (HI parameter and deconvolution) than those of the underlain bedrocks
(Figure 6¢). This would mean that FOM nature remains unchanged in deeper parts of alterite
(Figure 12).

Alterite to soils fluxes, dominated by (bio)chemical weathering are characterised by a strong
mineralisation of FOC as well as qualitative changes of FOM (Figure 12). Indeed, if the
geochemical and recalcitrant cluster F6 remains unaltered, F1, widely more labile, is
eradicated both in the upper part of alterite profile and in soil. Because soil OM content is a
mixture between recent and ancient OM, as testified by TOC and HI values of upper samples
higher than the bedrock, the effective FOC mineralisation evidenced by F1 disappearance has
not been yet quantified.

These results show that various supergene processes (erosion and (bio)chemical weathering)
leading to FOC delivery in the supergene carbon cycle exert a decisive influence on the fate
of this FOC, and notably its preservation and / or its mineralisation, in such modern
environments (Figure 12).

CONCLUSIONS

Impact of erosional and (bio)chemical weathering processes on the delivery and fate of FOM
in the supergene carbon cycle was supported by a geochemical approach: Rock-Eval 6
pyrolysis. S; signal deconvolutions have significantly contributed to identify hydrocarbon
clusters, which some of them were defined as fossil geochemical markers. These markers
were then tracked through the different supergene carbon pools and their possible incurred
changes due to alterations occurring in these environments were also examined.

Results show that erosional and weathering processes have a strong influence on the release
and fate of FOC in supergene carbon cycle:

Between bedrocks to alterite pools, input of FOC, ruled by chemical weathering,
experiences a significant mineralisation without significant qualitative changes.

Between alterite and soil, input of FOC, ruled by a predominant (bio)chemical
weathering, experiences a significant qualitative and quantitative changes.

Between bedrock and riverine, input of FOC, ruled by mechanical (gully) erosion,
experiences any changes, both qualitative than quantitative.
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Our results also suggest that FOC reload in supergene cycle can act either as a sink or a
source of carbon for the global carbon cycle (Figure 12). Indeed, at this catchments scale,
FOC delivery to streams due to gully erosion, is achieved without mineralisation and
consequently without CO; contribution to the atmosphere. FOM may act as the maintaining
of an ancient carbon sink which was effective during the photosynthesis process of the FOM
precursor. But a damper should be made: the fate of FOM in river is obviously regulated by
biological activity and hydrolysis in this pool. Conversely, FOM delivered in alterites and in
soils is ruled by (bio)chemical weathering. Such release is marked by FOC mineralisation
and consequently promotes a possible release of CO; in atmosphere. In this case, FOM can
act as a carbon source for atmosphere. This role as source or sink for the supergene carbon
cycle may be evaluated by a ratio established between the mineralised vs. the preserved parts
of FOC (i.e. labile vs. recalcitrant compounds) residing on continental surfaces. This ratio
depends both on supergene processes than chemical and structural features of FOM..

Up to now, for supergene processes, we can hypothesise that the fate of FOC is mainly
governed by the mechanical media (erosion), that is 4 to 11 times higher than chemical
(weathering) one (Probst, 1992; Gaillardet, pers. com.). However, because it depends on
climate and tectonic, it is obvious that mechanical/chemical ratio did not stop varying
through geological times, as it has been previously stated for Holocene period (Macaire et al.,
1997 ; Di-Giovanni et al., 1999c¢ ; Bichet ef al., 1999). In addition, the time, and notably the
duration for which a FOM is subjected to (bio)chemical weathering should be considered.
This parameter, governing FOM turnover in supergene carbon pools and notably in soils, acts
as a positive feedback onto the mineralisation extent of FOC.

For parameters peculiar to OM, the observed and contrasted behaviour of geochemical
markers through alteration suggests that the more important is the labile fraction, the faster is
the mineralisation in supergene environment. Labile or recalcitrant nature of FOM through
biochemical weathering is a function of chemical composition, structural organisation degree
(e.g. crystallinity and micro-porosity) of FOM. These two parameters depend on the maturity
level of FOM which vary according the geological setting and history of a sedimentary basin.
This non-exhaustive list of parameters highlights the complexity to assess such a mineralised
/ preserved FOC ratios, though essential to the knowledge of FOC fate in the global carbon
cycle. For the global carbon cycle, such quantification appears to be primordial to circumvent
the lack of FOC stocks and fluxes in modern environments.
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