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Speleothems have been employed broadly in palaeoen-
vironmental reconstruction during the last thirty years. 
Speleothem-based studies have been performed in various 
geographic regions, except for the polar zones. A robust ap-
plication of speleothems is provided by the precise deter-
mination of their crystallization age, which can be tied to 
various proxies that record past environmental conditions 
(e.g., Bar-Matthews et al., 1997, 2010; Burns et al., 2001; 
Cruz et al., 2005, 2007; Spötl et al., 2006; Fairchild and 
Baker, 2012; Warken et al., 2018; Błaszczyk and Hercman, 
2022; Bernal-Wormull et al., 2023). 

Studies of speleothems revealed that their crystallization 
is commonly punctuated by hiatuses (e.g., Frumkin et al., 

1999; Hercman, 2000; Bosák et al., 2002; Plagnes et al., 
2002; Railsback et al., 2013; Pawlak et al., 2020; Sierpień 
et al., 2021; Zupan Hajna et al., 2021). These result from 
various processes, including the reduction or absence of  
a supply of drip water (e.g., Moreno et al., 2010; Railsback 
et al., 2013), dissolution (corrosion) by water undersaturat-
ed with respect to calcite (e.g., Railsback et al., 1994, 2013; 
Perrin et al., 2014; Martín-Chivelet et al., 2017), the depo-
sition of non-carbonate material (e.g., Gázquez et al., 2014; 
González-Lemos et al., 2015a, b) or the mechanical destruc-
tion of the speleothems (e.g., Kagan et al., 2005; Szczygieł 
et al., 2021; Sala et al., 2022). The dissolution of speleo-
thems is commonly linked to the presence of aggressive 
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drip water. However, their dissolution also can be expected 
where there has been the invasion of floodwater into al-
ready drained cave segments that are occupied by speleo-
thems (Palmer, 2001; Hercman et al., 2008). Additionally, 
floodwaters usually carry a significant quantity of detrital 
particles that can be deposited on speleothems, resulting 
in an interruption in their growth. The detrital layers, in-
corporated into speleothems, were studied with regard to 
flood frequency and their timing (e.g., Dorale et al., 2005; 
Dasgupta et al., 2010; Quigley et al., 2010; Finné et al., 
2014; Denniston and Luetscher, 2017). These detrital layers 
are commonly recognized through standard petrographic 
observations, but advanced analytical methods, including 
XRF scanning (Finné et al., 2015) and palaeomagnetic tech-
niques (Feinberg et al., 2020; Sánchez-Moreno et al., 2022), 
also have been applied. Yet only minor insights have been 
gained into the petrographic features of the corrosion of 
speleothems caused by floodwater (González-Lemos et al.,  
2015b; Denniston and Luetscher, 2017).

Speleothems, occurring at the lowermost level of the 
Demänová Cave System (DCS), are intercalated with si-
liciclastic sediments that were deposited by an allogenic 
underground river (Bella et al., 2021). In this study, the 
present authors aimed to identify the corrosion features 
of speleothems, caused by aggressive river water, and at-
tempted to estimate the rate of corrosion by applying the 
rock tablet method. Corrosion features, developed on the 
speleothem surface, currently submerged in an under-
ground river were compared with their fossil analogues, 
recognized in the speleothems flooded in the past. On this 
basis, the authors propose that the identification of corro-
sion features can be used for the detection of cave flood 
episodes, recorded in the speleothems, and provides in-
sights into karst palaeohydrology.

GEOLOGICAL  
AND SPELEOLOGICAL SETTING

The DCS is located in the northern part of the Low Tatra 
Mts, which occupy the central-north part of Slovakia. The 
DCS developed in the Middle Triassic (Anisian–Ladinian) 
carbonate rocks, mostly dolomites and limestones of the 
Gutenstein-type and dolomites of the Ramsau-type (Fig. 1A; 
Droppa, 1972; Gaál, 2016; Gaál and Michalík, 2017). These 
rocks belong to the Krížna Nappe, thrust over the crystalline 
granitoid core of the Low Tatra Mts (Biely et al., 1992). 
Glacial tills, reported in the upper part of the Demänová 
Valley, indicate its glaciation during the late Middle and 
Late Pleistocene periods (Vitásek, 1923; Louček et al., 
1960; Droppa, 1972).

The DCS is the most extensive cave system in Slovakia, 
reaching in excess of 43 km, and consisting of several evo-
lution levels that correspond to successive stages in the in-
cision of the nearby Demänová Valley (e.g., Droppa, 1966, 
1972; Bella et al., 2014; Hercman et al., 2023). The lower-
most level of the DCS is occupied by an active underground 
branch of the Demänovka River. At several locations the 
underground river deposited thick sequences of siliciclas-
tic sediments. One of them is present on the eastern river 

bank in the Prízemie Passage (Fig. 1B; see also Bella et al., 
2021). These deposits contain numerous speleothems, most-
ly flowstones, which are sandwiched between the siliciclas-
tic sediments. Owing to the dissection of these sediments by 
the river, flowstone blocks slid on to the riverbed (Fig. 1C).  
In the Prízemie Passage, on the western side of the under-
ground river, there is a small oxbow with ponding water. In 
the Pekelný Dóm Chamber, located ca 500 m upstream from 

Fig. 1. Localization and speleological setting. A. Geological 
setting of the DCS (based on Biely et al., 1992). B. Sketch 
of the studied part of the DCS (redrawn from Droppa, 1957).  
C. Flowstone in the Prízemie Passage submerged in the Demänovka 
River. Note the speleothem tablet bathed in water. Arrow indicates 
the direction of water flow.
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the Prízemie Passage, the speleothem false floor was identi-
fied approximately 4 m above the present riverbed.

The Demänová Valley is drained mainly by the allogenic 
Demänovka River, which flows from the non-karstic area, 
located south of the DCS. The discharge of the river rang-
es from 0.1 to 0.9 m3/s, while its peaks occur during May 
and June–July, owing to melting of snow cover and intense 
summer precipitation (Bella et al., 2014). Entering the karst 
area, the river bifurcates and a branch flows underground. 
The underground river carries the water of Ca-Mg-HCO 3 

type, while its average calcite saturation index is –0.42 
(Motyka et al., 2005; Haviarová et al., 2021). 

MATERIAL AND METHODS
Water analyses

Pilot water samples were collected for chemical analysis 
from an underground section of the Demänovka River and 
the oxbow in the Prízemie Passage. The concentrations of 
major ions (Ca +2, Mg +2, Na +, K +, HCO 3 

–, SO -2 4, Cl –) were 
determined in seven water samples, using a DIONEX ICS-
2000 gas chromatograph with an AS-40 autosampler. The 
pH and EC of the water were measured, using a WTW pH/
Cond 3320 portable multimetre with a Sentix41 pH probe 
and TetraCon425 probe, respectively. Calculations of the 
calcite saturation index (SI calc) of the water were performed, 
using the PHREEQC program (Parkhurst and Apello, 2013).

Tablets corrosion experiment

The corrosion rate of speleothems by the allogenic river 
was obtained by the tablet method (see Krklec et al., 2021). 
The tablets were made of finely laminated and slightly 
porous calcite flowstone, which was collected during the 
excavation of Zygmunta Cave, located in the Kraków-
Częstochowa Upland. The size of these tables was approx-
imately 8 x 4.2 cm. The tablets were cut but not polished 
to keep their original roughness and to prevent the result-
ing powder from filling the pores. Before deployment, the 
tablets were rinsed under running water, dried at 60°C 
for 48 hours, and weighed with an accuracy of 0.001 g. 
Twelve tablets were inserted into a nylon net and rigidly 
attached by plastic wire to rock blocks on their downstream 
sides and submerged in the underground river in the Dóm 
Mŕtvych Chamber and the Prízemie Passage (Fig. 1B, C). 
Additionally, three tablets were placed in the stagnant water 
filling the oxbow in the Prízemie Passage. All the tablets 
were exposed to interactions with the water for 908 days. 
After this time, the tablets were carefully transported to the 
laboratory, where they were processed (rinsing, drying, and 
weighting) in the same manner as before deployment. The 
difference in weight was calculated in mm/y relative to the 
surface of each tablet, with the calcium carbonate density 
accepted as 2.71 g/cm3 (see Krklec et al., 2021). 

Speleothems

Speleothem sampling in the DCS was limited to the 
Prízemie Passage and was kept to a minimum through 

Table 1

Corrosion surfaces and hiatuses analysed  
in the speleothem samples.

Sample no. Corrosion surface Corrosion hiatus

DMV1 + +

DMV5 +

PD4 +

RA1 +

RA10 + +

S1 +

S10 +

attention to conservation. Samples were collected directly 
from the Demänovka River and from the section of silici-
clastic deposits. The former included the flowstones DMV1, 
S1 and S10, which served for the observations of the cor-
roded surfaces (Tab. 1). Sample DMV1 was taken from the 
large flowstone block that had slid into the river (Fig. 1C). 
The material for analysis of surface of the speleothems was 
supplemented by flowstones RA1 and RA10 that were sand-
wiched in the section of siliciclastic deposits. The afore-
mentioned samples (DMV1 and RA10), but also the DMV5 
flowstone sample, which was taken from the section of the 
siliciclastic deposits, are assumed to record the hiatuses as-
sociated with the corrosion of speleothems by the allogenic 
river (Tab. 1). The studied material was supplemented by the 
PD4 stalagmite in the Pekelný Dóm Chamber that grew ca 
4 m above the recent level of the underground Demänovka 
River. This stalagmite was previously studied in the context 
of palaeoenvironmental reconstruction (Podgórska, 2019) 
and an age estimate for the depositional break (Pawlak  
et al., 2020).

Analytical methods

All the studied speleothems and experimental tablets 
were examined for the presence of corrosion traces and 
incorporated siliciclastic material. This was accomplished 
by means of a standard optical microscope, using thin sec-
tions, while their preparation was preceded by hardening of 
the samples with epoxy resin. The speleothem and tablets 
surfaces were also investigated, using a scanning electron 
microscope coupled with an energy dispersive spectrome-
ter (SEM-EDS). All the specimens examined with the SEM 
previously had been coated with carbon. The terminology 
applied in the description of calcite fabrics in this study was 
adapted from Frisia (2015).

The mineral composition was determined, using the 
X-ray diffraction method (XRD). Four samples were drilled 
from the interiors of the speleothems, while two additional 
samples were collected from the surfaces of the experimen-
tal tablets. Measurements were made with a Philips X’Pert 
APD diffractometer with CuKα radiation and operating in 
the angle range of 2–70°.
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Some hiatuses present within the speleothem sections 
were analysed for element distribution using, the electron 
probe microanalysis (EMPA). A set of elements (Ca, Mg, Si, 
K, and P) was mapped on the polished thin sections, coat-
ed with carbon. The analyses were done by means of the 
JEOL SuperProbe JXA-8230 at the Laboratory of Critical 
Elements of the AGH University of Science and Technology, 
KGHM Polska Miedź S.A. The device is equipped with six 
wavelength dispersive spectrometers, utilizing synthetic 
analyser crystals: PETJ, PETH, LiF, LiFH, TAP, and TAPH.  
The system operated in a wavelength-dispersive (WDS) 
mode under the following conditions: an accelerated volt-
age of 15 kV, beam current of 15 nA, beam size of 1–5 μm, 
peak count time of approximately 20 s, and a background 
time of 10 s.

DMV1 and DMV5 flowstones that displayed growth hia-
tuses, resulting from the deposition of siliciclastic material, 
were drilled for U-series dating. Samples were taken from 
the dense calcite layers, approximately 0.2 mm below and 
above the hiatuses. The thickness of the samples was kept 
to a minimum and their mass did not exceed 0.3 g. Firstly, 
the samples were treated at high temperatures (800°C, 
over 6 hours) to decompose any organic matter, then they 
were dissolved in nitric acid, and subsequently uranium 
and thorium were separated from the carbonate matrix by  
the chromatographic method, using TRU Resin (Hellstrom, 
2003). The above-mentioned steps were completed at the 
U-series Laboratory of the Institute of Geological Sciences, 
Polish Academy of Sciences (Warsaw, Poland). Secondly, 
the measurements of U and Th isotopic compositions in all 
the samples and standards were performed at the Institute 
of Geology of the Czech Academy of Sciences (Prague, 
Czech Republic) using a double-focusing sector-field ICP 
mass analyzer (Element 2, Thermo Finnigan MAT). The 
instrument was set on a low mass resolution (m/Δm ≥ 300). 
U-series ages were calculated from measured 230Th/234U 
and 234U/238U activity ratios. All uncertainties, except for 
the decay constant uncertainties, were evaluated and taken 
into account, when assessing the age uncertainty, using er-
ror propagation rules. The ages obtained for samples with 
230Th/232Th activity ratios below 300 (Hellstrom, 2006) 
were adjusted for detrital contamination, indicated by the 
presence of 232Th, using typical silicate activity ratios (e.g., 
Cruz et al., 2005).

Table 2 

Major ion concentration and saturation indices (SIcalc) of the studied water samples.  
Standard deviations are given in the brackets.

Sampling 
site pH

SEC Ca +2 Mg +2 Na + K + HCO 3 
– SO–2 4 Cl– NO3 

–

SIcalc

Error 

μS/ cm  mg/l  (%)

River
(n = 4)

7.55
(0.08)

219
(5.8)

28.14
(6.76)

8.90  
(6.36)

1.53 
(0.58)

0.53
(0.12)

89.30
(10.56)

26.64
(10.01)

1.43
(0.30)

4.19
(1.30)

–0.84
(0.11)

2.2 
(3.0)

Oxbow
(n = 3)

7.68
(0.12)

324
(9.9)

35.28
(4.81)

16.59
(4.29)

1.12
(0.59)

0.48
(0.16)

138.06
(12.21)

15.95
(7.77)

1.45
(0.45)

(5.52)
(1.25)

–0.42
(0.05)

–0.4 
(5.7) 

RESuLTS
Water analyses

The chemical analyses of the underground Demänovka 
River showed that the pH of the water is approximately 7.55 
and the electroconductivity (SEC) values range between  
218 and 230 μS/cm (Tab. 2). The dominant cations in these 
waters are Ca+2 and Mg+2, while anions are represented 
mainly by HCO 3 

– and SO -2 4. The concentration of other ions 
is minor. The calculated SI calc values of the river water range 
from –0.92 to –0.69. The average pH value of the oxbow 
water is 7.68. Moreover, the SEC values of the former were 
between 317 and 335 μS/cm. Like the river water, those 
in the oxbow show the highest concentration of Ca +2 and  
Mg +2 among cations, while anions are dominated by HCO 3 

–  

the average value of which was 138.1 mg/ l . The SI calc  
values of the oxbow water are between –0.47 and –0.37.

Tablet corrosion experiment

The weight loss of the tablets, exposed to interaction with 
the undersaturated cave waters, ranged from 0.042 to 1.223 g  
(Tab. 3). This is equivalent to a range of between 0.001 and 
0.029 mm/y. A significantly higher weight loss was observed 
for the tablets, installed in the river, than for those placed in 
the stagnant water of the oxbow. The average weight loss 
of the former was 0.986 g (0.022 mm/y), with a standard 
deviation equal to 0.134 g (Tab. 3). In contrast, the average 
weight loss of the tablets placed in the oxbow was 0.054 g 
(0.001 mm/y), with a standard deviation of 0.013 g.

The experimental tablets were composed of calcite that 
mainly exhibits a dendritic fabric. The tablets, exposed to 
the interaction with the river water, have more irregular and 
rough surfaces relative to their original microtopography 
(Fig. 2). The dissolution of the tablets is expressed by the 
presence of numerous corrosion pits within the calcite crys-
tals (Fig. 3A–C). These corrosion pits usually have trench-
like forms, frequently with jagged crystal faces. The diam-
eters and depths of these pits usually do not exceed tens 
of micrometres. Tablets placed in the oxbow with stagnant 
water showed only minor dissolution features (Fig. 3D). 
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Table 3 

Corrosion rate of speleothem tablets  
exposed to interaction with water for 908 days.

Sample no. Weight loss 
[g]

Surface  
[cm2]

Corrosion rate 
[mm/y]

River

10 1.139 66.33 0.0256

11 1.223 63.52 0.0287

12 0.899 69.46 0.0193

13 0.827 70.13 0.0176

15 1.005 64.08 0.0233

16 0.923 67.90 0.0202

17 1.115 65.97 0.0252

19 0.946 66.34 0.0212

20 0.870 65.51 0.0198

23 0.855 66.04 0.0193

24 0.957 64.44 0.0221

25 1.077 67.84 0.0236

Oxbow

14 0.053 67.02 0.0012

21 0.067 64.97 0.0015

22 0.042 65.26 0.0010

Fig. 2. Microtopographical differences between the experi-
mental tablets. A. Surface of the experimental tablet, unexposed 
to corrosion. B. Surface of the experimental tablet, exposed to 
the interaction with a water in the oxbow. C. Surface of the ex-
perimental tablet, exposed to the interaction with river water. 
All photos were taken with parallel nicols. The lines were re-
drawn along the current surface of each plate to accentuate its 
microtopography. 

These are represented by thin and elongated trench-like 
pits, micrometres in diameter, that developed along the cal-
cite crystal faces. It should be stressed here that some larger 
deviations in the microtopography of the tablets, especially 
those placed in the oxbow, could have resulted from original 
differences in crystal morphology or their possible damage 
during tablet preparation.

Speleothem surfaces 

The flowstones studied were composed of calcite. 
Corrosion of their surfaces by the underground river is dis-
played in various macroforms. Some of the surfaces show 
the presence of scallops, up to 5 cm long (Fig. 4A). Their 
depth usually does not exceed 1 cm. Within the scallops, 
small corrosion pits, commonly less than 1 mm in diameter, 
were observed (Fig. 4B). On the other hand, the corrosion 
is manifested by shallow depressions of different sizes and 
shapes that are irregularly distributed on the speleothem 
surface (Fig. 4C). These depressions result from the trun-
cation of the uppermost layers of the speleothems and are 
usually up to a few millimetres deep (Fig. 4D, E). 

Calcite crystals, observed below the corroded speleothem 
surfaces, show the presence of corrosion pits, which usually 
are developed at the junctions with neighbouring crystals 
(Fig. 5A, B). These corrosion pits have elongated or qua-
si-oval cross-sections. The individual corrosion pits have a 
diameter that commonly does not exceed 50 μm. However, 
many of them are interconnected, resulting in an enlarge-
ment in size. The depth of the corrosion pits varies between 
less than 10 and up to 100 μm. The faces of corroded cal-
cite crystals are rough and show the presence of small and 
numerous corrosion pits that lead to the development of an 
openwork structure within the crystal (Fig. 5C). The cal-
cite crystals affected by the underground river also show 
the presence of well-rounded to almost flat terminations  
(Fig. 5D, E). It should be noted that the calcite crystals, 
which were covered by siliciclastic sediments, avoided sig-
nificant dissolution. In such cases, the terminations usually 
retain their original shape, while their faces are flat and free 
from corrosion pits (Fig. 5F).

Hiatuses within speleothem sections

The studied speleothems are in the majority composed 
of calcite, while aragonite was detected only subordinately. 
The calcite crystals below the hiatuses are mainly represent-
ed by columnar and columnar elongated fabrics. Differences 
in the preservation state of the calcite crystals was observed, 
depending on the sample. The crystals affected by corrosion 
commonly showed the presence of numerous corrosion pits 
of various diameters (Fig. 6A, B). Their depths usually did 
not exceed 50 μm; however, occasionally corrosion pits up 
to 200 μm deep were noted. It is noteworthy that these pits 
were commonly observed at the junctions with neighbour-
ing calcite crystals. The terminations of the corroded calcite 
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Fig. 3. Corrosion features developed in the experimental tablets. A. Calcite crystals in the tablet, not exposed to the erosion.  
B. The elongated dissolution pits and jagged face of calcite crystals that build the speleothem tablet, exposed for 908 days in the al-
logenic river. C. Dissolution features observed at the surface of experimental tablet, exposed for 908 days in the allogenic river.  
D. Small dissolution features developed at the surface of the experimental tablet, exposed for 908 days in the oxbow.

crystals are mostly well-rounded or flat, while their faces 
are considerably irregular and jagged. Noteworthy too is 
the fact that minor or no corrosion features were observed 
in some calcite crystals, covered by detrital sediments  
(Fig. 6C). This is most evident in the case of the spiky termi-
nations of crystals that retained their original shape.

Although all the studied speleothem hiatuses show the 
presence of detrital sediments, their distribution and quan-
tity can vary noticeably along the same layer (Figs 6D, 
7A–D). The thickness usually ranges from less than 20 μm 

up to several millimetres. However, almost a 3-cm accu-
mulation of detrital sediments was noted in the PD4 sta-
lagmite. The detrital layers are mainly composed of quartz, 
biotite-muscovite, and clay minerals. In some cases, angu-
lar dolomite clasts were noted (Fig. 7B, D). The sizes of 
the detrital grains commonly ranged from a few microme-
tres to 0.2 mm and usually they are well-cemented by cal-
cium carbonate.

The results of U-series dating of the hiatuses in the spe-
leothems are presented in Table 4. These results show that 

Table 4

Results of the U-series dating of the flowstones collected in the Prízemie Passage.

Sample 
no.

U cont. 
234U/238U 230Th/234U 230Th/232Th

Age Corr. Age
Initial 234U/238U

[ppm]  [ka]

DMV1.1 1.102 ± 0.006 1.3923 ± 0.0029 0.6151 ± 0.0031 335.04 ± 1.6 98.72 ± 0.73 1.517 ± 0.012

DMV1.2 1.440 ± 0.009 1.4396 ± 0.0026 0.5139 ± 0.0023 130.95 ± 0.58 75.69 ± 0.46 75.04 ± 0.48 1.542 ± 0.011

DMV5.1 3.236 ± 0.022 0.8974 ± 0.0029 0.4843 ± 0.0049 539.9 ± 5.5 73.82 ± 1.05 0.874 ± 0.013

DMV5.2 9.674 ± 0.062 0.8646 ± 0.0011 0.4617 ± 0.0011 261.4 ± 0.65 69.34 ± 0.22 68.86 ± 0.25 0.836 ± 0.003
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Fig. 4. Corrosion features developed owing to the interaction of flowstones with allogenic water. A. Scallops developed on the S10 
flowstone surface. The frame indicates the area in B. B. Close-up view of the scallops. Arrows indicate small corrosion pits formed within 
the scallops. C. Irregularly corroded surface of the DMV1 flowstone. Mosaic-like appearance of the surface results from the unconform-
able exposure of the flowstone layers due to corrosion. D. Cross-section of the DMV1 flowstone. White arrows indicate truncations of 
the recent speleothem surface. Black arrow indicates the position of the growth hiatus within the flowstone. Brackets show the sampling 
position for U-series dating and its results. E. Cross-section of the DMV5 flowstone covering the granite and dolomite pebbles. Two 
subsequent phases of flowstone growth are separated by a thin siliciclastic layer. White arrow indicates the recent corrosion surface of the 
flowstone. Black arrow indicates the position of the growth hiatus within the flowstone. Brackets show the sampling position for U-series 
dating and its results.

the growth hiatuses within speleothems occurred between 
98.72 ± 0.73 ka and 75.04 ± 0.48 ka (DMV1.1 and DMV1.2 
subsamples, respectively; see also Fig. 4D), as well as 
between 73.82 ± 1.05 ka and 68.86 ± 0.25 ka (DMV5.1 
and DMV5.2 subsamples, respectively; see also Fig. 4E).  
The renewal of speleothem growth usually is marked by 
the crystallization of chaotically arranged calcite crystals 
with a columnar microcrystalline fabric, showing compet-
itive growth (Figs 6B, 7A, C). Such crystallization com-
monly was observed after a hiatus associated, with the 
presence of detrital sediments, tens of micrometres thick. 
On the other hand, the epitaxial overgrowths of calcite 
crystals after a hiatus were observed, where the detrital 
layer is discontinuous or does not exceed a thickness of  
10 μm (Fig. 6D). 

DISCuSSION
Rate of corrosion

The dissolution of speleothems, caused by an under-
ground allogenic river, is indicated by the analyses of the pi-
lot water samples. The calculated values of SI calc range from 
–0.92 to –0.69 (Tab. 2). The dissolving capacity of these 
waters also is indicated by the weight loss of the speleothem 
tablets that ranged between 0.83 and 1.22 g, which corre-
sponds to a dissolution rate of 0.018–0.029 mm/y (Tab. 3).  
These results are comparable with previous studies, based 
on experimental tablets placed in allogenic surficial streams 
that showed dissolution rates in the range of 0.10 to  
0.14 mg cm−2 · d−1 (Hattanji et al., 2014), which gives ap-
proximately 0.013 and 0.019 mm/y, respectively. A slightly 
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Fig. 5. Corrosion features developed on the surfaces of the speleothems. A. Corrosion pits (arrows) present at the junctions of calcite 
crystals, observed in thin section of the RA10 flowstone (microscopic image, crossed nicols). B. Corrosion pits (arrows) present between 
the calcite crystals, S1 flowstone surface (SEM image). C. Close-up view on the highly dissolved calcite crystals of the openwork structure 
in DMV1 flowstone (SEM image). D. Cross-section through the surface of the corroded DMV1 flowstone (microscopic image, crossed 
nicols). The original spiky terminations of calcite crystals (black arrows) retained under the overlying layer of flowstone, while those 
exposed to corrosion are well-rounded (white arrows). E. SEM image of well-rounded termination of the calcite crystal in the DMV1 
flowstone. F. Calcite crystals of RA1 flowstone, which avoided corrosion, owing to being covered by the siliciclastic material.

higher average dissolution rate, up to 0.061 mm/y, was ob-
served for the tablets installed in a ponor of Lekinka Cave in 
Slovenia, while tablets placed within the cave, 750 m down-
stream from ponor, had an average dissolution rate of up to 
0.038 mm/y (Prelovšek, 2012). The river that enters Lekinka 
Cave partially flows through a marshy area; this indicates 
an increased input of biogenic CO 2 to the water, resulting 
in its increased aggressiveness towards carbonates. It can 
be assumed that the CO 2 input is the highest during warm 
seasons with dense vegetation cover, which can be indicated 
by the significant increase in the soil CO 2 concentrations in 
the warmer seasons (e.g., Spötl et al., 2005; Baldini et al., 
2008; Frisia and Borsato, 2010). Therefore, during the warm 
seasons, allogenic rivers can be supplied, at least partially, 
with water containing more biogenic CO 2 drained from the 
local catchment area. Droppa (1996) documented the ex-
istence of seasonal variations in weight loss of the exper-
imental tablets installed in a karst spring in the Demänová 
Valley, which showed higher weight loss during the summer  
(0.14 mm/y), thus in the period of increased vegetation, than 
in the winter (0.02 mm/y). This can support the hypothesis 
that an increased dissolution rate of carbonates occurs, ow-
ing to the higher input of biogenic CO 2.

The weight loss of the experimental tablets placed in the 
river contrasts with those in the oxbow, which is periodical-
ly supplied by the water of the Demänovka River that over-
flows the touristic path in the Prízemie Passage (Tab. 3).  
While the SI calc of the pilot water samples from the oxbow 
shows only slightly higher values than in the case of the 
river (Tab. 2), the dissolution rate of the tablets differed 

considerably. Therefore, the present authors believe that 
the differences obtained cannot be explained solely by the 
chemical composition of these waters. The authors suggest 
that the dissolution rate of the experimental tablets was in-
fluenced by water motion. Within the flowing water, the dif-
fusion boundary layer is disturbed by solution turbulence 
(Dreybrodt and Buhmann, 1991; Ford and Williams, 2007). 
Turbulent diffusion in such water can be responsible for the 
diffusion of potentially aggressive species through the diffu-
sion boundary layer and their interaction with the carbonates 
(Dreybrodt and Buhmann, 1991; Ford and Williams, 2007). 
In contrast, in stagnant water, molecular diffusion predomi-
nates and therefore the ion exchange at the liquid-solid sur-
face is limited. The minor dissolution of the tablets in the 
oxbow is explained by a sporadic increase in river discharge 
of the Demänovka River, which resulted in the infrequent 
and irregular supply of undersaturated water to the oxbow. 
This affected both the chemical composition of the oxbow 
water and the stagnant conditions, persisting in the oxbow. 

One should consider that the abrasion, due to the sedi-
ment load carried by the river, also affected the total weight 
loss of the experimental tablets (Newson, 1971; Prelovšek, 
2012; Wróblewski et al., 2017; Blatnik et al., 2020). In the 
Škocjanske Caves, the abrasion by sediment load was argued 
for a higher weight loss of the limestone tablets submerged 
in a river, but placed closer to the riverbed, than those in-
stalled higher in vertical profiles (Blatnik et al., 2020). No 
studies on the volume of material carried by the Demänovka 
River have been conducted, so the authors cannot determine 
the effect of the abrasion process on the weight loss of the 
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Fig. 6. Hiatuses resulting from the interaction of speleothems with an underground river. A. Clearly corroded calcite crystal below 
the hiatus in the RA10 flowstone. Note that some crystals have rounded terminations. B. Slightly corroded calcite crystal terminations, 
followed by a thin detrital layer in the DMV5 flowstone. C. Spiky termination of calcite crystals below the hiatus in the PD4 stalagmite.  
D. Lateral reduction of the detrital layer thickness (orange-shaded area) resulting in the epitaxial overgrowths of calcite crystals  
(arrows) in the RA10 flowstone. Red dashed line indicates the hiatus surface. All microscopic images were taken with crossed nicols.

experimental tablets. However, these tablets were placed 
behind limestone and speleothem blocks that acted as obsta-
cles to the detrital particles, carried by the underground river 
(Fig. 1C). Therefore, the authors conclude that the abrasion 
of the tablets in this so-called shadow zone was negligible 
and therefore that the dissolution caused by the allogenic 
water was recognized as the dominant factor, responsible 
for the weight loss of the experimental tablets. 

Features of speleothem hiatuses  
caused by allogenic rivers

Hiatuses within the speleothem sections commonly are 
identified by the presence of corroded calcite crystals and 
the non-carbonate mineral phases (e.g., Railsback et al., 
1994, 2013; Perrin et al., 2014; Martín-Chivelet et al., 2017; 
Tab. 5). Both of these can result from the dissolution of spe-
leothems caused by allogenic water. A crucial factor that 
controls the dissolution of calcite crystals is the interaction 
time between speleothems and water undersaturated with 
respect to calcite. Owing to the short interaction time, the 
calcite crystals will most likely avoid significant dissolution 
(Fig. 6C). In this case, the calcite crystals should retain their 

original shapes (Tab. 5). This is the most evident in the crys-
tals with the spiky terminations, which are potentially the 
most rapidly destroyed by the undersaturated water, carried 
by the allogenic rivers. Closer examination of the crystal 
faces can reveal the presence of a few tiny, initial corrosion 
pits, micrometres in diameter, which possibly were formed 
during the short interaction with aggressive water. As the 
interaction time increases, the initial corrosion pits within 
the calcite crystals widen and deepen. The authors assume 
that a moderate time of dissolution results in the develop-
ment of corrosion pits that usually do not exceed tens of 
micrometres deep (Fig. 6B; Tab. 5). At this stage, the hiatus 
surfaces show some minor deviations in microtopography, 
relative to their original surface. This can be implied by the 
differences occurring in the microtopography of the exper-
imental tablets (Fig. 2). As dissolution proceeded, the ter-
minations of calcite crystals became more rounded, while 
their faces roughened. Finally, owing to the prolonged inter-
action of calcite crystals with aggressive water, dissolution 
leads to the formation of corrosion pits, up to hundreds of 
micrometres deep and some of them can be interconnected 
(Figs 5B, C, 6A; Tab. 5). Their presence is responsible for 
the development of the highly jagged microtopography of 
the hiatus surfaces. Prolonged dissolution of speleothems 
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Fig. 7. Distribution and composition of the detrital material deposited by underground river and occurring within the speleothems.  
A. Detrital layer within the DMV5 flowstone (microscopic image, crossed nicols). Note that terminations of calcite crystals below the 
hiatus are flat or well-rounded. White frame indicates the area analysed in B. B. Distribution of the selected elements along the hiatus sep-
arating subsequent stages of the DMV5 flowstone growth (EMPA analyses). Numerous angular grains of dolomite are visible. C. Hiatus 
within the DMV1 flowstone (microscopic image, crossed nicols). Note that thickness of detrital layer decreases abruptly and continues 
only as a thin and discontinuous patches of siliciclastic material. White frame indicates the area analysed in D. D. Distribution of the se-
lected elements along the hiatus within the DMV1 flowstone (EMPA analyses). Note that detrital material is highly scattered and mainly 
composed of fine-grained siliciclastics and individual dolomite grains.

can eventually produce macroscopically visible dissolution 
features. They are represented by the irregularly truncat-
ed surfaces (Fig. 4C, D), while scallops are the most de-
finitive feature of the prolonged dissolution caused by ag-
gressive allogenic water, carried by the underground river  
(Fig. 4A, B). 

The authors suggest that the presence of the thick silici-
clastic layer, deposited on speleothem surface by allogenic 
water, can impede the ion exchange reaction that occurs at 
the liquid-solid surface. Therefore, the overburden of si-
liciclastics hampers the dissolution of the speleothems that 
can occur owing to their interaction with aggressive water 



477CORROSION OF CARBONATE SPELEOTHEMS

and demands an effective water exchange (Fig. 5F). For in-
stance, the thick siliciclastic layer, observed within the PD4 
stalagmite, may have contributed to the limited dissolution 
of the underlying calcite crystals (Fig. 6C). 

Speleothem hiatuses, resulting from dissolution by the 
underground rivers, commonly are associated with the pres-
ence of detrital deposits. Detrital sediments, transported 
by allogenic rivers, usually are dominated by siliciclastics. 
However, this study documents that allogenic rivers also 
can transport reworked autochthonous material, i.e., dolo-
mite grains. These grains finally were incorporated into spe-
leothems (Fig. 7B, D). It should be noted that detrital grains 
also can be delivered to speleothems by dripwater or aeolian 
transport (Railsback et al., 1999). The present authors sug-
gest that the deposition of siliciclastic material by the under-
ground river outpaced the aforementioned processes in both 
the number and size of grains. However, it should be noted 
that the uncemented sediments covering the speleothem can 
be removed later by river or drip water. In such a case, only 
the fine-grained and scattered siliciclastic material can ev-
idence the interaction of the speleothem with an allogenic 
river that occurred in the past (Fig. 7C, D). If the detrital 
material has been significantly removed, the identification 
of the speleothem hiatuses that resulted from the interaction 
with aggressive river water also can be asserted from the 
presence of the dissolution features of the calcite crystals 
(Fig. 6D).

The deposition of detrital material on the speleothems 
is usually responsible for the interruption of calcite crystal 
growth. The renewal of calcite nucleation, due to the supply 
of drip water to a speleothem after a hiatus, can be followed 
by competitive crystal growth and can result in changes in 
the crystal fabric (Figs 6B, D, 7C; Tab. 5). These features 
are commonly present when the thickness of the detrital 

sediments exceeds tens of micrometres. On the other hand, 
the detrital layers the thickness of which does not exceed 
several micrometres, are followed by the epitaxial over-
growth of calcite crystals (Figs 6D, 7C; Tab. 5). This pre-
viously was observed by Perrin et al. (2014), who showed 
that detrital micro-layers occurring within stalagmites do 
not necessarily prevent the growth of the underlying crys-
tals. Similar observations have been made for the detrital 
layers incorporated within a speleothem that resulted from 
floodwater deposition (González-Lemos et al., 2015b). 

Relation between hiatuses  
and palaeoenvironmental conditions

Recent observations indicate that cave floodings are 
triggered by increased precipitation (e.g., Prelovšek, 2012; 
González-Lemos et al., 2015a; Nannoni et al., 2020). 
Extreme rainfall events have been indicated as responsible 
for the supply of detrital sediments, which in turn were in-
corporated into the speleothem structure (e.g., Finné et al., 
2014, 2015; Denniston et al., 2015; González-Lemos et al., 
2015b; Denniston and Luetscher, 2017). Such events were 
apt to occur during the warm and humid interglacial condi-
tions with increased amounts of precipitation. It can be spec-
ulated that at this time the allogenic water, which invaded the 
cave, had a higher aggressiveness towards carbonates, due 
to the increased uptake of soil CO2 that followed the devel-
opment of vegetation. Yet the corrosion features associated 
with the flood layers are rarely reported (González-Lemos  
et al., 2015b). One can assume this is caused, owing to a short 
interaction time of speleothems with water undersaturated 
with respect to calcite, as in the case of some flowstones that 
have been taken from the section of the siliciclastic deposits 

DISSOLUTION FEATURES

Short interaction time Moderate interaction time Prolonged interaction time

Crystals terminations and faces mainly 
retain  original structure 

Initial corrosion pits are formed

Corrosion pits are usually up to dozens  
of micrometres deep and wide 
Terminations of calcite crystals  

are slightly rounded 
Jagged hiatus surface

Scallops are common
Corrosion pits are common and have  

diameters up to hundreds of micrometres
Terminations of calcite crystals are 

well-rounded or flat
Highly jagged hiatus surface is present

REGROWTH TYPE

Scattered and fine-grained detrital material Discontinuous layer or individual  
grains of detrital material Continuous layers of detrital material

Epitaxial overgrowths of calcite crystals 

Epitaxial overgrowths of calcite  
crystals are common

Competitive growth of calcite crystals  
over the detrital material may occur

Competitive growth of calcite crystals  
over the detrital material

Table 5

Hiatus features relative to the interaction time of speleothems with aggressive allogenic water  
and the deposition of detrital material, which controls the regrowth type of calcite crystals.  

Note that the regrowth type is not coupled with the various interaction time.



478 P. SALA & P. BELLA

in the Prízemie Passage. Their growth interruptions were 
associated with the deposition of siliciclastics and occurred 
between ca 98.7 and 75.7 ka, as well as between 73.8 and 
68.8 ka (Tab. 4; see also Fig. 4D, E). Considering the hy-
drological conditions in the Prízemie Passage at this time, it 
can be assumed that the speleothems that grew on the river 
sand bars were affected by the ephemeral flow of the water 
(Bella et al., 2021). Under such conditions, the interaction 
of speleothems with allogenic water possibly occurred only 
during increased river drainage, forced by the intense rain-
fall, while the corrosion of speleothems was considerably 
limited. 

It should be considered that the potential for speleothem 
dissolution in the past occurred during cave floods associat-
ed with deglaciation events. High rates of chemical weath-
ering have been documented by studies on glacial meltwater 
quality (Brown, 2002). Fairchild et al. (1994, 1999) demon-
strated that water within the proglacial streams and pools 
is undersaturated with respect to calcite. The corrosion of 
flowstones in Brestovská Cave during the late stage of MIS 
2 was linked to the input of a large amount of water result-
ing from glacier thawing (Hercman et al., 2008). Similar 
environmental conditions probably influenced the growth of 
the speleothems in the DCS, including the PD4 stalagmite 
the crystallization of which was interrupted by thick silici-
clastic deposits. The hiatus in its growth ranges between  
35 ± 0.25 and 15.5 ± 0.4 ka (Podgórska, 2019; Pawlak  
et al., 2020). This hiatus resulted from (i) the harsh envi-
ronmental conditions during the Last Glacial Maximum and 
prior to it and (ii) the deposition of the thick siliciclastic 
layer accumulated by the allogenic river. At this time, the 
burial of the stalagmite under a layer of allogenic sediments 
most likely was possible after the Last Glacial Maximum, 
probably between 20 and 16 ka, when deglaciation in the 
Carpathians had taken place (Makos et al., 2014; Engel et 
al., 2015). The study conducted in the Prízemie Passage 
shows that during this time the cave conduit was filled con-
secutively with siliciclastic deposits and was related to the 
higher water input that occurred during the deglaciation 
(Bella et al., 2021). However, the calcite crystals below the 
hiatus in the PD4 stalagmite yield only minor corrosion fea-
tures, while their spiky terminations retained their original 
shape (Fig. 6C). This can indicate that the corrosion of the 
PD4 stalagmite by an allogenic river has not contributed 
considerably to the development of the hiatus. Negligible 
corrosion of calcite crystals possibly resulted from (i) the 
short interaction time of a speleothem with allogenic water or 
(ii) its reduced potential to dissolve carbonates. Considering 
the possibility of speleothem corrosion by glacial meltwa-
ter, the authors accept that the negligible corrosion of calcite 
crystals in the PD4 stalagmite was caused by their short inter-
action time with allogenic water. It can also be hypothesized 
that the PD4 stalagmite probably was rapidly buried by silici-
clastic deposits, accumulating in a place of decreased river 
flow (i.e., a river bar), deposition of which was responsible 
for reducing speleothem corrosion (see above). 

Finally, it should be underlined that the duration of the hi-
atuses is not reflected in the advancement of corrosion fea-
tures. For instance, hiatuses that lasted over 20 ka noted in 
both PD4 stalagmite and DMV1 flowstone show only minor 

or no corrosion features (Figs 4D, 6C; Tab. 4). Conversely, 
a short hiatus (ca 5 ka) present within the DMV5 flowstone 
yields noticeable traces of corrosion (Figs 4E, 6B; Tab. 4). 
This indicates that the long hiatuses, detected within the 
speleothems, usually are not solely the result of their corro-
sion caused by allogenic rivers, even if its traces are present.

 CONCLuSIONS

The interaction of speleothems with water, undersaturat-
ed with respect to calcite and carried by an allogenic river, 
results in their corrosion. The estimated dissolution rate, 
based on the weight loss of speleothem tablets, is up to 0.029 
mm/y. This process depends mostly on speleothem-water 
interaction time and the chemical composition of the water. 
This interaction can shift to being more aggressive, owning 
to the supply of biogenic CO 2 that is favoured by the devel-
opment of vegetation. Moreover, the overall dissolution rate 
possibly is influenced by the motion of the water and the 
deposition of siliciclastic sediments. 

Prolonged dissolution of speleothems, caused by an allo-
genic river, is reflected in the development of corrosion pits 
and the degradation of both the terminations and faces of 
calcite crystals. On the other hand, in the case of a short in-
teraction between speleothems and aggressive water, calcite 
crystals avoid significant corrosion and their original shapes 
can be preserved. For example, the episodes of interaction 
between speleothems and the allogenic river that occurred 
during the Vistulian (Weichselian) lack significant corrosion 
of calcite crystals. Regardless of the interaction time, cor-
roded crystals are commonly covered with the siliciclastic 
sediments, the deposition of which determines the character 
of calcite crystallization after the growth hiatus. The over-
burden of speleothems by siliciclastic sediments, deposited 
by an underground river, also can limit the dissolution of 
underlying calcite crystals.
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