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Abstract In order to reveal the temperature variation mecha-
nism of a small and relatively closed cave, the surface tempera-
ture, the cave air temperature and the drip water temperatures
were monitored with high-resolution recorders for a 7-year peri-
od. The results indicated that the cave temperature is mainly
affected by the external seasonal oscillations. The temperature
curve of the inner cave area (with standard deviation between
0.59 and 0.87) was much smoother in comparison with that of
the surface (with SD as high as 8.46). However, the cave reacted
to the temperature drifts with some delay, for example, at VP3 in
2006, the internal temperature increased for additional 49 days
after the surface temperature dropped colder than inside of the
cave. This seasonal variation and delayed response of the internal
temperature were mainly affected by conduction from the
epikarst rock mass. Air convection also occurred in the cave,
especially when the surface temperature dropped lower than that
of the inside cave (during the winter time) and in the outer section
(close to the entrance), which caused an abrupt and irregular

P4 Cuiying Zhou
ueit@mail.sysu.edu.cn

Research Centre for Geotechnical Engineering and Information
Technology, Sun Yat-sen University, Guangzhou 510275, China

School of Engineering, Sun Yat-sen University, Guangzhou 510275,
China

School of Marine Sciences, Sun Yat-sen University,
Guangzhou 510275, China

School of Environmental School, China University of Geosciences,
Wuhan 430074, China

Department of Freshwater and Terrestrial Ecosystem Research,
National Institute of Biology, Ljubljana SI-1000, Slovenia

% Graduate School, University of Nova Gorica, Nova Gorica SI-5000,
Slovenia

variation of the outer section. In addition, the influence from
the percolating water was ephemeral and depended on its sup-
plementary amount and temperature difference, e.g., there were
more apparent responses at VP1 and VP3 when the intensive rain
fell. The percolating water temperature could be a good indicator
for water flow in epikarst.
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Introduction

Research on the thermal variations in karstic caves is asymptot-
ically growing in importance (Jeannin et al. 1997; Sanderson and
Bourne 2002; Badino 2004; Stoeva et al. 2006; Sebela and Turk
2011; Bourges et al. 2014). The “cave climate” was specifically
discussed at the 17th International Karstological School
“Classical Karst”, Postojna, Slovenia, in 2009.

Various cave climatology and cave meteorology were pre-
sented and studied from different cave research conducted
globally. For palaco-climatic research, the cave microclimate
variation was monitored in order to interpret the formation of
stalagmites in cave environments (Genty et al. 2001; Ford and
Williams 2007; Genty 2008; Asrat et al. 2008). Furthermore,
the global climate changes were also discussed through cave
temperature analysis (Badino 2004). In addition, heat was also
a significant tool for shallow ground water research, especially
in relationship to shallow karst aquifer. In Bundschuh (1993),
temperature was shown as a parameter in order to indicate the
components of different aquifers in spring water. Genthon
et al. (2005) used temperature as a marker for karstic water
hydrodynamics in La Peyrere Cave (France). Potentially use-
ful information for thermal patterns of karst cave streams was
considered for aquifer morphology and recharge studies
(Luhmann et al. 2011). However, fundamental studies on heat
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transport and temperature gradients for shallow subsurface
karstic aquifers are still limited in the literature, especially
for epikarst aquifers.

Based on the generally accepted model, the karst geologi-
cal system can be divided into three main zones:
heterothermic zone (near surface), transitional zone and con-
stant temperature zone (Stoeva et al. 2006). Heat exchange is
the dominant process to tend to equilibrium in each zone and
is the most important factor for cave climate variation.
Accordingly, heat enters into a cave in four ways: conduction
from cave ceiling layer or from the floor layer, convection
from air flow, or heat transfer from water flow. Regarding to
different structures and locations in the cave, the dominant
way for heat transmission is different (Badino 2004; Stoeva
et al. 2006). In order to investigate and clarify the mechanism
of thermal variation in a shallow cave, the air temperature on
the surface, within the cave, and the temperature of the drip
water were monitored for a 7-year period (2006-2013) in the
Velika Pasica Cave. Generally, daily variations of temperature
in the soil and rock diminished at 1 m below the surface, and
the annual variations of temperature can be observed as deep
as 20-24 m below surface, depending on the rock and soil
types (Thakur and Momoh 1983). This cave is shallow with
an average depth of 1012 m below surface (in some places
only 2-5 m), and the cave is relatively isolated thermally from
the surface. Thus, it could be a good intermediate window for
tracing subsurface temperature variation.

This task was one of the few detailed studies undertaken of a
shallow karst aquifer in dolomitized limestone geology. The orig-
inality of the study lies in the fact that the data collected on the
events in the epikarst zone over a long period of high-frequency
measurements (at hourly intervals), provided a detailed insight
into the dynamics in the cave thermal condition.

The Velika Pasica Cave

The Velika Pasica Cave is located 20 km south of Ljubljana
(45° 55" 14" N, 14° 29" 41" E), near the village of Gornji Ig,
with the cave entrance at an elevation of 662 m a.s.l. The
geology is thinly bedded Norian-Retian dolomite from the
Upper Triassic period (Plenicar 1970). Strata incline to the
north at 10-15°. Three hundred meters south-west of the cave
is a hill, known as CrteZ (765 m a.s.1.), with approximately 30°
slopes descending towards the cave.

The climate of Ljubljana area dominates with continental
characteristics of warm summers and moderately cold winters.
Average daily temperatures in July and August are 20.4 and
19.8 °C and in January -0.1 °C (www.arso.gov.si). The
precipitation is relatively evenly distributed throughout the
seasons, although winter and spring tend to be considerably
drier than summer and autumn. Storm events are common
from May to September and can occasionally fall as heavy
precipitation. Snow is common from December to February.
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The interior of the cave is a 126-m-long horizontal gallery
(Fig. 1). The entrance to the cave is located at the bottom of
10-m-deep circular depression with a maximum diameter of
15 m. The ceiling of the gallery has a maximum thickness of
10-12 m; however, at some points, it only has 2—5 m (Brancelj
2002). Thus the cave represents a typical, shallow cave formation
(Jeannin et al. 2007). The cave is divided into two sections
(Fig.1): the outer section with two chambers and the inner section
with an additional two chambers. The outer section and the inner
section are connected by a 0.7 x 1.0-m-high passage. Four per-
manent drips, designated as VP1, VP2, VP3 and VP4, are dis-
tributed within the cave; drips VP1 and VP2 are located in the
outer section and the other two are in the inner section of the
cave. All water in the cave is exclusively percolating water, en-
tering the cave as permanent or temporary drips from the ceiling
or temporary flows (after heavy rain or intensive snow-melt)
from the side. During the dry season (mostly summer time), only
a few permanent dripping points remain active (Fig. 1).

Method and material

Accuracy and frequency in data collection over a long period
were essential parameters undertaken for this research.
Systematic data were collected for 7 years—from May 2006 to
April 2013, in order to interpret the climatic variation of the inner
and outer cave environments, both temperatures on the surface
and within the cave were monitored. Two data loggers (DL2e,
Delta-T Device Company) equipped with several sensors were
used for data collection. One Delta-T Data-Logger with sensors
for air temperature and precipitation was set on the surface 100 m
from the cave entrance. The other Delta-T Data-Logger with four
sets of sensors and rain gauges for air and water temperature and
drip water discharge were set at four drips in the cave (Fig. 1).
In the cave, the discharge of four permanent drips were
measured as a volume of water percolated from the ceiling
by four same type of rain gauges (RG1-UM-3, Delta-T
Device Company). They were set under each drip in order to
capture the percolation amount and thus recorded the volume
in millimetre (mm) every hour, with an accuracy and resolu-
tion of £0.2 mm. Due to the distance between the ceiling and
the funnel of rain gauge (1-5 m), in order to collect dispersed
jets of water, a plastic screen (2 m x 2 m) was placed to collect
and direct drip discharge into the funnel of the rain gauge.
The drip water temperature (Tq) and the air temperature
(T;) of all the drips were recorded every hour by eight iden-
tical probes (ST1-05, Delta-T Device Company) (resistivity
type with a range of measurement of —25.0 °C to +100.0 °C
and a digital resolution of 0.1 °C). Probes for water tempera-
ture (Tiyaier) Were inserted into the lower section of each rain
gauge where some water was always maintained, and probes
for air temperature (7y;,) were located 50 cm away from the
rain gauges and 1 m above the cave floor. All these
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Fig. 1 Cross-section (A) and
ground plan (B) of the Velika
Pasica Cave (Slovenia). VP1—
VP4: permanent dripping points.
The arrowhead points the cave

entrance, the inner cave and the
narrow passage for demarcation
of the inner cave and the outer
cave

Inner cave

temperature probes and the four rain gauges were connected to
the data-logger within the cave. In order to determine the
correlation and dissimilarity of temperature between the water
at the epikarst discharge point and the drip water near the cave
floor, two probes (at VP2 and VP3) were placed at different
locations for 2 weeks in October 2012. Results showed that
there was a insignificant difference in the water temperature
between these locations.

On the surface, the amount of precipitation and the surface
air temperature (7ysige) Were recorded by the same type rain
gauge and temperature probe, which were connected to the
data-logger on the surface. Both of them recoded the results
once an hour and were synchronised with the monitoring of
drip water discharge and temperature within the cave.

All the sensors, especially the rain gauges, were regularly
maintenance checked and all the data from these two
data-loggers were transferred to a computer data base at ap-
proximately 1-month intervals.

Results
The general variation of temperature in the cave

Seasonal microclimates apparently varied in the cave area
(Fig. 2), which have been monitored since 2006. During the

Passage

Entrance

observation period, from 20th June, 2006 to 31st December,
2011, July and August were the hottest months and the highest
temperature outside was 32.0 °C on 26th August 2008.
December and January were the coldest months and the low-
est temperature recorded was on December 20th, 2009, at
—13.2 °C (Table 1).

On the surface, the temperature differences between day
and night were frequently over 10.0 °C, shown as the SD
(standard deviation) as high as 8.46 (Table 1). On 23rd July,
2006, the difference was over 13.0 °C. The intensity of the
rainfall in spring (April and May) was not high, but it was
frequent; while in summer, the frequency of rain events de-
creased but several heavy storms occurred; the strongest one
on 20th June, 2010 (44 mm of rain in 24 h).

Compared with the surface, the temperature in the cave was
more constant (Fig. 2). The variation range and the standard
deviation were much lower (Table 1). The temperature inside
the cave (both of air and dripping water) showed a similar
trend with distinct seasonal variations: increasing during sum-
mer and autumn and decreasing in winter and spring (Fig. 2).

The variation of temperature in the cave
There was some time lag in the temperature variation between

the surface and inside the cave. In order to interpret it, the air
temperature near the site VP3 was selected in order to provide

@ Springer



2 Page4of9 Arab J Geosci (2017) 10: 2
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Table1 The variation range and average air and water temperatures inside and outside the Velika Pasica Cave (Slovenia) from 20th June, 2006 to 3 1st
December, 2011. X-A/W-O/I indicates: the air/water temperature near drip X from outer or inner section of the cave. 7,4 the surface air temperature,
SD standard deviation

1-A-0(°C)  1-W-0(°C) 2-A-0(°C) 2-W-0(°C) 3-A-1(°C) 3-W-1(°C) 4-AI(°C) 4-W-I(CC) Thusige (°C)

Max 9.7 11.2 9.5 10.4 11.3 11.5 10.4 11.0 32.0
Min 6.2 6.6 6.5 59 7.5 7.2 7.3 74 -13.2
Average 8.2 83 8.2 83 9.8 9.3 9.4 9.6 9.2
SD 0.72 0.66 0.62 0.59 0.87 0.71 0.70 0.75 8.46
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a comparison with the surface temperature, during the period
from 20th June, 2006 to 22nd March, 2008 (Fig. 3).

On the surface of the cave, the temperature increased from
the end of December 2006, at the lowest point, —4.4 °C. It
reached the highest temperature of 31.7 °C in the middle of
July 2007. Within the cave, it is divided into two sections: the
outer section and the inner section (Fig. 1). The temperature of
inner section decreased from the highest point 10.5 °C in
November 2006 (the average value of air temperature at
VP3 and VP4) and 9.5 °C of the outer section (the average
value of air temperature at VP1 and VP2). Until the beginning
of May 2007, the temperature in the cave dropped to the
lowest point (Fig. 3). Overall, the temperature inside the cave
varied between 6.5 and 11.0 °C, although there was more
intensive variation outside the cave. This variation lag was
presented in Fig. 3 obviously. In addition, at VP3 in 2006,
the internal temperature still increased for additional 49 days,
after the surface temperature dropped colder than that of the
inside cave.

Comparing with the temperature variation between two
sections within the cave, there were considerable differences.
Although there were apparent similar seasonal climate varia-
tion patterns in both sections, the outer section was generally
more than 1.0 °C (the average value) cooler than the inner
section (Fig. 2; Table 1). In addition, due to the entrance mor-
phology, the outer section immediately connected with the
surface, and the temperature in it varied abruptly and irregu-
larly, especially when the surface was colder. Generally, this
abnormal variation commenced from late August.

The impacts from rain events

In the Velika Pasica Cave area, the rainfall is the only replen-
ishment source for the cave hydrology and it can carry differ-
ent temperature values from outside, which may affect cave
environment. Here, two periods in different seasons were

Fig. 3 The temperature (°C)
outside the cave and the air
temperatures near drip VP3 (°C)
recorded from 20th June, 2006 to
22nd March, 2008 at the Velika
Pasica Cave (Slovenia). The
equation represents the fitted line
for the outside temperature
variation

(the outside temperature)

observed for detailed temperature variation: one was from
20th January to 28th February, 2007 during a winter season;
and the other was from 3rd July to 23rd August, 2008 during a
summer season (Figs. 4 and 5). In winter, the rain fell gently
but lasted long, while in summer, it came intensively but of
short duration.

During the selected winter period, the average air temper-
ature on the surface was 3.4 °C, which was lower than inside
the cave (the average temperature of inner section was 9.2—
9.8 °C; the outer section was 7.9-8.4 °C). On the overall trend,
the temperatures inside the cave decreased gradually.

Additionally, the amount of percolation also affected the
temperature variation of drip water apparently in winter period
(Fig. 4). Both VPI and VP3 discharged more intensively and
the temperature of drip water of them responded more appar-
ently to the rain events. While for the drips VP2 and VP4, they
represented smaller temperature variation of the drip water to
the percolation events. In addition, the temperature at the outer
drips VP1 and VP2 which were close to the entrance varied
dramatically, compared with the inner drips.

Comparatively, during the selected summer period, the av-
erage air temperature on the surface was 18.2 °C, which was
hotter than inside the cave (the average temperature of inner
section was 8.9 °C; the outer section was 8.3 °C). Considering
the overall trend, the temperatures inside the cave increased
gradually. Similarly, the water temperature of the higher dis-
charge drips (VP1 and VP3) varied more obviously than the
other two drips in the summer period (Fig. 5). This supple-
ment with a different temperature carried some heat from the
surface, which affected the temperature temporally.

Discussion

Cave temperature is affected by the external climate directly
and indirectly, especially for the shallow caves (Badino 2004).

- 35.00
y=-3E-14x6 + TE-09x5 - 0.0007x4 + 36.579x3 - 1E+06x2+ 2E+10x - 1E+14
R*=0.6588 | - 30.00
The outside temperature
Polynomail fitting F 25.00

Temperature (°C)

The air temperature of VP3

20/06/2006

20/10/2007
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Fig. 4 The response of the

discharge and the water

temperature of the four drip

waters to the rain events in the

Velika Pasica Cave (Slovenia) in 4000
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3000

January to 28th February). 7,,side £
the air temperature on the surface, E 2000
VPI the dlscha.rge of drip site £ 1000
VP1, T1 the drip water
temperature of the drip site VP1 0
1000
_ 800
E 600
g
=~ 400
s
200
0
3000
"EKZOOO
g
§ 1000
0
600
£ 400
g
§ 200

Precipiation (mm/h)

T1(°C)

T1 8

VP1

8.4

76

T2 (°C)

7.2

6.8

9.6

9.2
T3

T3 (°C)

8.8

8.4

VP3

VP4

&LO&W
Tousite °C

Precipitation

20/01/2007

The average thickness of the cover layer of the Velika Pasica
Cave is 10-12 m (Brancelj 2002), which is a typical shallow
cave (Jeannin et al. 2007). The cave meteorology responds
apparently and intensively with the external conditions.
Actually, there was a time difference in the variation trend
between the external and internal cave conditions. These lags
were a result of heat conduction which determined the thermal
condition within the cave system (Covington et al. 2011). As
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shown in Fig. 3, when the surface temperature dropped lower
than the temperature of the inner cave, the internal temperature
still kept rising for a while. On the contrary, when the surface
temperature increased higher than the temperature of the inner
cave, the internal temperature had certain time to decrease to
its lowest point. It could be explained as the mass of the
epikarst has an ability to store some heat (Fig. 6). When the
surface was warmer than both the epikarst and the interior of
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Fig. 5 The response of the
discharge and the water
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waters to the rain events in the o F
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the cave, heat was transferred down through the epikarst into
the cave (Fig. 6(I)). When the surface cooled down, even
when the external surface was colder than the interior, and
the epikarst was still warmer than the cave, it maintained heat
transferred into the cave (Fig. 6(11)). The direction of heat
conduction could not change, until the matrix cooled down
and became colder than the cave interior (Fig. 6(IIT)). When
the surface became warmer again, the matrix could retain

1: Ill'lhl il

11/07/2008

21/07/2008 31/07/2008 10/08/2008 20/08/2008

absorbed heat from both the surface and the deeper ground
until it was warmer than the cave (Fig. 6(VI)). This shows that
the direction of heat conduction was, therefore, driven by the
temperature difference between the surface, epikarst and the
cave system.

For the temperature difference between two sections of the
cave, it is mainly affected by the convective airflows in the
outer section, which also is a significant factor for the
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Surface
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Fig. 6 A schematic diagram of the process of the annual heat conduction
though the epikarst in the cave. The top row of triangles indicate the
direction of the heat transference, the square represent the stored heat. I:
the period when surface is warmer than inner cave is generally in summer
time; /I: the period when surface is cooling down but epikarst is still warm
indicates autumn time; //I: the period when the inner cave is warmer than
surface is the winter time; and /V: the period when surface is warming up
and the coldest time of epikarst represents the spring time

microclimate change in other caves (Stoeva et al. 2006; Faimon
etal. 2012). In the outer section, due to the geomorphology of the
Velika Pasica Cave, the cold air can flow into the outer section
through the lower part of the entrance passage during winter,
while the lighter and warmer air can be pulled out along the
upper part of the entrance. However, the hot air from the surface
is hard to flow into the cave during the summer time, which is
indicated in Fig. 2 and the temperature variation is affected by
conduction from the cover layer gradually. On the contrary, the
temperature oscillation of the inner section is relatively slighter
and smoother, which is constricted and prevented sufficiently by
the narrow passage between the inner and outer sections. The
inner section is indicated as a relatively close system and its
temperature variation is mainly affected by the heat conduction,
comparing with the outer section.

The cave temperature principally varied as the general
trend of surface climate (Badino 2004). It can be indicated
from the cave drip water which percolates from the fissures
and conduits of epikarst. Due to the climate feature of the cave
area, the rain patterns performed as short but intensive in sum-
mer, while long but gentle in winter (Liu et al. 2014, 2016).
During winter time (Fig. 4), the surface was colder than inside
cave, though the cold rain water was heated some by the
epikarst before it percolated out at VP3, the rapid discharge
drip water still colder than the inner cave temperature. But due
to the slow flow at VP4, the percolated water was heated
enough by epikarst which represented as the increase of the
temperature of drip water. However, in the outer section, the
air temperature was impacted dramatically by the surface air
convection. Thus, after heating by epikarst, the percolated
water was warmer than the outer cave. The influence of the
percolation of VP2 was too limited, comparing with the cold
air convection. During the summer time (Fig. 5), without con-
vection, the heat conduction from the cover layer affected the
principle trend of the variation, but also the rain water supple-
ment was an important parameter which briefly impacted on
the temperature variations in the cave. Difference in the tem-
perature of drip water at different drips depended on the
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temperature difference between the surface and inside the cave
and also on the amount of discharge. The fast flow, which ran
quickly, did not exchange heat adequately within the soil and
the epikarstic zone. It was reflected in the apparent temperature
peaks during the rain events. When the rain ceased and the drip
flow slowed down and run as the base flow from fissures, the
drip water, air and rock surrounding the cave chambers gained
equilibrium (Liu et al. 2016). Cronaton and Perrochet (2002)
and Liedl et al. (2003) described this feature as a result of the
dual media system. Thus, heat also could be the tracer for the
hydrodynamic of ground flow (Anderson 2005).

Conclusion

Microclimate monitoring with high resolution was conducted
for 7 years in the Velika Pasica Cave, and the thermal condi-
tion of the cave was revealed. It can be concluded:

1. The cave temperature variation principally follows the
surface climate oscillation, which is mainly affected by con-
duction of heat by the overlying rock. There was some appar-
ent temperature variation lag between the surface and inside
the cave, for example, at VP3 in 2006, after the surface tem-
perature decreased lower than that of the inside cave, the in-
ternal temperature kept increasing for additional 49 days be-
fore it started to decrease, which was mainly the result of the
heat absorption and release by the epikarst rock mass.

2. In addition, the air convection is also significant in the
outer section of the cave, especially when the ground surface
was colder than the inside the cave (the winter time), but the
inner section of the cave is a relative insulated part of the cave
and its condition is relatively stable all year around.

3. The percolating water can affect the cave water temperature
conditions briefly and depends on the temperature difference
between the surface and inside the cave, the amount of percola-
tion and the patterns of discharge, which relates to the seasonal
recharge. In other words, the temperature of cave drip water can
act as a tracer for hydrodynamic process in the epikarst.
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