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The conservation of prehistorical painted caves is a major issue for the history of mankind. Alterations,
which can appear on walls, mainly result from the thermal convection taking place in caves. The convec-
tion in caves depends on the difference between the temperatures of the walls which mainly stem from
the heat conduction in rock masses. In literature, this problem is currently solved with a uni-dimensional
homogeneous model where the outside air temperature is the only source of energy. Here, based on the
literature in other fields, we show that the ground surface temperature cannot be considered as equal to
the outside temperature. Radiation, convection and water evaporation indeed figure prominently in the
process. The mathematical guideline giving the topsoil temperature is detailed. In addition, we propose a
mathematical assumption to ensure energy conservation. A simple experimental setup allowing the cir-
cumvention of this complex procedure is also suggested. Then, we apply the widely used uni-dimensional
homogeneous thermal diffusion model, with the proposed ground surface temperature calculation, to the
Lascaux Cave. The comparison between the measurements in the first meter below the ground surface
and the calculated temperatures shows a good agreement. Within the cave, the model successfully pre-
dicts the temperature measured by a few thermocouples. For others, there are significant discrepancies,
which seem to indicate that the homogeneous hypothesis is not precise enough to describe rock masses.

The heterogeneity of the Lascaux Cave massif will thus need to be thermally investigated.

© 2023 Elsevier Ltd. All nights reserved.

1. Introduction

Heat transfer in soil concerns different fields such as under-
ground waste storage, geothermics, ground-coupled heat exchang-
ers, mines, electrical resistivity tomography, caves, etc. Today, this
physical process remains difficult to predict due to the intrinsic
complexity of soils and rocks. Scientists have thus worked on im-
proving our understanding of heat transfer in soils and rock. Lon-
nqvist and Hokmark | 1] studied heat transfer in the rock mass sur-
rounding a waste container to understand its thermo-mechanical
behavior. Driving by the same issue, Sultan et al. 2| investigated
the thermo-mechanical properties of specific clay. Salt caverns,
which store gas, hydrogen or oil for instance, also require the study
of thermal conduction in rock around them [3]. This question is
also of great interest in the renewable energy domain. Heat ex-
changers reduce air temperature thanks to the damping of thermal
waves underground. Thermal diffusion is thus widely studied by
domain experts [4.5]. More particularly, heat transfer inside bore-
holes is the main challenge for these researchers.
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Tackling heat transfers in ground is also a paramount issue
for the conservation of cultural sites such as painted caves. The
temperature inside caves is indeed driven by weather conditions
and heat transfers in rock. The temperature differences between
cave walls can then induce thermal convection [6.7] and indirectly
threaten paintings through thermally-dependent processes dam-
aging them. Several studies [8-10| thus tried to assess the heat
transfer in rock mass like in a Slovenian cave [11]. Perrier et al.
[12] instrumented a Japanese cavity to measure temperature dif-
ferences between the floor and the ceiling of the cave. All these
authors measure temperature variations in the caves compatible
with those theoretically expected due to thermal conduction in the
rock masses. The temperature in closed shallow caves thus result
from the propagation of annual thermal waves from the ground
surface. On the contrary, the geothermal heat flux is most of time
very low close to the ground surface in comparison with the con-
ductive heat flux, It has been shown that in a karst system, the
geothermal heat flux is drained off and does not affect the tem-
perature [13,14]. For instance, Perrier et al. [12] have compared the
geothermal heat flux at Yokosuka to the conductive heat flux in an
underground vault at Aburatsubo, They have found that the former
was 13 times smaller than the latter.

In the field of cave conservation, the heat transfer modeling re-
lies on the hypothesis that energy propagates by thermal diffusion



in homogeneous rock. In the previously mentioned researches in
this field, the model consists of solving the heat equation with the
outside temperature as the ground surface temperature. However,
physicists dealing with the superficial temperature of topsoils (thin
upper soil layer supporting microscopic life) [15,16], perform in-
stead an energy balance on the ground surface. It includes radia-
tion, convection, conduction and also phase changes. This matter
is particularly well referenced in the agriculture domain, Some re-
searches indeed focus on the topsoil temperature to optimize har-
vests and always consider the influence of radiation and evapotran-
spiration (ETP) in the process [17-19].

In this article, we propose a methodology to model the heat
transfer in cave rock masses. This approach is applied to the Las-
caux Cave (France), one of the most famous painted caves in the
world [20]. This cave was discovered in 1940 and represented a
major breakthrough in archaeology due to the amount and the
quality of paintings. It was open to the public in 1948 and very
visited until its closure in 1963 due to major preservation issues.
Then, a scientific committee, dedicated to advise about the cave
conservation, was created. It relies on approximately 150 sensors
which have measured the temperature inside and outside the cave
for decades. We compare our model with some of these measure-
ments in the top part of the rock mass and within the cave. We
show the great importance of the ground surface temperature in
this physical problem both experimentally and theoretically. We
then discuss the limits of our modeling, especially for deep parts
inside the cave. We finally address the developments necessary to
improve temperature predictions.

2. Experimental setup

The study is conducted on the Lascaux Cave, located in Dor-
dogne (France). Fig. 1 presents the 3D geometry of the Lascaux
Cave within the surrounding rock mass. The topographic surface is
represented in green. The ground elevation slowly increases from
South to North and from West to East. The cavity penetrates the
rock up to more than 20 m. The thickness of the topsoil is between
5 and 10 cm. Deeper, the rock mass is mainly made of Upper Creta-
ceous limestone, Santonian in the upper part and Coniacian below
182 m NGF (Nivellement général de la France), but is known to
be highly heterogeneous and composed of different kinds of ma-
terials [21-23]. Fig. 2 displays the top view of the 3D resistivity
model of the Lascaux massif developed by Xu et al. [22]. It is based
on measurements achieved with the electrical resistivity tomogra-
phy method. The high variations of resistivity demonstrate a great
heterogeneity of the massif with different kinds of materials de-

pending on the locations and the depths. The Lascaux hill is par-
tially covered by trees such as oaks, pines and chestnuts. Pines are
mainly in the West on detrital formations which corresponds to
sandy clay (lower resistivity). Chesnuts are mainly in the East on
sand (higher resistivity). The central part, where there is the cave,
is composed of limestone.,

The cave is closed and thermally insulated at the entrance with
four successive insulated chambers. This avoids air exchange at
the entrance. Sensors measure the temperature inside the cavity
and close to the ground surface, 50 cm and 100 ¢cm in depth,
The thermocouples are located throughout the cave, so at differ-
ent depths (Fig. 3). Within the cave, the thermocouples are located
3 cm in the walls. The uncertainty on the depth is one millime-
ter and the holes have been patched to avoid measuring the air
temperature. At the ground surface, we have pierced holes 50 or
100 ¢m deep. The uncertainty is estimated to smaller than 0.5 ¢cm.
We use ALMENO 2890 9-input data loggers with 36 channels. The
thermocouples are PT-100 sensors with a sensibility of 10~2 °C and
present a relative precision between them of 102 °C,

In addition to these sensors, measurements are continuously
achieved outside. Net radiation, relative humidity, wind speed
and outside temperature are measured at three locations approxi-
mately one meter above the ground: 00, PO and SO (Fig. 3). These
points correspond to three different configurations: beneath oaks
(medium radiation), beneath pines (low radiation) and in direct
sunlight (high radiation). In the following, we refer to configura-
tions O, P and S respectively. They will be associated with the mea-
surements achieved at 50 and 100 cm below the ground surface
presenting the same initial letter in Fig. 3. The outside thermocou-
ples present shelters in order to avoid them to be affected by ra-
diation.

3. Strategy to model heat transfer in rock masses

The heat transfer in rock mostly corresponds to thermal diffu-
sion. As indicated in the introduction, this process involves ther-
mal convection in shallow caves. Due to the seasonal variations of
temperature, the temperature profile against depth is not strictly
decreasing as shown in Fig. 4. This can lead, depending on the
time of year, to a downward temperature gradient within the
cave, which can initiate thermal convection. In the Lascaux Cave,
the Rayleigh number can reach 10%, so turbulent convection can
occur 7).

However, as noted in the introduction, the ground surface tem-
perature should result from a complex energy balance involving ra-
diation, convection, conduction and phase changes.
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Fig. 1. Lascaux Cave geometry with the topographic surface in green. Both figures on the right correspond to orthogonal projections of the ground surface and the cavity on

the xz and yz planes.
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Fig. 2. Superficial electrical resistivity measurements at the Lascaux site [22]. The East formations correspond to sand. the center formations to limestone and the West
formations to sandy clay.
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Fig. 3. Cutaway view of the Lascaux Cave with the locations of each thermocouple. The vertical arrow on the right presents the depth of the sensors from the ground surface
right above them. 00, PO and SO correspond to outside measurements at approximately 1 meter above ground.

3.1. Thermal diffusion in rock masses

Thermal diffusion is governed by the heat equation. In this pa-
per, we consider homogeneous rock thermal properties. This hy-
pothesis is commonly used in such studies [8-12] as explained in
the introduction. However, karstic massifs are often very hetero-
geneous and, as described in Section 2, the Lascaux rock mass is
composed of different materials. The homogeneous hypothesis can
therefore appear to be a rough assumption. We will discuss the

reliability of this hypothesis in Section 5 in light of the results ob-
tained by the following model. We also assume the diffusion to
occur in one dimension:

aT a°T
=03z ()

where T is the temperature (°C) and D the thermal diffusivity of
the material (m2s~1).
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Fig. 4. Typical temperature profile in a rock mass resulting lrom conductive heat
transler. The downward temperature gradient stemming from the ceiling tempera-
ture which becomes colder than the floor temperature (T < Tiie ) can lead to
the onset of thermal convection.

The thermal diffusivity of rock is difficult to measure on site.
Using core samples are scarcely possible in a cultural heritage site.
Moreover, they do not reflect the in situ thermal processes due
to existing water circulations and fractures within any superficial
rock mass which do not happen in a sample while having a signif-
icant impact on thermal properties. This circulation is linked with
the porosity of rock masses composed of two contributions. First,
the matrix porosity is the intrinsic porosity of the studied mate-
rial, here limestone presenting a matrix porosity of approximately
5% [24]. Second, the fracture porosity characterizes the additional
hollow space due to fractures. This cannot be measured on sam-
ples whereas it reaches up to 30% for Lascaux [25]. When these
fractures are filled with water or clay, they significantly modify
the thermal diffusivity of rock. Sample measurements are therefore
meaningless for this kind of study.

In order to assess the averaged thermal diffusivity of rock, we
propose to use the analytical solution of Eq. (1) in the case of a

sinusoidal outside temperature
- 2n |
l!l)z — — —
cos ] t V7 Dz (2)

where T, and Ty are the minimal and maximal temperatures of
the thermal wave respectively and Tyean is the average temperature
over a period 4.

The genuine outside temperature does not strictly follow a si-
nusoid but is close to it with a period & of one year and a mag-
nitude Tyax — T of approximately 15 °C. In such a case, at depth
z, thermal diffusion produces a phase change §¢ (months) and a
thermal damping y (dimensionless) equal to

Tmﬂx — Tmm -

T(Z‘ t) = Tmmn + Te

5 =2/ 1os 3)
y=em (4)

Based on graphical estimations of the phase change and the
thermal damping measured by each thermocouple, Egs. (3) and
(4) provide two rock thermal diffusivities which should be equal
in a homogeneous medium. It is worth noting that the estimation
of thermal diffusivities with phase change is more accurate than
with damping since there is no uncertainty on the wave period
(one year), whereas the wave magnitude depends on weather and
can slightly differ from 15 °C.

In Section 4.1, we will assess the rock thermal diffusivity from
all the sensors based on Eqs. (3) and (4). According to the re-
sults, one can keep the averaged thermal diffusivity or consider
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Fig. 5. Measured temperature of air and approximately 4 cm deep in the topsoil
over 11 days.

that the thermal properties cannot be supposed homogeneous. In
the latter case, a better knowledge of the site geology is needed.
In Sections 4.2 and 4.3, the calculated temperatures refer to the
resolution of Eq. (1) based on finite differences. The Euler scheme
is used to discretized the temporal derivative while the second or-
der spatial derivative is discretized with a second order centered
scheme. The explicit resolution relies on a spatial step of 20 cm
for cave thermocouples (Section 4.3) and 5 cm for thermocouples
close to the ground surface (Section 4.2). The time step respects
the mathematical condition for numerical stability At < 0.5‘:",,‘3.
The domain length is 40 m to avoid any boundary influences. A
zero Neumann boundary condition is considered at this depth. At
the surface, where z = 0, a Dirichlet boundary condition is applied.
The value of the imposed temperature results from the ground sur-
face temperature computation (Section 3.2). The initial condition in
temperature relies on the analytical solution (Eq. (2)) of the heat
equation. The parameters in the equation are adjusted to the mea-
surements of the year 2000, which is the starting point of the res-
olution. Beginning far before the period of interest is enforced by
the huge thermal inertia of the rock mass. The initial condition be-
ing inevitably different from the actual rock temperature at this
time, the difference must be reduced after several wave periods.

3.2. Ground surface temperature computation

We first show that shallow measurements at Lascaux cannot
only be explained by the outside air temperature. We then detail
the mathematical procedure to estimate the ground surface tem-
perature.

3.2.1. Outside and topsoil temperature

In order to compare the air temperature and the temperature of
the topsoil surface, we added a thermocouple approximately 4 cm
into the topsoil at the same location as S1 and S2, so in direct
sunlight (Fig. 3). Fig. 5 compares the measurements over 11 days
in March 2022,

The phase change is approximately 2 h. According to Eq. (3),
with a wave period of one day, this means that the topsoil ther-
mal diffusivity is between 10-"m?s-' and 2 x 10""m?.s~'. This
low value stems from the intrinsic composition of soils, and be-
longs to the expected range |26]. Such a diffusivity yields a damp-
ing of 40%, Fig. 5 clearly shows that the temperature amplitude in
depth is far smaller than 60% of the amplitude of the surface tem-
perature.
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In addition, the average temperature over a period does not de-
pend on depth. Considering the air temperature as the ground sur-
face temperature, as it is currently done in cave literature, thus
requires the assumption that the daily average air temperature is
equal to the daily average temperature a bit deeper in the ground.
Note that the depth in soil must be small enough for the phase
changes to be negligible since the daily average temperature varies
according to time. The 11-days average of both temperatures gives
approximately 8.7 °C for the air and 7.3 °C in depth. This means
that there is a significant loss of energy near the ground surface.

This study clearly reveals an inconsistency between the mea-
surements and the hypothesis about the surface temperature. We
will see in the next section how the ground surface temperature
must be calculated.

3.2.2. Energy balance

The temperature at the surface of topsoils results from the en-
ergy balance between convection, conduction, radiation and evap-
otranspiration (Fig. 6):

¢rad + ¢tmu = ¢cond + ¢ET (5)

where ¢, is the net radiation flux in W.m~2 (difference be-
tween incident and outgoing radiation fluxes), ¢ is the convec-
tion flux (W.m=2) often approximated by Newton's law of cool-
INg Geone = (T, — Ty) with h the convective heat transfer coef-
ficient (W.m=2.K-') and T, and T, the temperature of air and
topsoil respectively, ¢4 is the conduction flux (W.m 2) often ap-
proximated by Fourier's law ¢, = —)\% with A the topsoil ther-
mal conductivity (W.m 'K '), and ¢y is the energy flux (W.m 2)
used in the evaporation of water within topsoils. It is worth noting
that this thermal balance on a surface is an approximation since
all these physical processes occur over several millimeters or cen-
timeters.

As specified in the introduction, the agriculture community
cares about the evapotranspiration to optimize harvesting pro-
cesses, The Food and Agriculture Organization of the United Na-
tions (FAO) recommends to follow a specific mathematical pro-
cedure to compute ¢gr in Eq. (5). The guidelines [27] propose
to compute the evapotranspiration of a reference surface corre-
sponding to “a hypothetical grass reference crop with an assumed
crop height of 0.12 m, a fixed surface resistance of 70 s.m~' and
an albedo of 0.23". This approximately looks like a classic well-
watered grass undergoing weekly precipitations. The evapotranspi-
ration is given by the Penman-Monteith Eq. (6)

A(Prag = Peona) + Paircp"+:d)
A+y(1+2)

where A is the slope of the saturation vapor pressure (kPa.K-'),
Pair 15 the air density (kgm~*), ¢, is the air specific heat

der = (6)

(kg1 K1), e, —eq is the air vapor pressure deficit (kPa), r, is the
aerodynamic resistance (s.m~'), rs is the surface resistance (s.m~')
and y is the psychrometric constant (kPa.K~1).

In this paper, since we perform calculations over years, we will
consider daily-average values in equations. In such a case, the con-
duction flux in Eq. (6) can be neglected because it is far smaller
than the daily-average radiation flux [27]. Besides, the same sim-
plification can be made in Eq. (5) for the same reason.

The guidelines [27] advocate computing the mean saturation
Vapor pressure e; = Mmﬂl with

(7)

27
e°(T):0.6108exp( LI L ) )

T +2373

Tmin and Tigy refer to the minimum and maximum daily air tem-
perature (°C). The slope of the saturation vapor pressure tempera-
ture is given by

. 409880 (Tmmn )

- 8
(Tmean + 237.3)° (8)

where Tnean = Ty tTosx o the mean temperature relatively to the

minimum and the maximum daily temperatures. The actual vapor

pressure is calculated from the relative humidity RH
€% (Tin )RHpax/ 100 + €% (Tyqx )RH i /100

eq = 3 (9)

The psychrometric constant is calculated with y =6.65 x
10~*PkPa."C-1 with P the atmospheric pressure. If the measure-
ments of wind speed and relative humidity are achieved at ap-
proximately 1 meter above ground, r, ~ % with V¢ the wind
speed. The general equation for r, is provided in [27]. Eventually,
the FAO suggests r; ~ 70s.m ™.

With this empirical procedure, we can calculate ¢y in
Eq. (5) from our radiation measurements. It is worth noting that
Eq. (6) gives the evapotranspiration flux for the reference surface
detailed above. We assume the value of ¢y for Lascaux to be close
to the value given for the reference surface.

In Eq. (5), it only remains the convective heat transfer coeffi-
cient to estimate. The studies [28] about this issue often use an
empirical relation. Here, we propose another calculation which en-
sures the conservation of energy with a time average convective
heat transfer coefficient, This calculation only requires to measure
the temperature just below the ground surface. The time average
of Eq. (5) yields

Braa + (Tair — Toat) ~ Per (10)

The energy conservation implies T, ~ Tnes deprh Where T gepen
is the average temperature measured underground. The approxi-
mate equality between both average temperatures is particularly
true when the measurement in depth is close to the ground sur-
face since the phase change remains small. The period in the time
average must thus be chosen to be far greater than the phase
change between the surface temperature and the measurement
in depth. Here, the closest thermocouple is 50 cm in depth (§2),
which leads to a phase change of approximately 2 weeks for an-
nual thermal waves. We have thus chosen an annual average in
Eq. (10). This allows us to calculate the convective heat transfer
coefficient with

v O )
(m . Tmcs,dtpth)

It is worth noting that measuring the temperature just below
the ground surface would allow the calculation of weekly average
coefficients for instance, which would significantly improve the ac-
curacy of the results.

(11)



The thermal boundary condition in the numerical simulations
presented in Sections 4 & 5 is thus
Drag — Per

M (12)

Tsoil ~ Tair +

4. Application to the Lascaux Cave
4.1. Rock thermal diffusivity

For each cave thermocouple, we assess the thermal diffusiv-
ity based on the phase changes (Eq. (3)) and the thermal damp-
ing (Eq. (4)). Fig. 7 displays the graphical estimations of both pa-
rameters for each thermocouple except those 50 and 100 ¢m in
depth. The uncertainty is indeed greater near the surface since
the topsoil thickness is less negligible for shallow thermocouples
than for cave thermocouples. These measurements have thus been
excluded. Based on phase change, the optimized thermal diffu-
sivity calculated with a least squares regression is approximately
1.7 x 10 ®m2.s~!. Based on thermal damping. the approximated
least-squares thermal diffusivity is 1.3 x 10°°m?.s-1, Both values
are typical diffusivities for limestone.

The standard deviation associated with phase change is 7.5 x
10 "m2.s7', which is almost equal to half the least squares so-
lution. For damping, the standard deviation is 1.5 x 10~ °m?. s~
which is greater than the global thermal diffusivity. There is thus a
great disparity between the results, suggesting that the rock mass
is not thermally homogeneous. Based on both calculated diffusivi-
ties, Fig. 8 gives the range of the mean rock diffusivity above each
thermocouple, under the assumption of 1D heat propagation. This
reveals that for most thermocouples, there is an inconsistency be-
tween damping and phase change. The average gap between both
diffusivities is approximately 7.6 x 10 "m2.s~!, which corresponds
to half the average diffusivity, leading to significant deviations. The
reason of this decoupling can be the heterogeneity of limestone
in the surrounding of the Lascaux Cave [21,22]. In Section 4.3, we
will compare the measurements of two thermocouples (C6 and E1)
within the cave with the results providing by the 1D homogeneous
model.

4.2. Shallow temperature

We compare here the calculated (Eq. (1)) and measured tem-
peratures 50 and 100 cm below the surface, at locations O (be-
neath oaks), P (beneath pines) and S (in full sun) (Fig. 3). The
annual average net radiation is approximately 30W.m 2, 15W.m 2
and 80W.m~2 beneath oaks, pines and in direct sunlight respec-
tively. The analysis will be based on two error measures. The mean
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Table 1
Mean absolute error and efficiency calculated at points 01, 02, P1. P2, S1 and S2,

01 02 Pl P2 s1 s2

Mean absolute error [ °C) 0.65 04 048 0.25 0.46 033
Efficiency 0.96 0.98 0.97 0.98 0.96 098

absolute error is given by

1 N
N 2 [Teati = Tnesl (13)
=1
It provides the average gap between the calculated and mea-
sured temperatures. The efficiency is given by

1- Z{(:l (1;:01.1 - Tlru's.i)2

Z,"‘Ll (Tmes.r' - ml

It compares the residual variance to the variance of the mea-
sured data. This yields the part explained by the model. Fig. 9 com-
pares the simulated temperature with the measurements at the
six points (01, 02, S1, S2, P1, P2) over five years. Table 1 details
the error coefficients for the six measurements. To obtain these re-
sults, the thermal diffusivity has been adjusted. The diffusivity is
4 %10 "m?s! for 01 and 02, 2 x 10 "m?.s~! for P1 and P2, and
5% 10~ "m?.s~! for S1 and S2. These values are different from the
rock thermal diffusivities calculated in §4.1. The geological nature
under the Lascaux pines corresponds to detrital formations (Fig. 2)
[22] which present low thermal diffusivities. At locations O and S,
there are first a thin layer composed of common constituents of
topsoils, and then limestone. The diffusivity of limestone is of the
order of 107%m? 51 [29], so greater than the adjusted thermal dif-
fusivities. Water could explain these low thermal diffusivities, since
porous limestone contains water, especially near the surface. Such
a behavior has indeed been observed at Lascaux based on electri-
cal resistivity tomography [30]. The estimation of the equivalent
thermal diffusion coefficient can be estimated by Eq. (15):

(14)

_ (1= €)Aroart € (X Awater + (1 = Y )Aair)
(1= €)ProckCp.rock+ € (X/)umercp.nmer +(1-x )/)m'rcp.air)
(15)

with A the thermal conductivity, C, the specific heat, p the density,
e the porosity of rock and yx the water saturation. With a fracture
porosity of 0.3 [25] (§3.1), a water saturation of 0.9, a limestone
conductivity of 2W.m ' K, a specific heat of 700/ kg ' K~ ! and a
density of 2500kg.m— (typical properties for limestone), the equiv-
alent thermal diffusivity is 6 x 10 "m?.s~ . The order of magnitude

Deq
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Fig. 7. Thermal damping and phase change according to depth for all the thermocouples strictly deeper than 1 meter.
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of the diffusion coefficients can thus be explained by the complex
composition of the top part of the rock mass.

The model successfully calculates temperatures close to the
measurements. The efficiency at the six locations is indeed very
close to 1, which indicates small errors in the predictions. The av-
erage gap between simulation and experiment is always of a few
tenth of degrees according to the mean absolute errors. This de-
viation must be compared with the actual temperature presenting
annual variations of approximately 15 °C at 50 cm, and 10 °C at
100 cm. The maximal mean error thus appears for O1 with only
5% of the wave amplitude.

This difference could result from the calculation procedure of
the surface temperature. For instance, the calculated ETP corre-
sponds to a reference configuration (grass) whereas the Lascaux
hill is mainly covered by trees. In addition, the convective heat
transfer coefficient is assumed to be constant over a year, which
inevitably leads to discrepancies. The variation of the water satura-
tion must impact the thermal diffusivity, which thus must be time
dependent. This could also affect the accuracy of the model. How-
ever, despite these error sources, the gap between the measure-
ments and the calculations is low. The 1D homogeneous thermal
conduction model with an energy balance at the ground surface
thus provides very satisfactory results in the first meter.

4.3. Temperature in the cave

We compare the calculated temperatures with the measure-
ments at two locations. We choose the two thermocouples among
those presenting a weak difference between both estimated diffu-
sivities (Fig. 8). We will discuss about this choice in Section 5. We
select thermocouples C6 (14.25 m) and E1 (20 m) (Fig. 2) and com-
pare temperatures over 5 years in Fig. 10. Because the thermal con-
duction in rock is a slow process, we make the simulations start in
2014 while only the results from 2017 are considered in the paper.
These calculations need to be initialized with a temperature field.
We use the analytical solution (Eq. (2)) where the maximal and
minimal temperatures are adjusted to the measured temperatures
during 2013 in order to apply a temperature field close to reality.
To compute the ground surface temperature, we choose the con-
figuration P as it is the most consistent with the measurements.
There is indeed no outside experimental apparatus right above C6
and EL

According to Fig. 8, both estimated diffusivities are very similar
at C6, so the good agreement with the model was expected with
a diffusivity of 1.2 x 10"%m?.s~! . The mean error is approximately
0.03 °C over five years, which corresponds approximately to 15%
of the wave amplitude at this depth. This error mainly concerns
the first two years, where the amplitude and the time delay of
the calculated wave are greater than those of the measured wave.
This deviation could stem from a variation of the thermal diffusiv-
ity according to time, due to water saturation for instance. There

is also an uncertainty on the ground surface temperature since
there is no experimental setup outside, right above thermocouple
C6. The amplitude of the measured thermal wave indeed seems to
vary weakly over five years, contrary to the calculated temperature
where the amplitude is greater for the first two years. This differ-
ence could thus be related to the top boundary temperature. The
same discussion holds for thermocouple E1. With a diffusivity of
1.1 x 10°%m?.5~1, the mean error is 0.006, so approximately 20% of
the wave amplitude 20 m underground. Like C6, the gap is greater
during the first two years. The error source therefore seems to be
the same as for C6.

For both locations, the model presents higher deviations than
close to the ground surface of the cave rock mass. This was ex-
pected since the deeper, the more the heat propagation is three-
dimensional. Despite this, the 1D model calculates temperatures in
the expected range, with a rather low error considering the sim-
plicity of the hypotheses.

5. Discussion
5.1. Ground surface temperature

The calculation of the ground surface temperature (§3.2.2) re-
quires the study site to be heavily instrumented with radiation
and relative humidity sensors, anemometers and thermocouples.
To study the thermal behavior of the cave, such a device must be
installed at as many points as possible. Knowing the surface tem-
perature right above the cave is obviously of great importance, but
due to 3D effects, the temperature is also necessary in its vicinity.
Ideally, a network of soil sensors covering an area encompassing
the cave should be set up. This would allow accurate interpolations
everywhere above the cave.

However, this choice would necessitate a very heavy and costly
instrumentation. This could be avoided by introducing thermocou-
ples into the first few centimeters of topsoil. They would directly
measure temperatures in topsoil resulting from the complex en-
ergy balance at the ground surface (§3.2.2). This temperature could
then be considered as the boundary condition in the numerical
resolution of the heat Eq. (1). This methodology prevents uncer-
tainties on the radiation and the wind speed measurements, but
also the approximations in the theoretical calculation of the sur-
face temperature.

As regards the temperature calculation within the first meter of
the rock mass, the 1D homogeneous model provides very satisfy-
ing results. The error remains negligible despite complex and time-
dependent phenomena which are difficult to assess accurately. It is
worth noting that a good understanding of water saturation ac-
cording to time could further enhance the precision of the model.
This might be done for the Lascaux Cave since rainfall and the
electrical resistivity of the rock mass are continuously measured.
This would also require an advanced modeling of the water bal-
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Fig. 11. Measured and calculated temperatures corresponding to thermocouples C8 and C3 (Fig. 2). For each thermocouple, both calculated temperatures are based on two
different thermal diffusivities respectively leading to a phase change and a damping consistent with the measurements.

ance within the rock mass. The weak depth of the measurements
seems to make the 1D homogeneous hypothesis reliable. With a
thorough instrumentation of the site surface as described above,
the thermal behavior of the upper part of the rock mass would
therefore be known with great accuracy.

5.2. Cave temperature

The temperature within the cave has been compared for two
thermocouples (C6 and E1) in Section 4.3, Both locations have been
chosen among the most prone to be thermally predictable by a
1D homogeneous model. The measurements at these points in-
deed show a good correlation between the phase change and the
thermal damping (Fig. 8), which can be explained with a uniform
thermal diffusivity. For these thermocouples, the calculated tem-
peratures are close to the measurements, with a mean absolute
error (Eq. (13)) smaller than 20% of the wave amplitude over 5
years and an efficiency (Eq. (14)) greater than 0.95. For most ap-
plications (waste storage, geothermics, temperature correction for
electrical resistivity measurements, etc.), this model is thus very
satisfactory and provides results accurate enough. However, in the
particular case of thermo-aeraulic simulations in caves, a precision
of a few hundredths of degrees is necessary. In details, for other
thermocouples such as C8 or C3 for instance (Fig. 3), one cannot
accommodate the phase change and the damping under the ho-
mogeneous assumption. Fig. 11 compares the measured tempera-
ture with two calculated temperatures where the thermal diffusiv-
ity is equal to either 1.3 x 10°® m?s" or 24 x10°° m?s-! for
€8, and 1.1 x 10°% m2577 or 1.6 x 107 m2.s~! for C3. For each lo-
cation, both diffusivities have been chosen to make the calculated
temperature fit with the wave damping and the phase change re-
spectively.

Figure 11 shows that for C8 and C3, there is no thermal dif-
fusivity being able to reproduce aptly the measured temperatures.
Satisfying the phase change and the wave damping requires a more
complex model with a non-constant diffusivity. The domain could
be divided into two parts with two distinct thermal diffusivities.
From a mathematical point of view, these two unknowns could
be adjusted to fit with both the phase change and the thermal
damping. However, this can be done at one location but there is
no reason that the two calculated diffusivities could yield satisfac-
tory results at other locations in such a complex karstic system.
The homogeneous hypothesis fails to explain the measurements at
(8 and C3, contrary to C6 and E1 (§4.3). The study about the phase
change and the thermal damping in Section 4.1, which is based on
a simple analytical solution, can therefore allow scientists to pre-
dict whether the thermal study of a rock mass can rely on the ho-
mogeneous assumption. In the case of the Lascaux Cave, the rock
mass should be considered as heterogeneous. To improve the re-
sults presented in the prior section, a more complex 3D heteroge-

neous model must be considered. Water circulation in rock must
also impact the thermal diffusivities according to time. Therefore,
using constant heterogeneous properties might also be insufficient
to get accurate results. A coupling between a 3D heterogeneous
model and a water circulation model could thus be required.

As stated in the introduction, the thermal behavior of caves
is always investigated with homogeneous models. Scientists must
ensure that the studied rock mass is really homogeneous, which
never happens for karstified rock masses such as those surround-
ing caves. This is a paramount issue since high precision is neces-
sary when studying caves thermally. Indeed, the onset of the ther-
mal convection is very sensitive to thermal gradients and a few
hundredth of degrees can distort predictions.

6. Conclusion

For the sake of cave conservation, the investigation of the heat
propagation in rock masses is an important matter. The tempera-
ture of the cave walls indeed drives the thermal convection within
cavities, which causes potential alterations. At present, the studies
in the domain are based on the resolution of the 1D heat equation
with a constant thermal diffusivity. The ground surface tempera-
ture is also supposed to be equal to the outside air temperature,

However, we have shown that the ground surface tempera-
ture is different from the outside air temperature. Our tempera-
ture measurement a few centimeters into the ground has revealed
a significant loss of energy, indicating that a complex physical pro-
cess should take place at the surface. Based on literature, especially
in agriculture, we have detailed such phenomena. The ground sur-
face temperature actually results from an energy balance involving
radiation, convection, conduction and water evaporation. The sur-
face temperature thus requires many measurements and empiri-
cal calculations. To ensure the energy conservation in the standard
mathematical procedure, we have proposed a suitable formula for
the convective heat transfer coefficient.

This strategy has then been applied to the Lascaux Cave which
has been heavily instrumented for decades. The calculated temper-
atures the first meter below the ground surface have been sat-
isfactorily compared with measurements, whatever the radiation
configuration. The low error indicates that the proposed model,
relying on the 1D homogeneous hypothesis, is sufficient to sim-
ulate the thermal behavior close to the surface. Inside the cave,
the model successfully computes the temperature at carefully cho-
sen locations, where we expected the homogeneous assumption to
be reliable. Elsewhere, the phase change and the thermal damp-
ing cannot be explained by such a simple model. The homoge-
neous hypothesis is very likely inconsistent with the geology of the
rock mass. The assessment of the thermal diffusivities matching
the measured phase change and damping for each thermocouple
has highlighted the limitations of this assumption. For heteroge-



neous rock masses, such as in Lascaux, the current model cannot
aptly describe the heat propagation over 10 m. Instead, a 3D het-
erogeneous model should be considered for thermal simulations.

In order to simulate the thermal convection in the Lascaux
Cave, we need a model to evaluate the wall temperature. Based on
electrical resistivity tomography measurements, a geophysics in-
vestigation is currently conducted on the Lascaux rock mass. Its ge-
ological heterogeneities are being characterized and localized spa-
tially. This will allow us to subdivide the Lascaux rock mass into a
few homogeneous subareas. Then, a study will address the thermal
characterization of the cave rock mass to be able to simulate the
heat propagation with heterogeneous properties. More broadly, the
strategy developed in the paper should be applied to other caves
concerned by conservation issues. Underground cavities like mines
or waste storage capacities could also necessitate such a thermal
investigation.
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