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Abstract

Molnar Janos Cave (MJC) is the only underwater cave and the only active one in the Buda Thermal Karst system (BTK). At MJC, there
is a large amount of water that can be considered as a possible source of drinking water. We evaluated the physical and chemical
parameters of the cave water to understand natural and possible anthropogenic interference in water quality. Therefore, measurements
of temperature and chemical compositions were performed for dripwaters and water from the cave conduits over a four-year period
and compared to historical data. Statistical analysis of the produced data revealed yearly changes as well seasonal periodicity in the
component ion concentrations. In the case of dripwaters, we observed a periodicity that revealed information about the origin of

the dripwater. For the first time, we had identified seasonal variations in conduit waters. Previous studies only analyzed water at the

entrance of the cave. Then, this research focuses on the water from the newly discovered inner passages.
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1 Introduction

Budapest is in the center of the Pannonian Basin.
The Danube river divides the city, where Buda hills repre-
sentthe westernmost part of the Transdanubian mountains.
Under this mountain range lies Hungary's largest karst
aquifer. The feet of the Buda hills act as a discharge zone of
this aquifer, manifesting in a group of thermal springs near
the Danube river. The sum of karst phenomena found in
this area — including an extensive cave system of hypogenic
origin — is named the Buda Thermal Karst (BTK) [1, 2].
The two main groups of active lukewarm springs, the Jozsef-
hegy springs at Rdzsa hill and the Gellért hill springs at
Gellért hill make Budapest also famous for its baths [3, 4].

The evolutive processes in the BTK formed a groundwa-
ter flow inside the carbonate system. Channels were formed
based on cracks and fractures caused by the tectonic evolu-
tion, which influences the groundwater migration and con-
trols the dissolution and precipitation process [5, 6].

Rozsa hill is composed of Triassic dolomites, Eocene-
Oligocene limestone, and marl. Waters at Rozsa hill dis-
charge zone are lukewarm and hot springs. Cave morphol-
ogy is multilevel complexes along the faults and bedding
planes between the limestone and marl [7]. Multilevel

cave systems are formed by the base level drop caused by
the landscape evolution where the levels are younger when
going downwards [8]. A water flow model from Madl-
Szényi et al. [4] suggests that, at the site, there are mainly
three flow systems. The first is the local flow system that
involves the infiltration of surface water directly from the
hillside; the second is the intermediate and regional flow
systems from a larger region and mixed by free convection
process; and third, the hydrothermal waters from below,
rising from the base of the hill (Fig. 1).

At Roézsa hill, there are five known caves larger than
lkm each. MJC is an underwater cave located behind the
discharge zone of lukewarm springs. This cave is under
formation along with the fractures between the Eocene
limestone and the Eocene-Oligocene marl. Following the
same way as others, already dry caves, in the R6zsa hill [9].

MIC is one of the largest active submerged hydrothermal
caves in the world. The cave is an example of a hypogenic
cave, formed by ascending waters with no surface interfer-
ence. The cave is still under formation by mixing corrosion,
caused by the mixture of different calcite saturated waters
with different temperatures and ion content [9-12].
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Fig. 1 Model of discharge at Rozsa Hill. Where: 1: local flow; 2: intermediate flow; 3: regional flow; 4: supposed mixing zone; 5: free convection
(based on Madl-Szényi et al. [4])

1.1 Historical background of MJC and characterization
of the studied area

At the foot of Rozsa hill, two springs discharge water into
a dam lake called the Malom lake (ML). The lukewarm
waters of these springs have originally been used by a water
mill and are utilized by public baths for centuries. In the
1860s a study about these springs water chemistry was pub-
lished and the existence of an underwater cave feeding the
springs was concluded [13]. The chemical composition and
the temperature of the two springs were found to be different
(27 and 29 °C). Further studies from 1980s noted a decrease
in temperature of these springs to 21.8 °C and 23.8 °C [14].

By draining the lake temporarily, cave passages leading
under the Rozsa hill were discovered. From the 1960's, cav-
ers and cave divers gradually explored an approximately
600 m long passage system with a maximum depth of 35 m.

Inside the cave, while the parts deeper than 10m had
a constant temperature of 20.5 °C. Upper passages dis-
played a fluctuating temperature a passage found at 8 m
depth contained warmer water (25.3 °C).

In 2002, after breaking through a small opening — where
warmer water and silt was entering the passage — divers
found the continuation of the cave, leading to the discov-
ery of several kilometers of new passages. The Kessler
hall (KH) was discovered. This hall displays a cave lake
with a diameter of 20 m and ceiling height of 10m above
the water level [5]. In 2008, after drilling a new tunnel that
connected the KH with a nearby drift, KH lake became
the starting point of the cave [15].

As of now, the MIC is a large cave with a maze-like
structure extending several kilometers. Characterization
of the cave is impossible with only those few sampling
points that are accessible from the surface. The flow sys-
tem of the passages near the ML was completely rear-
ranged after the opening of the passage leading to the
new parts, consequently, some of the earlier observations
about the submerged passages may not be comparable to
the newer results.

Several recent studies also show the average tempera-
ture of one of the springs, called Boltiv spring, and the
ML. According to Erdss et al. [16] and Farkas et al. [17]
the average temperature of the ML varies between 21.5
and 23 °C and the temperature of the Boltiv spring varies
from 21.4 to 21.7 °C. This temperature fits among the other
lukewarm springs found at the foot of Rozsa hill. Where,
lukewarm waters vary from 20 to 37 °C and hot springs,
normally from 40 to 65 °C [18, 19].

The temperature of the water in the KH was observed
to be different in two distinct layers. According to
Eréss et al. [5S] near the water table, the tempera-
ture is approximately 24 °C and 19 °C in 30 m depth.
The Farkas et al. [17] study mentions that under the KH
the temperature of the water layer shallower than 10 m are
approximately 27 °C while the deeper waters are 21 °C.
In addition, the upper layer shows a small change depend-
ing on the season. From November to January the average
was 27.3 °C, from January to March it was 26.6 °C and
from September to October, it was 27.5 °C.



The first papers describing the water chemistry of
the newly discovered passages are from Erdss et al. [16]
and Bergmann et al. [20]. The sampling however was
restricted to the parts of the cave accessible from the sur-
face. Generally, the lukewarm waters of the Rose hill as
Ca—Na and HCO,~CI-SO, facies type. The cave is divided
into two (outer and inner) parts: The inner is character-
ized by higher Ca?* (120 vs 108 mg/l) and HCO® (465 vs
416 mg/l) concentrations. The inner sampling point is not
specified in the paper, but presumably, it is the KH [19].
Bergmann et al. [20] sampled the KH, Dexion branch
(a passage connected to the ML and one spring) and the
ML. Several ion concentrations were recorded monthly
from May 2009 to January 2011.

Farkas et al. [17] also published chemistry data both
about ML and the KH. The published average of 6 sam-
pling campaigns in 2014 gives a slight but significant
(between 5 and 10%) increase in the hydrogen carbonate
and calcium ion concentrations. Also, a similar decrease
in the sulfate ion concentration compared to the results
of Bergmann et al. [20]. The sodium ion concentrations
show more than double figures and that — in the absence
of a comparable change in the counterions — is probably
a measurement artefact in one of the studies, not a natural
phenomenon. Both studies agree that the passage filling
waters of the cave are very clean, conforming to drinking
water regulations.

Apart from the water filling the cave passages, the
chemistry of the dripwaters reaching the air-filled parts
of the cave was also recorded to assess the vulnerabil-
ity of the cave to anthropogenic contamination [17, 20].
Dripwaters belong to different water facies, containing
lower hydrogen carbonate and very high sulfate concen-
trations indicating that the flow path of the dripping water
leads through the upper pyrite containing Buda marl lay-
ers [20]. High nitrate concentrations and the relatively
large fluctuations in time reflect the effect of surface pre-
cipitation and anthropogenic pollution.

Since a detailed description of the chemistry of the
waters filling the submerged passages of the cave beyond
the KH is missing from the international literature, our
study aims first at the characterization of water chemis-
try in these passages, identifying the different inflows that
contribute to the recharge of the cave. Our secondary aim
is to investigate the incidental seasonal changes both in
the passage filling waters and in the dripwaters infiltrating
the cave that carry anthropogenic pollution. This task was
made possible by the regular sampling executed by cave

Menoncin et al. | 207
Period. Polytech. Chem. Eng., 66(2), pp. 205-217, 2022

divers in the four years period from 2016 to 2019. About
183 water samples were collected and analyzed. 77 of the
samples were from the submerged parts of the cave, col-
lected with the help of cave diving techniques.

Our study builds on and continues the study published
in 2015 by our research group (Farkas et al. [17]).

2 Methods

2.1 Sampling and laboratory analysis

PET bottles were used to collect cave water samples. In the
case of underwater samples, cave diving techniques were
used to reach the sampling sites (Fig. 2). After surfacing,
conductivity and pH was measured with handheld instru-
ments (Voltcraft WA-100 ATC 3% 0-1999 uS and pH —100
ATC 0.2 pH 0-14). When the equipment and personnel
were available in the cave, hydrogen carbonate content was
also determined on-site by titration with HCI, then the sam-
ples were transferred to the laboratory for further analysis.

Sulfate, hydrogen carbonate, chloride, calcium, mag-
nesium, and sodium ion concentrations were analyzed,
as the previous studies indicated that these are the main
dissolved components. Nitrate concentration was also
determined as the most related pollution indicator.
Samples were tested for phosphate, ammonium and nitrite
ions as well, however, no detectable amount of these ions
were present. The obtained concentrations are collected in
a table in Section 3.2.

Laboratory analyses were carried out according to the
recommendations of the Hungarian National Standards
MSZ-448 [21]. Calcium and magnesium ions were deter-
mined by complexometric titration. For the determina-
tion of chloride ions, the Mohr method was used. Nitrate
ions were determined spectrophotometrically by the nitra-
tion of salicylic acid. For sulfate determination, the turbi-
dimetric method was used. Sodium and potassium were
determined with atomic emission spectroscopy (AES).

Fig. 2 Photo of a sampling point inside the cave conduits
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For the temperature, eleven glass thermometers with
0.2 °C scale division housed in protective Plexi tubes
were placed at fixed positions (T1 to T11) (indicated on
the map displayed in Fig. 3). Divers passing these points
during tourist dives read the thermometers and recorded
the value on the slate during 2016 and 2017 with approxi-
mately 2 months frequency.

The initial selection of water sampling points was deter-
mined along with the considerations: sampling points should
cover the largest possible variety with respect to location, size
of the passage, observable flow, and temperature — within

the safe diving limits of the research diver's training and
equipment. Sampling points where regular sampling was not
possible and did not show significant difference in charac-
teristics to nearby points were dropped or merged. Sampling
was discontinued in the ML because the mixing of the
spring waters is not complete at any point. Locations of the
13 selected sampling sites are marked in Fig. 3.

With the aim to settle the similar sampling points into
groups, cluster analysis was performed using the before
mentioned physical and chemical parameters for the sam-
pling points.
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Fig. 3 Sampling points at MJC (a) top view (b) side view and temperature map



In the following, we provide a short description of the
location of the sampling sites.

2.1.1 Dripwater collecting sites

Although 8 air-filled chambers are known at various
sites in the cave, dripwater is only detected close to the
entrance and the KH. The innermost drip site is observed
above the C4 point, the very recent discovery and the diffi-
cult approach however allowed no sample in the presented
sampling period.

Dripl is the intersection point of the drift leading to the
cave and a crack zone. Directly under the drip zone are shal-
low passages of the cave, forming a possible pollution site.

Drip2 is very close (about 5 m) to Dripl, at the end of
a short side-tunnel of the drift. The dripwater flows on the
rock wall closing the tunnel, leaving a layer of flowstone.
Sampling site began only in 2018, since the side tunnel
was used earlier for storing equipment, and the flowstone
formation was not discovered earlier.

Drip3 collects the water infiltrating through the ceiling
of the KH. The ceiling is bisected approximately in the
middle with a chert seam where the dripping is the most
intense. Dripwater is collected at the opposite side to the
entrance, where a short dry passage gives us the possibil-
ity to place the collecting equipment.

Drip4 is located at the end of a narrow lake separated
from the KH by a rock pile approx. 5 m high. The place
is also called a "waterfall" since the water continuously
trickles down on one of the walls, occasionally with higher
(estimated 10 1/min) yield. Under the trickle a flowstone
formation can be observed.

Waters from the submerged passages: Al: This site
samples a spring, one of the two outlets of the cave a few
meters before it flows into the ML. The samples are taken
from the surface of the water.

A32: the KH displays the largest lake of the MJC that
is accessible to non-divers, also the only one that contains
breathable air. The temperature of the water is also the
highest in the cave.

A44: a large hall located at the crossing point of two
major passages, about 300 m from the KH in the SW
direction, towards inside of the hill.

A78: The farthest point of the "A" passage, approxi-
mately 500 m from the KH, near to the ceiling of the larg-
est known hall of the cave, that vertically spans from the
floor at 45 m to the ceiling at 15 m. Close to this point at
the end of a side tunnel, a cold-water inflow is detected,
reportedly even colder in temperature (16.5 °C) than the
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C37 point, however the cumbersome approach did not
allow regular sampling of the cold inflow.

C37: Colder water inflow at the endpoint of the C pas-
sage. According to the map, this place is directly below the
Children's Hospital of Buda, in case of direct contact to
the surface through fissures specific micro-contaminants
can be expected.

2.2 Data analysis and mapping

Cave divers secure the explored passages by fixing guide-
lines so that they can find the exit even in zero visibil-
ity. These guidelines also form the base for cave mapping.
For every straight stretch of the guideline, the direction
and length are measured as well as the depth of the end-
points, forming a 3D line map (Fig. 3). In the MJC the
largest passages are marked with the letters A-E, and the
direction changes are numbered from the starting point,
e.g., the 14" breaking point on the A passage is marked
with Al4. These markings are used to identify the sam-
pling points as well. The most comprehensive map of the
MIC was produced in 2014 by its cave research team [17].
Although new surveys were carried out and some parts
of the guideline system were modified since 2014, we use
that version as the most complete one.

The collected data were subjected to multivariate anal-
ysis, focusing on the statistical approach for pattern rec-
ognition purposes. Cluster analysis represents a profile of
possible different groups, based on similarities. The prin-
ciple of this method is based on the means of distance [22].
Hierarchical cluster analysis was applied using Ward's
method and set by squared Euclidean distance in the
NCSS 2021 statistical software.

To interpret possible seasonal interference, the data was
sorted by four seasons. March to May, June to August,
September to November and December to February.
The average, standard deviation (SD) and coefficient of
variation (CV) are used to analyze the data. CV is the ratio
of the standard deviation to the mean. The higher the coef-
ficient of variation, the greater the level of dispersion is
around the mean. Results are precise when the value of CV
is small. For analytical measurements, CV should be less
than 10%, while larger CV represents seasonality.

3 Results and discussion

3.1 Temperature

Considering the accuracy of reading the small scales under-
water, we can conclude that the temperature of the observed
locations did not change during the 2 years, the only



2/| O Menoncin et al.
Period. Polytech. Chem. Eng., 66(2), pp. 205-217, 2022

observable temperature changes are caused by the vertical
movements of the thermoclines. Average values measured
with the fixed thermometers are displayed in Table 1.

Temperature profiles of the cave passages were also
recorded by divers carrying a custom-made data logger,
consisting of a pt100 sensor housed in a thin-walled metal
tube for fast settling time connected to an Arduino-based
data logger. At places where large depth differences could
be spanned in a short horizontal distance, vertical tempera-
ture profiles were also recorded (marked as dotted lines in
Fig. 3 (b)). Outstanding values were double-checked with
repeated measurements. Collating the temperature profiles
and the recorded values at the fixed points we have created a
conceptual temperature map of the cave shown in Fig. 3 (b).

The hottest part of the cave is the immediate vicinity
of KH. At this location, the upper 9 m layer of the water
is uniformly 27.8 °C. After a relatively sharp thermocline
of approximately 2 m thickness the temperature drops
to 21.0 °C and remains above 20.5 °C down to approxi-
mately 40 m. The temperature of the warmer upper layer
decreases with the distance from the KH (both towards the
inner and outer parts of the cave), after the A44, B12 and
C23 points the temperature difference between the deeper
and shallower layers disappear, the approximately 21 °C
water occupies the shallow passages as well. The tempera-
ture maximum at the KH indicates that the upwelling of the
thermal water is near this spot, however, repeated exten-
sive search by divers could not locate the inflow.

Below 40 m the temperature gradually decreases, deeper
than 50 m the temperature sinks below 18 °C, except for the
vertical closest to the T1, where even at the deepest point
(61 m) the temperature stayed the same as above 40 m.
With the exceptions of the mixing zones, no temperature
variations were observed in time.

A temperature anomaly appears at C37. The C passage
forms a small hall at this point, the bottom Im of the hall
is filled with colder water. The colder water flows from
a restriction at the end of the hall that makes the further
exploration of the passage problematic. A similar anom-
aly is present near to the end point of the A passage (A78).

Table 1 Temperature and depth of sampled points

The inflow of significantly colder water indicates a shal-
lower flow path that might carry pollution from the surface.

3.2 Water chemistry analysis

Two different main groups were identified (see Fig. 4),
exactly mirroring the main different water sources: drip-
waters from the ceiling of the dry passages (group 1) and
waters filling the submerged passages (group 2).

After further clustering of the sampling sites, the num-
ber of sampling points was reduced: points A53, A63, Ex,
Dx were dropped in favor of A44, the most casily accessi-
ble site from this group. Indeed, the concentrations mea-
sured at these sites were within the standard variation to
the concentrations measured at A44. Site C20 was dropped
because it looked like a mixture from A44 and A32,
no extra component was detected at this site. The shortlist
of sampling points selected for regular sampling is col-
lected in Table 2.

The temperature differences reflect the differences in
water chemistry: the distance of the sampling points based
on the chemistry data resulted in the same groups as shown
by the temperature. The average concentrations for the
entire sampling period are found in Table 3.

The chemistry of each sampling point is visualized with
the help of radar graphs (Fig. 5). The most obvious dif-
ference is between the dripwaters and the conduit waters
that agrees with the results of the cluster analysis. Radar
graphs within the same group have a similar shape, while
the graphs of the two groups are different.

Sulfate concentrations are multiple times higher in
the dripwaters than conduit waters, also nitrate, chlo-
ride, sodium, magnesium, and calcium have higher

(%]

A32  A33 A35  A44 C20 C37

Depth [m] 6 9 12 2 9 14
Temperature [°C] 277 263 210 209 265 185
A49  A53  A63  Dx  Ex

Drip3 Drip2 Dripl Drip4 C37 A5S3 A63 Ex Dx A78 Ad44 C20A32A1

Fig. 4 Cluster analysis

Table 2 Selected sampling points depth and water temperature

Sampling site Al A32 Ad4 A78 C37

Depth [m] 35 32 28 38 37
Temperature [°C] 20.6 20.7 20.6 20.9 21.1

Depth (m) 0 0 21 15 14
Water temperature (°C) 23.0 27.8 20.9 20.9 18.5




Table 3 Water chemical composition in MJC
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n.s.c Cl- SO> NO, HCO, Na* K Ca* Mg
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1)
Dripl Mean 186 494 88.0 131 67.0 5.1 164.3 83.5
S.D4 34 12 52 12 38 1.9 0.7 9.5 7.8
CVe (%) 7 10 13 29 2.8 14.0 5.8 9.4
Drip2 Mean 202 609 84.0 288 2579 123.4
S.Dd 12 27 17 21.7 15.5 4.5
CVe (%) 13 3 25.8 6.0 3.6
Drip3 Mean 203 825 49.0 130 81 5.9 264.0 162.5
S.D.¢ 29 9 42 5.4 36 6.7 0.3 18.0 44.8
CVe (%) 5 5 11.1 27 8.3 5.0 6.9 27.6
Al Mean 48 133 7.4 378 24.4 3.7 119.7 439
S.D.¢ 8 3 5 0.4 5 0.2 0.0 1.2 0.7
CV.:e (%) 7 3 5.0 1 0.7 1.3 1.0 1.7
A32 Mean 69 142 5.9 431 477 6.0 128.7 45.0
S.D.¢ 23 5 15 0.6 43 1.1 0.1 6.6 4.1
CV.:e (%) 7 10 11.0 10 2.2 1.7 5.1 9.3
Ad4 Mean 44 120 8.0 378 22.5 33 115.1 46.7
S.D.¢ 17 2.7 9 0.8 11 0.7 0.2 4.0 1.9
CV.:e (%) 6 8 9.5 3 33 5.3 3.5 4.1
AT8 Mean 44 137 8.0 368 20.2 3.0 109.9 46.0
S.D.d 9 2 5 1.1 6 1.3 0.3 11.2 3.5
CV.e (%) 5 3 13.9 2 6.4 8.7 10.2 7.6
C37 Mean 44 123 9.7 356 19.2 29 109.9 474
S.D.¢ 13 3 5 1.0 7 0.8 0.3 10.6 5.9
CV. (%) 6 4 9.8 2 4.1 8.7 9.6 12.5

Note: average values of the entire 4 years sampling period and overall coefficient of variation;

¢ Number of samples analyzed; ¢ Standard deviation; ¢ Coefficient of variance
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Fig. 5 Radar graph for ion concentrations (mg/1)

concentrations than conduit waters. Hydrogen carbonate
follows the opposite trend, it is higher in conduit waters than
in dripwaters. These results agree with Farkas et al. [17].
In the case of dripwaters, direct comparison with
earlier results can only be made with the paper from
Farkas et al. [17], because the exact sampling points could
not be determined in earlier studies. The Drip3 sam-
pling point in the present study is identical to the K1 in

Farkas et al. [17], while Dripl corresponds to T2. The aver-
age of concentrations from 2016-2019 and the ones from
2011 and 2015 are compared in Fig. 6.

The main characteristics of the dripwaters remained
the same: in both samples, the most abundant anions are
the sulfate, and the chloride, however hydrogen carbonate
and nitrate were also found. Calcium and magnesium are
the highest concentration cations with large sodium con-
tent as well. Although the high nitrate and chloride con-
tent indicates pollution from the surface, the extremely
high sulfate suggests a long residence time in the pyrite
containing marl layers that are situated above the level of
the cave. The long residence time agrees with the lack of
ammonium, nitrite (depleted by oxidation) and phosphate
(adsorption), and with the apparent lack of short-range
correlation of rainfall with the drip rates [17].

In case of Dripl, magnesium, nitrate and sodium con-
centrations decrease, while hydrogen carbonate increases.
We consider larger than 5% change in the concentrations as
significant. Chloride, sulfate, and calcium concentrations do
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not display notable changes. The most significant difference
is the decrease of nitrate concentrations, which, since nitrate
ions have no other source apart from the surface, suggests
the diminishing use of fertilizers at the infiltration site or the
repair of the sewers in the area. The 10% decrease in the Mg
content that is accompanied by a 5% decrease in Ca (and
then subsequently changing Ca:Mg ratio) might indicate
a shorter residence time of the dripwater in the carbonate
rocks. The decreasing Na+ content without the correspond-
ing decrease in chloride might also be the result of a short-
ened contact, so less ion exchange with clay minerals.

Drip3 also displays changes compared to the data
obtained in the 2014 sampling periods, however, both the
affected ions and the direction of the change are different.
The largest differences are the decrease of hydrogen car-
bonate and the parallel decrease of the nitrate, chloride,
and sodium content. The large decrease of the chloride
and sodium concentrations might be the result of the grad-
ual switch to environmentally friendly de-icing agents as
calcium magnesium acetate (CMA).

The Drip4 site was not sampled in the 2015 study, so
comparison can only be made with the Bergmann et al. [20]
paper. Both studies observed very high variation in the

measured concentrations. Our 4-year average show a sig-
nificant decrease in all measured ion concentrations com-
pared to 2010, however the number of samples (total of 6
in 4 years, since the research permit of the divers did not
allow them to pass dry stretches in the cave) did not pro-
vide for good averaging.

In the present work, two drip sites were dropped from
the ones sampled in the Farkas et al. [17] study (T1 and T3),
because of lab capacity issues, but two additional sites
(Drip2, Drip4) were also included in the sampling.
On these sites -unlike the other sites- a layer of flowstone
formed under the dripping, indicating a difference in the
chemistry. Also, Drip4 carries the largest volume of drip-
water into the cave.

In principle the differing location of the dripwater sam-
pling sites allows us to draw conclusions about the correla-
tion between the distance from the entrance or the vertical
travel path and the chemistry of the dripwaters. However,
Dripl and Drip2 are very close to each other and have
a quite different composition. This observation warns us
that the individual dripping sites may have separate infil-
tration paths, not necessarily related to the surface located
above the sites.



The buffering effect of a detrital zone in the epikarst
can also modify the concentrations in another way for the
different infiltration paths.

Comparing the very closely located Dripl and Drip2
sites, we can observe that the concentration of calcium,
magnesium and hydrogen carbonate ions are significantly
lower in the Drip2 samples (Fig. 7). Since these ions come
from the speleothems observable elsewhere in the cave
(flowstones, gypsum crystals), we may attribute these dif-
ferences to PCP (prior calcite precipitation). Since calcite
precipitation requires a drop in pCO,, the presence of an
air-filled cave chamber above the currently known levels
of the cave can explain the depleted concentrations.

Comparing Dripl (smallest vertical distance to the
surface) and Drip3 (largest vertical distance). Drip3 has
significantly elevated sulfate, calcium, and magnesium
content, but less nitrate. Despite the higher hardness, no
precipitation is observable at the dripping site, which is
probably caused by the elevated CO, level in the KH.
The elevated sulfate, magnesium and calcium levels indi-
cate longer residence time in the pyrite containing marl
layers above the level of the cave. The higher sodium
content can also be the result of an ion exchange process
between the alkaline earth metal ions and the sodium-con-
taining clay minerals in the Buda Marl.

The Drip4 sampling site displays concentrations that
are smaller than all other drip sites. The yield of dripwa-
ter at this site is high and the yield is observed to increase
immediately after rain, so we conclude that this site has
direct connection to the near surface.

For the water filling the conduits, several sites were sam-
pled. In two of the open water sites (Boltiv spring and ML)
the results were not reproducible based on the intermix-
ing of the two springs feeding the lake, proving to be an
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Fig. 7 Percentage difference of ions concentration of points
Dripl and Drip2
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inconsistent sampling point. From Bergmann et al. [20] and
Erdss et al. [16] studies, only the results from the KH (A32)
can be compared, while in the case of the Farkas et al. [17],
two more sampling points (A44 and C37 correspond to 1
and 2) are identical to the present ones. Comparison of the
data obtained at the A32 point can be seen in Fig. 6 (d).
The most striking feature of the comparison is the con-
tinued decrease of the sulfate concentration from 2010,
which reverses the increasing trend beginning in 1938 that
could be concluded from the literature data compiled in the
Farkas et al. [17]. Although, this decrease could be based
on the fact that there is a reduced contribution of thermal
water at this point, no parallel temperature change was
detected. Other investigated ions show only minor changes.

C37 sampling point possesses the farthest properties
from the A32 according to the cluster analysis due to
its low temperature and conductivity but slightly higher
nitrate content. Surprisingly, this very different water
shows a similar behavior: the most significant change is
the decrease of sulfate concentration.

The A44 sampling point also displays lower sulfate con-
centration compared to the 2015 values, however another
notable change, the decrease of hydrogen carbonate
appears. The values obtained from 2016 show remarkable
stability, we attribute the large difference to the fact that the
2015 study moved the actual sampling from the A44 point
to the A36, since this point possessed similar chemistry but
closer to the entrance. However, the small distance to the
KH and the shallower depth (12 m vs. 21 m of the A44) may
also involve the easier mixing of the warmer water from
KH (the mixing zone is between 9 and 11 m depth).

We can conclude that the only significant (>10%) dif-
ference between the Farkas et al. [17] study and our 2016-
2019 sampling campaign is the decrease of the sulfate con-
centration. Since the sulfate in the lukewarm waters of the
BTK is supposed to originate from the Kiscell and Tard
clay formations [23], we can attribute the difference to
a decreased contact time of the cave water in these layers.

3.2.1 Yearly and seasonal variations

An earlier attempt to observe seasonality in the conductiv-
ity and level of the Malom Lake found no correlation with
rainfall events or even integrated precipitation [24].

The four years span of our research allowed us to look
for both yearly and seasonal variations in the water chem-
istry data. Plotting the coefficient of variation (CV) of
a quantity of interest can show us the relative magnitude
of change, highlighting the ones that show significant
changes. Averaging for certain intervals then calculating
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the CV of the averages eliminates the fluctuations within
the intervals and highlights the differences between the
individual periods.

The CV values corresponding to the entire 4 years span
of the ion concentration data at the different sampling
points are plotted on Fig. 8. Hydrogen carbonate ions were
excluded from this analysis, because the analysis time
after sample collection was not uniform during the sam-
pling period, corrupting the CV values for this ion. Sulfate
concentrations were excluded from the four years trend

since we have only data from two years (2016 and 2017).
Since the sampling of the Drip2 site began only in 2018,
the four years trend was also not analyzed for this site.
Comparing the CVs of the dripwaters and the conduit
waters we can observe that the dripwaters display signifi-
cantly higher variation. Changes in the surface conditions
like the temperature or precipitation influence the dripwa-
ters more readily, since the long infiltration time of waters
filling the conduits of hypogenic caves dampens the effects
of seasonal fluctuations or even year-to-year differences.
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In case of the dripwaters, we can see that the Drip1 site
(although this is the sampling site closest to the surface)
shows considerably less variation than the other two sites.
The highest overall CV corresponds to the chloride and
nitrate ions at the Drip2 and magnesium ions at the Drip3
sites. Only in the case of the nitrate rises the CV above the
10% limit at all three dripwater sampling sites. Forming the
seasonal averages decreased the CV somewhat, but in case
of chloride and nitrate at the Drip2, and magnesium at the
Drip3 site the coefficient of variation remained above the
10% limit. The variation of these three ions can be contrib-
uted to anthropogenic origin (e.g., sewage water or fertiliz-
ers in case of the nitrate, and de-icing agents in case of the
chloride and magnesium ions) thus the seasonal variation
should mirror the seasonal usage of these ions. Plotting the
seasonal averages (Fig. 9) for the concentrations of nitrate
ions at the Drip2 site shows the highest values in the spring,
decreasing monotonously in the summer and autumn sea-
sons, reaching the lowest concentrations in the winter.
This type of behavior is consistent with the usual utiliza-
tion of nitrogen fertilizers in the springtime; thus, the origin
of nitrate can be attributed to agricultural activities. Since
the cave is under a heavily built-up city area and the use of
fertilizers in gardens and city parks is limited, the infiltra-
tion site of these dripwaters is possibly outside the city lim-
its, several kilometers away from the cave. Chloride ions at
the Drip2 site also show a decrease from spring to autumn,
however the winter months bring an increase, which agrees
with the winter load of de-icing agents used on the city
streets. Since indications about the origin of the nitrate
and chloride ions are conflicting, we can conclude that the
Drip2 site collects infiltrating waters from different areas.

The seasonal averaging reduced the CV of the nitrate
ions at the Drip3 site below the 10% limit, while that of
the Mg ions remained significant. Since the chloride ions
show no seasonality, we cannot contribute the variation of
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the Mg ions to modern de-icing agents. Although the high
variation of the magnesium content could be explained by
the changing residence time of the infiltrating waters, the
lack of seasonality of the other ion concentrations refutes
this explanation. Again, the dissimilar behavior of the
individual ions indicates that the magnesium ions reach
the cave at a different route.

Thus, although only a few drip sites are found in the
Molnar Janos cave, each of the drip sites collects infiltrating
waters from different sources and infiltration routes, ranging
from within the city to outside of the city limits. This is con-
sistent with an impermeable layer of clay above cave that
channels the few fissures penetrating the aquiclude layer.

Contrary to the dripwaters, conduit waters show CVs
higher than 10% only in a few cases, never exceeding 14%
vs the 27% maximum value of the dripwaters (see Table 3).
High CVs are only found at two of the regularly sampled
sites, the C37 and the A78 points. Although these sites are
quite distant to each other in terms of cave passages, the net
distance is much closer (see the map on Fig. 3). This allows
the conclusion that a common fissure system conducts the
cooler waters there. The ions showing high variation are
the nitrate and the magnesium ions, two of the ions that
displayed high variation in case of the dripwaters. The low
variation in the chloride can be contributed to a different,
natural source: studies from Madl-Szényi et al. [4] and
Erdss et al. [S] show a conceptual system that demonstrates
how Na* and CI" comes from the plane side of the Danube
(Pest side) and rises with the thermal waters. Both seasonal
and yearly averaging decreased the CV of nitrate at C37
and A78, however both remain above or just below the 10%
limit. The nitrate concentrations at C37 show a very similar
behavior to the nitrate at the Drip2 site: highest in the spring
and lowest in the winter, that might hint at the common ori-
gin of the contaminant ion. The much lower concentration
at the C37 site is the result of the dilution of the dripwater.

Drip 2
230 2500
200 2000

D150 150.0

i 100 \—\\_\—— 100.0

30 50,0
mar-may june-aug sep-nov  dec-feb
CIm ——NOs”

Drip 3

_———\ 10.0

mar-may june-aug sep-nov  dec-feb

— Mg

C37
15.0

-

0.0

mar-may june-aug sep-nov  dec-feb

——NOs"

Fig. 9 Seasonal changes of outstanding components



2/| 6 Menoncin et al.
Period. Polytech. Chem. Eng., 66(2), pp. 205-217, 2022

4 Conclusions

The extensive sampling of the Molnar Janos cave brought
important observations regarding the spatial distribution
and seasonality of the water chemistry and the exposure of
the cave to the effect of the city above. The spatial variabil-
ity of the temperature and water chemistry was mapped.

The characteristics of the sampling points, based on the
chemical composition, were separated into groups using
cluster analysis. Dripwaters and conduit waters show
the largest separation, while conduit waters were further
divided into three groups.

Near the KH two water types were identified: a warmer,
occupying the upper layer, and a lower temperature one
found deeper than 9 m with a sharp thermocline separating
the two. The ionic concentrations also show a sharp change
parallel with the temperature. In the remote parts of the cave
the warmer component cannot be found, the temperature
shows only a gradual change with depth, without measur-
able concentration changes. Both temperature and concen-
tration anomalies were found near the endpoints of the "A"
and "C" passages. Despite the distance from the entrance
and the surface the colder temperature and the higher nitrate
concentrations marked these sites as entry points of pollu-
tion from the surface. Although generally the ion concentra-
tions in the water filling the cave conduits show only minor
changes in time, at the end point of the C passage seasonal-
ity was observed in the nitrate concentrations.
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to the cultivated lands surrounding Budapest.
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