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A continuum of carbon, from atmospheric CO2 to secondary calcium carbonate, has been studied in a soil associ-
ated with scree slope deposits in the Jura Mountains of Switzerland. This approach is based on former studies
conducted in other environments. This C continuum includes atmospheric CO2, soil organic matter (SOM), soil
CO2, dissolved inorganic carbon (DIC) in soil solutions, and secondary pedogenic carbonate. Soil parameters
(pCO2, temperature, pH, Cmin and Corg contents), soil solution chemistry, and isotopic compositions of soil CO2,
DIC, carbonate and soil organic matter (δ13CCO2

, δ13CDIC, δ13Ccar and δ13CSOM values) have been monitored at
different depths (from 20 to 140 cm) over one year. Results demonstrated that the carbon source in secondary
carbonate (mainly needle fiber calcite) is related to the dissolved inorganic carbon, which is strongly dependent
on soil respiration. The heterotrophic respiration, rather than the limestone parentmaterial, seems to control the
pedogenic carbon cycle. The correlation of δ13Corg valueswith Rock-Eval HI andOI indices demonstrates that, in a
soil associated to scree slope deposits, themain process responsible for 13C-enrichment in SOM is related to bac-
terial oxidative decarboxylation. Finally, precipitation of secondary calcium carbonate is enhanced by changes in
soil pCO2 associated to the convective movement of air masses induced by temperature gradients (heat pump
effect) in the highly porous scree slope deposits. The exportation of soil C-leachates from systems such as the
one studied in this paper could partially explain the “gap in the European carbon budget” reported by recent
studies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Soil carbon is the fourth largest pool of C, when including pedogenic
carbonates sequestered in sediments and rocks (Retallack, 2007; Lal,
2009). The soil C pool has received increasing attention, since the sus-
tainability of the ocean C sink is being questioned (Le Quéré et al.,
2007). In terrestrial environments, C sequestration is almost entirely
attributed to soil and plant organic C storage, while the contribution of
soil mineral C is generally neglected (Sanderman, 2012), as well as the
combined action of carbonate dissolution and the global water cycle
(Liu et al., 2010).

Although CO2 transfers at the soil–atmosphere interface have been
thoroughly studied (Bond-Lamberty and Thomson, 2010), the CO2 con-
sumption and release through mineral weathering (Szramek et al.,
2007; Jin et al., 2009; Liu et al., 2010), as well as the continuumbetween
soil organic matter (SOM) – soil CO2 – dissolved inorganic carbon (DIC)
remains poorly documented. Recent studies have emphasized the
ia).
importance of the relationships between C dynamics in the soil solution
(gas dissolution and weathering) and the soil carbonate formation, as
they can play an important role in the sequestration of atmospheric
CO2 (Manning, 2008; Ryskov et al., 2008; Renforth et al., 2009; Jin
et al., 2009). The link between SOM, soil CO2, and precipitation of
secondary carbonates has been described in arid and semi-arid environ-
ments for a long time (Cerling, 1984; Cerling et al., 1991; Nordt et al.,
1996), but the interactions between those compartments have been
less studied in temperate ecosystems. The assessment of the relation-
ships between stable isotopes and soil physicochemical conditions con-
stitutes a conventional tool in the study of processes involved in the
terrestrial carbon cycle (Clark and Fritz, 1997; Ehleringer et al., 2000)
and the dynamics of soil organic (Wynn et al., 2006; Boström et al.,
2007) and inorganic carbon (Aravena et al., 1992; Clark and Fritz,
1997; Jin et al., 2009).

Stable C isotope compositions differ between the various soil com-
partments. Because of the higher vibrational frequency of the light 12C
isotope compared to the heavy 13C isotope, fractionations occur during
physicochemical reactions. For example, 12C isotope is favored by thebi-
ological system during photosynthesis in order to optimize the energy
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expense (Urey, 1947; Park and Epstein, 1960). The stable C isotope sig-
nature of SOM, soil CO2, DIC, and pedogenic and lithogenic carbonates
differ predictably (Cerling et al., 1991; Clark and Fritz, 1997).

The C content of soil gas in vadose environments ismainly attributed
to the CO2(g) source (Cerling, 1984). CO2(g) concentrations in soil pores
at any given depth are driven by two main parameters: i) the intensity
of biological activity; ii) the diffusion processes that control the transfer
of gas mass, inducing the mixing of atmospheric CO2 and soil-respired
CO2 in the topsoil and in the lower layers. Previous studies showed
that δ13C values of soil CO2 are higher in the topsoil, due to an enhanced
diffusion of 12CO2 at the soil–atmosphere interface (Cerling and Wang,
1996). In addition, in most of soils, C isotope composition of soil CO2(g)

from the deeper horizons tend to be similar to the δ13C values of SOM.
Furthermore, when rain infiltrates into the soil, it equilibrates with the
soil CO2, leading to the diffusion of CO2(g) into the soil solution, a process
contributing to the isotopic composition of the DIC species: CO2(aq),
H2CO3, HCO3

−, and CO3
2−.

Concentrations of the various carbonate species depend on pH and
temperature of the soil solution (Clark and Fritz, 1997). In an open sys-
tem, the soil solution is only slightly influenced by the dissolution of
lithogenic carbonates because soil CO2(g) constitutes an infinitely larger
reservoir of carbon (Nordt et al., 1996). The resulting precipitation of
pedogenic carbonate from the soil solution (HCO3

−
(aq)) is thus normally

in isotopic equilibrium with the soil CO2(g) (in terms of concentrations
and C isotope composition) at a given soil depth (e.g., Cerling et al.,
1989; Cerling and Wang, 1996; Deutz et al., 2001).

In this study, in order to document C dynamics in the SOM – soil
CO2 – DIC continuum, a stable C isotope approach has been chosen.
This approach is based on soil parameters (pCO2, temperature, pH,
Cmin Corg content), stable isotope compositions of soil organic and inor-
ganic carbon species (δ13CSOM, δ13CDIC and δ13Ccar values), as well as a
monitored acquisition of field data. The aim of this study focuses on
the following points. i) The continuum between CO2 and pedogenic car-
bonate (needle fiber calcite — NFC and late calcitic cements — LCC;
Millière et al., 2011a) is investigated through the leading processes
involved in soil carbon transfers (from CO2 to DIC) in a temperate
carbonate soil system. The chosen site is situated in the Swiss Jura
Mountains and is associated with scree slope deposits. ii) The second
aim is to assess the origin of carbon in both LCC and NFC end-
members. iii) In addition, interactions between soil CO2 and DIC will
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Fig. 1. Location of the study area in Switzerland and geolog
be documented for a specific soil system, i.e. a carbonate soil developed
in coarse cryoclasts. iv) Finally, the 13C enrichment of SOMwith increas-
ingdepthwill be discussed. The results of this study show that pedogen-
ic carbonate found in soils from the Swiss Jura Mountains mainly
originates from atmospheric CO2 rather than redistribution from the
carbonate bedrock through dissolution and reprecipitation processes.

2. Field site description

2.1. Geographical settings

The study area is located in the central part of the Swiss Jura Moun-
tains, approximately 15 km north of Neuchâtel in western Switzerland
(Fig. 1). Cretaceous and Jurassic limestones, in a succession of anticlines
and synclines, compose the predominant bedrock of the region. A refer-
ence soil in Villiers (47°04′N, 6°59′E, 769m asl) has been chosen for the
monitoring of the various soil compartments (SOM, soil gas, and soil
solution) due to its exceptional abundance of secondary carbonate in
the deep horizons (Fig. 2; Millière et al., 2011a). The studied soil is situ-
ated at the foot slope of an anticline, which is affected by two important
overthrusts (Burkhard and Sommaruga, 1998). Kimmeridgian lime-
stone forms the upper part of the slope, whereas its lower part corre-
sponds to glacial tills covering a Portlandian micritic limestone. Scree
slope deposits at the foot slope contain frost-shattered fragments of
both Jurassic limestones, cryoclasts being covered by the studied soil
(Fig. 2), situated at approximately 20 m laterally to a small (b2 m
high) quarry front.

The climate in the study area, as in all areas north of the Alps, is in-
fluenced by both oceanic (West European) and continental (East
European) conditions. The oceanic climate is most prominent in the re-
gion of the Swiss Jura where the reference soil of Villiers is situated. The
region is exposed to westerly winds bringingwarm andwet air masses,
with a rainfall often exceeding 1400mm/year. The climate record in this
region reports a mean annual rainfall of 1200 mm, and a mean annual
temperature of 6 °C (January T = −1 °C; July T = 18 °C; MétéoSuisse,
2008). The soil is covered by snow during winter and the beginning of
spring. The study area is covered by C3 forest vegetation, dominated
by beech trees (Fagus sylvatica) and subordinate species such as fir
trees (Abies alba), and spruce trees (Picea abies). The underbrush is
poor due to low luminosity caused by the dense foliage of beech trees.
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Fig. 2. Soil profile, Villiers (canton of Neuchâtel, Switzerland). The soil is divided into twomain layers, each being divided into two sub-layers: 1) Ah and Bh horizons aremicroporous and
enriched in organic matter; 2) Bk and Ck horizons are composed of calcareous scree deposits enriched in secondary pedogenic carbonate in pores between cryoclasts (mainly as needle
fiber calcite—NFCand late calcitic cements— LCC). Pores in Bk and Ckhorizons are centimetric to pluri-centrimetric in size. The stars refer to the soil CO2 sampling depths and the circles to
the soil water sampling depths.

Table 1
Organic and inorganic C (Corg andCmin, respectively) content, hydrogen index (HI) and ox-
ygen index (OI), bulk soil pHH2O and δ13C (in‰ VPDB) of the soil organicmatter (SOM) in
the reference profile from Villiers scree slope deposit.

Depth
(cm)

pHH2O Corg

(wt.%)
Cmin

(wt.%)
HI
(mg HC/g Corg)

OI
(mg CO2/g Corg)

δ13CSOM

(‰ VPDB)

10 7.7 21.38 1.58 186 183 −26.9
20 7.8 19.05 3.08 174 190 −26.2
30 8 11.30 6.09 154 203 −25.4
40 8.1 8.19 6.91 144 207 −25.2
50 8.2 6.64 7.28 136 219 −25.1
60 8.3 5.70 7.73 126 240 −25.0
70 8.3 4.13 8.60 126 291 −25.0
80 8.3 2.54 9.54 115 341 −25.0
100 8.4 2.29 10.13 109 348 −25.0
120 8.4 1.91 10.26 85 393 −25.0
140 8.5 1.83 10.64 84 377 −25.3
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2.2. Soil description

The calcareous soil at Villiers (Fig. 2) developed during the Holocene
under a temperate climate, after the last Alpine glaciation (Würm;Dalla
Piazza, 1996). It can be defined as a hypocalcic Calcisol (hyperhumic
skeletic) (IUSS, 2006). The uppermost soil horizons, Ah and Bh, contain
a large amount of well-preserved organic matter with an organic C
(Corg) content of 21.6 and 9.3wt.%, respectively. They lie on twomineral
horizons (Bk and Ck horizons) composed of 98% lithogenic carbonate
pebbles and secondary pedogenic carbonate including NFC and LCC
(N10% CaCO3 in the fine earth). These secondary carbonate features
are observed between 65 and 140 cm in depth (Fig. 2). Millimetric
pores dominate the upper soil from the surface to 70 cm in depth,
whereas centimetric pores and a low content in organic matter
(2.4 wt.%) characterize the deepmineral horizons. There is a high po-
rosity between cryoclasts in Bk and Ck horizons, leading to intense
water drainage of the entire soil. In addition, the packing of large
amounts of centimetric limestone pebbles in Bk and Ck horizons in-
duces a highly interconnectedmacroporosity (estimated between 20
and 30% according to visual charts), facilitating gas mass transfers
within the soil profile in all directions. Finally, the boundary between
the Bh and Bk horizons is sharp and undulated. It has to be noted that
Ah and Bh horizons develop in a colluvium-enriched deposit, where-
as scree slope deposits constitute the Bk and Ck parent materials.

3. Methods

3.1. Sample collection

3.1.1. Bulk soil samples
These sampleswere collected from a 1.4mdeep soil profile based on

a systematic sampling strategy. The excavation for the soil profile was
1.20 m inwidth and length, and 1.40 m in depth. Soil samples were col-
lected according to soil horizons. The bulk soil was sampled at 10 cm in-
tervals inside the two uppermost horizons (between the surface and
80 cm in depth). For the lower part of the profile (between 80 and
140 cm), the samples were collected only every 20 cm, due to the
high homogeneity of the deep soil layers (Table 1). For soil solution
and gas sampling, an effort wasmade to getmaterial as close as possible
to the sampled soils. This was not always achievable because of the
physical constraints due to the nature of the coarse parent material.

3.1.2. Soil CO2

Five soil gas tubeswere installed vertically in the soil at 27, 49, 67, 81
and 143 cm depth (Fig. 2, star symbols) from the surface in holes previ-
ously obtained with a digging bar. The sampling device consisted of
1 mm interior diameter brass tubes equipped with flasks at each end.
At the basal part, the flasks were sealed to the tube and turned upside
down to avoid obstruction by soil particles, and on the other end, the
sealed flasks were equipped with a silicone septum-cap for sampling
of soil gas with 10 mL gastight syringes (Sample-LoK™ A-2 gas type
made by VICI®). After each gas sampling, silicone septum-caps were re-
placed. Aluminum tubes of large diameter (12 mm in diameter) were
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used as guides for the installation of the sampling tubes. The installed
device has rested for 6 months for stabilization before any sampling.
The sampling device (syringes and tubes) was maintained open for a
minute to avoid any isotopic fractionation between soil gas and gas
sample in the syringe. Gas samples were transferred into gastight bags
(Cali-5-bond™ by GRACE®) for further laboratory analysis.

3.1.3. Soil solution
PTFE/Quartz lysimeters (tension soil water collector, 21 mm in di-

ameter, 95 mm in length, and with a 2 μm pore size) were installed in
a similar way as the gas tubes. They were inserted in the soil at the cor-
responding depths of the soil CO2 sampling device (15, 27, 49, 67, 100
and 157 cm; Fig. 2, circle symbols). The porous cup-type lysimeters
ensured that soil solution samples were in equilibrium with soil physi-
cochemical conditions at a given depth. The sampling device could
hold a vacuum of −0.8 Bar for adequate pumping of the soil solution
(Jin et al., 2009). After the installation, lysimeters stayed in the ground
for six months (September 2007 toMarch 2008) before the first sample
collection. This stabilization timewas necessary to minimize the distur-
bance to the system during installation of the sampling device. The real
range of the sampling depth for the soil water (collected by the tension
lysimeters) is at least 10 cm, considering the cup length and the zone of
influence of the capillary forces. It was not possible to ensure an optimal
hydraulic conductivity between lysimeters and soil matrix for soil solu-
tion sampling in the mineral horizons with significant macroporosity
(Bk and Ck horizons). In these horizons, the soil water samples were
collected from polypropylene trays (340 cm2) buried at depths of
100 cm and 157 cm. The trays were inserted horizontally in a dug-out
soil profile refilled with excavated sediment, respecting the horizon
succession. Sampling started only 6 months later to allow soil stabiliza-
tion. Water from the small brook situated at the foot of the anticline,
about fifty meters below the study site, has been sampled at the same
time as the soil solution, approximately monthly (Table 2), in order to
evaluate the order of magnitude of outputs from the “soil + surficial
deposits + geological layers” system. Soil water samples were filtered
Table 2
Soil water composition and calculated saturation index of calcite from Villiers scree slope depo

Date Depth
(cm)

pH Temp
(°C)

DIC
(mmol/l)

13.03.08 49 7.4 3.45 1.26
13.03.08 67 7.8 3.6 2.74
13.03.08 Outputa 7.7 3.75 6.20
19.03.08 27 NA 3.75 1.04
19.03.08 49 8.21 3.9 1.73
19.03.08 67 8.13 3.8 2.19
19.03.08 Outputa 7.73 3.8 8.02
01.04.08 49 7.93 4.4 2.10
01.04.08 67 8.17 4.1 2.18
01.04.08 Outputa 7.76 3.9 3.40
11.04.08 27 NA 5.3 1.20
11.04.08 49 8.17 4.9 1.81
11.04.08 67 8.3 4.5 2.09
11.04.08 Outputa 7.65 4.0 3.41
23.04.08 15 7.99 6.1 2.95
23.04.08 27 NA 6.1 0.93
23.04.08 49 7.98 5.45 2.10
23.04.08 67 8.04 4.8 2.43
23.04.08 Outputa 8.11 4.05 3.22
28.05.08 15 8.27 10.2 1.92
28.05.08 49 8.33 9 1.86
28.05.08 67 NA 7.85 2.81
28.05.08 Outputa 8.26 6.35 3.50
12.06.08 15 8.29 10.55 2.15
12.06.08 27 NA 10.55 2.90
12.06.08 49 8.37 10.15 2.40
12.06.08 67 NA 9.3 2.66
12.06.08 Outputa 8.21 7.65 3.84
20.09.08 100 7.7 11.45 2.00
20.09.08 157 7.43 11.2 2.06

a Samples collected in a small brook situated at the foot of the anticline about fifty meters b
in the field through 0.45 μm Exapure™ nylon membrane filters into
pre-cleaned glass bottles. Several aliquots for each type of analysis
were transferred into 2 mL crimped glass vials (SHG P628/650 by
Chromacol Ltd). For cation analyses, one aliquot of each sample was
acidified to pH b 2with high-purity nitric acid (SupraPure®) and stored
frozen. For DIC concentration and C isotopic composition analyses, inhi-
bition of any biological activity in samples wasmade by adding 30 μL of
a 0.1 M sodium azide solution per mL of sample. In addition, crimped
vials were hermetically sealed to avoid any exchange with the atmo-
sphere during storage, in order to avoid any alteration of the DIC con-
centration and its C isotopic composition.

3.2. Analyses of bulk soil

The bulk soil samples were dried at ambient air temperature, sieved
to 2 mm, and preserved at room temperature for laboratory analysis.
Soil Corg and carbonate contentsweremeasuredusing Rock-Eval 6™py-
rolysis (Disnar et al., 2003; Sebag et al., 2006) with approximately
70 mg of bulk soil. The sample was weighed and pyrolyzed under a
gradual increase of temperatures. This step was followed by the com-
plete oxidation of the residual sample (Espitalié et al., 1985a,b;
Lafargue et al., 1998). A flame ionization detector (FID) measured the
amount of hydrocarbon released during pyrolysis, while CO2 and CO
were detected by infrared absorbance during both steps. The pyrolysis
starts isothermally at 300 °C for three minutes. A S1 peak gave the
amount of hydrocarbons released during this isothermal phase. Then,
the sample was heated to 650 °C. A S2 peak provided the content of
hydrocarbons produced between 300 and 650 °C. An oxidation step
started isothermally at 400 °C and lasted for another three minutes,
resulting in a S3 spectrum that gives the curve of CO2 released during py-
rolysis. Finally, the sample was heated up to 850 °C to determine the
amount of inorganic carbon contained in the sample. Soil organic carbon
(Corg) and inorganic carbon (Cmin) contents were expressed in percent-
age byweight. A hydrogen index (HI= (S2area × 100) / Corg) inmg of hy-
drocarbons per g of Corg and an oxygen index (OI= S3area × 100 / Corg) in
sit. NA (not available).

δ13CDIC

(‰ VPDB)
Ca2+

(μmol/l)
Mg2+

(μmol/l)
SIcalcite

−11.7 1061 34 −0.79
−11.0 1381 40 0.04
−13.9 1992 268 0.4
−11.8 NA NA NA
−11.4 1116 38 0.17
−11.6 1354 36 0.26
−13.6 1876 258 0.51
−11.3 1186 116 0.01
−11.6 1319 36 0.3
−12.4 1902 358 0.2
−9.8 NA NA NA

−10.4 1052 33 0.14
−10.6 1302 40 0.41
−12.4 1738 251 0.06
−11.3 1610 65 0.35
−11.6 NA NA NA
−11.2 1149 34 0.06
−11.1 1326 33 0.23
−12.4 1607 235 0.46
−12.8 1802 65 0.55
−12.5 1476 40 0.5
−11.9 NA NA NA
−12.9 1734 244 0.75
−12.0 1819 62 0.63
−10.9 NA NA NA
−11.2 1920 48 0.76
−12.0 NA NA NA
−13.5 1880 249 0.75
−14.8 1910 76 0.05
−16.1 2825 200 −0.06

elow the study site (reference points).
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mg of CO2 per g of Corg have been calculated to describe the quality and
the degradation degree of the SOM. Measurements were calibrated
using two standards (IFP 160000 and VP143h). Errors relative to stan-
dard IFP 160000 were approximately 0.77, 0.25, and 1.5% for TOC, HI
and OI indices, respectively.

Crushed and homogenized soil samples were decarbonated with
10% HCl and the C isotope composition of the SOM (δ13CSOM values)
was determined by elemental analysis–isotope ratiomass spectrometry
(EA–IRMS)with a Carlo Erba 1108 connected to a Thermo Fisher Delta V
IRMS (Bremen, Germany) at the University of Lausanne. Carbon isotope
compositions are reported in the delta (δ) notation as the per mil (‰)
deviation relative to the Vienna Pee Dee Belemnite limestone (VPDB)
standard, where δ = (Rsample − Rstandard) / Rstandard × 1000 with
R = 13C/12C. The standard error was ±0.1‰ VPDB.

Soil physicochemical parameters were measured along the profile.
Soil pH was obtained using a 827 pH-meter from Metrohm® AG,
calibrated with pH 7 and pH 9 technical buffers and a 1:2.5 ratio for
soil:H2O. The estimated uncertainty is ±0.05 pH units. The soil temper-
ature was measured in the field with five Grant Squirell Monitoring
probes with an uncertainty of ±0.05 °C.

3.3. Analysis of soil gas

Soil pCO2 was measured in the field with a portable CO2 infrared
analyzer (ATX 620 Multigas Analyser), calibrated with four CO2 stan-
dards ranging from 0 to 50,000 ppm. The standard error, estimated at
±67 ppm, was determined by a regression function obtained from re-
peated measurements of CO2 standards of known concentrations. The
C isotopic composition of the soil CO2 (δ13CCO2

values) was measured
using a continuous flow gas chromatograph–combustion–isotope ratio
mass spectrometry system (GC connected to a Thermo Fisher Delta
Plus XL IRMS) at the University of Neuchâtel with a 250 μl loop and a
Poraplot Q GC column. The standard error is ±0.14‰ VPDB.

3.4. Analyses of soil water

The soil solutions were sampled and analyzed over a period of six
months. DIC concentration and carbon isotopic composition (δ13CDIC

values) were determined using 2 mL aliquots of soil water samples
that were degassed by acidifying the sample with pure H3PO4. The re-
leased CO2 was analyzed for its isotopic composition using a Thermo
Fisher GasBench II connected to a Delta Plus XL IRMS at the University
of Lausanne. The DIC concentration was determined after the method
described by Assayag et al. (2006). Laboratory standards were calibrat-
ed relative to international standards. The analytical reproducibility
estimated from replicate analyses of the laboratory standard Carrara
marble was better than ±0.05‰ for δ13C.

The two major cations (Ca2+ and Mg2+) involved in carbonate
precipitations were analyzed by ion chromatography (IC; Dionex®).
Reproducibility and accuracy (reported as mean standard deviation)
were better than ±3% and the detection limit was 0.1 mg/L. Finally
the calculation of element speciation and mineral saturation indices
were performed by the geochemical modeling code PHREEQC-2
(Parkhurst and Appelo, 1999). The saturation index of calcite
(SIcalcite = log [IAP / Ksp], where IAP = ion activity product and
Ksp = constant of the solubility product of calcite at room tempera-
ture) has been calculated using the following parameters: pH, con-
centrations of Ca2+, Mg2+, DIC, and temperature.

4. Results

4.1. Physicochemical parameters

4.1.1. Seasonal variations of soil CO2 concentrations
Soil CO2 concentrations vary between 520 and 5390 ppm (Fig. 3). In

contrast to the common vertical distribution of CO2 in soil profiles, the
uppermost horizons (from surface to 70 cm; Ah and Bh horizons) are
clearly distinguishable throughout the year. CO2 concentrations de-
crease systematically according to the depth, contrary to what can be
found in the literature (Fierer et al., 2005; Kutsch et al., 2009). In sum-
mer, this phenomenon is evenmore pronounced,with amaximal differ-
ence of CO2 concentrations equal to 3130 ppm between 27 cm and
143 cm deep during July. In winter, the soil CO2 concentrations are
very low at all depths, but remain always higher than the atmospheric
pCO2. They do not exceed 2000 ppm and vary around a mean value of
1400 ppm (Fig. 3). From November to April, the difference in terms of
CO2 concentrations between the uppermost and the mineral horizons
is no longer significant.

4.1.2. Seasonal variations in the soil temperatures
The evolution of the soil temperatures, according to time and depth,

is shown in Fig. 3. The vertical profiles of soil temperatures are inverted
twice during the year (mid-March and mid-September). According to
this observation, the annual variation of soil temperatures can be divid-
ed into two main periods: a cold period from November 2007 to April
2008, and a warm period from May 2008 to September 2008. There is
an increasing positive difference between the ambient (surficial atmo-
sphere) and soil temperatures during the transition from the coldest
to warmest periods. The maximum difference of temperature between
top and bottom of the soil profile occurs during July. This soil tempera-
ture gradient, associated with the ambient atmospheric temperature,
results in transfers of gas masses from the soil to the atmosphere due
to convection of air masses. This is corroborated by the pCO2 distribu-
tion in the soil profile throughout the year.

In terms of temperature, the soil is a buffered system compared to
the surficial atmosphere, which fluctuates largely at the short-term
scale (Fig. 3; Millière et al., 2011a). At a depth of 24 cm, temperature
varies between a maximum of 14.2 °C ± 0.05 °C in July and a minimum
of 1.2 °C± 0.05 °C in February. Themean annual soil temperature in the
mineral horizons, characterized by an important macroporosity (from
66 to 130 cm), is 7.3 °C ± 3.3 °C (n = 15).

4.1.3. Vertical profile of pH, Corg and Cmin contents, and δ13CSOM
The pH values of the bulk soil increase with depth from 7.7 for the

0–10 cm interval to 8.5 for the deepest sampling interval (120–140 cm;
Table 1). Vertical profiles of pH and Cmin show similar distributions,
whereas Corg values display an opposite trend. The pH values are obvious-
ly related to the acidifying effect of the organic matter in the uppermost
horizons. The increasing carbonate content buffers bulk soil pH in the
mineral horizons (Table 1).

Corg and Cmin contents, as well as OI/HI values of SOM, are given in
Table 1. The Corg content in bulk soil samples underlines a clear distinc-
tion between the uppermost horizons enriched in organic matter (from
surface to ~70 cm; Ah and Bh horizons) and the deep mineral horizons
characterized by a coarse skeleton with a low Corg content (from ~70 cm
to ~140 cm; Bk and Ck horizons). OI values increase with depth from 183
to 377 mg CO2/g Corg. HI values decrease rapidly in the first 60 cm, from
186 to 126 mg HC/g Corg (Fig. 4), and thenmore gradually in the deepest
eighty centimeters (from 126 to 84 mg HC/g Corg; Fig. 4). OI values show
an opposite trend compared to HI. In the top 60 cm, OI values increase
from 183 to 240 mg CO2/g Corg (Fig. 4), rising up to 377 mg CO2/g Corg
in the deepest eighty centimeters (Fig. 4). The C isotopic composition of
SOM varies between −26.9 and −25.0‰ with depth (Table 1; Fig. 5).
In addition, there is a marked 13C enrichment with increasing depth. Fi-
nally, there is a clear relationship between HI and OI indices and
δ13CSOM values (Fig. 4 and Table 1).

4.1.4. Seasonal variations of the soil solution and its
chemical characterization

SIcalcite values of the soil solution are given in Table 2. The increasing
SIcalcite values range from near 0 to 0.8 over the April and June sampling
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periods, and point to an increasing potential for calcium carbonate pre-
cipitation in summer.

4.2. C isotope composition of soil CO2

The δ13CCO2
values measured along the soil profile between 27 cm

and 143 cm deep are listed in Table 3. During summer, the δ13CCO2

values show an unusual distribution compared to the common model
by Cerling et al. (1991). A trend towards higher δ13CCO2

values with in-
creasing depth is observed in June and July (Fig. 5). The δ13CCO2

values
vary much less with depth during the warm period between early
spring and late fall. A process that could explain this trend is discussed
below (see Section 5.1).

Differences in C isotope composition of soil CO2 between the upper-
most (organic-rich) and mineral horizons are not significant in early
spring and late fall profiles, but clearly different for both summer pro-
files (June and July). These differences (between 27 cm and 143 cm)
are−0.48‰ and−0.36‰ VPDB forMarch and November, respectively,
and +2.3‰ and +1.7‰ for June and July (Fig. 5).
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δ

Fig. 5. Examples of C isotopic compositions of soil CO2 along the profile in function of depth.
The large differences in δ13CCO2
values between the top and deepest

horizons during thewarm period reflect a significant 13C-enrichment of
CO2 in the mineral horizons, which are characterized by a coarse
skeleton and a high macroporosity. This 13C enrichment in the mineral
horizons does not follow the commonly observed variation of the C iso-
topic composition of soil CO2 with depth (Cerling and Wang, 1996; Liu
et al., 2006; Kutsch et al., 2009).

4.3. C isotope composition of DIC in soil solution

The δ13CDIC values vary between−12.8‰ and−9.8 ± 0.06‰ in the
uppermost horizons over the entire 6-month period of sampling
(Table 2). For the mineral horizons, the δ13CDIC values are −14.8 ±
0.4‰ and−16.1±0.08‰ at a depth of 100 cmand 157 cm, respectively
(Fig. 6 and Table 2). δ13CDIC values of the reference-sampling site (a
small brook situated at the foot of the anticline, fifty meters below the
study site) vary between −13.9‰ and −13.5‰ from March to June
(Table 2). These δ13CDIC values measured in the brook were systemati-
cally and significantly more negative than those of the soil solution
(Fig. 6 and Table 2).

The δ13CDIC values showed that the soil solution was in equilibrium
with the soil CO2 at a given depth. The values fall within the theoretical
equilibrium interval (between the two dashed lines, Fig. 6) when con-
sidering the soil as an open system. This implies that the CO2 from soil
pores was in chemical equilibrium with the DIC of the soil solution, at
the measured pH and temperature (Fig. 6).

5. Discussion

5.1. Lateral and vertical diffusive fractionation in scree slope soils

The average C-isotopic fractionation values between the SOM and
the soil CO2 (Δorg-CO2

= δ13CSOM–δ13CCO2
) shows unexpected variations

along the soil profile (Fig. 7). TheΔSOM–CO2
values vary from 3.9 to 3.2‰

between the Ah and Bh–Bk horizons, and then the trend is reversed and
rises from 3.2 to 4.1‰ between the Bh and the Ck horizons (Table 4).
This ΔSOM–CO2

increase is likely due to a drastic change in porosity
(from microporosity to macroporosity; Fig. 2). The Δ between the
SOM and the soil CO2 measured in Villiers are in agreement with
those observed in the literature (e.g. Cerling and Wang, 1996; Kutsch
et al., 2009).

The theoretical diffusive coefficient (ε) of 12CO2 is 1.0044 times
greater than ε 13CO2 (Craig, 1953). This leads to the well-known
O2 (‰, VPDB)

July November

Vertical distribution of δ13C values of soil CO2 for March, June, July, and November 2008.



Table 3
Seasonal variations of the C isotopic composition of CO2 in the reference soil profile. NA (not available).

Date Depth
(cm)

δ13CCO2

(‰ VPDB)
Std. dev.
(‰ VPDB)

Date Depth
(cm)

δ13CCO2

(‰ VPDB)
Std. dev.
(‰ VPDB)

10.03.08 27 −20.7 0.04 11.06.08 27 −21.2 0.26
10.03.08 49 −21.1 0.13 11.06.08 49 −20.6 0.47
10.03.08 67 −20.9 0.03 11.06.08 67 NA NA
10.03.08 81 −21.1 0.02 11.06.08 81 −19.9 0.37
10.03.08 143 −21.2 0.10 11.06.08 143 −19.4 0.58
10.03.08 Atma −11.1 0.03 11.06.08 Atma −9.8 0.13
17.07.08 27 −22.4 0.05 10.11.08 27 −21.6 0.14
17.07.08 49 −22.2 0.01 10.11.08 49 −22.3 0.16
17.07.08 67 −22.1 0.02 10.11.08 67 −22.2 0.10
17.07.08 81 −21.5 0.06 10.11.08 81 −22.3 0.06
17.07.08 143 −20.7 0.04 10.11.08 143 −22.0 0.06
17.07.08 Atma −9.6 0.07 10.11.08 Atma −9.2 0.22

a Atmospheric samples were taken at 1.5 m aboveground.
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theoretical fractionation (Δ) between the soil CO2 and its source (SOM),
which is equal to +4.4‰ at the soil–atmosphere interface. This in-
fluence of the vertical diffusive fractionation towards the atmo-
sphere is observed in the uppermost Ah and Bh horizons until the
top of the Bk horizon. Beneath this limit (in the mineral horizon
characterized by macroporosity), there is another process that influ-
ences the C isotopic composition of the soil CO2, a lateral diffusive
fractionation. This effect can be expressed by a lateral diffusive coef-
ficient (εlateral) varying with depth and seasons. The soil CO2 con-
centration and the temperature variation were used to assess if
diffusion occurs in this scree slope soil. The unusual soil CO2 distri-
bution along the profile (Fig. 3) suggests that strong lateral transfers
of gas mass occur in the mineral horizon. The temperature distribu-
tion supports a possible convective movement of air masses due to
temperature gradients (heat pump effect). The consequence of
such a process in a highly macroporous material enhances direct lat-
eral connections with the atmosphere. These types of connections
between soil gas and atmosphere have been documented in other
studies (e.g. Delaloye et al., 2003). Different topographic, aswell as geo-
morphic, configurations can involve such a process, e.g. break in slopes,
anthropogenic artifacts (roads, quarries), etc.
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Soil solution (buried container)
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Fig. 6. C isotopic compositions of DIC vs pH values. The dashed line represents the range of
the theoretical δ13C values of DIC in function of the maximum and minimum C isotopic
compositions of soil CO2 measured in Villiers over a one year-period of monitoring. The
system is considered as an open system. The values are calculated using the relative con-
tribution of DIC species related to their respective enrichment factors. The solid lines V1,
V2, and V3 represent the maximum δ13C values of soil CO2, the minimum δ13C values of
the soil CO2, and the mean δ13C values of lithogenic carbonate, respectively. The mixing
line represents the non-equilibriummixing between the soil CO2 and lithogenic carbonate
in a closed system, considering the maximum and minimum δ13C values of the soil CO2

measured in Villiers.
5.2. The origin of carbon in secondary calcium carbonate precipitations
from a scree slope soil (temperate forest)

Carbon transfers between the soil atmosphere and the soil solu-
tion strongly depend on pH, temperature at a given depth, and
parent rock (Jin et al., 2009). In Ah and Bh horizons, ΔCO2–DIC

(ΔCO2–DIC = δ13CCO2
–δ13CDIC) vary only slightly in function of

depth (+10‰ b ΔCO2–DIC b +10.4‰; Fig. 7 and Table 4). Along
this depth interval, average pH values are stable, ranging from 8.2 (at
27 cm deep) to 8.1 (at 49 and 67 cm deep). The ΔCO2–DIC between the
soil CO2(g) and the HCO3

−
(aq.) adapted from Clark and Fritz (1997)

at 5 °C, is estimated at 10.2‰. Given the mean temperature mea-
sured in Villiers, the fractionation values obtained in this scree
slope soil are very close to the one obtained using Clark and Fritz
(1997) equations. According to the pH measured in the studied
soil, the DIC of the soil solution is mainly present as HCO3

−
(aq.) in

the Ah and Bh horizons. The goodness of fit between the theoretical
ΔCO2–DIC and measured values supports the validation of both sam-
pling and analytical methods.

In the mineral horizons (Bk and Ck) characterized by a coarse skele-
ton, the ΔCO2–DIC decreases from 10.3 to 5.8‰ for the deepest sampling
depth. This variation in the ΔCO2–DIC is mainly related to the changes in
pH values (7.7 at 100 cm and 7.4 at 157 cm). In this range of pH, the
soil solution contains a mixture of HCO3

−
(aq.) and CO2(aq.). The relative
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Fig. 7. Plot of the average C isotopic compositions of the various soil compartments (SOM,
soil CO2 andDIC) in function of depth. Fractionation values between SOM and soil CO2 can
be easily followed, as well as the fractionation values between soil CO2 and DIC. Mean
values of pH are given for each corresponding depth. Note that dashed lines are only
aids for reading C transfers between the various soil compartments.



Table 4
C isotopic composition of the total organic carbon,mean C isotopic signatures of the soil CO2 andDIC, pH values of the soil solution, and fractionation values between SOM, CO2 andDIC. NA
(not available).

Depth
(cm)

δ13Corg

(‰ VPDB)
Mean δ13CCO2
(‰ VPDB)

Std. dev.
(‰ VPDB)

Mean δ13CDIC

(‰ VPDB)
Std. dev.
(‰ VPDB)

pH Δ13C Corg–CO2

(‰ VPDB)
Δ13C CO2–DIC
(‰ VPDB)

20 −26.2 NA NA −12.0 0.8 (n = 3) NA NA NA
30 −25.4 −21.5 0.7 (n = 4) −11.0 0.9 (n = 4) 8.2 3.9 10.4
50 −25.1 −21.6 0.8 (n = 4) −11.6 0.7 (n = 8) 8.1 3.6 10.0
70 −25.0 −21.8 0.7 (n = 3) −11.4 0.5 (n = 7) 8.1 3.2 10.4
100 −25.0 −21.6 0.6 (n = 3) −14.8 0.1 (n = 4) 7.7 3.3 6.8
140 −25.3 −21.3 0.6 (n = 3) −16.1 0.8 (n = 3) 7.4 4.1 5.2
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contribution of these twoDIC species in the soil solution determines the
δ13CDIC values.

The δ13C values of both soil solution and soil gas indicate that DIC is
in equilibrium with soil CO2 along the entire soil profile (Fig. 4). More-
over, the results are in agreement with the in situ temperature and
pH. These results confirm that the main carbon source for DIC is the
heterotrophic recycling and oxidation (respiration) of SOM and not
the dissolution of lithogenic carbonates (limestone). The DIC would
have been more 13C-enriched (higher δ13CDIC values) if weathering of
the parent rock (δ13Ccar = 1.1 ± 0.1‰) had a greater influence on the
system. Such results are not trivial as the study area is located in a tem-
perate carbonate soil, where the weathering effect could be expected to
be much stronger.

Regarding C transfers between the soil solution and pedogenic car-
bonate (in this case, mainly needle fiber calcite with −8.4 ± 0.1‰
δ13C; see Millière et al., 2011b and Cailleau et al., 2009 for details),
δ13C values of pedogenic carbonate suggest that the C source mainly
originates from the DIC species. According to the theoretical model
(Clark and Fritz, 1997), it is possible to predict the behavior of the
DIC during the progressive evaporation of soil water and the con-
comitant secondary CaCO3 precipitation. Variation of soil pH would
change the concentration ratios of the various DIC species, inducing
changes in the C isotopic composition of the pedogenic CaCO3 as it
forms. However, the primary C-source of the dissolved inorganic
carbon and the NFC and LCC remain unchanged. This point should
be cautiously considered if the pH falls far beyond the stability for
calcite, which could lead to an enhanced input from the inherited
lithogenic carbonate.

5.3. Changes in Rock-Eval HI, OI, and δ13CSOM during decay of soil organic
matter in a temperate climate environment

Four hypotheses have been formulated to explain the 13C enrich-
ment in SOMwith increasing depth: (i) a change in the isotopic compo-
sition of atmospheric carbon, (ii) changes in the microbial biomass in
deeper horizons, (iii) kinetic fractionation during plant respiration,
and (iv) preferential decay of labile organic compounds (Boström
et al., 2007; Wynn et al., 2006).

The δ13CSOM values vary between −26.9 and −25.0‰ with depth
(Fig. 4). Trends towards higher values with depth suggest a decay of
the SOM fraction with a release of isotopically light moieties (e.g., CO2,
short-C-chain lipids). OI values increased with depth from ~183 to
~377 mg CO2/g Corg, and HI values decreased from ~186 to ~84 mg
HC/g Corg. The opposite trends between the δ13CSOM and OI and HI
values suggest that oxidation of SOM, through oxidative decarboxyl-
ation along the soil profile, is most probably themain process triggering
the 13C-enrichment (Fig. 4).

In conclusion, the Rock-Eval HI, OI, and δ13C values bring new in-
sights into SOM degradation during soil genesis. These results support
the hypothesis of a preferential decay of given organic components in
soils. Nevertheless, these results cannot be generalized to other soils,
as different humification pathways may occur in soils with different
SOM composition.
5.4. A synthesis of the main carbon pathways in temperate carbonate scree
slope soils

The main carbon compartments, as well as the principal pathways
implied in the carbon transfers within the ecosystem, are presented in
Fig. 8. First of all, carbon moves from the atmosphere to soil organic
matter using photosynthesis fixation, litter deposition, and root exuda-
tion. The δ13CSOM values, ranging from −26.9‰ to −25.0‰ VPDB
according to depth, are in balance with the local C3 vegetation. The
main aboveground input of SOM is the F. sylvatica litter (with relatively
light δ13C values equal to−29.9‰±0.2‰ VPDB). For the belowground
contribution, the rhizodeposition and root exudation constitute the sec-
ond most important SOM input. Once all these inputs are incorporated
into the soil, themicroflorametabolizes the SOMpool, resulting in com-
binations of CO2 and root respiration, leading to the soil CO2 compart-
ment. At this stage, the soil CO2 can return to the atmospheric pool by
diffusion or continue its evolution inside the soil. The soil gas is in equi-
librium with the soil solution and consequently, DIC concentrations are
pCO2-dependent. For the given temperature and according to Henry's
law, the soil CO2 has a high dissolution coefficient in soil water. As a re-
sult, the contribution of weathered lithogenically-derived DIC to the soil
solution is negligible. A part of the DIC pool is exported through leach-
ates out of the system, and concomitantly, the remaining DIC may con-
tribute to secondary calcium carbonate precipitation in the mineral
horizons. Finally, the soil physicochemical conditions play a fundamen-
tal role in these scree slopedeposits, allowing an enhanced precipitation
of secondary carbonate. Indeed, strong infero-fluxes of gas occur inside
the mineral horizons (Bk and Ck) and induce changes in the soil pCO2

between the various soil layers. Precipitation of secondary carbonate is
favored in scree slope deposits, where a convective movement of air
masses driven by temperature gradients during summer enhances
degassing of CO2 in mineral horizons. This is in line with observations
from Breecker et al. (2009), suggesting calcium carbonate forms when
soils are warm and very dry.

6. Conclusions and perspectives

The characterization of the soil carbon dynamics is important to bet-
ter understand the carbon cycle in the various terrestrial environments
(Kutsch et al., 2009). The present study shows that, at Villiers, the car-
bon contained in secondary pedogenic carbonate (NFC and LCC)mainly
originates from atmospheric CO2 (through the continuumphotosynthe-
sis fixation–organic matter decay–root respiration–DIC equilibrium–

CaCO3 precipitation), although lithogenic carbonate is present in large
amounts in these scree slope deposits. As a consequence, the C isotopic
composition of the soil solution reveals that the carbon cycle is domi-
nated by the heterotrophic respiration of the soil biomass, even if this
soil is developed on a carbonate substrate. In addition, the relationships
between the various soil compartments and the atmosphere are
highlighted and should be taken into account for a more exhaustive un-
derstanding of the carbon cycle in temperate carbonate scree slope soils.

However, some questions are still pending: (i) what amount of at-
mospheric CO2 is exported by the soil solution from dissolved inorganic
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and organic carbon (DIC andDOC) species? (ii)What is the origin of cal-
cium contained in secondary pedogenic calcium carbonate? (iii) And
what could be the influence of exogenic Ca-bearing minerals contained
in soils of the Swiss JuraMountains? First of all, as stipulated by Janssens
et al. (2003) and Siemens (2003), “there is a gap in the European carbon
budget”. They hypothesized that missing fluxes may account for this
gap. Siemens (2003) estimated from published data that the fluxes of
DOC and DIC vary around 11 ± 8 g·m−2·yr−1 and noted that these
fluxes may explain this gap. Indeed, the same observation was
made at the study site in Villiers. A large amount of carbon can be
exported by leachates and these are not taken into account in Net
Ecosystem Exchange studies, as they do not investigate soil solution
dynamics. Some thorough quantitative studies on soil solution dy-
namics should be implemented in order to test this point. Secondly,
it is clear that Ca must originate from an exogenic source to ensure
an effective carbon sink in secondary pedogenic carbonate. In the case
of dissolution–reprecipitation of lithogenic limestone, the net bal-
ance is null. In the Jura Mountains, large amounts of loess deposits
have been described covering extensive areas (Pochon, 1978;
Martignier et al., 2013; Martignier and Verrecchia, 2013). The next
step is the evaluation of the true potential of Jura soils to act as a carbon
sink through an in-depth study coupling quantitative biogeochemistry
and mineralogy.
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