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A B S T R A C T

Carbon dioxide (CO2) concentration (CDC) is an essential parameter of underground atmospheres for safety and
cave heritage preservation. In the Chauvet cave (South France), a world heritage site hosting unique paintings
dated 36,000 years BP, a high-sensitivity monitoring, ongoing since 1997, revealed: 1) two compartments with
a spatially uniform CDC, a large volume (A) (40,000 to 80,000 m3) with a mean value of 2.20 ± 0.01% vol. in
2016, and a smaller remote room (B) (2000 m3), with a higher mean value of 3.42 ± 0.01%; 2) large CDC annual
variations with peak-to-peak amplitude of 2% and 1.6% in A and B, respectively; 3) long-term changes, with an
increase of CDC and of its annual amplitude since 1997, then faster since 2013, reaching a maximum of 4.4% in
B in 2017, decreasing afterwards. While a large effect of seasonal ventilation is ruled out, monitoring of seepage
at two dripping points indicated that the main control of CDC seasonal reduction was transient infiltration. Dur-
ing periods of water deficit, calculated from surface temperature and rainfall, CDC systematically increased. The
carbon isotopic composition of CO2, correlated with water excess, is consistent with a time-varying component
of CO2 seeping from above. The CO2 flux, which is the primary driver of CDC in A and B, inferred using box
modelling, was found to confirm the relationship between water excess and reduced CO2 flux into A, compatible
with a more constant flux into B. A buoyancy-driven horizontal CO2 flow model in the vadose zone, hindered by
water infiltration, is proposed. Similarly, pluri-annual and long-term CDC changes can likely be attributed to vari-
ations of water excess, but also to increasing vegetation density above the cave. As CDC controls the carbonate
geochemistry, an increased variability of CDC raises concern for the preservation of the Chauvet cave paintings.

© 2020

1. Introduction

The preservation of the exceptionally precious heritage of painted
caves in the context of a rapidly evolving environment (Pla, 2016;
Dominguez-Villar et al., 2014; Beltrami et al., 2005; Perrier
et al., 2005a; Badino, 2004) represents a challenging issue for the
scientific community (Bourges et al., 2014a, 2014b; Baker and
Genty, 1998). While the prehistoric paintings have reached present
times owing to particularly stable underground conditions (Mangin

⁎ Corresponding author.
E-mail address: perrier@ipgp.fr (F. Perrier)

et al., 1999; Quindos et al., 1987), caves are affected by global
and local changes (Pla, 2016; Baker and Genty, 1998), by visitors
(Saiz-Jimenez et al., 2011; Fernandez-Cortes et al., 2011; Hoyos
et al., 1998; Villar et al., 1984, 1986), and by mistaken remedia-
tion strategies, difficult to reverse, as in the case of the Lascaux cave
in France (Martin-Sanchez et al., 2012, 2014). One essential para-
meter controlling the chemical conditions at the wall surface, and in
particular dissolution and precipitation of carbonates and speleothem
growth, is the CO2 concentration (CDC) in the cave atmosphere (Houil-
lon et al., 2017; Spötl et al., 2005; Genty and Deflandre, 1998).
Conversely, this parameter provides information about the evolution
of the underground microclimate and of its thermodynamical condi-
tions, as well as of its surroundings (Bourges et al., 2012; Fernandez-

https://doi.org/10.1016/j.scitotenv.2020.136844
0048-9697/© 2020.



UN
CO

RR
EC

TE
D

PR
OO

F

2 F. Bourges et al. / Science of the Total Environment xxx (xxxx) 136844

Cortes et al., 2011). Thus, one key issue for the understanding of the
preservation and degradation processes, and for the monitoring of the
effect of remediation, is the characterization of CO2 sources and trans-
port modes into and out of the underground cavities (Houillon et al.,
2017).

Various atmospheric and underground CO2 sources can be distin-
guished. In volcanic regions, the major source of CO2 is the degassing
of mantle rocks, characterized by an isotopic carbon ratio δ13C of
−2.3 ± 0.9‰ (Chiodini et al., 2008). Crustal CO2 from metamorphic
decarbonation (Groppo et al., 2017), characterized by δ13C values in
the range − 0.9 to −0.7‰, was shown to accumulate in a tunnel near ac-
tive faults in the Nepal Himalayas (Girault et al., 2014, 2018). While
important in principle, given the large fluxes from the ground, often in
excess of 105 g/m2/day, mantle and crustal CO2 sources are not main
contributors in the case of European painted caves. Instead, the major
relevant production source is the biogenic production from the soil and
the epikarst (Mattey et al., 2016; Faimon et al., 2012; Bourges et
al., 2001; Atkinson, 1977), or in the underground part of the critical
zone (CZ), defined as the domain included from the base of the aquifer
to the top of the canopy (Lin, 2010).

Two main zones of CO2 production can be distinguished (Peyraube
et al., 2013, 2018; Mattey et al., 2016): 1) soil CO2 (SC), which in-
cludes the emission of CO2 by microorganisms and root respiration, and
2) ground CO2 (GC), which includes CO2 released by the decay of or-
ganic matter in the vadose zone. The combined analysis of δ13C ratio
and 14C activity of carbon dissolved in seepage water and in speleothems
further indicates that the CO2 above the cave can be modelled by sev-
eral compartments with different residence times, mainly controlled by
soil organic matter (SOM) degradation rates, which, in this example, in-
tegrates SC and GC (Genty and Massault, 1997, 1999). SC is char-
acterized, under typical C3 type (Calvin–Benson photosynthetic path-
way) vegetation growing above the cave, by δ13C values of the order of
−26‰ or smaller (Mattey et al., 2016; Genty et al., 1998; Dörr and
Münnich, 1986; Fleyfel, 1979) and CDC can reach values from 1 to
about 3% (% refers to % vol. throughout the paper). The 14C activity of
the SC and GC produced by the biological activity is similar to the 14C
activity of the outside atmosphere, unless the decaying organic matter
is significantly aged (Genty and Massault, 1999). GC, when it can be
isolated from SC, for example in boreholes where air from the surround-
ing epikarst porous space can accumulate (Houillon et al., 2017; Mat-
tey et al., 2016; Benavente et al., 2010; Wood, 1985; Wood and
Petraitis, 1984), is slightly heavier isotopically, from −24‰ to −18‰
(Mattey et al., 2016), and CDC can be higher than 5% (Houillon et
al., 2017; Ek and Gewelt, 1985). The reason why SC is heavier is that
the addition of higher level of CO2 from the decay of organic matter in
an enclosed space (epikarst porosity) requires the dissolution of extra
bedrock to attain equilibrium (Mattey et al., 2016). The outside at-
mosphere provides another important source of CO2, with CDC around
390 ppm, constantly increasing (Dlugokencky et al., 2018), charac-
terized by a slowly decreasing isotopic composition with δ13C = −8.3‰
in 2010 (Graven et al., 2017). In the atmosphere, the 14C signature
is still in the end of the post-bomb decreasing trend (Graven et al.,
2017), close to 102 pMC (percent Modern Carbon). Ultimately, cave air
CDC results from mixing and interactions of these various sources and
their corresponding fluxes at the boundaries of air volumes of the cavity.

The main input of outside air into the underground atmosphere is
natural ventilation, essentially driven by the buoyancy difference be-
tween outside varying air and cave interior quasi-stable air (Fernan-
dez-Cortes et al., 2009; Linden et al., 1990). This buoyancy differ-
ence is mainly controlled by the temperature difference of air masses,
but the effects of moisture and CO2 content can also be significant (De
Freitas and Littlejohn, 1987; De Freitas et al., 1982). In addi-
tion, variations of atmospheric pressure (barometric pumping) coher

ently displace air masses and produce cave breathing (Perrier and
Le Mouël, 2016; Wigley, 1967). A decrease in atmospheric pressure
leads to the extraction of porous space air and of the cavity air to the
outside, while an increase in atmospheric pressure leads to outside air
being pushed into underground spaces. Close to the entrances or in
the case of important porous dry volumes, large effective air volumes
downstream can lead to spectacular motions referred to as “cave wind”
(Conn, 1966). This pumping process is frequency-dependent and effi-
ciently mixes cave air and outside air; it supplements natural ventilation,
and sometimes even dominates (Perrier and Richon, 2010).

Additional processes for CO2 transport occur within the underground
cavities. One important process, particularly in the epikarst, is the de-
gassing of dripping water (Houillon et al., 2017; Balakowicz and
Jusserand, 1986), which can be significant in CO2-poor atmospheres,
especially during episodes of enhanced transient infiltration and sub-
sequent seepage. Reservoirs of SC and GC contribute to cave air both
by diffusion processes, which dominates in the poorly-connected poros-
ity of the surrounding micro-fractured rock, and by buoyancy-driven
processes (Mattey et al., 2016; Badino, 2009), dominant through
well-connected porosity networks. Indeed, CO2-richer, drier or colder
air tends to flow downwards while CO2-poorer, more humid or warmer
air raises through connected networks, for example through a discrete
number of well-connected fracture networks, while most of the encas-
ing porosity remains as a passive static reservoir. In the case of karstic
domains, networks can include, besides fractures, large conduits, some-
times occupied by water (Zhang et al., 2017). In addition, purely ad-
vective processes, associated with pressure gradients can enhance air
motion and CO2 release into the underground even in the absence of
buoyancy-driven flows (Lang et al., 2017). Finally, mixed processes
can occur in the vadose zone, for example washout of pore air by small
water pockets (piston effects) through destabilized capillaries (Genty
and Deflandre, 1998). In the epikarst, fast rain infiltration also results
in sudden pressure increases of the pore air, further facilitating air dis-
placement. The cave air CDC and the associated isotopic signatures re-
sult from the relative contributions of these various transport processes.
Internal mixing (Houillon et al., 2017; Perrier and Richon, 2010),
besides ventilation processes, also plays an important role in the spa-
tial and temporal variations of the cavity CDC. Disentangling the vari-
ous sources of CO2, their interactions, and the various mixing and trans-
port mechanisms resulting into the observed CDC in a cave remains a
heuristic and challenging task (Cuezva et al., 2011). In some cases,
CDC can reach a few %: 2 to 2.6% in the Pech Merle cave (Bourges et
al., 2014a), 2 to 3% in the Lascaux cave (Houillon et al., 2017), up to
4% in the Aven d'Orgnac (Bourges et al., 2001, 2006; Mangin et al.,
1999), or as large as 6% in the Grandes Combes cave (Batiot-Guilhe et
al., 2007). Such high CDC values also lead to substantial health issues
(Roberson-Nay et al., 2017; Smith, 1993; Brodovsky et al., 1960).

In this study, we establish basic features of CDC in the atmosphere
of the Chauvet cave, South-East France, a world heritage site containing
a unique set of elaborated prehistoric paintings dated 36,000 BP, and
one of the oldest human art sites in the world (Clottes et al., 1995).
We summarize the behaviour of CDC since the monitoring of the Chau-
vet cave started in 1997, and we focus on the period from 2014 to 2019
when more comprehensive records are available. We exhibit the domi-
nating importance of water infiltration on temporal variations of CDC.
Finally, we discuss the relevance of these findings for preservation.

2. The Chauvet painted cave

2.1. Geological and geographical contexts

The Chauvet-Pont d'Arc cave (44°13.8′N, 4°15′E) is located in
South-East France on the left bank of the Ardèche river, a tributary
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of the Rhône river, in an Upper Barremian (Lower Cretaceous, Urgon-
ian type) limestone cliff above an abandoned meander (Bourges et al.,
2014a, 2014b; Clottes et al., 1995). The entrance (Fig. 1) is a nar-
row conduit above the slope collapse at an altitude of 200 m NGF. This
conduit gives access from above to large chambers (Brunel, Bauges, and
Hillaire Rooms) with a floor at elevation 186 to 188 m, and, through
a smaller corridor (Megaceros Corridor) to a last and smaller room
(Remote Room, hereinafter RR) with a lower floor at an altitude of
about 179 m. The volume of the first set of chambers (Brunel, Bauges,
and Hillaire Rooms) is estimated to amount about 60,000 ± 20,000 m3,
whereas the volume of the more isolated RR amounts to about
2000 ± 500 m3.

The thickness of the limestone formation above the cave is about
50 m near the entrance and reaches 70 m in the deeper parts of the cav-
ity, with a discontinuous covering layer of soil of varying thickness from
a few decimeters to more than one meter at some rare places. Nowadays,
the vegetation cover is dominated by bushes and deciduous or evergreen
trees (Quercus ilex L.). However, the vegetation density has increased
regularly at least for the last 70 years (Supp. Mat. Fig. 1). In 1980, the
area was included in a nature reserve involving a free evolution of the
plant communities.

2.2. Archaelogical content and its preservation

All rooms are decorated with sophisticated paintings of animals
whose discovery, in 1994, caused a revolution in Paleolithic science
(Clottes et al., 1995, 2001). The high level of refinement of the
paintings showing perspective and movement in a large and elaborated
scenic compositions is unique in prehistoric art; their age is now seri-
ously well constrained by numerous radiocarbon dates (Quiles et al.,
2016; Valladas et al., 2013) to the early period of Aurignacian cor-
responding to 33–36,000 BP, making them among the oldest prehis-
toric paintings in the world, and certainly the most exceptional. In addi

tion to the paintings, various remains were found in the cave, including
cave bear bones, charcoal, or flint tools. Some remains are covered by
speleothems that have been accurately dated by uranium‑thorium meth-
ods (Genty et al., 2004), confirming that some charcoals are older
than 30,000 BP, and consequently establishing the age of the associ-
ated paintings. Despite their great age, the paintings in the Chauvet cave
appear very fresh, human digits drawings on the wall are still intact,
showing a remarkable preservation likely due to the closing of the cave
caused by the collapse of the cliff above the entrance, dated 29–21,000
BP (Quiles et al., 2016; Sadier et al., 2012).

To avoid damage after the discovery in 1994, the cave was kept
as much as possible in its original conditions: 1) the front screen that
buffered the exchanges with the outside has been carefully preserved; 2)
the small entrance of the discovery was enlarged to a minimum size al-
lowing safe visits; 3) while maintaining as much as possible the natural
air exchanges, a security door was installed at the front of the original
rock shelter leading to the discovery pathway, now closed by a climatic
door (Fig. 1a); 4) inside the cave, artificial pathways were constructed
above the floor and severe access restrictions were implemented. In ad-
dition, a monitoring program of the cave microclimate was immediately
initiated to provide information on possible changes in the cave condi-
tions (Bourges et al., 2006, 2014a, 2014b).

2.3. Reference caves and meteorological observations

Several other caves in similar contexts have also been monitored af-
ter 1997, thus providing valuable references (Fig. 1). The closest cave
reference is Aven d'Orgnac (44°19.11′N, 4°24.73′E), located 7 km to the
South-East of the Chauvet cave (Bourges et al., 2001, 2006; Man-
gin et al., 1999), south of the right bank of the Ardèche river. It
is a huge karstic volume in Aptian limestone of at least 240,000 m3,
reaching altitudes as low as 120 m, with a vertical access pit of 15 m
height, opening at the surface of the limestone plateau, at an altitude

Fig. 1. a) Schematic simplified cross-section of the Chauvet cave. b) Position of the instruments in a simplified map of the cave (survey by Perazio Engineering, redrawn after Clottes et
al., 2001). The letter F (b) indicates the presence of large scale fractures in the otherwise homogeneous limestone formation. The horizontal scale of the cross section (a) is the same as
the map (b), but the vertical scale is exaggerated by 50%. The location of the Chauvet cave, the three reference caves (Esparros, Pech Merle, Aven d'Orgnac), as well as other sites and
climatic observatories mentioned in this paper are shown in the inset.
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of 300 m. Water level has been monitored in a 100 m deep borehole
(44°17.517′N, 4°26.05′E), at an altitude of 170 m, 3 km from the Aven
d'Orgnac. The Pech Merle painted cave (44°30.45′N, 1°48.67′E) is lo-
cated on the Western edge of Massif Central in Oxfordian (Upper Juras-
sic) limestone and is characterized by an artificial entrance at 284 m,
equipped with a double door, and a natural narrow opening at 302 m.
The Gouffre d'Esparros cave (43°1.8′N, 0°19.8′E) is located in dolomitic
limestone in the French Pyrenean foreland (Bourges et al., 2006).
The Aven d'Orgnac, Pech Merle and Esparros caves are opened to vis-
itors, with more than several hundreds visitors per day in the summer
season. In addition to the data obtained at these reference caves, we
also refer below to the Villars cave (Fig. 1), located in Jurassic lime-
stone (Jean-Baptiste et al., 2019; Genty, 2008). We also used addi-
tional data from surface meteorological and climate observatories PUY,
PUECH, Montélimar, and OHP (Fig. 1), and further details will be given
when appropriate.

3. Instruments and methods

All sites are monitored with the same instruments and the same
methodology. The data acquisitions with a sampling interval of 15 min
are synchronized.

3.1. Monitoring of Chauvet cave climate

Several parameters have been continuously monitored since 1997,
although several interruptions, due to storms or instrumental dysfunc-
tions, have occurred between 2011 and 2013. Most of our attention, in
the present study, is therefore focused on the period from 2014 to 2019.

The monitored parameters (Fig. 1b) include temperature at several
locations, among which we focused, in this paper, on T1 (atmosphere
and wall temperatures in Brunel Room) and TRR (atmosphere tempera-
ture in the RR). CDC was measured at two locations A (Bauges Room)
and B (RR), whereas atmospheric pressure was monitored between the
Bauges and Hillaire Rooms. CDC was measured 60 cm above the floor
level, at an altitude of 186.83 m for A and 180.98 m for B. In addition,
since 2013, temperature was monitored on the internal side of the col-
lapse debris cone near the entrance (T0, see Fig. 1b). Radon-222 con-
centration was monitored near T0 and T1 using Barasol™ sensors from
Algade (France), with a sampling interval of 15 min, from November
2014 to April 2015.

To measure temperature, we used Pt100 sensors recorded with a
AOIP™, France, SA32 logger until 2013, then with a Campbell™, United
Kingdom, CR3000 data logger, with a sensitivity of 10−4 °C and an ab-
solute precision of 0.01 °C, regularly recalibrated. After 2014, an ad-
ditional autonomous SB56 from Seabird™ with 10−3 °C accuracy and
10−4 °C resolution was installed to monitor temperature near the path-
way in the RR (TRR in Fig. 1b). CDC was monitored with sensitivity of
0.01% (vol.) using sensor PIR7200 from Dräger™ sensors, Germany, in-
tercompared twice a year, and recalibrated when necessary at each visit
in the cave, with a high-precision portable Dräger™ sensor and an MX6
model from Industrial Scientific™, U.S.A., with an oxygen sensor. All
CO2 sensors were recalibrated in situ when necessary with standard gas
references. Portable devices were also used to perform repetition pro-
files in the Chauvet cave along the pathways. Atmospheric pressure was
recorded using a Vaisala™, Finland, PTB110 sensor with a sensitivity
of 0.001 hPa. Relative humidity (RH) was measured from April 1999 to
May 2000 in the Brunel Room with a chilled mirror sensor hygrometer
from General Eastern™, USA, (model M4-type with high precision sen-
sors), with 1% accuracy and 0.01% resolution.

Monitoring of biological germs in the cave air (Leplat et al., 2019)
was also performed regularly at 18 points in the cave since 1997,
using a Duo SAS Super 360 air sampler (VWR-pbi™, Milan, Italy).
At each sampling point, 100 L of air was drawn through a 219-

hole impactor containing appropriate culture media in 55 mm Petri
dishes. The samples were then taken to the laboratory for analysis.
Bacteria were isolated on nutrient agar (Merck KGaA, Darmstadt, Ger-
many), and fungi were isolated on malt extract agar (Merck™, KGaA
Darmstadt, Germany). The plates were incubated in a BD 115 incubator
(Binder GmbH, Tuttlingen, Germany) at 30 °C for three days for bacte-
ria, and at 24 °C for seven days for fungi. These incubation temperatures
are higher than those found in the caves, and were chosen to allow rapid
microbial growth. The number of microbial colonies grown in each Petri
dish was counted after incubation time. Each count was corrected using
the table of the most probable count, as recommended by the manufac-
turer. The results are expressed as colony-forming units per cubic meter
(cfu m−3).

The carbon isotopic ratio of gaseous CO2, δ13C, expressed in ‰ rel-
ative to the standard values of Pee Dee belemnite (PDB), was deter-
mined from cave air sampled in glass tubes at three locations in the cave.
CO2 was extracted with cold traps, then analyzed using mass spectrom-
eters at Orsay University and LSCE/Saclay, France. The two-sigma un-
certainty on the δ13C measurement was 0.1‰. In order to measure the
14C activity of the cave atmosphere CO2, we sampled 2 L of air in evac-
uated glass tanks. CO2 was then extracted in the laboratory using liquid
nitrogen and carbonic ice. CO2 gas was then graphitized on iron with
hydrogen at 600 °C for 3 h. 14C atoms were counted on the ARTEMIS
accelerator mass spectrometer (AMS) of the LMC14 national platform at
CEA/Saclay (Dumoulin et al., 2017; Moreau et al., 2013).

3.2. Monitoring of water seepage and surface meteorological conditions

Cave water drip flow has been monitored continuously since 2013
at two locations named Cierge and Cactus (Fig. 1b), where permanent
dripping takes place, and located in the vicinity of significant fractures
(noted F in Fig. 1b). We used Stalagmate™ Plus Mk2b drip counters
from Driptych (UK). This counter is a box, slightly larger than a 5 cm
size cube, which records falling drop by its acoustic signal. Spurious re-
sponse by noise (voices, cascading water) is rejected by the sensor (Chris
Collister, www.driptych.com).

Surface meteorological data (temperature, atmospheric pressure and
rainfall) are available at Aven d'Orgnac cave since 1997, and continu-
ously since 1921 at the Montélimar meteorological observatory located
33 km north-east of Chauvet cave. Forest-scale CO2 flux (Allard et al.,
2008) has been monitored since 2000 in the Puéchabon climate obser-
vatory (PUECH) by the method of eddy covariance diffusivity (Fig. 1).
Water excess (WE), which represents approximately the amount of in-
filtration water into the soil and then into the cave, is calculated by
subtracting, from the monthly rainfall, the evapotranspiration calculated
using the Thornwaite formula (Genty and Quinif, 1996). Additional
meteorological data recorded in Vallon Pont-d'Arc, in the vicinity of the
Chauvet cave, are also available after 1996.

4. General properties of Chauvet cave climate

4.1. Prior knowledge of thermal and natural ventilation regimes

Since 1997, the Chauvet cave has shown high thermal stability
(Bourges et al., 2014a, 2014b) and RH close to 100%, with a mean
value of 99.67 ± 0.01% from May 1999 to May 2000, and a
peak-to-peak variation of 0.38% during this period. Mean air tempera-
tures in the entrance debris cone (T0) and in the Brunel Room (T1) were
14.47 ± 0.01 °C and 13.89 ± 0.01 °C, respectively in 2017, while air
temperatures were significantly lower (12.9 ± 0.01 to 13.0 ± 0.01 °C)
in the Hillaire Room and the RR (Fig. 1b). The peak-to-peak ampli-
tude of the annual variations was, in 2017, 2.2 °C in the entrance (T0)
and 0.17 °C in the Brunel Room (T1). In the Hillaire Room and the
RR, air temperature showed a high stability, with peak-to-peak ampli
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tude smaller than 30 × 10−3 °C, only affected by small transients due
to atmospheric pressure variations, as expected for a confined location
(Perrier et al., 2001, 2010; Bourges et al., 2006). These variations
were of the order of 20 × 10−3 °C hPa−1 at a period of 4 h and were de-
creasing for longer periods, reaching 10−3 °C hPa−1 at a period of one
week. Such variations, also present and similar in the atmosphere of the
Brunel and Hillaire Rooms, and even in the more perturbed entrance T0,
were smaller at the rock surface. Thermal perturbations due to human
presence during the archaeological campaigns were clearly observed,
with a relaxation of a few days (reaching weeks in the RR), as regularly
noticed in underground conditions submitted to transient weak heating
(Fernandez-Cortes et al., 2011; Crouzeix et al., 2006). Until now,
no permanent irreversible thermal effect due to human intrusions, which
have remained strictly limited in duration and quantity, has been de-
tected in the Chauvet cave. Nevertheless, the RR appeared to be the most
sensitive place to thermal accumulation.

Given the lack of large open access to the Chauvet cave, seasonal
natural ventilation regimes can only be marginal. This was confirmed
by a homogenous and stable radon-222 concentration of
7220 ± 250 Bq m−3, with a yearly variation smaller than 10%. The
main thermal condition observed in the cavity was stable thermal orga-
nization, with the colder layers at the bottom of the main rooms and in
the RR. The main thermal forcing in the case of the Chauvet cave seems
to be the solar heat dissipation on the steep cliff, essentially free of veg-
etation, due to its southern exposure (Fig. 1a). Consequently, the main
thermal gradient in the Chauvet rock formation, and consequently the
Chauvet air volumes, rather than being a vertically constrained strat-
ification, may be horizontal along the south-north direction. Seasonal
variations of the thermal stratification may also happen, competing with
thermal diffusion through the encasing rock, a process that dominates
only near the entrance. While mean air temperature was remarkably sta-
ble in the RR and in the Hillaire Room, slow and steady temperature
evolution was observed in the rest of the cavity.

4.2. Infiltration and hydrogeological regimes

The water table is expected to remain well below the cave floor, at
the level of the Ardèche river, flowing about 100 m lower. While flood-
ing may always happen in a complex karstic context, the Chauvet cave
is located at a relatively high altitude at the edge of the limestone cliff
(Fig. 1a), and infiltrations are the only mode of water intrusion into
the cavity. Water seepage explains the large speleothem development
observed in the cave, currently active, but stopped during the coldest
climate periods, such as the last glacial period between 22.3 ± 0.5 and
15.2 ± 0.5 ka BP (Genty, 2012; Genty et al., 2004, 2005).

The drip rates recorded in the cave show large differences and large
temporal variations, from 10 drops per 15 min to above 1000 drops
per 15 min during large infiltration transients that follow, with an ir-
regular pattern, large rain events. These changing infiltration regimes
reflect varying rainfall, monitored at Aven d'Orgnac (see inset in Fig.
1), and the varying saturation conditions of the vadose zone. The an-
nual rainfall from the meteorological station in Orgnac was on average
922 ± 77 mm yr−1 (from 1997 to 2018), with significant year-to-year
variability (1554.2 mm in 2014, 938.8 mm in 2015, 1100.0 mm in
2016, 536.0 mm in 2017, and 1570.6 mm in 2018). However, a partic-
ular feature to which we return below is the regular decrease of rainfall,
from 2014 to 2017, during the spring-summer period (April 5 to Sep-
tember 5): 311.6 mm in 2014, 297.4 mm in 2015, 263.8 mm in 2016,
180.6 mm in 2017, but it was higher in 2018 (729.8 mm).

The oxygen isotopic composition (δ18O) of drip water from
speleothems remained remarkably stable from 2000 to 2012, with an
average of −6.89 ± 0.22‰. This indicates that the apparent mean res-
idence time of water in the vadose zone above the cavity must be
larger than several months to a few years (Genty et al., 2014), which

is shorter than, for example, in the Villars cave in West of France
(Genty, 2008). Nevertheless, faster transit times through localized
episodic channels are likely to occur. The steady state and transient in-
filtrations should not have any significant effect on the thermal budget
of the cavity. However, a significant effect, especially during transient
infiltration, can be expected on the CO2 input into the Chauvet cave, es-
sentially through piston effects of CO2-rich air from soil and rock layers.

5. Spatiotemporal patterns of CDC in the Chauvet cave atmosphere

5.1. Overview of CDC temporal variations

In contrast with the relative stability of air temperature, CDC dis-
played unexpected and unusual large temporal variations at the two
monitoring locations in the Chauvet cave (Fig. 2a). Yearly parameters
for CDC, in the Chauvet cave and in the reference caves, are listed in
Table 1. In 2017, mean CDC was large at both locations (2.2% and 3.7%
in A and B, respectively). CDC values larger than 3% are rarely observed
in caves. For example, CDC did not exceed 0.5% in the Esparros cave
(Fig. 2b), which is comparable with the Villars cave (Genty, 2008) or
with other well ventilated sites such as mine tunnels or the Vincennes
quarry near Paris, where CDC did not exceed 1% (Perrier and Richon,
2010). In the Pech Merle cave, CDC values were rather high, and var-
ied around a mean value of 2% (Table 1). In the Aven d'Orgnac cave,
CDC in the visited section did not exceed 2.9%, until June 2016, where
it reached the maximum CDC threshold of 3% identified as the safety
limit for visitors. Artificial ventilation that mimics the winter natural air
circulation was then implemented and maintained permanently, result-
ing in a stationary low CDC in the visited section (Fig. 2b).

In the Chauvet cave, not only the mean CDC was large, but a quasi-si-
nusoidal yearly variation was also observed (Fig. 2), with the peak CDC
exceeding 3.2% in A and 4.4% in B in 2017 (Table 1). While the yearly
variation in B was almost sinusoidal, the variation in A showed succes-
sive linear periods with significant break points, except near its minima.
The annual peak-to-peak amplitudes varied from 2015 to 2018, but re-
mained slightly larger in A (1.5 to 2%) compared with B (1.5 to 1.7%).
In the Esparros and Aven d'Orgnac caves, before 2016, the yearly cy-
cle was dominated by strong seasonal ventilation during winter (Fig.
2b). In the Pech Merle cave, the seasonal natural ventilation regimes
were modified by ventilation, artificially induced during visits of tourist
groups (Bourges et al., 2014a). In addition, artificial remediation has
been implemented by opening the entrance double door during dedi-
cated periods, which reduced CDC in the visited section. Even in the ab-
sence of artificial action, in the Pech Merle cave and the upper sections
of the Aven d'Orgnac cave, the maximum CDC in the visited section did
not reach the levels regularly observed in the Chauvet cave. While a
larger mean CDC was expected in the RR (at CO2 B), a large annual vari-
ation was surprising and may have appeared, at first, incompatible with
the confinement suggested by the temperature stability.

Not only CDC was large and peculiar in the Chauvet cave, but a
clear increasing trend of CDC was revealed after 2013 (Fig. 2a). This
behaviour was not observed in any of the reference caves (Table 1),
except in the deep network of the Aven d'Orgnac cave, where spele-
ological visits had to be cancelled after 2016. While CO2 A also in-
creased after 2013, the trend was particularly clear and continuous for
CO2 B, with spectacular yearly maxima of 3.85% in 2015, 4.13% in
2016, and 4.44% in 2017 (Table 1). The yearly minima of CO2 B
also increased similarly (Table 1). In contrast, the increase was less
pronounced for the yearly minima of CO2 A, and less continuous for
the corresponding yearly maxima. When linear fitting is performed
from October 15, 2014 to October 15, 2017 (Fig. 2a), we obtain a
slope of 0.15 ± 0.08% yr−1 for A and 0.26 ± 0.07% yr−1 for B. This
trend, however, did not continue in 2017 and 2018, since a decreasing



UN
CO

RR
EC

TE
D

PR
OO

F

6 F. Bourges et al. / Science of the Total Environment xxx (xxxx) 136844

Fig. 2. a) Time-series of recorded CDC in the atmosphere of the Hillaire Room (A) and the Remote Room RR (B) of the Chauvet cave from 2014 to 2019. The grey arrows indicate some
of the major break points in the evolution of CO2 A. The dashed lines correspond to assumed long-term trends, which consist in a linear fit performed from January 1, 2014 to March 1,
2017, and a decreasing linear evolution afterwards. b) Corresponding CDC time-series recorded in the three reference caves: Esparros, Pech Merle, and Aven d'Orgnac. c) Corresponding
time-series of CDC in the Chauvet cave (residuals) after subtracting the long-term trend (shown in a).

trend is observed after March 1, 2017, with a slope of −0.3 ± 0.05%
yr−1 for A and − 0.2 ± 0.05% yr−1 for B. (Fig. 2a). When this long-term
trend is subtracted, we can compare the annual variations of these resid-
uals of A and B (Fig. 2c). On the average, the annual variations of the
residuals appeared to be in phase (see Supp. Mat. S2).

5.2. Overview of CDC temporal variations since 1997 in relation with other
parameters

A broader perspective is given when considering the complete data
set since 1997 (Fig. 3). The values of CDC in 2017 were unprece
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Table 1
Overview of CO2 concentration, expressed in % (vol.) in the atmosphere of the Chauvet cave and of three reference caves (Fig. 1) for the period from 2013 to 2018. For each year, the
average concentration (arithmetic mean) with the minimum, maximum and annual amplitude of the time-series are given after averaging with a running window of 2 days. Values are not
given for the Aven d'Orgnac cave after the implementation of an artificial ventilation scheme in 2016.

Location CO2 (% vol.) 2013 2014 2015 2016 2017 2018

Chauvet A Mean CO2 (%) 1.974 ± 0.003 2.201 ± 0.004 2.184 ± 0.003 1.654 ± 0.002
Min-max-annual amplitude (%) 1.22-2.77-1.55 1.26-3.27-2.02 1.34-3.19-1.85 1.13-2.30-1.17

Chauvet B Mean CO2 (%) 3.244 ± 0.003 3.423 ± 0.003 3.697 ± 0.003 3.324 ± 0.003
Min-max-annual amplitude (%) 2.36-3.85-1.49 2.54-4.13-1.58 2.76-4.44-1.68 2.31-4.02-1.72

Esparros Mean CO2 (%) 0.199 ± 0.001 0.288 ± 0.001 0.249 ± 0.001 0.254 ± 0.001 0.242 ± 0.001 0.314 ± 0.001
Min-max-annual amplitude (%) 0.026-0.41-0.38 0.037-0.57-0.53 0.023-0.43-0.40 0.027-0.51-0.48 0.028-0.44-0.42 0.028-0.58-0.55

Pech Merle Mean CO2 (%) 1.833 ± 0.002 2.149 ± 0.002 1.891 ± 0.002 2.125 ± 0.002 2.119 ± 0.002 1.890 ± 0.002
Min-max-annual amplitude (%) 1.27-2.57-1.3 1.65-2.6-0.95 1.25-2.86-1.6 1.35-2.87-1.52 1.64-2.28-1.19 1.40-2.32-0.92

Aven Mean CO2 (%) 0.811 ± 0.004 1.426 ± 0.006 1.264 ± 0.005 0.705 ± 0.004
d'Orgnac Min-max-annual amplitude (%) 0.11-1.93-1.82 0.12-2.78-2.66 0.13-2.52-2.39

dented. While CDC values at B larger than 4% have been observed be-
fore in 2008 and in 2009, they have not persisted, and have not been
accompanied with a simultaneous larger CDC in A. CDC, in contrast, has
been relatively stable before 2007, and CO2 B did not exceed 3.3%. The
temporal evolution of CDC in the Chauvet cave from 1997 to 2017 fol-
lowed the T1 temperatures in the Brunel Room (Fig. 3b), which, inci-
dentally, also displayed an anomalous and regular increase from 2012
to 2017. However, such temperature increase did not appear to be sys-
tematically related to the evolution of the outside temperature in Orgnac
(Fig. 3e). Furthermore, the yearly amplitude in temperature T1 was not
clearly following the yearly amplitude of CO2 A or CO2 B (see Supp. Mat.
Fig. S3–4).

An independent view on the conditions in the Chauvet cave is given
by the monitoring of microorganisms (Fig. 3c). The location of the 18
sampling points is shown in Supp. Mat. Fig. S5. Mean concentrations,
289 ± 31 cfu m−3 for bacterial germs and 80 ± 11 cfu m−3 for fungal
germs, were rather low compared with the concentrations in other caves
monitored in a similar fashion (Leplat et al., 2019). This can be ex-
pected in an isolated cave where biological nutrients are rare and ac-
cess is restricted. The largest mean bacterial (478 ± 157 cfu m−3) and
fungal (213 ± 108 cfu m−3) concentrations were not observed near the
entrance, but in the Megaceros Corridor. Increase of bacterial concentra-
tion near the end of caves has been reported in other cases, but was not
associated with a fungal concentration increase (Leplat et al., 2019).
When the values from the points inside a same large chamber were av-
eraged (Fig. 3c), spatial variations appeared small compared with tem-
poral variations. Comparatively, larger fungal concentration observed in
2013 returned to previous low 2004 level within a few months. Thus,
the trends observed from the monitoring of germs in the Chauvet cave
were not related to the global changes of underground conditions re-
vealed by CDC (Fig. 3a) and temperature data (Fig. 3b).

The CDC temporal variations observed in the Chauvet cave (Fig.
3a,b,c) did not follow the evolution of the CDC in the outside atmos-
phere, as reflected by the steady variations of atmospheric CDC in PUY
and OHP (Fig. 3d), or of the regional CO2 flux at forest scale recorded
in PUECH (Fig. 3d), which was characterized by a significant evolu-
tion of its seasonal modulation (Rodriguez-Calcerrada et al., 2014).
Other time-varying surface forcings are surface atmospheric tempera-
ture (Fig. 3e) and rainfall (Fig. 3f). The surface meteorological forcing
displayed little variations from Orgnac (7 km from Chauvet) to Montéli-
mar (33 km from Chauvet), and thus can be considered regional rather
than local.

5.3. Spatial structure of CDC versus time

In addition to the two locations A and B measured continuously,
CDC was also repeatedly measured at reference locations along

the pathway from the entrance to the end of the RR (Supp. Mat. Fig.
S6). The highest CDC values have been systematically associated with
a decrease of oxygen concentration. To separate the spatial variations
from the temporal variations, dominated by the seasonal variations, the
obtained CDC profiles were normalized to the value measured in lo-
cation A (Fig. 4). The CDC clearly remained remarkably uniform in
two main compartments: the large domain comprising the Brunel and
Hillaire Rooms, where sensor A is located, and the RR, where sensor B is
located. Some sub-compartments may be distinguished within the main
compartment, with a slightly more variable zone in the Brunel Room,
and a zone with a small systematic CDC increase between the Bauges
and Hillaire Rooms. In two transitional domains (the entrance zone and
the Megaceros Corridor leading to the RR), CDC was more variable.
In winter, the transition zone was sometimes wider than a few meters
in the entrance tunnel and sometimes rather abrupt within one meter,
whereas the transition was from 2 to 3 m wide in the Megaceros Corri-
dor. In summer, transitions are narrower, of the order of a few decime-
ters, in the entrance conduit and the Megaceros Corridor. In the latter,
it is located at the topographic high of the slope down to the RR. When
radon concentration is measured simultaneously with the CO2 profile
(inset of Fig. 4), homogeneous values are also observed from the Brunel
Room to the Hillaire Room, with only a 10% increase at the entrance of
the RR, where CDC is increased by 65%.

The variations in CDC along the profile did not reflect a horizontal
stratification. Indeed, when considering CDC values versus the altitude
in the cave along the pathway (Supp. Mat. Fig. S7), no variations were
observed in a given compartment. In a given room, for all available time
periods, CDC was homogeneous over a height of 3 to 6 m, larger than
the mean altitude difference between A and B across the Megaceros Cor-
ridor. Thus, vertical CO2 stratification, observed in some cases (Choppy,
1965), is completely ruled out in the case of the Chauvet cave, where
horizontal large-scale organization prevails.

5.4. CDC and natural ventilation

The temporal variations of CDC cannot be attributed to natural ven-
tilation or seasonal mixing with outside atmosphere driven by temper-
ature variations. In purely horizontal systems, the ventilation rate is
basically constant throughout the year (Richon et al., 2005). In a
dead-end system with opening above, cold air enters the underground
cavity when the outside air density is larger than the mean density in
the cavity (Perrier et al., 2002). When outside air enters the cavity,
CDC is suddenly reduced to small values, as confirmed in the Aven d'Or-
gnac cave (Fig. 5a). The CDC then returns to typical cave values as soon
as the outside temperature increases again (Fig. 5). Therefore, such ef-
fect leads to a specific temporal pattern with large and rapid variations,
common in all similar systems, such as the Esparros cave or the Vin
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Fig. 3. Long-term overview of environmental conditions in the Chauvet cave: a) Daily values of CDC in the Chauvet and Esparros caves from 1997 to 2019. Values obtained in the Chauvet
cave during the regular maintenance inspections are used when the recording system was not functioning from 2011 to 2013. b) Daily values of temperature recorded in the Brunel
Room of the Chauvet cave (T1), in the air and at the wall. c) Mean microbial count expressed in colony-forming units per cubic meter of air, separately for bacteria and fungi. The data
from various points available in the main rooms are averaged (see Supp. Mat. Fig. S5). d) CDC in the atmosphere measured in the PUY and OHP observatories (left scale). In addition,
the CO2 flux to the atmosphere measured from eddy covariance diffusivity in PUECH is shown (scale on the right hand side). e) Mean daily temperature at Orgnac and at Montélimar,
presented with a running average of 90 days length. The mean yearly temperatures at the two locations are shown with the scale on the right hand side. f) Monthly rainfall at Orgnac and
at Montélimar. The yearly rainfall at the two locations is shown with the scale on the right hand side.
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Fig. 4. Ratio of CDC to the CDC in the Chauvet cave at the reference point A along the
pathway from the entrance to the end of the RR, obtained during the regular maintenance
visits in the cave. The locations of the permanent measurement points A and B are in-
dicated above the horizontal scale. CDC is shown in inset versus radon concentration as
measured along a profile from the entrance to the beginning of the RR carried out on July
4, 2019.

cennes quarry near Paris (Perrier and Richon, 2010). Such a tempo-
ral variation is excluded in the Chauvet cave, where the moments of the
mean values of CDC do not coincide with the moments of the year when
the air densities outside and inside the cave are equal.

Furthermore, when natural ventilation occurs, radon concentration
behaves in the same manner as CDC (Perrier and Richon, 2010;
Bourges et al., 2006). This is not observed in the Chauvet cave (

Fig. 5a), where radon concentration is rather constant throughout the
year, not matching the CDC variation. The radon concentration shows
only a possible 10% increase during the summer months, unlikely to
be attributed to a thermal ventilation effect driven by the outside tem-
perature, the required temperatures being then largely above the mean
cave temperatures. The decoupling between radon and CDC, also men-
tioned previously for the spatial variation, unambiguously rules out a
temporal variation of CDC induced by mixing with outside atmosphere.
In addition, if a reduction of CDC would be due to an input of outside
air into the cave, this would have been revealed by the presence of bio-
logical germs, especially during the spring. The stability of the biologi-
cal cleanliness of the Chauvet cave air (Fig. 3) also supports an atmos-
pheric confinement of the cave. Natural ventilation in any case could
not be expected to produce a large effect because of the presence of
doors (Fig. 1). Only leakage through the debris cone obstructing the
natural entrance and possibly through the aperture under the climatic
door (4 cm × 60 cm) remains possible. Radon concentration suggests
that such leakage, if present, cannot modify cavity air parameters by
>10%.

5.5. Carbon isotopic composition of Chauvet cave CO2

The carbon isotopic composition of CO2 in the Chauvet cave atmos-
phere was measured at 3 locations at various times (Fig. 6). The car-
bon isotopic composition appeared stable through time, with a mean
δ13C value of −23.3 ± 0.2‰ (n = 17), similar to the mean value of
−23.0 ± 0.2‰ (n = 4) reported in the Lascaux cave (Houillon et
al., 2017), or the mean value of −22.5 ± 0.45‰ in the Villars cave
from an extensive data set (n = 71) (Genty, 2008). In the Cussac
cave (Dordogne, France), a mean value of −23.3 ± 0.35‰ (n = 7)
was reported from 2009 to 2014. These δ13C values also coincide with

Fig. 5. Comparison between the Chauvet confined cave and the Aven d'Orgnac open pit cave: a) Outside temperature in Orgnac (grey curve) and Vallon Pont d'Arc, with a running window
of 4 days duration (orange and red curves for Orgnac and Vallon Pont d'Arc, respectively), compared with the temperature inside the Aven d'Orgnac cave (black curve) and Chauvet cave
(blue curve). The cave temperatures, recorded in saturated conditions, were corrected to correspond to the mean RH recorded outside. The outside and inside temperatures cross when the
air densities outside and inside are equal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Carbon isotopic ratio (δ13C) of atmospheric CO2 as a function of the inverse of CDC expressed in %−1 for three locations in the Chauvet cave. Circles show the data points and
diamonds the averages for each location. The lines refer to mixing models between one internal pole (4.5%, −22.6‰ or 4.5%, −24.6‰) and the outside atmosphere (0.04%, −8.5‰), with
the volume fraction of outside atmosphere along the mixing lines indicated in %.

the smallest values reported in deep Gibraltar karst (Mattey et al.,
2016), a rather different type of underground system.

At the Chauvet cave, no clear relationship emerged between δ13C
and CDC (Fig. 6), unlike what was observed in other caves such as
the Villars cave, for example, where δ13C decreases when CDC in-
creases (Genty, 2008). While the mean CDC values are different, the
mean values in the different compartments were remarkably similar:
−23.36 ± 0.28‰ (n = 8) in the Bauges Room, −23.19 ± 0.33‰
(n = 7) in the RR, and − 23.65 ± 0.03‰ (n = 2) in the Megaceros Cor-
ridor. These values are also consistent with δ13C values associated with
the highest CDC in other caves in the South of France. Thus, at the
Chauvet cave, the temporal δ13C changes remained small around a value
likely to be close to the minimum value found in underground systems
and larger than the typical values found in soils. Some locations ap-
peared more stable with time than others, and larger δ13C values were
measured between 2005 and 2007 (Supp. Mat. Fig. S8), followed by an
overall decreasing trend. The temporal variations were generally small,
but were significant in comparison with the measurement uncertainty
(0.01 to 0.03‰).

Mixing with atmospheric air (Fig. 6) does not account for the ob-
served temporal variations, especially for CO2 B, but also for CO2 A.
However, the point representing the average value of δ13C for CO2 A
is compatible with some average mixing with atmospheric air. Thus,
while temporal variations cannot be interpreted by changes in atmos-
pheric air content, static mixing can explain the lower average value
of CDC in compartment A. To account for the varying values of δ13C,
several CO2 sources in the Chauvet cave must be present, in accor-
dance with previous studies performed at other locations (Mattey et
al., 2016; Genty, 2008). One end-member is characterized by δ13C
around −24‰ and another end-member with a larger δ13C, possibly
greater than −20‰, associated with a lower equilibrium CDC.

These possible two end-members could correspond to two distinct GC
sources, rather than SC.

More than long-term variations, temporal variations appeared more
organized according to the time of the year (Supp. Mat. Fig. S9): a co-
herent increase was observed from January to June, followed by a de-
crease and lower values from September to December, suggesting the
dominance of a seasonal cycle. However, the number of data (n = 17)
is not sufficient to be able to draw firm conclusions on this basis alone.

The δ13C data are further complemented by 14C data (Table 2).
Since the first measurements, in 1999, we have observed a decreasing
trend in the 14C activity of all the stations of about −4 pMC, which cor-
responds to a gradient of about 2 pMC over 10 years, following the ob-
served atmospheric decreasing trend. The difference between the 14C ac-
tivity in the cave and the 14C activity in the outside atmosphere has also
decreased over the past 20 years: it was about −3 pMC in 1999 and − 4
pMC in 2017. A synthesis of the available data (Table 1) indicates that
the main frontal part of the cave (Bauges Room) in 2017 shows a 14C ac-
tivity 4 pMC lower than that of the atmosphere, and that the RR shows
a 14C activity 2 pMC lower than that of the Bauges Room. Thus, we sug-
gest that the source of the CO2 in the deepest part of the cave (RR) is, on
the average, made of older CO2, due to the decomposition of older SOM.
The Bauges Room has a 2 pMC higher 14

Table 2
Summary of CO2 isotopic composition analyzed simultaneously with 14C activity in the
Chauvet cave and comparison with the outside atmosphere. Uncertainties include mea-
surement uncertainties; pMC stands for percent Modern Carbon.

Quantity Bauges Room Remote Room Outside atmosphere

δ 13C (‰) −23.58 ± 0.05 −23.19 ± 0.05 −8.00 ± 0.05
14C activity (pMC) 102.9 ± 0.2 100.9 ± 0.2 107.0 ± 0.2
CDC (ppm vol.) 15,180 ± 10 27,500 ± 10 350 ± 10
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C activity, not because of a higher atmospheric component, but more
likely because of a more recent SOM source or a more important part of
bomb-contaminated SOM.

5.6. Spectral content and apparent barometric effect

The frequency content of CDC in the Chauvet cave appeared sig-
nificantly different compared with that of the reference sites (Fig. 7).
Fourier amplitude spectra of CDC in the Chauvet cave showed a large
semi-diurnal peak S2, significantly larger than the diurnal peak S1,
barely visible in the case of CO2 A. A significant peak at 8 h also
emerged clearly. In contrast, CDC in the Esparros, Aven d'Orgnac, and
Pech Merle caves exhibited the opposite behaviour, with a dominant S1
peak. No significant earth-tide peak M2 can be identified above the con-
tinuum level in any of the underground sites.

Dominance of the S2 peak indicates sensitivity to atmospheric pres-
sure variations, while dominance of the S1 peak reveals diurnal tem-
perature or human effects (Perrier and Richon, 2010; Richon et al.,
2009). For example, the S1 peak in the Pech Merle cave reflects CO2
human breathing during visits and transient air motions due to door
openings. Dominance of S1 peak is compatible with the fact that the
Esparros, Aven d'Orgnac and Pech Merle caves are affected by large
natural ventilation effects which exhibit characteristic large daily and
seasonal variations (Fernandez-Cortes et al., 2009; Batiot-Guilhe
et al., 2007; Perrier et al., 2007). The presence of a signature of
atmospheric pressure variations in CDC, however, is not necessarily
reasonable in a confined cavity such as the Chauvet cave, especially
in the RR where the effect is the largest. Instead, the apparent pres-
sure sensitivity, obvious in the time-series (Fig. 8a), results from an
often overlooked instrumental artefact. Indeed, conversion of IR ad-
sorption to CDC value C is sensitive to atmospheric pressure p, which
is not corrected dynamically, causing a relative coupling (ΔC/C)/p of

0.15% hPa−1, particularly visible at the Chauvet cave where the mean
concentration, C, is unusually large (Supp. Mat. Fig. S10).

After applying the necessary instrumental correction factor, only
small residual variations are observed (Fig. 8b), even smaller at other
times (Supp. Mat. Fig. S11); the peaks completely vanish from the am-
plitude spectra (Fig. 8c). The fact that no diurnal variations remain, in
both CO2 A and B, also supports the previous conclusion on the absence
of natural ventilation effects in the Chauvet cave. The corrected CDC ap-
peared particularly stable in the B compartment (Fig. 8b and Supp. Mat.
Fig. S11), whereas transient variations appeared clearly in the A com-
partment, suggesting that another process controls CDC in the Chauvet
cave.

6. Infiltration, seepage and CDC in the Chauvet cave

6.1. Monitoring of seepage in the Chauvet cave and mid-term CDC temporal
variations

A significant clue on the origin of temporal CDC variations was
identified when considering the drip counter data (Fig. 9), focusing
on the 2014–2018 period when high resolution data are available al-
most continuously. In this figure, the drip counts, recorded with 10 min
sampling interval before 2017 and 15 min interval after 2017, were
converted to a homogenous time interval of 30 min. The drip count
data from the two locations, separated by about 45 m, showed some-
times significant differences (Fig. 9c), but, most of the time, the tem-
poral variations, spanning over two orders of magnitude, were remark-
ably similar at the two locations, simultaneous at long timescales. At
timescales smaller than one day, the two drip counts were less syn-
chronous. Low drip counts are observed in the summer, and sudden in-
puts were regularly observed in fall and winter. While peak seepage dis-
charges seemed similar over the time period considered in Fig. 9, the
base level appeared to have continuously increased with time, an ef-
fect that cannot be attributed to spurious displacements of the sensors,

Fig. 7. Fourier amplitude spectra as a function of frequency, expressed in cycles per day (cpd), of a) CDC in the Chauvet cave A compartment, b) CDC in the Chauvet cave B compartment,
c) CDC in the Esparros cave, and d) CDC in the Pech-Merle and Aven d'Orgnac caves.
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Fig. 8. a) Time-series of CDC residuals in the Chauvet cave, obtained by subtracting the seasonal trend given by a polynomial fit for the corresponding time section. The corresponding
time-series for atmospheric pressure is shown in black with the scale given on the right hand side. b) Corresponding time-series of CDC residuals, corrected for the effect of atmospheric
pressure on the CO2 recording instrument (see text). c) Comparison of the amplitude spectra of CDC before and after correction for the atmospheric pressure effect.

and was similar at both locations. The peak discharge remarkably fol-
lowed rain episodes shown in Fig. 9d. Furthermore, the seepage events,
measured locally under centimetric dripping points in the Chauvet cave,
are clearly associated with water level increase in the Orgnac borehole,
where a large-scale aquifer is sampled, 7 km from the Chauvet cave. The
infiltration episodes, thus, are not only homogeneous at the scale of the
Chauvet cave, but are regional events in the karst formations.

A clear relationship emerged between the drip count (Fig. 9c) and
CDC time-series (Fig. 9b). A sudden decrease of CDC from the maximum
level was associated with the onset of large seepage events, an effect
particularly clear with CO2 A, but also visible with CO2 B. Conversely,
CDC increased regularly during the decreasing period of seepage, from
April/May to August. Smooth sections of CDC, in general, corresponded
in Fig. 9 to smooth decreasing variations of drip count (for example
June to August 2015 or 2018), while rapid negative changes of slope in
CDC corresponded to the onset of water flow. The calculated WE con-
firms this observation (Fig. 9d), with large WE systematically obtained
during seepage events, and water deficits, taken as 0 when WE was neg-
ative in the calculation, systematically associated with increases of CDC.
Rain events occurring during the water deficit period (for example the
summer months of 2016 and 2017 in Fig. 10), are not associated, as
expected, with seepage in the cave. The onset of water excess is a better
predictor of CDC reductions than the drip flow. Indeed, when consider-
ing the section from May 2017 to September 2018 (Fig. 9 and, with an
expanded timescale, Supp. Mat. Fig. S12), the beginning of the fast re-
duction of CO2 A (beginning of November 2017) does not correspond to
measured drip flow at Cierge point, but coincides with the onset of wa-
ter excess evaluated from the surface. This fact indicates that the process
controlling CDC is not the water flow itself, but the hydrogeological con-
dition in the rock and soil above the cavity.

Temperature in the Chauvet cave was also affected by water dis-
charge events. This effect was particularly clear with temperature T0

in the debris cone (Fig. 9b), with sudden negative change of slope sim-
ilar to the effect on CO2 A, particularly clear in September 2015 or No-
vember 2017, but slightly different in September 2017. The seasonal cy-
cle of T0 followed the seasonal cycle of CDC by one to two months.
The sudden onset of water discharge was also associated with a positive
change in temperature T1 in the Brunel Room (Fig. 9a), while no clear
change was observed in the RR, with TRR remaining remarkably stable
within 0.02 °C over the 4 year period. Such sudden changes in temper-
ature cannot occur from temperature diffusion effects at depth, but can
result from advection. In the Chauvet cave, water discharge therefore
largely controls the intermediate timescale variations of temperature T0,
with a negative correlation, whereas a smaller but significant effect is
produced on temperature T1, with a positive correlation. Not only was
the atmosphere temperature affected in T1, but the wall temperature as
well. No influence was identified so far on TRR.

Consequently, the data unambiguously indicate that the CDC sea-
sonal cycle in the Chauvet cave was associated with the seasonal hy-
drogeological infiltration regime, with large sudden seepage event fol-
lowing rainfall with a time scale of a few days maximum, followed by
smooth relaxations of a few months duration. Therefore, two timescales
control infiltration: a long timescale of a few months, probably associ-
ated with drainage and capillary adsorption in the bedrock porosity, and
a short timescale of the order of a few hours to two days, probably asso-
ciated with fast drainage through large connected fractures.

6.2. Long-term relationship between WE and CDC

The relationship between the CDC cycle and the hydrological sea-
sonal cycle was also observed when considering the whole data set from
1997. Drip count data were only available after 2011 (Supp. Mat. Fig.
S13). The onset of CDC reduction always corresponded to the begin-
ning of the water excess season (Fig. 10), which corresponded to wa-
ter infiltration into the cavity, in most cases, and, with a delayed re
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Fig. 9. Overview of the effect of infiltration into the Chauvet cave from 2014 to 2019: a) Air and wall temperatures in the Brunel Room (T1, scale on the left) and air temperature in the
Remote Room (TRR, scale on the right). Time-series with 15 min sampling interval are averaged with a running window of 12 h. b) CDC in the Chauvet cave (locations A and B, left scale)
and temperature in the entrance debris (T0, right scale). c) Drip counts at Cierge and at Cactus (see Fig. 1b, left scale) and daily values of water level in the Orgnac borehole (right scale).
The drip counts, converted to a homogeneous sampling interval of 30 min, are filtered with a running window of 12 h. d) Monthly rainfall and calculated Water Excess in Orgnac. The
vertical dashed red lines refer to the change from water deficit to water excess conditions, systematically associated with CDC reduction. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

sponse to the water level in the Orgnac borehole. Furthermore, the
water deficit periods did coincide, over the whole 1997–2018 period,
with the seasonal increase of CDC. The mid-term slow variations of

CDC, over 4 to 5 years, however, were not systematically associated
with a similar trend in water level or WE. Indeed, the CDC increase
observed from 2014 to 2017 was related to both a longer period of
small WE
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Fig. 10. Overview of the effect of infiltration on the CDC in the Chauvet cave from 1997 to 2019: a) CDC in the Chauvet cave. b) Monthly rainfall and calculated Water Excess at Montéli-
mar. The vertical purple lines indicate the seasonal change from water deficit to water excess conditions, systematically associated with CDC reduction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

and longer summers with water deficit. Whereas the decrease from 2008
to 2010 was associated with both a larger WE and a shorter water deficit
season, a similar correlation is not observed from 2004 to 2008. From
1997 to 2002, a period of larger WE (2000 to 2002) followed a period
of smaller WE (1997 to 1999), but mean CDC and seasonal amplitudes
remained stable from 1997 to 2002, irrespective of the mid-term vari-
ations in the hydrogeological forcing. Thus, a relationship between in-
filtration and CDC is not systematic at the inter-annual scale and not
clear for long-term trends (Supp. Mat. Fig. S14). When present, it ap-
pears strongly non-linear, possibly dependent on the past history. This
suggests that long-term CDC variations are controlled by another effect,
such as changes in vegetation density above the cave, due to cessation
of pastoral activities. The latter must have increased the SOM source
and the soil CO2 production (more roots and more micro-organisms), in
addition to the evapotranspiration which affects the infiltration pattern,
and then CDC in the cave. In addition, the increase of outside temper-
ature may also have contributed further to a higher CO2. Modifications
of the aerological conditions in the entrance tunnel before 2004, might
also have played a role.

The δ13C data confirmed the dominant control of seepage on the cave
air CO2. While δ13C was not clearly associated with CDC (Fig. 6), in
contrast with sites such as the Villars cave having a broader range of
CDC values (Genty, 2008), a clearly negative correlation is revealed
as a function of WE (Fig. 11), with a correlation coefficient of −0.77
(n = 17). In Fig. 11, negative values of WE (water deficit domain)
are also included, with WE during the fall season associated with the
smallest δ13C values and with water deficit during the spring and sum-
mer seasons associated with the largest δ13C values. Despite the low
temporal resolution of the cave air sampling, we observed that: 1) the
δ13C of CO2 in the cave exhibits lower values in the fall (with a mini-
mum in October), when the CDC is at its maximum and WE has just in-
creased; 2) the δ13C of CO2 in the cave is at its maximum when CDC is at

Fig. 11. Carbon isotopic ratio δ13C of atmospheric CO2 versus calculated Water Excess
in Montélimar. The dash-dot line represents the fitted linear trend, which has a slope of
−0.0084‰/(mm/month).

its minimum in early spring. The seasonal variations suggested in the
time-series (Supp. Mat. Fig. S9) reflects the seasonal variations of the hy-
drological cycle.

7. Discussion and interpretation

From the observations presented above, conclusions can be drawn on
the origin of CO2 and its transport modes into the Chauvet cave. While
alternative interpretations are possible, a model is proposed as a reliable
basis for future detailed modelling.
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7.1. Seepage as control of temperature variations

The short-term temporal variations of CDC and of some cave tem-
perature, with timescales smaller than a few months, were mainly con-
trolled by the seepage regimes. Concerning the pluri-annual variations
and long-term trends, different conclusions emerged for CDC and tem-
peratures.

For temperature T1, the observed long-term trend can be explained
by surface warming. When considering only thermal diffusion, the tem-
perature time-series at a given depth can be calculated analytically for
one-dimensional heat penetration in a stratified half-space (Perrier et
al., 2005a). Assuming a homogeneous half-space with a thermal diffu-
sivity of 10−6 m2 s−1, the measured T1 time-series is compared in Fig.
12 with the calculated time-series at various depths, taking the atmos-
pheric temperature time-series recorded at the Montélimar observatory
(Fig. 12a) as boundary condition at the surface. The long-term varia-
tions of the calculated time-series are in good agreement with the mea-
sured variations, especially for the largest considered depth of 40 m. The
real effective depth corresponding to the measurement point T1 is diffi-
cult to estimate, as the topography of the cliff may play a role; a reason-
able value lies between 20 and 40 m. Not only the average increasing
trend is well accounted for, but also the comparatively stable tempera-
ture period between 2004 and 2014. However, neither the annual ampli-
tude nor its phase can be explained by simple one-dimensional heat dif-
fusion (Fig. 12b). Yet, caution remains necessary. In agreement with the
previous observation (Section 7.1), temperature variations in T1 were
affected by seepage during the season of positive WE. Thus, the annual
heat wave may be modified and might still constitute the main varia-
tion, with transients caused by seepage. The groundwater arriving in the
deeper parts of the cave is probably not recent rainfall, but old rainfall
pushed from above by fresh rainfall, likely by a piston effect (Genty et
al., 2004, 2014; Bourdin et al., 2011), hence in thermal equilibrium
with the rock above the cave.

Thermal effects due to rainfall are also expected to be more impor-
tant in the frontal part of the cave, decreasing rapidly when moving in-
side the cave towards the north (Fig. 1a). The thermal effect of seep-
age on T0 temperature, the closest to the entrance (collapse structure),
depends on the difference between atmospheric temperature and the
temperature measured in the debris cone, and thus can be either posi-
tive or negative (Fig. 9b). Most of the time, however, the largest seep-
age events were observed during early fall, when atmospheric tempera

Fig. 12. a) Surface daily temperature at Montélimar averaged with a running window of
48 days (left scale) and yearly mean temperature (right scale). b) Daily temperature in the
Brunel Room (T1, scale on the left) with the calculated temperature by heat diffusion from
the Montélimar surface temperature at 20 m, 30 m and 40 m depth.

ture becomes smaller than T0 temperature, and the observed temper-
ature change was negative. At this location, in addition, transient in-
filtration of cold air, during winter, through the porous collapse zone,
may also contribute to negative temperature changes. In the case of T1,
deeper in the cave, the situation is different (Fig. 9a). At that loca-
tion, the transit times are longer and the amount of rock material to
cross is larger, therefore, seepage water reflects, rather than exterior at-
mospheric temperature, the mean temperature closer to the ground sur-
face in the rock. As mentioned above (Section 4.1), the Chauvet scarp
is characterized by a negative stationary temperature gradient towards
the north, and similarly negative from surface to depth. Consequently,
away from the entrance zone, if the seepage water temperature is indeed
higher than the mean cave temperature at the drip point, then it is rea-
sonable that the effect of water input leads to a temperature increase.

7.2. Seepage as control of CDC: from secondary CDC to primary CO2 flux

The situation is less straightforward to explain quantitatively with
the variations of CDC, but nevertheless physical conceptual models can
be proposed. The CO2 production rate, controlled by temperature and
humidity (Jassal et al., 2004; Cook et al., 1998), should be af-
fected by slow seasonal variations. In any case, CO2 accumulated in the
epikarst rocks above the cave is transported down, first in the air phase
because of the larger density of air with high CO2 content. Indeed, as-
suming a CO2 content of 8% at the production point, the calculated air
density is larger than the density of the cavity air by about 1.2%. In a
free volume of 10 m size, the resulting compositional Rayleigh number,
which quantifies advection over diffusion, is in excess of 1011, sufficient
to cause turbulent double-diffusive convection (Turner, 1973) and flow
downward the available topography. This mechanism for example was
observed during the dramatic 1986 CO2 eruption of Lake Nyos, when
CO2 loaded air flowed down a valley and killed >1700 people (Fay,
1988). In a permeable porous medium, the presence of few open cracks
would be sufficient to initiate downward motion, with buoyancy still
dominating diffusion. Then the CO2 loaded air flows downwards, while
the air with smaller density is displaced upwards. High water vapour
content of air has the opposite effect, producing the upward motion of
the mixture (Perrier, 2005; Perrier et al., 2002, 2004). This mecha-
nism, which relies on the convective motion of air masses, should not to
be confused with sedimentation, which seems to be ruled out in the case
of the Chauvet cave and other caves. In addition, such buoyancy-driven
transport of air should definitely not be confused with some purely grav-
itational separation of CO2 from the air, an effect which has not been ev-
idenced in natural underground systems, dominated by the motion and
mixing of underground air (Badino, 2009).

The downward flow could also result in part from groundwater flow,
with air volumes travelling down between water volumes in the un-
saturated space (Genty et al., 2004; Genty and Deflandre, 1998).
However, in the case of the Chauvet cave, groundwater infiltration was
dominantly associated with a cessation of the CO2 flux (e.g., Fig. 9),
suggesting that buyancy-driven flow of CO2-rich air dominates in con-
nected channels, non-saturated by the water phase. Another interesting
possibility is that groundwater flowing in the non-saturated zone drags
air pockets with a lower CO2 content, coming from an upper rock or
soil layer, while the infiltration that feeds the stationary drippings main-
tained during the water deficit drain air pockets with a larger CO2 con-
tent, produced over longer residence times in deeper soil.

The difference between the main compartment (A) and the remote
room RR (B) also needs to be explained. While the temporal variations
are similar (Figs. 2 and 3), a larger CDC by about 1.2% in absolute (60
to 70% in relative, see Table 1), was observed in the RR (CO2 B,
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Fig. 6). At a temperature of 12.9 °C for 100% RH, the specific mass of
air in the RR, for a CDC of 3.7%, is about 1250 g/m3, whereas a spe-
cific mass of 1241 g/m3 is found in the Hillaire Room. Thus, the mean
CDC difference between the Hillaire Room and the RR is sufficient in it-
self to maintain the spatial segregation, in addition to the topographic
barrier in the Megaceros Corridor (Supp. Mat. Fig. S7). At such temper-
ature, a 1% (absolute) CDC increase corresponds to a temperature drop
of 1.33 °C or a RH decrease of about 100%.

To further clarify the difference between compartments A and B, it
is useful to extract the CO2 source term, namely the CO2 flux from the
walls. Indeed, the measured CDC is only a secondary parameter; it does
not only reflect the primary source, which is the flux, but the air mo-
tions and atmospheric mixing in the various parts of the cave. To extract
the primary flux parameter in compartments A and B, a simplified box
model, presented in details in Appendix A, is used to describe the main
air exchanges. The resulting flux time-series are in principle model-de-
pendent, and have to be interpreted with caution. However, in this case,
the inferred fluxes are rather stable (see Appendix A), especially in the
main compartment (Fig. A2).

The time-series of CO2 fluxes in compartments A and B (Fig. 13a)
confirm the control by the hydrological cycle. The flux in compart-
ment A (Fig. 13a) increases regularly during the period of smooth de-
creasing relaxation of drip counts and water level in the Orgnac bore-
hole (Fig. 13b), associated with periods of water deficit (Fig. 13),
highlighted in yellow and defined totally independently from the ob-
servations in the cave. In 2016, an exponential growth is clearly ob-
served with a time constant of about two months and a saturation max-
imum level of 5 g m−2 day−1. During periods of high WE, the CO2 flux
in A decreases systematically, but in a fashion that depends on the
year, slightly different in 2015 and 2016 (Fig. 13a), probably due to

the amount of rainfall and its time pattern. The cumulated CO2 flux re-
duction due to seepage seems to have a minimum limit at a constant
minimal CO2 flux of 1.8 g m−2 day−1. This value is rather high, much
larger than fluxes of the order of 0.1 g m−2 day−1 inferred for example
in the Vincennes quarry (Perrier and Richon, 2010), but compatible
with estimates obtained in Orgnac (Bourges et al., 2006).

In the RR (compartment B), the inferred flux, in a first approxima-
tion, can be considered constant, given the uncertainties of the mixing
model. However, a flux decrease during the water deficit period (high-
lighted in yellow in Fig. 13) and a flux increase during the positive WE
period, are indicated. In this model, the larger CDC in B is explained by
a more constant flux throughout the year and a larger confinement. The
smaller CDC in A is due in part to the stronger seasonal modulation of
the CO2 flux, and in part to air exchange with the outside atmosphere. It
is important to note that air exchange between compartment A and the
outside atmosphere, in the box model, is formally equivalent to a sink
term. Thus, air exchange, whose signature cannot be confirmed unam-
biguously by the isotopic data, might actually be smaller than assumed
in the box model (Appendix A), but compensated by some loss of CO2 in
the cave, for example from the floor or leaking fractures. In any case, in
this model, the similar annual variation in A and B is explained by the
air exchange between the two compartments. In the box model, when
air exchange between A and B is reduced, the annual amplitude in B de-
creases, but the mean CDC then reaches values larger than 5%. Thus, the
compromise expressed in the choice of parameters in the box model is
rather robust, well constrained by the observed features of the data.

Once the features of the primary parameters are established, in this
case the CO2 flux, the mechanisms of temporal variations along the sea-
son remain to be understood. Among the possible options, one concep

Fig. 13. a) Inferred CO2 flux into the Chauvet cave. b) Drip counts at Cierge and at Cactus (left scale) and daily water level in the Orgnac borehole (right scale). The drip counts are filtered
with a running window of 12 h. c) Rainfall per 4 days at Orgnac (left scale) with monthly rainfall and calculated Water Excess (right scale). Periods with no Water Excess and restoration
of CO2 in the main room A are highlighted with yellow background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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tual model for CO2 transport from the CO2 production zone can be pro-
posed.

7.3. Scenario with horizontal and vertical transport of CO2

A tentative conceptual model for CO2 transport at scarp level can be
proposed (Fig. 14). In this case, CO2 enters the cave through horizontal
dispersed flow, rather than vertical flow through localized channels. In
this framework, both SC and GC flow downwards by buoyancy entrain-
ment, but are accumulated in connected porosity to form a structure
similar to a free aquifer (Fig. 14). Vertical CO2 flow from the sources
is then similar to infiltration. Porosity is probably not homogeneous in
the epikarst, which in this case has a thickness of 5 to 10 m, and in the
whole vadose zone above the aquifer level, which, in the case of the
Chauvet cave, is below the cavity floor, probably just above the aban-
doned river meander (Supp. Mat. Fig. S1). Instead, CO2 probably flows
through highly connected, dense cracks. The CO2 accumulated in these
non-saturated reservoirs, will undergo horizontal flow similar to the hor-
izontal mean flow in a free aquifer (Fig. 14), and then feeds into the
cavity from the side and, possibly, from the roof as well. Several reser-
voirs can communicate with each other and flow into each other like
water reservoirs (Fig. 14). The CO2 of RR primarily originates from the
bedrock, rather than from the Hillaire Room through the Megaceros Cor-
ridor. It could in fact completely fill the remaining of the cave from the
RR, but the topography of the Megaceros Corridor is an efficient barrier.
When rainfall occurs, the porosity controlling the CO2 flow is invaded
by water and the input CO2 flow into the cave is dramatically reduced
or even stopped.

The analogy between this horizontal CO2 model and a free aquifer
can be pushed further by proposing an analogy with the Dupuit approx-
imation of aquifer theory (Bear, 1988). In this approximation, the CO2
flow rate F is considered to be horizontal and uniform vertically over the
whole CO2 reservoir, and can be given by:

(1)

where K is the hydraulic conductivity of the porous formation and
hCO2 would be an equivalent CO2 piezometric level, given by the inte-
gral of the vertical column of the air density. All concepts of aquifer
theory can then be transferred to CO2 flow. The equivalent of the

aquifer piezometric surface could be the level where the bedrock CDC is
a reference value, typically 5 to 7%, depending on the context. In this
framework, temporal variations of the input flow into the cavity should
be slow, damped by the porous medium diffusivity, similar to the sta-
bility of a spring flow rate versus rainfall. This model of CO2 reservoir
flow may thus account for the largest part of the seasonal variation.
The long-term variations remain more difficult to explain in a systematic
manner, with the long-term role of seepage not sufficiently clear (Fig.
10), but the increase of vegetation density, revealed by the aerial pho-
tographs (1955–2012) may explain the long inter-annual increasing CO2
trend (Supp. Mat. Fig. S1).

8. Conclusions and perspectives

8.1. Observations and importance of water infiltration

We have presented in this study the main features of carbon dioxide
concentration (CDC) observed in the Chauvet-Pont d'Arc painted cave,
where large natural ventilation can be ruled out. While temperatures
were relatively stable, CDC exhibits large seasonal and transient vari-
ations, a global increasing trend since the beginning of the measure-
ment (1997), and a spectacular increasing trend from 2013 to 2017, fol-
lowed by a decrease. Seasonal CDC variations in underground settings
have been observed since decades (Troester and White, 1984), but
such large seasonal variations in deep caves in the absence of seasonal
natural ventilation cycles had not been observed before. The main fac-
tor controlling the seasonal CO2 input into the cavity and its isotopic
signature is water infiltration following rainfall. The regular increase of
mean CDC can then be attributed to the decrease of precipitation from
April to September observed between 2013 and 2017, and interrupted
by heavy rainfall at the end of 2017 and in 2018. Such pluri-annual ef-
fects or long-term trends, however, have not been observed systemati-
cally since 1997. Long-term changes of CDC might be due to changes
in the CO2 production associated with the evolution of vegetation cover
over the cave, possibly combined with changes in the outside tempera-
ture, rather than with changes in CO2 transport through seepages only.
No relationship has been observed between CDC in the cave and bio-
logical germs in the air cave, which remained at low concentrations;
therefore an evolution of the biological activity in the cave itself is
ruled out. Another important conclusion of this work is that water infil

Fig. 14. Conceptual model of CO2 input into the Chauvet cave atmosphere (CO2 reservoir flow model).
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tration also modulates the seasonality of the temperatures inside the
cave, while the global increasing trend of temperatures is accounted for
by heat diffusion from the surface.

To evidence the importance of the effect of seepages on CDC, three
important tools have unambiguously proven their usefulness. The first
essential asset is given by drip count data, associated with the calcu-
lation of the meteorological water balance, which can be listed as the
second important tool. Seasonal regimes of CDC variations, indeed, ap-
peared efficiently predicted by the calculation of WE (Genty, 2008;
Genty and Quinif, 1996). Thirdly, to interpret the physical conditions
in a cave, it is important to extract primary parameters that provide in-
formation on the sources, from the secondary observed parameters, such
as CDC, affected not only by sources but also by internal air exchanges
or further complications.

While the seasonal hydrological cycle is considered as the main
causal factor causing the seasonality of the CDC in the cave, the effect of
seasonal temperature changes should not be underestimated. First, the
seasonal outside temperature cycle, explicitly included in the calculation
of WE, plays an important role in the infiltration. Given the southward
exposure, temperature must also strongly affect the CO2 production in
the debris cone obstructing the natural entrance of the cave. However,
the total surface area from that particular zone is small compared with
the total volume of the Chauvet cave.

From its isotopic signature, the source of CO2 must be located in the
soil and below, with older carbon feeding the deeper parts of the cave.
Two distinct GC sources by δ13C values are suggested, but this must be
confirmed by a more detailed study. Transport mechanisms of CO2 into
the cave remain to be clarified further, but a horizontal CO2 reservoir
flow model at the cliff scale, driven by the buoyancy deficit due to the
CO2 content, appears promising, as it is able to describe, at least qual-
itatively, the effect of water seepage. This model is testable and can be
considered as the baseline for future work. As the main regimes of tem-
poral variations of drip counts appeared homogeneous and almost syn-
chronous inside the cave, and even similar to water level variations in
a borehole located in Orgnac, 7 km from the cave, the relationship be-
tween cave CDC and transient seepage can be studied at other under-
ground sites with similar geometry and depth below ground surface. Al-
ternatively, the CO2 sources could also be at depth, below the cave floor,
but, in this context, the temporal variability would be more difficult to
explain, and this option is not considered at this stage.

8.2. Cave climate, preservation and climate changes

Several consequences of our observations and interpretations can be
proposed. First, in a past colder and more humid climate, with a wet
vadose zone under melting snow and ice layers, and an associated re-
duced production of CO2 in the soil, we expect that CDC in the Chau-
vet cave was smaller. This should be true in other caves, with earlier
Homo Sapiens and even Neanderthal occupation (Hoffmann et al.,
2018; Jaubert et al., 2016). The current values of CDC are incom-
patible with long periods of presence in a confined cave. It has been
suggested that, at the time of human occupation of the Chauvet cave,
the entrance of the cave was wide open (Sadier et al., 2012), with-
out the debris cone, allowing for efficient natural ventilation. The sec-
ond consequence is that, if the water content in the vadose zone above
the Chauvet cave decreases, with more variability and more frequent pe-
riods with a decrease of summer precipitation, and an increase of wa-
ter deficit due to the temperature increase, then even larger CDC peak
values can be expected. When the CDC in the cave will be larger than
5%, human presence during maintenance or archaeological work will
not be possible without breathing accessories and oxygen supply, since
artificial ventilation is not here an acceptable option. Thus, the period
of CDC increase from 2013 to 2017, first of all, is symptomatic of an
overall fragile situation, possibly diverging when climate will affect dra

matically the soil vegetation cover, a situation which puts the cave and
its precious paintings at risk.

Climate change in the region of the Chauvet cave is a reality, and
is expected to lead to dramatic consequences, including drought, in the
whole region around the Mediterranean sea (Allard et al., 2008). Pos-
sible reductions of the effects due to the overall drought, resulting from
counter-reaction from root respiration (Rodriguez-Calcerrada et al.,
2014), are unlikely to play an important role in the calcareous soil
biotope above the Chauvet cave. The expected effects resulting from wa-
ter deficit in the vadose zone are more of a concern than the possible
slow increase of the mean underground temperature (Perrier et al.,
2005a). In general, the damaging effects of climate change to the sub-
surface and to the lower part of the CZ have probably been largely un-
derestimated till now.

The current trend observed in the Chauvet cave, however, is not con-
firmed in caves in South-West France (Table 1). It is therefore prema-
ture to draw drastic conclusions at this stage, and the proposed model
and interpretation need to be studied in details. It is also possible that
the effects revealed in the Chauvet cave are also present in the caves of
South-West France, yet concealed by natural ventilation or human in-
tervention. A cave with a geometry and situation similar to the Chau-
vet cave would be needed in the South-West region to provide a rele-
vant reference; this seems difficult and no candidate site is available at
the moment. The dynamics of CO2 inside the cave also needs to be bet-
ter understood, and, to address the non-stationary behaviour, heuristic
concepts could be of value (Sánchez-Cañete et al., 2013; Denis et
al., 2005). In addition to CDC data, radon concentration (Perrier and
Richon, 2010) and aerosol data (Dredge et al., 2013) are important
additional parameters to monitor to be able to constrain the processes
in the Chauvet cave atmosphere. Detailed radon data would allow, in
particular, constraining the air exchange rates independently of the CO2
data. Particle counting would also bridge the gap between physical pa-
rameters of the cave atmosphere and its biological activity, which is es-
sential to carefully monitor for preservation.

Beyond global effects, the consequences of CDC changes in the Chau-
vet cave need to be worked out. While CDC plays an important role
in speleothem growth and the painting preservation (Bourdin et al.,
2011), other factors, such as relative humidity, chemical composition
of dripping water and biophysical conditions of the painting surfaces
(Vouvé et al., 2000; Sanchez-Moral et al., 1999), might be of
greater importance. At this stage, it is too early to draw any conclusion
on the preservation of the paintings in the presence of larger or more
unstable CDC. It is also not excluded that, in the long-term, the cav-
ity might also develop adaptive and even resilient mechanisms to the
current environmental changes. Counter-reaction mechanisms through
phase changes of water (Perrier et al., 2002, 2004) are remarkably
efficient to guaranty thermal stability. Biological adaptation and feed-
backs to increased SG and GC CDC are also possible in principle.

Some features of the Chauvet cave, by themselves, could provide
efficient protective factors. The high levels of CO2 may play an im-
portant role in stabilizing the atmosphere against small temperature
changes, separately in the different compartments with stable interfaces,
and possibly against larger effects due to climate changes such as in-
filtration regimes. The smooth variations of CDC, contrasting with the
drastic changes observed in caves undergoing dynamic ventilation, may
also play an important role in stabilizing the chemical reactions at the
wall surfaces, including the paintings. The stability of the vertical tem-
perature gradients, with colder temperatures in the deeper parts, and
warmer temperature near the roofs and towards the front of the cliff,
also offers an important protective factor for the remains.

On the other hand, the increase of variability near the entrance may
be a concern in the long term, and divergent reactions of natural sites in
the presence of unusual perturbations are possible. Dramatic and spec-
tacular reactions of natural deep systems in the presence of CO2 in
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jection, rather than adaptation, have now been documented (Trias et
al., 2017). Therefore, it is clearly an important recommendation to sur-
vey and evaluate long-term approaches for the vegetation cover above
painted caves, and to implement an associated detailed monitoring of
the soil properties. Since 1980, the strategy in the natural reserve above
the Chauvet cave was to guaranty a natural development of the vege-
tation, but this may cause an increase of the carbon mass potentially
degraded in the soil and subsurface, which ultimately may cause a
novel situation in the cave. The associated processes are not sufficiently
known at this time and require an improved understanding. To clarify
the sources and transport mechanisms of CDC in underground environ-
ments, especially in the case of painted caves, joint experimental and
theoretical efforts will need to be dedicated with increasing attention in
the coming decades.
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Appendix A. Box modelling and determination of the carbon
dioxide flux into the Chauvet cave

The CDC measured in the underground atmosphere results from
CO2 sources located in the cavity, CO2 flux from the cavity walls, and
air exchange. Internal sources, such as microbiological activity in the
cave or degassing from the infiltrating water and its interaction with
speleothem, can be considered as negligible compared with the intense
CO2 production taking place above the cavity. In a first approximation,
it is legitimate to assume that the main CO2 input factor into an under-
ground cavity is equivalent to some surface flux at the cavity bound-
aries, dominated in this case by the roof surface, with some contribu-
tion from the side walls. To describe the spatial and temporal evolution
of CDC, a Computational Fluid Dynamics (CFD) approach can be used
(Lacanette et al., 2009), but, given the large number of unknowns,
a simplified box modelling approach appears relevant (Perrier et al.,
2005b). The underground system is then represented by a small number
of well mixed boxes, with air exchanges between the various boxes and
with the outside atmosphere.

In the case of the Chauvet cave, the observations suggest that CDC
is uniform in the two compartments A and B, with no evidence for ver-
tical stratification (Fig. 5). We thus model the cavity (Fig. A1) by two
well mixed boxes A and B, which are each characterized by their vol-
umes VA and VB, surface areas SA and SB, and their CO2 surface fluxes FA
and FB, respectively. Air exchange takes place with the outside atmos-
phere, characterized by CDC Ce, with a volumetric rate a, and between
the compartments A and B with an air exchange rate b. The time evolu-
tion of the resulting CDC, CA and CB in the two compartments, is then
given by:

(A1)

where the ratio VA/VB in the second equation guarantees mass con-
servation between compartments A and B, and that the total content
VACA + VBCB does not depend on b.

From the observed CDC, the system (A1) can also be rewritten to ex-
tract the fluxes:

(A2)

These inferred fluxes are model-dependent, as an assumption on the
ventilation rates and their time dependence is necessary to be able to
apply Eq. (A2). In practice, the time derivatives of the concentrations
can be difficult to estimate at each sampling time. Here, we used an es-
timate of the derivative defined as the slope, at sample i, provided by a
linear fit from samples i to i + k, with k = 384 (4 days). The obtained
fluxes are then reasonably smooth (Fig. A2). In the following, we use
VA = 28,000 m3 and VB = 2000 m3, SA/VA = SB/VB = 1.5, and mean
exchange rates a = 1.5 × 10−6 s−1 and b = 1.5 × 10−7 s−1, which are
reasonable values expected for poorly ventilated sites (Perrier and Ri-
chon, 2010; Perrier et al., 2007; Richon et al., 2005).

In the default case (case 1 in Fig. A2), we assumed that the exchange
rates are modulated by an annual variation of peak-to-peak amplitude
4 × 10−7 s−1 and 7.5 × 10−8 s−1 for a and b, respectively (green curve
for a(t) and purple curve for b(t) in Fig. A2b). The presence of an annual
variation of the ventilation rate is not clearly confirmed in the Chau-
vet cave with the current data, but is a common feature in such sys-
tems (Bourges et al., 2001). The available radon-222 time-series (Fig.
5) indicated a rather stable concentration, with a maximum seasonal
variation of the order of 10%. The assumed values of the annual vari-
ation of the ventilation rates are therefore upper limits. When the an-
nual variations of the ventilation rates are removed (case 2 in Fig. A2c),
the inferred fluxes are not dramatically different. When a larger value
of 2 × 10−7 s−1 is used for b (case 3 in Fig. A2b), more significant dif-
ferences are observed for flux FB, while FA remains essentially the same
(Fig. A2c). Consequently, given the large uncertainty on the exchange
rate b, caution is mandatory when interpreting the obtained flux FB in
the RR, while the mean flux in the main rooms, FA, can be considered
rather reliable.

The box model can also be used to derive general properties. In the
stationary state, characterized by static concentrations and , we
have:

(A3)

where , , and are the mean values of the CO2 fluxes and ex-
change rates.

Time constants can be derived when the exchange rates are indepen-
dent of time. The concentrations are then written as perturbations of the
stationary state:

(A4)

and the time evolution can be written as:
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(A5)

with:

(A6)

The matrix M has two negative eigenvalues λ± = −1/τ±, where τ±
are two time constants, with τ+ < τ−, given by:

(A7)

When VA is much larger than VB, which is the case considered here,
the time constants are given by:

(A8)

For the values of the parameters considered above, we have
τ+ ≅ 4.7 days and τ− ≅ 9.1 days. Such timescales are probably intrinsic
properties of the site, which will probably be preserved in more detailed
CFD models.

Fig. A1. Sketch of the box model (see text for the definition of parameters).

Fig. A2. Calculated CO2 flux: a) Measured CDC versus time in the Chauvet cave; b) as-
sumed exchange rates a and b versus time (the red dashed line indicates the mean value
for a, the blue dashed line represents the mean value for b and the orange dashed line is
the mean value for b in case 3); c) Inferred CO2 fluxes in A and B compartments versus
time. (For interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.136844.
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