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Abstract: Karst systems, such as caves, provide a unique opportunity to study the groundwater from
the inside in contrast to spring studies, where hydrographs, chemographs, and thermographs show
an integrated signal from the entire catchment and aquifer. Studies from karst springs show that
recharge and conduit characteristics significantly influence how the temperature signal is transmitted
and thus could inform on the structure of underground flow paths. Here, we present monitoring
temperature data from a two-year-long study of a 10 km long river cave, Maaras, in northern Greece.
Our data from five measuring stations along the cave stream show how different flow paths transform
the temperature signal. The catchment area consists of a polje impacting the recharge conditions
that change seasonally from diffuse to concentrated. Diffuse recharge stabilizes the temperature
regardless of the conduit conditions. However, temperature fluctuations occur on four different time
scales: seasonal, event-based, diurnal, and hourly, indicating different passage conditions. Interaction
between the cave stream and the in-cave porous aquifer in the clastic sediments strongly impacts
the alteration of the thermal signal through the cave: temperature fluctuations are damped, and the
temperature is raised.

Keywords: thermographs; karst aquifer; river cave; Maaras cave; Greece

1. Introduction

In soluble rocks such as marble, limestone, and gypsum, groundwater circulation
forms cavities by dissolving joints and bedding planes, resulting in high tertiary porosity.
This setting forms karst aquifers where groundwater flows through dissolved conduits
with large hydraulic diameters and low restrictions to flow, which translates into fast
flow and low residence time in the system. Globally, such karst waters are an essential
component of the groundwater (e.g., [1,2]). Although in great abundance, karst aquifers
are not fully deciphered, which is mainly due to the high heterogeneity and complex flow
dynamics since they integrate both quick flow through conduits and slow flow through ma-
trix and fracture networks (e.g., [3,4]). Karstic aquifers are considered multi-permeability
systems with a complex coupling between different flow systems [5]. Several different
approaches have been applied to decode the way these systems function involving hydro-
graph analysis (e.g., [6–8]), tracer tests ([9,10] and references within), as well as speleological
studies (e.g., [11,12], modelling work (e.g., [13]), and more recently, multiproxy approaches
(e.g., [14]). Except for the hydrograph analysis, the rest of the methods are either expensive
or time-consuming to apply. Temperature is the easiest and least expensive water property
to monitor in streams, springs, and groundwater wells (e.g., [15–17]). In karst groundwater
and spring studies, the thermal signal is applied as a natural tracer to quantify residence
time and flow velocities [18,19], determine flow path and aquifer geometry [20–23], and
gain insight into the interaction between diffuse and concentrated flow [24]. In this con-
text, Luhmann et al. [17] proposes a different cost-effective approach to deciphering the
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flow dynamics of karst systems using thermographs. Their approach enables them to
propose four patterns characterizing the studied systems related to recharge duration and
conduit geometry.

The thermal signal in a karst aquifer carries information about the internal aquifer
structure [25]. Recharge conditions, conduit geometry, aquifer depth, and conduit–matrix
exchange flow have all been suggested to influence the temperature signal at karst springs
([25] and references there). Modelling studies have provided a better understanding of
the mechanisms of heat transport and heat exchange in karst (e.g., [25,26]), the relative
importance of convection, conduction, and radiation depends on the characteristics of the
flow path. Covington et al. [25] demonstrated that under full-pipe conditions and turbulent
flow, conduction through the rock surrounding the conduit dominates the heat exchange,
although convection between the water and the conduit walls also plays a role, while in
open channels, radiative heat exchange is more important. Furthermore, the function of
various heat exchange mechanisms seems to be sensitive to the timescale of temperature
variations and depends strongly upon hydraulic diameter, which changes along the flow
path and with discharge in open channels [25]. However, the models often neglect the
presence of sediments in the conduit and, thus, the water and heat exchange between the
cave stream and the streambed, i.e., in the hyporheic zone. Heat is transported through
a porous streambed by advection and conduction [27], and how deep the temperature
fluctuations propagate depends on the timescale, amplitude, and direction of the vertical
flow components [28,29].

Karst caves provide a unique opportunity to understand karst aquifers from the inside
in contrast to spring studies, where a mixed signal from the entire catchment and aquifer is
recorded. Here, we show how different conduit conditions, i.e., sediment fill, and phreatic
or vadose conditions, not only size and geometry, may produce different thermal patterns
in through-flow water and how the thermal signal is transformed through the large cave
conduits. We build upon the approach of Luhmann et al. [17] by employing an extensive
network of thermographs along a fluvially active cave in Northern Greece, Maaras cave.
We use a total of five data loggers that monitor the fluctuations of the thermal signal
along the Maaras river cave. We combine a two-year-long water temperature record with
meteorological data from the broader area and the hydrograph from the cave exit/spring
of the Aggitis river. The length of Maaras makes the cave an ideal setting to explore the
temperature oscillations along the river flow avoiding mixing areas of stream conjunction.
Thermal monitoring of the cave waters coupled with extensive speleological investigation
of the cave enables us to understand how different conduit settings transform the thermal
signal and the implications on the flow dynamics along the system.

2. Setting
2.1. Maaras Cave

The Maaras cave/Aggitis river spring is located in the north part of the Drama Basin
in Northern Greece, close to the town of Prosotsani and approximately 160 km from the
city of Thessaloniki (Figure 1). The Drama basin is a multi-rift system characterized by
two dominant structures, one E-W and one NNW-SSE [30,31]. The Aggitis river spring
constitutes the discharge point of an extensive cave system, the Maaras cave. Maaras cave
is essentially an underground river developed in pre-Neogene marble [32] that extends for
10,441 m [33]. The cave consists of one main passage with two tributaries. One tributary
from the west meets the main passage at 3.6 km from the entrance (Figure 2; cyan halo).
This branch (Menikio branch) is under phreatic conditions and has not been explored by
divers for more than 1150 m [pers. comm.]. The other tributary lies 6.5 km far from the
entrance (see Figure 2e) and flows from the north. This branch (right branch) is more than
2 km long, but one needs to dive a siphon after the first 300 m (Figure 2; magenta halo).
The altitudinal difference between the highest point on the cave riverbed and the spring is
71 m (Figure 2). The cave roof follows a looping pattern, and the height varies from a few
centimetres up to 60 m [33]. These narrow passages form siphons that separate the cave
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into seven air-filled parts. The slope varies between 3 and 67% along the riverbed, whilst
the highest values occur at the beginning of the cave close to the spring [33]. The cave
exhibits an abundance of sediments, such as extensive clastic deposits ranging from silt
to boulders comprising breakdown debris cones [34], speleothems hanging from the roof,
or formed on top of the clastic deposits and the cave walls. Lønøy et al. [34] investigate
the thickness of the clastic sediments on the riverbed and estimate that, in places, their
thickness exceeds 45 m suggesting that the sediments occupy 64 to 95% of the volume of
the karstic conduit.
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Figure 1. Geological map of the broader area of the Nevrokopi—Maaras karstic system (based
on Pennos et al. [33] and references within). The magenta circle shows the position of the NOA
station [35]. (i) Shows a topographic cross section from the ponor (A) to the spring (A’) and the red
dashed line corresponds to the longitudinal projection of Maaras cave. (ii) View of the Nevrokopi
Polje from the area of the meteorological station. (iii) View of the Aggitis spring (i.e., entrance of
Maaras cave).

2.2. Karstic System Nevrokopi—Maaras

Maaras cave comprises the terminal part of the karstic system that connects the
Nevrokopi polje with the Aggitis river spring (Figure 1). The system receives allogenic
recharge through ponors (shafts) located at the south margin of the polje. The flow ca-
pacity of these shafts is most probably not high enough to adapt to high rainfall events
in the catchment area of the polje; hence flooding is common, and an ephemeral lake
occurs during snowmelt and high-intensity rain events. The catchment area of the polje is
477 km2 and ranges from 530 to 2224 m a.s.l. The linear distance between the ponor
and the spring is approximately 10 km, while the altitudinal difference between them is
360 m (Figure 1i). Novel, Dimadi [36] suggest that the Nevrokopi—Maaras system has
high dynamic storage responsible for the large memory effect evident on the hydrographs
that reaches up to 50 days and that the impulse response of the system is very complex and
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not typical of a karstic aquifer. Petalas and Moutsopoulos [37] applied statistical analysis
of hydrogeological spring data and concluded that the system is mainly recharged by
diffuse infiltration.
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Figure 2. Plan view of Maaras cave (from Pennos et al. [33]). Inlets (a)–(f) are photographs from the
cave which correspond to points a–f along the cave. S1–S4 and M1 are the name of the monitoring
stations and correspond to the positions the loggers were placed. The cyan halo shows the Menikio
branch; the magenta halo highlights the right branch (see text for explanation).

2.3. Materials and Methods

Gemini Tinytag data loggers, in combination with an Arduino-based DIY data logger,
were installed inside the cave. Two Tinytag Plus 2 TGP-4017 were installed; one at the cave
entrance to record the variations in the external air temperature and one inside the cave
(Figure 2; S4). Four (Figure 2; S1, S2, M1 and S4) Tinytag Plus 2 TGP-4020 were installed
along the riverbed and were connected with the Tinytag Thermistor Probe—PB-5001-1M5 in
order to record the water temperature. In addition, an Arduino-based logger (Figure 2; S3)
was developed in house in order to record water and air temperature in combination
with water level and atmospheric pressure [38]. Each logger was set to log at a one-hour
interval. Gemini data loggers recorded temperature with 0.01 ◦C resolution over the range
−40 ◦C to +85 ◦C and an accuracy of 0.35 ◦C in the recorded interval. The Arduino logger
was equipped with two Dallas DS18B20 thermistors (one being submergible and fully
waterproof) that measure temperatures from −55 ◦C to +125 ◦C with ±0.5 ◦C accuracy
from −10 ◦C to +85 ◦C. For recording the water level changes, the ultrasonic sensor JSN-
SR0T4-2.0 from Dollatek was used. The sensor measures the distance of an object with a
3 mm resolution in a range from 21 cm to 600 cm and can operate from −20 ◦C to +70 ◦C.

Mean daily surface temperature, daily maximum and minimum temperatures, and
daily precipitation values were obtained for the Nevrokopi polje area (Figure 1) from
the Nevrokopi station of the National Observatory of Athens (NOA) meteorological net-
work [35] for a direct comparison between the cave water temperature oscillations and
surface events. Additionally, a spring discharge dataset is used for a correlation between
the flow rate of the spring and the temperature changes in the cave waters.
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The spring discharge is estimated by a Geolux RSS-2-300WL flow meter which mea-
sures water level and surface velocity and uses a configured cross-section of the channel to
calculate the discharge. Unfortunately, the location of the flow meter on the dam outside
the spring (Figure 1iii) is not ideal and makes the spring hydrograph highly unreliable.
The location at the dam construction means that the measurements are made in a pool
upstream of the dam and not in a confined channel which makes the estimates sensitive
to changes in water level, velocity, and in extension of the cross-sectional area. However,
the rapid shifts that occur due to intense rainstorms are possible to detect in the spring
hydrograph and thus make it possible to detect when the flood reaches the spring. The
recording interval varied from 1 min in July 2020, to 30 min intervals from October 2020, to
4 h intervals from November 2021, and finally back to 30 min intervals from April 2022.

All the instruments were logging for the same period from 12 July 2020 to 26 September
2022 except for the Arduino logger, which only recorded for a period of 7 months between
29 August 2020 and 2 April 2021 when it was taken out of the cave.

3. Results

Surface temperature and precipitation are the external forces influencing cave water
temperature and discharge variability in cave streams and springs. In the observation
period, the mean annual air temperature (MAAT) at the surface in Nevrokopi polje was
11.4 ◦C, and 14.7 ◦C by the spring (Table 1). The highest temperatures occurred in July
and August, reaching about 40 ◦C (Figure 3), while the coldest months were January and
February, when the temperature dropped below −6 and −15 ◦C in the spring in the polje,
respectively. In Nevrokopi, diurnal temperature fluctuations were up to 24 ◦C. The mean
annual precipitation in the polje was 666.8 mm in the observation period. Rain occurs
all year round, but most rainfall occurs during fall and winter. In winter, part of the
precipitation also falls as snow. January and December 2021 were the wettest months
(167.4 and 197.2 mm, respectively), and the highest daily precipitation recorded was
94.2 mm on 11 December 2021. The most prolonged dry period occurred from August–
September 2020 and lasted 39 days.

Table 1. List of observation stations with elevation, distance to spring (along flow path), distance
to the ponor (direct), and basic statistics for the recorded datasets and the mean annual water
temperature (MAWT) and mean annual air temperature (MAAT) from the observation stations for
two consecutive hydrological years from 1 September 2020–31 August 2022. Statistics for shorter
records are in italics.

Station Elevation
(m a.s.l.)

Direct Distance
from Ponor

(km)

Flow
Distance to
Spring (km)

MAAT/MAWT
(◦C) σT (◦C) Tmax

(◦C)
Tmin
(◦C)

Tstable
(◦C)

Air
Nevrokopi * 585 - - 11.4 8.3 39.1 −15.7 -

S1 182 4.95 6.7 12.5 3.4 21.2 4.9 14.5

S2 181 6.4 3.68 14.3 2.4 17.1 6.5 16.6

M1 180 6.48 3.6 12.2 0.7 14.2 9.6 12.6

S3 ** 177 7.14 2.5 - 1.8 13.8 7.0 13.4

S3 air *** - 0.9 14.8 10.5 13.9

S4 156 8.62 0.52 13.7 1.6 15.8 8.5 14.9

S4 air **** 13.3 1.3 14.5 8.9 14.5

Air Aggitis
spring ***** 135 9.12 0 14.7 8.7 43.0 −6.5 -

Note: * Average and σT are based on daily mean values. ** Seven months, 29 August 2020–2 April 2021. *** Four
and a half months, 29 August 2020–14 January 2021. **** Twelve months 12 July 2020–24 July 2021. ***** One
hydrological year, 1 September 2021–31 August 2022.
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Figure 3. Graphs with the complete records of water temperature, water level, and air temperature
inside the cave, precipitation and air temperature at Nevrokopi polje close to the ponor, and air
temperature and discharge at the spring. Air temperatures outside are shown as daily mean in
addition to daily maximum and minimum temperatures for the Nevrokopi record. Discharge data
are shown as daily mean values though the values are not reliable; however, abrupt rises indicate
rapid increases in flow rate. The flat top of the water level curve is an artefact because the level was
out of the range of the sensor. Blue colour bars represent the winter–spring wet season (W-Sp Wet),
while brown bars represent the summer–autumn dry season (Su-A Dry). The dotted horizontal lines
mark the stable temperature (defined by September 2021).

Discharge was measured in the spring only. The readings are highly variable and
present a degree of inconsistency, accordingly only the daily mean values of the dataset
are presented for the period 27 October 2020 to 26 September 2022, except for the period
17 February 2022 to 21 April 2022 which is missing due to malfunctioning of the logger.
The daily values range from 0.9 to 2.8 m3/s. This range seems very low compared with
previous records from 1985 to 2009, when monthly measured spring discharge ranged from
0.144 to 35 m3/s [37]. In our record, the most intense rainfall events are detectable as rapid
increases in the spring hydrograph. During our visits in low flow conditions at the cave, we
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estimated the discharge being around one order of magnitude lower than the recordings of
the hydrograph. We believe this inconsistency is related to a water management structure
placed on the spring, and as such, we treat the hydrograph data as qualitative instead
of quantitative.

The temperature dataset comprises more than two years of hourly measurements
from Maaras cave (Figure 3), and basic statistics for all stations are given in Table 1. At
the uppermost station in the cave stream, S1 (Figure 2), the surface temperature signal is
pronounced, with a strong seasonal pattern and an amplitude of 16.2 ◦C (Figure 3, dark
blue). The highest values are measured from June–July and the lowest in January, in phase
with temperature changes at the surface. During the winter–spring wet seasons, tempera-
ture fluctuations are distinct and follow larger trends in mean daily surface temperature.
Diurnal temperature fluctuations frequently exceeding 1 ◦C are superimposed on long-
term temperature fluctuations. During dry late summer, the temperature stabilizes, and
an in-phase drop occurs as a response to the seasonal temperature drop during autumn;
though short-lived, warm spikes protrude during rainfall events. At station S2, 3 km
downstream, a similar seasonal pattern is also visible, with strong temperature fluctuations
during winter and spring when diurnal fluctuations are also recorded (Figure 3, light blue).
However, the water temperature is more stable throughout summer and fall, and only on
rare occasions do rainfall events cause moderate temperature changes. At S2, the amplitude
is 10.6 ◦C, which is lower than at S1. The water becomes warmer with a rise in mean annual
water temperature (MAWT) from 12.5 ◦C to 14.3 ◦C, and the temperature stabilizes around
16.6 ◦C at S2 (Table 1). After the heavy rainstorm in December 2021, the temperature
pattern of S2 deviates from S1. The lack of short-term (daily) oscillations superimposed on
long-term (weekly to monthly) temperature fluctuations in 2022 may be due to the sensor
being buried in the streambed.

Station M1 is in the siphon draining the Menikio branch (Figure 2) where the tempera-
ture signal strongly deviates from S1 (Figure 3). A seasonal pattern is poorly perceptible,
with nearly constant summer temperatures and fluctuating, albeit with a reduced ampli-
tude, winter-spring wet season temperatures. Hourly fluctuations occur most of the year,
while diurnal fluctuations appear occasionally during spring. The annual amplitude in
this branch is 4.6 ◦C and the temperature stabilizes at about 12.6 ◦C during summer, at a
significantly lower level than in S1 and S2.

S3 is located 1.1 km downstream of the junction between the Menikio branch and
the main passage. The temperature variability resembles that of S2, although with lower
amplitudes, being cooler during summer and warmer during winter, likely due to mixing
with water from the Menikio branch (Figure 3, purple curve). Contemporaneous logging
of water temperature and water level in S3 demonstrates that stable water temperatures
are linked to low-flow conditions while temperature fluctuations accompany high-flow
conditions and abrupt discharge changes. Moreover, during high flow, diurnal temperature
fluctuations are discernible to this location.

Station S4, 2 km downstream of S3 (Figure 2), has a damped temperature signal
(amplitude 7.4 ◦C) devoid of diurnal fluctuations (Figure 3, green curve). The water is
warmer than in S3 (Table 1). During dry seasons, the temperature in S4 tends to stabilize
around 14.9 ◦C, close to the mean annual air temperature (MAAT) at the spring. The water
temperature also approaches MAAT periodically during the wet seasons. Sensor S4 seem to
have been buried at a shallow depth in the streambed in 2022 (Figure 3). Figure 4 displays
typical wet and dry season transformation and mixing of the water temperature signal
along the flow path inside Maaras.

Temperature recordings of cave air at stations S3 and S4 illustrate that the cave air
temperature follows the water temperature (Figure 3, pink and yellow curve). The cave
air thermographs display seasonal patterns like the water thermograph, with lower tem-
peratures and cold spells during flood events in winter–spring wet seasons, and stable
temperatures during the rest of the year.
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Figure 4. The graph presents typical dry and wet season input temperature (S1 and M1) and
temperature evolution along the cave path in Maaras represented by the temperature measurements
on 1 November 2020 and 1 March 2021, respectively.

4. Discussion
4.1. Thermal Patterns

Cave streams provide a unique opportunity to study water flow underground in
situ. While springs mix the signal of hydrological and geological processes over an en-
tire catchment and aquifer (e.g., [15,17]), caves offer the ability to study karst aquifers
from the inside. In Maaras cave, it is possible to study how thermal signals are trans-
mitted and transformed due to recharge conditions and aquifer/conduit characteristics.
Luhmann et al. [17] identified four distinct thermal patterns and divided them into two
groups: those with flow paths through conduits with ineffective heat exchange (character-
ized by event-scale fluctuations and in-phase seasonal fluctuations), and those with flow
through fractures and pores in the rock matrix with effective heat exchange (characterized
by out of phase seasonal fluctuations and long-term stability). The overall thermal pattern
of station S1 reflects the general pattern of the mean daily outside air temperature in the
recharge area (i.e., event-scale fluctuations; Figure 3). The thermograph in S1 is character-
ized by seasonal and long-term (days to weeks) temperature fluctuations that we believe
represent concentrated recharge through the ponor. Temperature excursions due to intense
rainfall events protrude all-year round. In autumn, diurnal fluctuations deplete in S1, and
the temperature signal becomes more stable or is in phase with the seasonal surface tem-
perature signal. This shift probably reflects a transition to diffuse-dominated recharge of
the system. This thermal pattern indicates an inefficient heat exchange along the flow path
from the ponor to S1. The inefficient heat exchange is probably due to fast flow through
conduits with a low contact surface. Station S1 is about halfway between the ponor and the
spring (Table 1), and between the upstream siphon and S1 (about 1.2 km) the cave floor
is dominated by large breakdown material. The channel-reach morphology is dominated
by cascades with turbulent flow and some pools between blocks, providing short contact
time and low heat exchange between water and rock. The lag time between the surface air
temperature and the water temperature at S1 was measured manually between peaks and
troughs in the thermographs and is typically between 18 and 22 h (Figure 5.), though this
lag must be taken with reservation since air and water temperatures at the surface are not in
phase. However, travel times between 15 and 30 h are found in previous studies [36,37,39],
and transmission of temperature fluctuations on shorter timescales than a day also implies
that the flow path consists of larger conduits that carry turbulent flow [22].
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on water level at station S3.

Inside Maaras cave, from S1 to S4, the water flows on a sandy streambed in a large
conduit, and the general transformation of the temperature signal is that fluctuations are
damped and the water is heated (Figure 4). The amplitude of diurnal fluctuations are
halved from S1 to S2 and then again halved to S3 and do not reach S4 (Figure 5). The delay
between S1 and S2 was roughly 2 h, while the delay between S2 and S3 is similar to the
measuring interval (i.e., 1 h). During baseflow conditions, the temperature increase from
S1 to S2 may be up to 3.5 ◦C, and from S3 to S4, the temperature increase is about 1 ◦C.
Between S2 and S3, water from the Menikio branch is mixed into the cave stream. Under
high and increasing flow rates, there is negligible temperature change from S1 to S2 and
further on to S3. Under low flow rates, the temperature in S3 is significantly lower than in
S2 and clearly influenced by water from M1, suggesting that the flow rate in the Menikio
branch is less variable than the main passage and thus contributes with a larger proportion
of the flow during baseflow conditions.

Even under flood recession during the winter–spring wet seasons, the temperature in
S4 almost reaches the stable temperature that dominates during the dry season (Figure 3).
Accordingly, there is an anomaly between the S4 thermograph and the other stations during
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these phases (Figure 6). Increasing water temperature during a recession shows that the
flood water reaches a higher temperature with a discrepancy compared with the upstream
stations (Figure 5, vertical bars). During flooding, there is high sediment mobility in the
cave (cave guides report on high turbidity and sediment transport during flooding). The
lack of short-term fluctuations in recordings from S2 and S4 in 2022 makes us assume
that the sensors had been buried in the streambed, thus recording the temperature in the
hyporheic flow. The thermal pattern of S2 and S4 displays a combination of event-scale
fluctuations during the wet season and long-term (months) stability during the dry season
(Figure 6), which may have been attributed to the shift in recharge conditions if the upstream
thermographs did not exist. The contrast between the thermograph of S1 and S2 is striking
(Figure 6), considering the surface temperature signal that reaches S1 after more than 5 km of
underground flow is blurred within the next 3 km. The transformation of the thermal signal
should be attributed to the flow conditions inside Maaras cave. Between stations S1 and
S4, the cave stream flows on a low-gradient sand-bed channel dominated by dune–ripple
morphology. Dune–ripple channels exhibit high bed mobility where significant sediment
transport occurs at most stages [40], suggesting an effective heat exchange between the
water and the sediments. Effective heat exchange may also be attributed to hyporheic
flow in the streambed [28], which equilibrates the water temperature with the temperature
of the sediments. While effective heat exchange is normally assigned to small conduit
geometry and/or diffuse recharge [17], the thermographs from Maaras demonstrate that a
similar transformation of the thermal signal may occur in large cave conduits when the
cave stream interacts with a porous aquifer in the streambed. Furthermore, comparing
the dry season temperature patterns from the various stations (Figure 6) reveals that the
thick cave deposits must have a relatively high temperature that strongly impacts the
water temperature.
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Figure 6. The curves display the discrepancy in the thermal signal between the four main monitoring
stations and their relation to flow changes. S2 (light blue) and S4 (green) show the temperature
transformation along the main channel of Maaras with a sandy streambed. A significant temperature
increase is evident in the late dry season and during flow recession in winter. Sensor S2 was buried in
the streambed after the flood in December 2021, thus measuring the hyporheic flow in 2022. Sensor
S4 may also have been slightly buried.
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The thermal pattern of the Menikio branch is characterized by long-term stability
during summer and fall, extending into winter (Figures 3 and 5, red curve). During
winter and spring, the temperature fluctuates in response to long-term shifts in mean daily
temperature on a timescale from days to weeks (Figure 5). Fluctuations directly responding
to intense rainfall events are harder to detect (Figure 7). A conspicuous feature in the
M1 thermograph is the frequent oscillations exceeding 0.5 ◦C, which are evident in all
seasons and not related to any specific flow conditions (e.g., July–August 2020, and from
January–September 2021, Figure 3). The explored part of the Menikio branch comprises
a large water-filled conduit, clean of sediments. The M1 sensor is placed in the junction
where the water from the siphon enters the cave stream. The cross-section of the siphon
is about 5 m in diameter. The noisy signal may be due to turbulent water mixing from
the main channel and the Menikio affluent. Alternatively, the frequent oscillations are
due to minor shifts in the current from the siphon. When the water flux through a large
water-filled conduit is relatively low compared with the total water volume in the conduit,
there might be a minor thermal gradient between a piston flow and a boundary layer
along the conduit walls. Small shifts in the position of the main current flowing out of the
siphon may be reflected as rapid oscillations in the water temperature. In February–March
2022, the M1 thermograph displays weak diurnal fluctuations, typically less than 0.2 ◦C
(Figure 8). The lag time is 4–6 h longer than in S1 (15–17 h). In contrast, the delay from S1
to S2 tends to be around 2 h, which implies that the fluctuations in M1 are not caused by
influence from the cave stream but by the external forcing from the air temperature in the
recharge area, probably related to snowmelt.

Water 2023, 15, x FOR PEER REVIEW 11 of 15 
 

 

channel and the Menikio affluent. Alternatively, the frequent oscillations are due to minor 

shifts in the current from the siphon. When the water flux through a large water-filled 

conduit is relatively low compared with the total water volume in the conduit, there might 

be a minor thermal gradient between a piston flow and a boundary layer along the con-

duit walls. Small shifts in the position of the main current flowing out of the siphon may 

be reflected as rapid oscillations in the water temperature. In February–March 2022, the 

M1 thermograph displays weak diurnal fluctuations, typically less than 0.2 °C (Figure 8). 

The lag time is 4–6 h longer than in S1 (15–17 h). In contrast, the delay from S1 to S2 tends 

to be around 2 h, which implies that the fluctuations in M1 are not caused by influence 

from the cave stream but by the external forcing from the air temperature in the recharge 

area, probably related to snowmelt.  

 

Figure 7. Intense rainfall in December 2021 (a) and June 2022 (b) and the corresponding flood hy-

drograph from the spring and related response in thermographs of the different monitoring stations. 

 

Figure 8. Diurnal temperature fluctuations in station S1 and M1 in February and March 2022. Note 

that the temperature scales are different for the three curves. 

Figure 7. Intense rainfall in December 2021 (a) and June 2022 (b) and the corresponding flood hydro-
graph from the spring and related response in thermographs of the different monitoring stations.

While the mean annual temperature of M1 is slightly lower than S1 (Table 1), the
value where the temperature stabilizes is considerably lower (Figures 3 and 6). The stable
temperature and damped response to rainstorms suggest that Menikio branch is not fed by
ponors in the polje or any other point recharge. The recharge is probably diffuse infiltration,
and the low temperature suggests recharge at a high altitude, possibly somewhere in the
adjacent Menikio mountain. Diurnal temperature fluctuation during snowmelt shows
that the residence time may be similar in the two branches (Figure 8), although not fed
by the same recharge area. The thermal pattern implies that the heat exchange along
this flow path is more efficient than in the rest of the cave, despite similar residence
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times. In active stream caves, the stream water controls the heat flow through the karstic
system, and the geothermal heat flux may be reduced by order of magnitude in active karst
systems and only explains a slight warming of the karst water [20,41,42]. The temperature
difference between the dry season temperature in M1 and S2 is substantial (about 4 ◦C;
Figures 4 and 6) despite these two stations being only 80 m apart. We suggest that the low
and stable temperature in the Menikio branch implies that the temperature equilibrates
in fracture networks at shallow depths, possibly in the epikarst or the upper vadose zone,
i.e., in the homothermic zone where the temperature is close to the surface MAAT though
not affected by seasonal temperature changes [41]. The high water flux in karstic systems
reduces the geothermal gradient significantly, especially in the phreatic zone comprising
karst conduits [20]. We, therefore, suggest that the thermal signal of the Menikio branch is
controlled by diffuse recharge at high altitudes and efficiently transmitted through large,
water-filled conduits (clean of sediment) with minor changes in the temperature along
the path. The lack of sediments in the Menikio branch is attributed to higher flow rates
(preventing sedimentation) or a lack of sediment supply (possibly due to diffuse recharge).
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4.2. Multi Permeability System and Hybrid Aquifers

Karst aquifers often comprise both dual permeability and dual flow systems [43] with
diffuse water circulation in the rock matrix and fissure networks, in addition to concentrated
flow in the karst conduits (e.g., [44,45]). The marble bedrock in Maaras suggests that the
matrix porosity is low and thus that the conduit–matrix exchange is also negligible in the
inaccessible parts of the system. Still, there might be a dual permeability of the karst aquifer
due to coupling between conduits and fracture networks, revealed by diffuse infiltration
and speleothem formations in the cave. However, the temperature signal at S1 does not
seem to be influenced by a slow flow component when recharged through the ponor. Heat
exchange through conduction by hyporheic flow within the sediments in the streambed [28]
seems to be significant in dune–ripple morphology. In addition, high bed mobility suggests
that conduction between water and sediment may be even more efficient in this kind of
“live bed” condition (e.g., [46]) and not only related to the hyporheic exchange [28].
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The system described in Maaras cave is a multi-porosity or multi-permeability system
but contrasts other karstic systems in that a porous aquifer is located inside the large karst
conduits. A triple permeability model of karst aquifer usually refers to the permeability of
the matrix, fractures, and conduits [5]. The multi-permeability of karst aquifers is usually
related to the multi porosity in the rock itself, with a high hydraulic conductivity in con-
duits and a moderate to low hydraulic conductivity in fracture networks and the matrix
in contrast to the Maaras system. In Maaras, the karstic rock has a low matrix porosity
due to metamorphosis, although there is a certain porosity in fracture networks. However,
the hydraulic conductivity in the rock surrounding the cave conduits of Maaras is orders
of magnitude less than in the clastic sediments inside the cave conduits. We believe the
temperature rise along the cave stream occurs because of conductive and advective heat
exchange between the cave sediments and the cave stream. When the flow rate increases,
cold water flows from the cave stream into the porous aquifer in the streambed and the
fluvial terraces along the stream. During the recession, the flow is reversed, and heat is
released from the sediments into the stream (Figure 9) along longitudinal and transversal
flowlines in the porous aquifer. This flow pattern is an analogue to how previous authors
(e.g., [5]) have explained coupling in ordinary heterogeneous karst aquifers where frac-
ture/matrix systems are recharged from conduits during flood and drained into conduits
during base flow. However, the high porosity of the cave sediments and the intensified heat
exchange due to sediment mobility and hyporheic flow make the porous aquifer’s thermal
imprint on the karst aquifer’s thermal signal exceptional. Consequently, the thermal pattern
of the cave stream in Maaras is not typical of a karstic aquifer but distorted and transformed
through water and heat exchange with the porous aquifer in the clastic cave sediments that
fills up as much as 64–95% of the conduits [34]. Maaras may be seen as a hybrid aquifer
where the karstic aquifer holds a porous aquifer. This shows that the transformation of
thermal signals from karst springs may be quite complex due to the integrations of highly
different signals.
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while blue arrows indicate negative heat exchange.

5. Conclusions

This study contributes to our understanding of how thermal signals are transmitted
through karst waters and aquifers. Deploying an extensive network of water thermographs
along the Maaras cave and monitoring the temperature fluctuations over two years enabled
us to:
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• Recognize that although effective heat exchange is typically assigned to small conduit
geometry and/or diffuse flow, inside Maaras, it is evident that a similar transformation
of the thermal signal occurs in large cave conduits due to the interaction between the
cave stream and a porous aquifer in the streambed.

• Decode the thermal signal of the Menikio branch that is controlled by diffuse recharge
at high altitudes. The temperature transformation probably occurs through fracture
flow at shallow depths, while water flow through large, water-filled conduits (clean of
sediment) possibly transmits the signal efficiently with minor changes in temperature
along the path.

• Understand that in caves/karst aquifers with an abundance of clastic sediments on
riverbeds, heat exchange between water and sediment is highly efficient due to the
combined effect of high bed mobility, hyporheic exchange flow, and a sizeable porous
aquifer with a stable temperature.
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