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The evolution of CO, 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 CO, levels under different conditions in the exterior and interior. When
Visitors were absent, CO, levels were controlled by the advective CO, fluxes linked to cave
airflows and reaching up to ~1.5 x 10* mol s*'. These fluxes exceed by orders of magnitude
the exchanged diffusive fluxes (up to 4.8 x 10 mol s') and also the natural net flux (from
1.7x 10%to 6.7 x 10° mol s') imputing given chamber directly from overburden. The natural
net flux, normalized to unitary surface area, was estimated to be 2.8 x 10*to 1.1 x 107 mol m-2
s, based on a perpendicular projection area of the chamber of ~60 m2. When visitors were
present, the anthropogenic CO, flux into the chamber reached up to 3.5 x 10° mol s, which
slightly exceeded the advective fluxes. This flux, recalculated per one person, yields the value
of 6.7 x 10° mol s''. The calculations of reachable steady states indicate that anthropogenic
fluxes could almost triple the natural CO, levels if visitors stayed sufficiently long in the cave.
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INTRODUCTION

Carbon dioxide (CO,) 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 CO, partial pressure between (1) the soil/
upper epikarst, 9P, , and (2) the cave atmosphere,
©P,,, (White, 1998; Ford & Williams, 2007). Whereas
a high (*¥P,, (Fairchild et al., 2000; Faimon et al.,
2012a) controls saturation of percolating water with
respect to the calcite, the lower (9P, is responsible
for dripwater degassing (releasing of the CO, excess)
(Holland et al., 1964).

The instantaneous CO, concentration in the cave
atmosphere is the balance of the input and output
fluxes. The input CO, 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 CO, in geologically active regions (Batiot-

“faimon@sci.muni.cz

Guilhe et al., 2007). The indirect CO, 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
& Gabrovsek, 2009). The output flux is linked with
cave airflow and controlled by cave ventilation (Spétl
et al., 2005; Banner et al., 2007; Baldini et al., 2008;
Fernandez-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
AT = T.eior— Tewe (Where T, IS external air
temperature and T,,,. 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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Studie 1: dynamicky model
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Studie 1: dynamicky model

e celkovy tok CO, do déomu Galerie dan rovnici: j = dr;Ctoz = Vdic = ¥, i

e koncentrace CO, vdomu Galerie v pribéhu jednotlivych médu proudéni:

l/"\\ ll"\‘ :1';"'|'A"|' """ \I
dc 1 AA\| lel AT T (1) I 'DS (2) (1)
UAF: = ""l\_,""' (Cagj = Ot~ (Cagy —2C + Cyq)
dt NV NN V. s LV
a::;? P- l::l:. advektivni toky difuzni toky
Pt S l"\ A N
’ S,y 1
dec [k, AVi k,ro/|AT] 1 DS
oar: ¢ (Ko Atiint HoordOT] oo DS o5, o)
dt \~Y’ ‘\YI \ __y __________ ,' LV

* modelovane (hledane) parametry: jy, €,4;, ka, ka7 (do nejlepsiho prolozeni)
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Studie 1: hlavni zaveéry

Konc. CO, na Galerii byly fizeny rdznymi faktory v zavislosti na podminkach:

e bez pfitomnosti navstévnikda byly koncentrace CO, na Galerii fizeny toky

CO, ze sousednich prostor (zavislost na koncentracich CO, a tepl. rozdilu)

e béhem pobytu navstévniku byly koncentrace CO, na Galerii fizeny antro-

pogennimi toky CO, (zavislost na poctu navstévnikl a délce jejich pobytu)

V pfipadé dostatecné dlouhého pobytu v jeskyni by antropogenni CO, vyde-
chovany navstevniky temer ztrojnasobil pfirodni koncentrace CO, na Galerii

Pro lepsi ochranu jeskynniho prostredije nutna redukce délky pobytu skupin

navstévniku v jeskyni a zvyseni ¢asového intervalu mezi prohlidkami jeskyné
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A CASE STUDY OF ANTHROPOGENIC IMPACT ON THE CO,
LEVELS IN LOW-VOLUME PROFILE OF THE BALCARKA CAVE
(MORAVIAN KARST, CZECH REPUBLIC)

STUDIJA VPLIVA OBISKOVALCEV NA KONCENTRACIJE CO,
V MANJSIH IN SLABO POVEZANIH JAMSKIH PROSTORIH:
PRIMER I1Z JAME BALCARKA NA MORAVSKEM KRASU
V REPUBLIKI CESKI

Marek LANG*!, Jifi FAIMON' & Camille EK*

Abstract UDC 551.442:543.272.62(437.3)
Marek Lang, Jiti Faimon & Camille Ek: A case study of an-
thropogenic impact on the CO, levels in low-volume profile of
the Balcarka Cave (Moravian Karst, Czech Republic)
Anthropogenic impact on CO, levels was studied in the low-
volume chamber connected with the low-profile corridor in
Balcarka Cave, the show cave in Moravian Karst, during the
period of limited ventilation. Modeling showed that the natural
CO, levels were controlled by the CO, fluxes (upto ~ 3.14 x
107 mol s*) from adjacent spaces. These fluxes changed with
cave airflows and ventilation modes. Two main components of
anthropogenic impact were recognized: (1) visitor breathing
and (2) visitor movement. The CO, input derived from individ-
ual visitor groups varied from 1.96 x 10 to 2.45 x 10 mol s,
which was the significant part of the CO, fluxes from adja-
cent spaces. The visitor movement induced the airflows up to
0.2 m*s". They exceeded the natural airflows (up to 3.2 x 10°
m* s"') by factor of more than 60. These airflows caused cave
ventilation mode’s switching and, significant drop of CO,
fluxes/levels due to changed ventilation. The study therefore
indicates that various anthropogenic influences in show cave
can balance and neutralize each other, in dependence on cave
morphology and seasonal conditions.

Keywords: airflow, anthropogenic impact, carbon dioxide, dy-
namic model, show cave, ventilation mode.

Izvlecek UDK 551.442:543.272.62(437.3)
Marek Lang, Jifi Faimon ¢ Camille Ek: Studija vpliva obisko-
valcev na koncentracije CO, v manjsih in slabo povezanih
Jjamskih prostorih: primer iz jame Balcarka na Moravskem
krasu v Republiki Ceski

Raziskovali smo vpliv obiskovalcev na koncentracijo CO, v
jamski dvorani z majhno prostornino v turistiéni jami Balcarka
na Moravskem krasu. Dvorana je z drugimi deli jame pove-
zana z manj§im rovom, raziskave pa so potekale v casu, ko je
naravno prezracevanje majhno. Z modeliranjem smo pokazali,
da so naravne vrednosti CO, dolocene s tokom iz sosednjih
prostorov. Te dosegajo vrednosti do ~ 3.14 x 10% mol s* in se
spreminjajo z intenzivnostjo naravnega prezracevanja. Obisko-
valci na koncentracijo CO, vplivajo z dihanjem in gibanjem po
jami. Tok CO,, ki ga prispevajo skupine obiskovalcev, znasa
med 1,96 x 10" mol s'in 2,45 x 10 mol s*, kar je primerljivo
z naravnimu dotokom. Zracni tok zaradi gibanja obiskovalcev
pa znasa do 0,2 m*s’!, kar je 60 krat toliko, kot je tok naravne
ventilacije v ¢asu meritev. Tako prisilno prezracevanjen na
opazovanem mestu pomembno znizuje koncentracijo CO,.
Obiskovalci torej na razli¢ne nacin vplivajo na koncentracijo
CO,, pri ¢emer se ti vplivi lahko tudi iznicijo.

Kljucne besede: zracni tok, antropogeni vpliv, ogljikov dioksid,
dinamic¢ni model, turisti¢na jama, nacin prezracevanja.

INTRODUCTION

Carbon dioxide (CO,) plays a key role in carbonate karst
system by participating on rock karstification (Stumm
& Morgan 1996), karst water hydrogeochemistry (Spotl

et al. 2005; Faimon et al. 2012b), calcite speleothem for-
mation (Dreybrodt 1999; Frisia et al. 2011) or speleothem
corrosion (Sarbu & Lascu 1997; Dublyansky & Dublyan-
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Acta Carsologica (publ. duben 2015)
Vstupni dom (u vchodu, uzky profil)

jedna monitorovaci kampan (48-h.)

(17 skupin navstévnikud; celkem 269)
méfeni - CO,, teploty a navstévnost

analyzaantropogennich vliviina CO,

v uzko-profilovych pasazich jeskynée

kvantifikace téchto vliva na zakladé
dynamického modelu CO, v jeskyni
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Studie 2: dynamicky model

e celkovy tok CO, do Vstupniho domu dan rovnici (suma dilCich tokd CO,):

LS ’—-

/. \ o N T TmEmEmEmEmEmmmm—— \

dc IIJN:_I_(J(AP)A\)_IJV T Caap V7 CJ
|

dt ‘V' ‘\y_ __\_/ ______ \_/ )

pFir. antrop.

tok 2l advektivni toky

e v;: celkova rychlosti proudenivzduchudana: V. =V +V,
pfirodni rychlost: v =K. /|AT| antrop. rychlost: V, =V ,p+K, A

* modelovaneé (hledaneé) parametry: jy, €4, Ka, Kar, Jiap) (N€jlepsi prolozeni)
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Studie 2:
Regrese dat

Vliv advektivnich tokd CO,
e v DAF mddu narust CO,

e v UAF modu pokles CO,

Antropogenni vlivy na CO,
e dychani - piky na kfivce
CO, (tok 3x 103 mol s?)

e pohyb: zména proudéni
(antr. proudéni je az 60x
vysSi nez pfrir. proudeéni,

zmeéna smeéru proudeénti)



Studie 2: hlavni zaveéry

Konc. CO, ve Vstupnim dému byly fizeny konc. CO, v sousednich domech:
e v UAF médu pokles konc. CO, (transport CO, ze vstupnich pasazi jeskyné)

e v DAF mddu narust konc. CO, (transport CO, z hlubSich pasazi/epikrasu)

Modelovani ukazalo 2 hlavni antropogennifenomény ovlivnujici konc. CO,:
(1) dychanindvstévnikua a (2) jejich pohyb v Uzko-profilovych jesk. chodbach

|dentifikace 2 komponent proudénivzduchu: (i) prirodni a (ii) antropogenni
e antr. proudéni muze dosahovat az 60x vyssich hodnot oproti prirodnimu

e zménasméru proudéni plsobici proti pohybu na smér shodny s pohybem

Antropogenni fenomény ovlivhujici CO, se mohou vzajemné neutralizovat
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The impact of door opening on CO, levels: A case study
from the Balcarka Cave (Moravian Karst, Czech Republic)
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Abstract: The impact of door opening on cave carbon dioxide (CO,) levels was studied in the Entrance
Chamber and the Gallery Chamber of the Balcarka Cave (Moravian Karst, Czech Republic).
The effect of door opening differed with cave ventilation modes. Under upward airflow mode,
the cave door opening led to the increase of output advective CO, fluxes from the cave and
to the decrease of CO, levels. This effect was evident especially in the Entrance Chamber
near the cave entrance and then suppressed in the Gallery Chamber situated deeper in the
cave. Under the downward airflow mode, the cave door opening changed airflow paths and
main CO, sources/fluxes. This resulted in the increase of CO, level in the Entrance Chamber
while the levels in the Gallery Chamber decrease. Modeling indicates that the increase could
be result of input advective CO, fluxes from epikarst (up to 5.9 x 10> mol s™'). To reduce the
impact on cave microclimate, a careful control of the visiting regime without overlapping of
individual doors' openings is recommended.

Keywords: cave chamber, CO, levels, cave ventilation, door opening, advective CO, flux
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LIST OF SYMBOLS Bis carbon dioxide partial pressure [dimensionless]
©P.,, carbon dioxide partial pressure in cave

A total diffusion area [m?] atmosphere [dimensionless]
(o771 carbon dioxide concentration [mol m ] ®P.,, hypothetical Py, reconstructed from cave
Cex carbon dioxide concentration in soils /epikarst dripwater chemistry [dimensionless]

[mol m 2] WPp.,, carbon dioxide partial pressure in water
Cgal carbon dioxide concentration in Gallery [dimensionless]

Chamber [mol m ?] t time [s]
Ac difference in carbon dioxide concentrations T temperature [°C]

[mol m 2] Toos temperature in cave atmosphere [*C]
D carbon dioxide diffusion coefficient [m? s] T.werior temperature in external atmosphere [*C]
j total carbon dioxide flux [mol s ] AT temperature difference [°C]
Jur input advective carbon dioxide flux [mols !] v linear airflow rate [m s']
Jasg input carbon dioxide flux derived from one v cave total volume [m?]

liter of dripwater by degassing [mol s!]
b3 total input diffusive carbon dioxide flux from ABBREVIATIONS

soils /epikarst [mol s !]
b o) input advective carbon dioxide flux from C1-UAF campaign 1; upward airflow

soils /epikarst [mol s '] C2-DAF campaign 2; downward airflow
joa input advective carbon dioxide flux from C3-DAF campaign 3; downward airflow

Gallery Chamber [mol s ] C4-DAF campaign 4; downward airflow
AL overburden thickness [m] ce Chimney Chamber
P barometric pressure [Pa] CD connecting door
Q volumetric airflow rate [m®s!] CO, carbon dioxide
R the universal gas constant [J kg ! K] DAF mode downward airflow ventilation mode
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Temperature difference AT [°C]

AHON [PPMV]-veversscssimsroees s sessoss e

-CO,

600
580
560
540
520
500
480
460
440
420
400

600
580
560
540
520
500
480
480
440
420
400

Data UAF maod

Time [minutes]

Day time
7:40 8:00 8:20 8:40 9:00 9:20 9:40 10:00 10:20
'l 1 1 L 1 L L
N Mn,\"'\’_\r\/\l\ﬂ‘—v—\,w
T T T T T T T
26x10°
, B | 250100
1 2 1+2+3 1 - main entrance door
2 - separating door 24x10°
3 - old cave exit door
243+4 4 - new cave exit door 2.3x 107
142+3+4
2
243 22x10
3+4 - 2
Vd\ " 4 21x10
+
1+4 2.0%10°
2
4344 1.9x10
1.8x10°
T T T T T T T
26x10°
C 2.5x10°
24x10°
112 g 123 e2ea 24 233 G 13 e 4 23107
vV W
142+3+4 24344 143+4 22x10°
2.1x107
2.0x10%
1.9x10°
1.8x%10°
T T T T T T T
20 40 60 80 100 120 140

€O, CONCENIration [MOl M . eweeereeererroesisssesenreesresseseess

Temperature difference AT [°C]

- CO, CONCENtration [PPMV] -

25

23

21

19

17

15
1,300
1,200
1,100
1,000

900
800
700
600
500
400
300
1,600

1,500

1.400

1,300

1,200

1,100

1,000

17:50 18:10

Data DAF mad

Day time

18:30 18:50 19:10

19:50

1+243+4

3 3+4

1 - main entrance door
2 - separating door

3 - old cave exit door
4 - new cave exit door

143 1+3+4

T

1+2+3
142+3+4

40 60

2+3+4
2+3 3
3+4 143
A 143+4
T T T
80 100 120

Time [minutes]

160

55x107
50x10°
4.5x107
4.0x10°
35x10°
30x10°
25x10°
2.0x10°

1.5x10°

6.5x 107

6.0x10°

5.5x10%

50x107

45x10°

-+ CO, concentration [Mol M™ . ..o s



Temperature difference AT [°C]

- GO, CONCENTration [PPMV] --ooerveimin i

Ovérovaci kampané v DAF modu

Day time
15:40 16:00 16:20 16:40 17:00 17:20 17:40 18:00 18:20
10 '} L L 1 1 L '
8 -
ﬁ -
4
2 T T T T T T T
600 26x10"
580 1 cD €D 1 -main entrance door B I 25x10°
560 = 2 - separating door .
3 - old cave exit door [ 24x10
540 4 - new cave exit door )
r 23x10°
3 1+3+4 iva L 20410
243 4
244 143 F 21x10°
F 2.0x10°
F 1.9x107
420 L 1.8x10°
400 T T T T T T T
600 26x10°
580 1 co co C | 2sx00
560 F 2.4x10°
540 o i
r 2.3x10"
50 {1 12
500 - a2 243 3 344 143 14 4P 225107
] F 21x10°
480 14263 142+4 24344 WA
460 - 1+3+4 F 2.0x10%
440 F 1.9x%107
420 1 L 1.8x10°
400 T T T T T T T
0 20 40 60 80 100 120 140 160

Time [minutes]

-+ CO, concentration [Mol m™] o

Temperature difference AT [°C]

- GO, CONCENLTAtION [PPIMV] -++rrrsressrresnisssissiessissssssssesessessssesss

20

2,500

2,000

1,500

1,000

500

4,000

3,500

3,000

2,500

2,000

1.0x 10"

8.0x10°

6.0 x 107

4.0x10°

2.0x10°

1.7x10"

15x10"

1.3x10"

1.1x10"

9.0 x 107

Day time
17:40 18:00 18:20 18:40 18:00 19:20 19:40 20:00 20:20

T T T T T T T

1 - main entrance door B B
) 0 5. separating door

1 3 - old cave exit door

4 - new cave exit door B
14243+4 143
3
3+ 143+4
243 1+4

4 L

T T T T T T T

CcD cD C
41 L
142
i 2+3+4 23, ” |
+4o143
1+243+4 244 143+4 4
Iaae SN

1+4 N

T T T T T T T
0 20 40 60 80 100 120 140 160

Time [minutes]

€O, CONCENration [MOl ™ - oooeoeoceereeermeorenseeees s



Studie 3: toky CO,

e vliv dveri #2 a #3: narlst konc. CO,

3,000 4 y=146.3x- 4,368 ¢

2 e RIS
R=092 /oo
SRERSE

(efekt zesileny otevienim dveri CD)

2,500 -
2,000 -

#2 + #3 + CD

101! | 1,000 celk. tok CO,:
(suma proudéni pres dvere #2 a #3) 00 - 7 1,1x102mol s

1,500 +

e dvere #4 - pokles koncentraci CO,

CO, concentration [ppmv]

0 10 20 30 40 50 60 70 80 90

e dif. tok CO, z epikrasu do V. domu:
1,5x10°-3,9x 10° mol s?

Time [minutes]

Volumetric airflow

Door Airflow direction 3 -1
e adv. tok CO, z Galerie do V. dému: rate mo ]
#1 into the cave n.m.
1,7x103-2,0x102?mols?, t=3,0h #2 out of the chamber (0.83-1.36) x 10!
#3 out of the cave (0.10-1.99) x 10-!
e adv.tok CO,zepikrasudoV.dému: " ot of the cave (1.78-3.83) x 10°!

3,6x103-5,9x102mols?, t=0,1h CD toward CC n.m.



a.s.l. [m]

a.s.l. [m]

490

480+

470

460+

4504

440

490

480+

4704

4604 [,

450+

440

Studie 3: vliv ventilacnich
vetvi na koncentrace CO,

Tri hl. ventilacni vétve v jeskyni béhem UAF médu:

(1) #1-CD |(2) (i) #2—EC-GC | (3)#3-#4

e vSechny ventilacni vétve z jeskyné obj. kominem

e pokles CO, ve Vstupnim dému = pfinos venk. CO,

V DAF moédu kompletné odlisné v. vétve v jeskyni:
e narust CO, ve Vstupnim domu = pfinos CO, z EK
e nizsi CO, na Galerii = vyssi proudéni mezi Galerii,

Vstupnim domem a obj. kominem pres dvere #2

(zadné ovlivnéni Vst. domu diky vétsi vzdalenosti)

e dvere #4 sumarizuji proudéni pres dvere #2 a #3



Studie 3: hlavni zaveéry

Na zdkladé otevirani dveri byly rozliSeny rtzné v. vétve pro UAF/DAF méd

e UAF mdd: narust proudéni vzduchu - zvysSené adv. toky CO, z jeskyné

(uplatnéni ve Vstupnim dému — pfinos CO, ze vstupnich pasazi jeskyné)

e DAF mod: otevreni nékterych kombinaci dverfi = zména sméru proudéni
a hlavniho zdroje CO, - vyznamny narust konc. CO, ve Vstupnim dému

(narust dan transportem zvysSenych koncentraci CO, adv. toky z epikrasu)

Kratkodobé zmény ventilace mohou vyznamné ovlivnit mikroklima jeskyné
e u frekventovych zpristupnénych jeskyni opatreni pro udrzeni podminek

e gutomatické uzavirani dveri, harmonizace vstupl/odchod( navstévniki
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