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INTRODUCTION

Carbon dioxide (CO2) is a key component controlling 
the karst processes such as limestone dissolution 
and calcite speleothem growth (Dreybrodt, 1999). The 
driving force for the latter process is the difference 
in the CO2 partial pressure between (1) the soil/
upper epikarst, (EK)PCO2, and (2) the cave atmosphere,  
(C)PCO2 (White, 1998; Ford & Williams, 2007). Whereas 
a high (EK)PCO2 (Fairchild et al., 2000; Faimon et al., 
2012a) controls saturation of percolating water with 
respect to the calcite, the lower (C)PCO2 is responsible 
for dripwater degassing (releasing of the CO2 excess) 
(Holland et al., 1964). 

The instantaneous CO2 concentration in the cave 
atmosphere is the balance of the input and output 
fluxes. The input CO2 flux may generally include the 
direct natural fluxes associated with (i) the diffusion 
from soils/epikarst, (ii) dripwater degassing (Bourges 
et al., 2001), perhaps (iii) microbial decay of organic 
matter in cave sediments, and (iv) the transport of 
endogenous CO2 in geologically active regions (Batiot-
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Abstract: The evolution of CO2 levels with and without human presence was studied in a selected site 
(Gallery Chamber) of the homothermic zone of the Balcarka Cave (Moravian Karst, Czech 
Republic) during the fall, a period of limited ventilation. There were recognized various factors 
controlling the cave CO2 levels under different conditions in the exterior and interior. When 
visitors were absent, CO2 levels were controlled by the advective CO2 fluxes linked to cave 
airflows and reaching up to ~1.5 x 10-3 mol s-1. These fluxes exceed by orders of magnitude 
the exchanged diffusive fluxes (up to 4.8 x 10-8 mol s-1) and also the natural net flux (from  
1.7 x 10-6 to 6.7 x 10-6 mol s-1) imputing given chamber directly from overburden. The natural 
net flux, normalized to unitary surface area, was estimated to be 2.8 x 10-8 to 1.1 x 10-7 mol m-2 

s-1, based on a perpendicular projection area of the chamber of ~60 m2. When visitors were 
present, the anthropogenic CO2 flux into the chamber reached up to 3.5 x 10-3 mol s-1, which 
slightly exceeded the advective fluxes. This flux, recalculated per one person, yields the value 
of 6.7 x 10-5 mol s-1. The calculations of reachable steady states indicate that anthropogenic 
fluxes could almost triple the natural CO2 levels if visitors stayed sufficiently long in the cave.
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Guilhe et al., 2007). The indirect CO2 fluxes can be 
derived from air advection from (v) adjacent cave 
passages/epikarst, or e.g. (vi) a cave river and conduit 
flow. The anthropogenic flux is connected with (vii) the 
exhaling of cave visitors (Faimon et al., 2006; Milanolo 
& Gabrovšek, 2009). The output flux is linked with 
cave airflow and controlled by cave ventilation (Spötl 
et al., 2005; Banner et al., 2007; Baldini et al., 2008; 
Fernández-Cortes et al., 2009). 

The cave airflow depends on (1) the cave geometry and 
(2) the pressure difference resulting from contrasting 
air densities (de Freitas et al., 1982). Since density is 
particularly a function of temperature, cave airflows 
are mostly related to the temperature difference  
DT = Texterior– Tcave (where Texterior is external air 
temperature and Tcave is cave air temperature [°C]) (de 
Freitas et al., 1982; Baker & Genty, 1998; Pflitsch & 
Piasecki, 2003; Russell & MacLean, 2008; Kowalczk 
& Froelich, 2010; Faimon et al., 2012b). A theoretical 
background on cave air circulation was given by 
Cigna (1968) and Wigley & Brown (1971). Based on 
their geometry, caves may be sorted into two extreme 
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numbers. The model aims at contributing to a 
better knowledge of the parameters controlling CO2 
levels in a visiting cave under specific conditions of 
changing ventilation. Overall, the article could help 
in better understanding recent karst processes.  

SITE OF STUDY

The site of study, the Balcarka Cave, is situated 
in the northern part of the Moravian Karst near the 
village of Ostrov u Macochy (Faimon et al., 2012c). 
The sketch map of the cave with characteristic sites 
and their positions at different altitudes is illustrated 
in Fig. 1a. The cave was formed in the Devonian 
limestone of the Macocha Formation. It consists of 
two levels of narrow corridors, totaling about 350 m in 
length with chambers rich in speleothem formations. 
The height distance between both cave levels is about 
20 m. The overburden thickness reaches up ~40 m 
(Fig. 1b). The same distance is probably between the 
levels of the lowest and highest openings. The complex 
cave geometry with three known entrances and more 
hidden openings at different altitudes ensures the 
dynamic behavior of air circulation. The Gallery 
Chamber in deeper cave passages (in the second cave 
level) was chosen as the monitoring site (Fig. 1a).  

groups: (1) static caves with one entrance and (2) 
dynamic caves with two or more entrances at different 
altitudes (Geiger, 1966; Bögli, 1978). Whereas the 
static caves are ventilated for half of the season, the 
dynamic caves ventilate during the whole year by 
a so-called chimney effect. The transition between 
static caves and dynamic caves is represented by a 
statodynamic cave, defined by more than one entrance 
at the same altitude (Luetscher & Jeannin, 2004b). 
Some parts of the cave have features of a static cave, 
whereas other parts behave as a dynamic cave. If  
DT < 0, upward airflows occur in the cave, i.e., external 
air enters the cave at the lower entrance and flows 
out from the cave by the upper entrance. This regime 
is called the upward airflow ventilation mode (UAF 
mode). If DT > 0, cave airflows move in the opposite 
way. In this case, we talk about the downward airflow 
ventilation mode (DAF mode) (see Faimon et al., 2012a 
for details). According to the extent of temperature 
variations in the cave environment, (1) heterothermic 
zones (passages closer to cave entrances) and (2) 
homothermic zones (deeper cave passages) are 
defined (Luetscher & Jeannin, 2004b). Whereas the 
heterothermic zone is strongly influenced by external 
temperature, the homothermic zone is characterized 
by temperature stability. Two different ventilation 
periods can be distinguished 
in cave: (i) the period of active 
ventilation and (ii) the period 
of limited ventilation (Faimon 
et al., 2012b). In the active 
ventilation period, the duration 
of the individual ventilation 
mode exceeds the air residence 
time in the cave. In such a 
case, the air in the whole cave 
is completely exchanged. In 
the limited ventilation period, 
the duration of the actual 
ventilation mode is shorter than 
the air residence time in the 
cave. Then the direction of the 
airflow turns before the cave 
air is completely replaced by air 
from the external atmosphere 
(only the cave-entering passages 
are ventilated). Previous works 
on anthropogenically-impacted 
cave CO2 were presented by, 
e.g., Pulido-Bosch et al. (1997), 
Song et al. (2000), Faimon et 
al. (2006), Liñán et al. (2008), 
Fernández-Cortes et al. (2009), Milanolo & Gabrovšek 
(2009) or Lario & Soler (2010). In this work, we 
focus on the anthropogenically-impacted CO2 in the 
homothermic zone of the Balcarka Cave, a dynamic 
cave in the Moravian Karst (Czech Republic). The 
study was conducted when the ventilation modes 
changed diurnally and when the cave persisted in 
the period of limited ventilation. The goal of this 
work was to propose the dynamic model that would 
simulate evolution of cave CO2 levels based on 
routinely available data: temperatures and visitor 

Fig. 1. Balcarka Cave: the sketch map with its position (a) and the altitude diagram of the individual 
cave passages (b). The letters denote the monitoring sites from the diagram.

The site is part of the  homothermic zone. The chamber 
volume was estimated to ~150 m3. The cave is 
seasonally open to tourists with a total attendance of 
30,000 to 40,000 persons per year. In the area above 
the Balcarka Cave, three soil types were identified: 
Anthrosol, lithic Leptosol, and brown rendzic Leptosol 
based on the vegetation such as pastures, mixed 
forest, and karst meadows, respectively (see Faimon 
et al., 2012c for details). The annual temperature of 
the external atmosphere at the given site is of ~8°C. 
The total annual precipitation is ~700 mm. 
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METHODS

Data were collected during three monitoring 
campaigns between September and November 2013. 
A monitoring schedule is given in Table 1. In addition 
to the number of visitors, the cave CO2 concentrations 
and the temperatures of cave air and external air 
were monitored. Airflow velocities were calculated 
from the temperature differences (see Faimon & Lang, 
2013). Airflow direction was deduced from the sign 

Monitoring
Campaign Date Period

[hours]
Number 
of tours

Visitors 
totally

Campaign I 28-30 Sept. 2013 48 16 265
Campaign II 19-21 Oct. 2013 48 11 176
Campaign III 2-4 Nov. 2013 48 6 124

Table 1. Monitoring schedule (Balcarka Cave, Moravian Karst).

of temperature differences and checked at the cave 
door positions. The CO2 concentration was measured 
in the Gallery Chamber at 1 meter above the cave 
floor. It was detected by a 2-channel IR-detector  
FT A600-CO2H (measuring range: 0 to 10,000 ppmv; 
accuracy: ±50 ppmv + 2 vol. % of measured value in the 
range of 0 to 5000 ppmv; resolution: 1 ppmv or 0.0001 
vol. %) linked to the ALMEMO 2290-4 V5 Ahlborn 
data logger (Germany). The volume concentrations 
(in ppmv units) were subsequently recalculated 
into molar concentration (mol m-3), based on the 
Ideal Gas Law and given temperature and pressure,  

where P is barometric pressure [Pa], R is 
the universal gas constant [R = 8.3144621 
J kg-1 K-1] and T is temperature [K].  

The temperature was logged (i) in the 
exterior, about 50 m outside the cave, 
and (ii) inside the cave, about 100 m from 
the cave entrance. It was measured by 
COMET S3120 dataloggers (measuring 
range from - 30 to + 70°C with a precision 
of ±0.4°C) (TR Instruments Inc., Czech 
Republic). 

The variables were logged at 1-minute 
step (Campaigns 1 and 3) and 2-minute 
step (Campaign 2). The number of 
visitors in an individual tour was 
registered before their entering the 
cave. The moment of visitor entry into 
the monitoring site (due to the visitor 
moving with guide’s commentary) was 
delayed by 33 ± 0.1 minutes. The length 
of stay in the site was 5-20 minutes  
(8.1 ± 5.9 min on average), based on the 
guide’s commentary and visitor number. 
The initial time of interaction of visitors 
with the cave environment and the length 
of stay were finely tuned so that they were 
consistent with the CO2 concentration peak. 
The sensitivity analysis was conducted 
using the program TopRank 6 (2014).

RESULTS

Monitoring Campaign I
During Campaign I, covering a total of 48 hours (see 

Table 1 for details), the monitoring was conducted at 
a temperature difference, DT = Texternal - Tcave, ranging 
between -8.8 and 4.9°C (Fig. 2c). Two ventilation 
modes were identified/predicted: (1) downward airflow 
ventilation mode (DAF) at positive DT and (2) upward 
airflow ventilation mode (UAF) at negative DT. The CO2 
concentrations in the chamber varied in a wide range 
depending on the temperature difference and the 
number of visitors (Fig. 2a). During the DAF modes, 
enhanced CO2 concentrations of about 3.45 x 10-2 mol m-3  
(800 ppmv) on average were registered. Sharp peaks of the 
values superimposed on “natural” CO2 levels correspond 
very well to attendance and represent the anthropogenic 
impact on the CO2 concentrations in the chamber. 
The heights of peaks corresponded to (i) the number 
of visitors in individual tours and (ii) staying period 
in the chamber. In the case of maximum attendance  
(52 visitors), the peak CO2 concentration reached up to 
5.83 x 10-2 mol m-3 (1350 ppmv). During the UAF mode, 
no visitors stayed in the cave. The CO2 concentrations 
decreased to 2.50 x 10-2 mol m-3 (578 ppmv) on average.

Monitoring Campaign II
This 48-hour campaign (see Table 1) ran at a 

temperature difference DT varying from -9.8 to 10.4°C 
(Fig. 3c). The CO2 concentrations varied depending 
on the temperature difference (DAF mode or UAF 
mode) and the number of visitors (Fig. 3a). During 

Fig. 2. Monitoring of Campaign I (28-30 September 2013; Gallery Chamber, Balcarka Cave). 
There are data on CO2 concentrations (the red line represents modeled curve) (a), visitor 
numbers (b), and temperature difference ∆T (c). See text for details.

(1)
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the DAF modes, natural CO2 concentrations varied 
about 3.00 x 10-2 mol m-3 (700 ppmv). The peak values 
corresponding to 37 visitors reached up to 4.52 x 10-2 
mol m-3 (1040 ppmv). During the UAF mode (without 
visitors), the CO2 concentrations decreased to  
2.60 x 10-2 mol m-3 (600 ppmv).

Monitoring Campaign III
This 48-hour campaign (see Table 1) ran at a 

temperature difference DT ranging from -8.7 to 
1.4°C (Fig. 4c). The resulting CO2 concentrations in 
the chamber varied in a narrow range depending 
on the temperature difference and the number of 

Fig. 3. Monitoring of Campaign II (19-21 October 2013; Gallery Chamber, Balcarka Cave). 
There are data on CO2 concentrations (the red line represents modeled curve) (a), visitor 
numbers (b), and temperature difference ∆T (c). See text for details.

Fig. 4. Monitoring of Campaign III (2-4 November 2013; Gallery Chamber, Balcarka Cave). 
There are data on CO2 concentrations (the red line is modeled curve) (a), visitor numbers (b), 
and temperature difference ∆T (c). See text for details.

visitors (Fig. 4a). During the DAF modes, 
natural CO2 concentrations varied about  
3.00 x 10-2 mol m-3 (693 ppmv) on average. 
The peak values (at 32 visitors) reached 
up to 3.68 x 10-2 mol m-3 (850 ppmv). 
During the UAF mode, when no visitors 
were in the cave, CO2 concentrations 
decreased to 2.50 x 10-2 mol m-3  
(578 ppmv).

DATA ANALYSIS

To evaluate the significant variables/
parameters driving the CO2 concentrations 
and to better understand the relations 
between them, a dynamic model was 
proposed that would simulate the evolution 
of CO2 levels in the chamber. The model is 
based on the idea that the instantaneous 
CO2 concentrations are given by balancing 
all the CO2 fluxes into/out of the chamber. 
The conceptual model is depicted in Fig. 5. 
It consists of three reservoirs, the chamber 
of interest and two further adjacent spaces, 
and six fluxes among them: (1) the direct 
net natural flux into the Gallery Chamber 
from its overburden, jN (associated with 

e.g. direct diffusion of CO2 from soils/epikarst through 
the chamber roof and/or dripwater degassing), (2) the 
anthropogenic flux jA (stemming from a person exhaling), 
(3) the advective input flux jaindv from an adjacent cave 
space (driven by ventilation), (4) the advective output 
flux from the chamber jaou

dv
t (driven by ventilation), (5) the 

diffusive input flux from an adjacent space jdinif, and (6) 
the diffusive output flux out of the chamber jdou

if
t. Note that 

the advective input/output fluxes from/into adjacent 
spaces changed with each other with switching of the 
ventilation mode. The fluxes heading into the reservoir 
of interest (Gallery Chamber) are taken as positive, the 
fluxes heading out of the reservoir are negative. The 

total CO2 flux into the reservoir, j [mol s-1], 
is given by the sum of all individual fluxes,  

(2)

where nCO2 is the total content of carbon 
dioxide in the chamber atmosphere [mol], 
t is time [s], V is the chamber volume [m3], 
c is instantaneous CO2 concentration in 
the chamber atmosphere [mol m-3], and ji 
are fluxes [mol s-1]. 

The direct flux jN was presumed to be 
constant during monitoring; it was found 
as one of the model parameters. 

Anthropogenic CO2 flux, jA, was 
quantified as

jA = kA A  (3)

where kA is a constant representing an 
anthropogenic personal flux [mol s-1] and 
A is the attendance [number of visitors]. 
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The advective fluxes, jaindv and jaou
dv

t, respectively, were 
expressed as a function of concentrations and airflows:

jaindv = v cadj  (4)
and

jaou
dv

t = -v c  (5)

(6)

where DT = Texterior – Tcave [°C] and kDT is a 
proportionality constant [m3 s-1 deg-1/2].

The input and output diffusive fluxes, jdinif, and 
jdou

if
t, respectively, were expressed as

(7)

(8)

and

where D is a diffusion coefficient of CO2 in the cave 
atmosphere [m2 s-1], S is the cave cross-section [m2], 
and L is the distance, for which the concentration 
gradient, Dc [m], is given. Eqns. (7) and (8) are relevant 
for both the DAF and UAF modes.

Based on expected reasonable values of parameters, 
D ~1.36 x 10-5 m2 s-1 (Welty et al., 2008), S ~10 m2,  
L ~100 m, v ~0.04 m3 s-1, V ~150 m3, ca

(1)
dj ~1.7 x 10-2 

mol m-3, c ~3–6 x 10-2 mol m-3, ca
(2)
dj ~2–4 x 10-2 mol 

m-3, the advective fluxes vary in the range of (1.1-1.5)  

(9)

for the DAF ventilation mode. Eqn. (9) changes into

(10)

Values
Parameters Campaign 1 Campaign 2 Campaign 3
jN  [mol s-1] 6.67 x 10-6 1.67 x 10-6 5.00 x 10-6

cadj DAF1 [mol m-3] 3.00 x 10-2 2.95 x 10-2 2.65 x 10-2

cadj DAF2 [mol m-3] 3.30 x 10-2 3.20 x 10-2 2.70 x 10-2

cadj UAF1 [mol m-3] 2.43 x 10-2 2.40 x 10-2 2.50 x 10-2

cadj UAF2 [mol m-3] n.u. 2.55 x 10-2 2.25 x 10-2

cadj UAF3 [mol m-3] n.u. 2.80 x 10-2 n.u.
kA [mol s-1] 6.67 x 10-5 4.00 x 10-5 5.33 x 10-5

k∆T DAF [m3 s-1 deg-1/2] 1.50 x 10-2 1.67 x 10-2 4.83 x 10-2

k∆T UAF [m3 s-1 deg-1/2] 7.30 x 10-3 7.47 x 10-3 5.83 x 10-3

n.u. - not used

Table 2. Regression parameters resulting from the modeling of individual monitoring 
campaigns (Gallery Chamber, Balcarka Cave).

concentration in the chamber [mol m-3], 
and cadj is CO2 concentration in the relevant 
adjacent cave space serving as a sourcing 
reservoir [mol m-3]. As cadj, ca

(2)
dj was applied 

for the DAF ventilation mode and ca
(1)
dj was 

used for the UAF mode. Based on Faimon 
& Lang (2013), the volumetric airflow was 
calculated from temperature differences, 

where v is the volumetric velocity of airflow 
through the cave chamber [m3 s-1], c is CO2 

in the case of the UAF mode, due to change in the 
input advective flux jaindv.

For both the ventilation modes, eqns. (9) and (10) 
were solved numerically. The little significant diffusive 
fluxes (the last terms in eqns. 9 and 10) were ignored 
in modeling for simplicity. Initially, values of the 
model parameters (jN, cadj, kA, kDT) were roughly set by 
trial and error so that the model curve best fit the 
data set. Important criteria for such fitting were (1) 
correspondence of data with the model at DT maxima/
minima and at DT = 0 in the periods without visitors 
and (2) heights of the CO2 peaks at visitor presence. 
Consecutively, detail values of the parameters were 
exactly determined by the least square method. The loss 
function was minimized by the Levenberg-Marquardt 
method (Marquardt, 1963). Results of the modeling are 
presented in Figs. 2, 3, and 4 as thick red lines; the 
found regression parameters are given in Table 2. 

Fig. 5. Conceptual model of CO2 dynamics in the atmosphere of 
the Gallery Chamber during the DAF ventilation mode (a) and UAF 
ventilation mode (b).

x 10-3 mol s-1, whereas the diffusive fluxes do not 
reach the values of 4.8 x 10-8 mol s-1. 

Inserting all the fluxes into eqn. (2) and rearranging 
gives 

The cadj concentrations varied in the range of  
(2.65-3.30) x 10-2 mol m-3 (i.e., 620-770 ppmv) during the 
DAF mode and (2.25-2.8) x 10-2 mol m-3 (530-660 ppmv) 
during the UAF mode. The kDT values were determined 
in the range of (1.50-4.83) x 10-2 m3 s-1 deg-1/2 (DAF 
mode) and (5.83-7.47) x 10-3 m3 s-1 deg-1/2 (UAF mode). 
The calculated advective fluxes, jadv, (see Table 3)  
were consistent with those (1.1-1.5) x 10-3 mol s-1 

estimated former.
The kA values were found in the narrow range of 

(4.00-6.67) x 10-5 mol s-1 (Table 2). Based on eqn. (6) 
and the number of visitors (Fig. 2-4), the instantaneous 
anthropogenic CO2 fluxes, jA, varied in the ranges:  
6.0 x 10-4 to 3.5 x 10-3 mol s-1 (campaign I), 1.2 x 10-4 
to 1.5 x 10-3 mol s-1 (campaign II), and 6.9 x 10-4 to  
1.7 x 10-3 mol s-1 (campaign III) (Table 3). 
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Direct natural flux (jN) varied in the range of  
(1.67-6.67) x 10-6 mol s-1. All fluxes are summarized 
in Tables 2 and 3. The chamber total volume V ~150 m3 
was used for modeling.  

The maximum reachable CO2 concentration under 
given conditions is consistent with the steady state, at 
which the change of concentration in the chamber is 
zero, dc/dt = 0. For the DAF ventilation mode, during 
which visitors are in the cave, eqn. (9) yields

Flux Campaign 1 Campaign 2 Campaign 3
jA [mol s-1] 6.0 x 10-4 to 3.5 x 10-3 1.2 x 10-4 to 1.5 x 10-3 6.9 x 10-4 to 1.7 x 10-3

jadv 
(in) [mol s-1] up to 1.1 x 10-3 up to 1.5 x 10-3 up to 1.3 x 10-3

jdif [mol s-1] up to 4.8 x 10-8 up to 2.7 x 10-8 up to 1.6 x 10-8

Table 3. Overview of CO2-fluxes based on modeling (Gallery Chamber, Balcarka Cave).

(11)

(12)

and after rearranging,

where css is a steady state of CO2 concentration in the 
chamber [mol m-3].  

The effect of the relevant variables (DT and A) 
and key parameters (jN and cadj) on the cave CO2 
concentrations was tested by the standard sensitivity 
analysis. Generally, the method is used for assessing 
the contribution of individual driving variables/ 
parameters to the increment/decrement of the 
dependent variable (see Saltelli et al., 2004). The 
analysis was applied to eqn. (12), in which the achievable 
CO2 level, i.e., the steady state concentration, css, is a 
function of relevant driving variables/parameters. The 
calculation was based on the average values of the  
kA = 5.3 x 10-5 mol s-1 and kDT = 2.67 x 10-2 m3 s-1 deg-1/2 

(found by modeling) and the values used for the flux 
estimating (D ~1.36 x 10-5 m2 s-1, S ~10 m2, L ~100 m, 
v ~0.04 m3 s-1, V ~150 m3, and ca

(1)
dj ~1.7 x 10-2 mol m-3). 

The individual inputs for the analysis covered the 
range of parameters/variables found by modeling  
(Table 2). Results of the sensitivity analysis are presented 
in Fig. 6. During the natural regime without visitors  
(A = 0), the concentrations in adjacent spaces, cadj, have 
the most significant effect on CO2 levels (Fig. 6a). The 
effect of the temperature difference DT and direct natural 
flux (jN) are either small or almost negligible, respectively. 
For the regime with visitors, the results are very different: 
the CO2 levels are extremely affected by DT (Fig. 6b). The 
variations in DT may almost triple the CO2 level in the 
chamber in comparison with the visitor number (A) and 
even quadruple in comparison with the adjacent space 
concentrations,

 
ca

(2)
dj. The role of the direct natural flux is 

similarly insignificant as in the regime without visitors. 
In the case of DT >> 0, the effect of DT diminishes (Fig. 6c). 

DISCUSSION

The natural CO2 concentrations between 2 x 10-2 and  
3 x 10-2 mol m-3 (460 and 700 ppmv) found in the 

Balcarka Cave are roughly consistent with the values 
reported by Spötl et al. (2005) for the Obir Caves (Austria), 
Baldini et al. (2006) for the Ballynamintra Cave (Ireland) 
or with those measured by Liñán et al. (2008) in the Nerja 
Cave (Spain). In contrast, these values are substantially 
lower than the values of 0.24 mol m-3 (5,500 ppmv) 
reported by Buecher (1999) for the Kartchner Caverns 
(Arizona), 0.36 mol m-3 (8,300 ppmv) presented by Ek & 
Gewelt (1985) in the Ste-Anne Cave (Belgium), 1.8 mol m-3 
(41,500 ppmv) reported by Bourges et al. (2001) or even  
2.68 mol m-3 (62,000 ppmv) given by Batiot-Guilhe et 
al. (2007) (Causse d´Aumelas, France). This comparison 
indicates that the Balcarka Cave belongs to the caves 
with rather low CO2 levels. The peak CO2 values up to  
6 x 10-2 mol m-3 (1,400 ppmv) linked to the anthropogenic 
impact are comparable with the values referred by 
Dragovich & Grose (1990), Faimon et al. (2006) or Benavente 
et al. (2011). On the other hand, they do not reach the 
value ~0.1 mol m-3 (2,300 ppmv) presented by Milanolo & 
Gabrovšek (2009). Nevertheless, the anthropogenic impact 
on the Balcarka Cave environment may be classified as 
a standard one in comparison with other visiting caves. 
During all the monitoring campaigns, the cave persisted 
in the so-called fall period of limited ventilation (Faimon et 
al., 2012a).  This period follows the summer period of active 
ventilation that provided enhanced CO2 levels. 

Natural influence 
The sensitivity analysis (Fig. 6), the preliminary 

calculations based on eqns. (3) to (8), and  the modeling 

Fig. 6. Sensitivity analysis: evolution of the CO2 steady state concentrations 
in the cave chamber based on the variation of individual parameters. 
The case without visitors (a); the case with visitors at different temperature 
ranges (b, c).
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results (Fig. 3-4, Table 2) showed that natural CO2 
levels in the chamber (in the case without visitors) 
are controlled by the advective CO2 fluxes from 
adjacent cave spaces. These fluxes are a function of 
(1) CO2 concentrations in these spaces, cadj, and (2) 
cave airflows controlled by temperature difference, 
DT = Texterior– Tcave, (Fig. 6a). Based on airflow direction 
(controlled by the DT sign), different CO2 fluxes enter 
the chamber from different adjacent spaces. The lesser 
CO2 concentrations are results of the fluxes from the 
spaces situated below, closer to the cave entrance 
(operating as an inputting reservoir during the UAF 
mode, see Fig. 5a). The higher CO2 concentrations are 
transported by the fluxes from deeper/higher-situated 
cave spaces (operating as an inputting reservoir 
during the DAF mode, see Fig. 5b). The concentrations 
ca

(2)
dj are probably derived from soil/epikarstic CO2; it 

is even conceivable that the concentrations represent 
the CO2 directly “soaked” from the epikarst. Various 
sinkholes and shafts filled with porous sediment and 
representing a section into the karst’s vertical profile 
may serve as the entrances for such transport. Peak 
values of the CO2 concentrations measured in the 
soils above the Balcarka Cave reach up to 4,500 ppmv 
(Faimon et al., 2012c). Under the correction for the 
drill-hole diameter at monitoring (Blecha & Faimon, 
2014), the peak values could even reach up to  
~6,000 ppmv (2.6 x 10-1 mol m-3). Such values should 
fully cover the concentrations predicted by the model, 
~3 x 10-2 mol m-3 (Table 2). It should be emphasized 
that the CO2 concentrations in the adjacent space,  
ca

(2)
dj, were not available for direct monitoring because 

of (1) uncertainty in the airflow path and (2) 
inaccessibility of such spaces. The ca

(1)
dj values predicted 

by the model, 2.2-2.8 x 10-2 mol m-3 (500–650 ppmv) 
(Table 2) are in good agreement with the values of about  
2.3 x 10-2 mol m-3 (530 ppmv) ordinarily measured 
at the entrance passages of the cave. From the cadj 
variations during the campaigns and even during 
individual monitoring periods (Table 2), it is evident 
that the parameter is not invariant. However, the 
8.8% variation (variation coefficient) during the 
DAF mode and 7.4% variation during the UAF mode 
seem to be reasonable and expectable/acceptable 
ones considering the capacities of CO2 source and  
outgoing fluxes.  

Similarly to cadj, data on the actual airflows and 
its directions were not available. The reason was its 
extremely low linear velocity and technical difficulties 
during their monitoring. Therefore, the airflows and 
their directions were estimated from temperature 
differences based on eqn. (5) and sign of DT, respectively 
(see Faimon & Lang, 2013 for details). Based on the 
regression analysis, the values of kDT were found to 
vary in the range of (5.83-7.47) x 10-3 m3 s-1 deg-1/2 for 
the UAF mode and (1.50-4.83) x 10-2 m3 s-1 deg-1/2 for 
the DAF mode (Table 2). Similar values were found for 
the Císařská Cave (Moravian Karst) in the UAF mode, 
but much lesser ones for the same site in the DAF 
mode (Faimon & Lang, 2013). In fact, kDT is expected 
to vary with cave geometry, especially the difference 
in altitudes of entrances, or length and diameters  
of the conduits. 

The switching between DAF and UAF ventilation 
modes is principally expected at zero DT, when both 
the cave and external temperatures are balanced. 
However, the modeling results indicate that the 
mode switching could be achieved at non-zero DT. 
This phenomenon was published by, e.g., de Freitas 
et al. (1982) or Faimon et al. (2012b), who estimated 
the switching DT in the range of 0.6 to 1.4°C. The 
modeling showed comparable values: the individual 
ventilation modes in the Gallery Chamber most likely 
switched at |DT| ranging from 0.4 to 3.2 °C (Fig. 3 
and 4). This discrepancy may be the result of the non-
uniform distribution of temperatures, humidity, and 
CO2 concentrations throughout the cave (Faimon & 
Lang, 2013; Sánchez-Cañete et al., 2013). 

The modeling showed that it was potentially suitable 
for distinguishing the direct net natural fluxes into 
the chamber from overburden, jN. Generally, the 
flux should induce the increment of CO2 levels at/
near zero DT, when the CO2 concentrations in the 
chamber are not lowered by ventilation. However, the 
data do not indicate such an effect. The extremely 
low flux jN of the orders of 10-6 mol s-1 was identified 
(Table 2). The flux is much lower than the advective 
fluxes (up to 1.5 x 10-3 mol s-1). This could mean 
that (1) CO2 fluxes into the cave are distributed un-
uniformly following predominant paths, and (2) water 
degassing in the site is not a dominant source. The 
rather highest jN value from the observed range that 
was found during Campaign I (September) might be 
a residuum of enhanced CO2 production during the 
end of the summer season. Despite the possible un-
uniform distribution, the flux jN was approximately 
recalculated into the specific flux normalized to a  
1 m2 area. Based on the orthogonal projection 
plane of the chamber of about 60 m2, such 
a flux would correspond to the values from  
2.8 x 10-8 to 1.1 x 10-7 mol m-2 s-1. These values are 
consistent with 7.59 x 10-8 mol m-2 s-1 presented for the 
Císařská Cave by Faimon et al. (2006). On the other 
hand, the value is much lower in comparison with  
1 x 10-5 mol m-2 s-1 presented by Milanolo &  
Gabrovšek (2009).

Anthropogenic influence
According to modeling, the peak anthropogenic CO2 

flux into the chamber, jA, reached 3.5 x 10-3 mol s-1 
depending on the number of visitors. Even though 
it is a rather higher flux in the modeled system  
(Table 3), it does not reach the maxima of the natural 
advective fluxes. The sensitivity analysis showed the 
extremely strong effect of DT on the resulting cave 
CO2 concentrations (Fig. 6b). The reason is that cave 
ventilation and outputting fluxes are suppressed 
during the periods at |DT|~0°C, when the chamber 
CO2 levels are only limited by small diffusive fluxes. 
From a mathematical point of view, the low value of 
the denominator in eqn. (12) at DT = 0°C causes an 
extreme increase in the css value. However, the time 
periods when the cave persists at zero DT are very 
short, as is visible in the DT data (Fig. 2c-4c). This 
short time does not allow neither reaching the steady 
state concentrations, css, nor a significant increase 
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natural CO2 levels when visitors stayed sufficiently on 
site. This indicates how reducing the period of a tour 
in the cave could substantially contribute to better 
protection of the cave environment.

The article represents a case study based on data 
coming from the late summer and fall, when the 
cave experienced the so-called “fall period of limited 
ventilation.” This period is characterized by higher 
natural CO2 levels deeper in the cave that have 
persisted from an enhanced summer CO2 production. 
A similar study should be undertaken in the spring 
period of limited ventilation under the conditions of 
generally low natural CO2 levels resulting from the 
winter period of active ventilation. Unfortunately, the 
cave is closed during the winter season, which did not 
allow the study of anthropogenic CO2 behavior during 
the winter period of active ventilation. Nevertheless, 
further study during the summer period of active 
ventilation at enhanced natural CO2 levels will be 
worthwhile. The study results may be useful for better 
cave management: based on our model, the numbers 
of visitors in groups and individual intervals between 
the visitor groups may be determined so that they 
burden the cave environment less in dependence of 
seasonal conditions. In general, the work may be of 
interest to karsologists and environmentalists. 
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