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Abstract
Jaskinia Lodowa w Ciemniaku (Ice Cave in Ciemniak), in the Tatra Mountains (Tatry), is believed to host the 
largest subterranean ice mass in Poland. It has been known for over a century, however, the onset of its scientif-
ic investigations dates back to 1922, when Tadeusz and Stefan Zwoliński mapped it. Since then, it has become 
one of the best-known caves in Poland. It was described in over a hundred scientific and popular science pa-
pers. They include findings of international importance, e.g. works related to radioisotopes, ice-mass balance 
and age. However, some of the questions asked a century ago are still partly unanswered. One may wonder 
if they will be delivered before climate warming causes the largest ‘cave glacier’ in Poland to disappear.
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Introduction

Ice caves, defined as caves hosting perennial 
ice masses, are vulnerable components of the 
cryosphere in the context of ongoing climate 
warming (Kern & Perşoiu, 2013). The value of 
cave ice accumulations is related not only to 
its uniqueness from a geodiversity point of 
view but also to the fact that this still poorly 
known ecosystem is an exceptional environ-
mental archive recording natural and human-
induced changes within and outside the cave 
through various proxies, e.g., stable isotopes, 
pollen or heavy metals (e.g., Leunda et al., 
2018; Mavlyudow, 2018; Colucci & Gug-
lielmin 2019; Wind et al., 2022). The unique 
world of ice caves is one of the most sensitive 
environments of a changing climate, just like 
mountain glaciers and ice sheets. Ice stalac-
tites, stalagmites, columns, flowstones, and 
other ice forms fill the corridors of caves on 
all continents of the northern hemisphere. In 
many caves, ice and firn accumulations have 
persisted for thousands of years (e.g. Holm-
lund et al., 2005; May et al., 2011; Perşoiu 
et al., 2017; Kern et al., 2018; Racine et al., 
2022); they may preserve a record of mod-
ern and past climate changes (as in the ice 
cores of Greenland and Antarctica), but due 
to their inaccessibility, ice caves are still con-
sidered to be likely the least known part of 
the cryosphere.

An ice cave used to be defined as any cave 
hosting ice masses throughout the year. This 
excludes caves formed in the ice or firn, which 
are usually named glacial cavities or glacial 
caves (Mavlyudov, 2018). Zwoliński (1953) sug-
gested that a more appropriate term for an 
underground rock cavern in which ice occurs 
in should be called “iced cave” (Pol. “ jaskinia 
zalodzona”), but due to the common use of 
the term “ice cave”, changing the nomencla-
ture is not likely. In general, the ice caves are 
of various origin, e.g., karst, volcanic, tectonic, 
etc. (Mavlyudov, 2018). Ice deposits in caves 
are formed as a result of water freezing, snow 
crystallization, and water vapor resublima-
tion. The occurrence of ice in caves is condi-
tioned by their (1) location in the climatic zone, 

where the average annual temperature oscil-
lates around 0°C (observations have shown 
that the majority of ice caves occur in regions 
where the average annual air temperature 
exceeds 0°C) and (2) the morphology of caves 
that determines air circulation. These factors 
affect the cooling of the caves in winter and 
allow them to keep low temperatures during 
summer.

The ice caves in Poland at present occur 
exclusively in the Tatra Mountains, where 43 
caves are considered to host perennial subter-
ranean ice masses (Gradziński et al., 2018). 
Among them the best known is Jaskinia 
Lodowa w Ciemniaku (Ice Cave in Ciemniak), 
which until 1959 was the only reported ice 
cave in the Polish Tatra Mountains (Gaweł, 
1949; Wójcik, 1962). This cave is often men-
tioned as the one with the largest volume 
of subterranean ice in Poland (e.g., Wójcik, 
1969); which, due to the dramatic loss of 
ice mass during the last two decades, is no 
longer so certain. However, a recent rapid 
disappearance of ice and/or snow have been 
observed in most of the ice caves in the Tatra 
Mountains.

Jaskinia Lodowa w Ciemniaku (λ: 19°53'31.50" E, 
φ: 49°14'02.00" N; http://jaskiniepolski.pgi.gov.pl/) 
was created in the Upper Jurassic and Lower 
Cretaceous limestones belonging to the 
Kominy Tylkowe unit (Kotański, 1959; Lefeld 
et al., 1985) and is developed on a diagonal 
tectonic dislocation. The cave is located at an 
elevation of 1704 m a.s.l. (Fig. 1). The litera-
ture also mentions altitudes of 1695 m a.s.l. 
(Gradziński et al., 2018;), 1715 m a.s.l. (Zwo-
liński, 1933; Kowalski, 1953a) and approx. 
1860 m a.s.l. (Kotański, 1961). The cave is 
394.6 m long and its vertical extent is 44.6 m. 
The average annual air temperature at this 
altitude is 0-2°C, and the average precipita-
tion is about 1800 mm per year (Hess, 1996).

Jaskinia Lodowa w Ciemniaku must have 
aroused curiosity among highlanders, who 
called it “The Glacier” (Pol. “Lodowiec”), for 
a long time. It was visited already in the 19th 
century, e.g. by poachers hunting chamois, 
which hid in the parts near the entrance in  
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so-called “Chamois Shelter” (Pol. “Kozia 
Koleba”) during the winter (Zwoliński, 1923). 
According to words of Mieczysław Murzydło 
from Ciche even in the 1960s local shepherds 
went to “Glacier” to cool down on hot days or 
to hide from the rain.

The cave has been called variously in Pol-
ish literature over the years: “Grota Lodowa 
w Kamiennem” (Zwoliński, 1923), “Jaskinia Lodo-
wa w Ciemniaku”, “Lodowiec”, “Lodowa”, “Lodo-
wa Jaskinia pod Czerwonym Wierchem” or 
“Dziura Lodowa”. The name of the cave was also 
presented differently in the English-language lit-
erature: “Lodowa Cave in Ciemniak”, “Ciemniak 
Ice Cave”, “Lodowa Cave in Mount Ciemniak” 
and “Ice Cave in Ciemniak”.

Throughout last 100 years, since the onset 
of published scientific research in 1923 (Zwoliń-
ski, 1923), the cave was a frequent study site. 
It was a main object of the investigation in at 
least 55 publications, which makes this cavern 
undoubtedly the best-known ice cave in the Pol-
ish Tatras, as well as one of the most frequent-
ly described caves on the regional scale. The 
cave is also one of the several reference sites 
used in the assessment of changes in the cave 
ice mass balance of the northern hemisphere 
on a century scale (Kern & Perşoiu, 2013).

Ice masses in caves are very sensitive to 
regional and local climate changes, which 
recently lead to hemispheric-scale cave ice 
mass degradation (Kern & Perşoiu, 2013). 
It  applies also to the subterranean ice in the 
Tatra caves in the 20th century. However, the 
ice masses are sensitive also to local changes 
in air circulation pattern, which may be local-
ly altered by digging tunnels in snow blocking 
the entrance in spring by cavers, raising the 
air temperature by large groups of frequent 
visitors or intended destruction of ice forma-
tions (Strug, 2011). In case of Jaskinia Lodowa 
w Ciemniaku the impact of climate change 
has been playing the most important role 
and results in a very fast rate of ice loss over 
the last 40 years (Rachlewicz & Szczuciński, 
2004; Gradziński et al., 2018), which corre-
lates with an increase in the average annual 
temperature in the Tatra Mountains during 
this period (Łupikasza & Szypuła, 2019).

The aim of the paper is to review the long 
history of exploration and research conducted 
in Jaskinia Lodowa w Ciemniaku, since its first 
description 140 years ago (Ossowski, 1883) 
and first published scientific investigations 
a century ago (Zwoliński, 1923). The review 
is supplemented with new results including 

Figure 1. Location of Jaskinia Lodowa w Ciemniaku
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the latest ice surface mapping survey from 
2021. The popularization of the existence of 
caves with long-lasting ice cover in the Polish 
Tatra Mountains and the dramatic disappear-
ance of this cover seems to be very impor-
tant in the era of the ongoing climate crisis 
as the disappearance of the cave ice mass 
may serve as an “eye-witness report” of con-
temporary changes in the Earth’s cryosphere. 
We also hope that the present work will 
provide a baseline for future studies on this 
intriguing and unique natural ice formation.

General description of the cave

Jaskinia Lodowa w Ciemniaku (Fig. 1) is 
located on the slopes of Ciemniak Mountain, 
in the upper reaches of Dolina Kościeliska 
(Kościeliska Valley), which is one of the largest  

main valleys in the northern part of the Tatra 
Mountains. The cave has single entrance 
(Kozia Koleba) facing west. The cave is devel-
oped mainly in horizontal arrangement. The 
main passage is in W-E direction and used to 
be covered by up to several meters thick ice 
cover. It is composed of two parts, the first 
one is a corridor (Wielki Korytarz), which is 
several meters wide and high, and is going 
from the entrance slightly upward. In the 
former time, when it was almost completely 
covered by the ice mass, it contained the step 
like relief including ice steps (“thresholds”) and 
flat areas (so called “Ślizgawka” and “Platfor-
ma”). The second part – still mainly covered 
with ice, descends from, so-called “Upper 
Platform” and forms a vertical passage, which 
then goes down in form of so called Sala Lodo-
wa I (“Ice Chamber I”) (on the Fig. 2, 3), which 

Figure 2. Plan of Jaskinia Lodowa w Ciemniaku; the area covered with ice on September 11, 2021 is 
marked in blue
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ends with flat Sala Lodowa II (“Ice Chamber 
II”). Moreover, from the Upper Platform and 
from Sala Lodowa II, over 30 m high chimneys 
develop. There are also two major narrow 
passages heading towards the north, namely 
Nowy Korytarz and Meander Geografów.

The history of exploration

In the literature, Jaskinia Lodowa w Ciemni-
aku was first mentioned in 1883 by Gotfryd 
Ossowski (1835-1897), a geologist, archae-
ologist, and one of the first speleologists 
exploring the caves in the Tatra Mountains 
(Ślusarczyk, 2004, 2008). Ossowski’s words 
indicated that he had not been in the cave, 
but he heard about it from local guides while 
visiting Jaskinia Zimna (Zimna Cave), then 
known as “Duda”. He wrote: “Sometimes ice 
stagnation in this cave throughout the sum-
mer (he was mentioning the periodic occur-
rence of ice in parts near the entrance of 
Jaskinia Zimna) is the reason that some 
local highlanders also call it an “ ice grotto”. 
However, I was assured that the actual ice 

grotto is completely different and is located 
in a gorge called Kraków. Due to the flooded  
valley this year, I could not get there.” (Ossow-
ski, 1883). The first non-highlander visiting the 
cave was probably Jan Gwalbert Pawlikowski 
(1860-1939); a lawyer, economist, mountain-
eer, encyclopedist, and supporter of the idea 
of nature protection (Lewkowicz, 2014). In the 
volume XI of the “Pamiętnik Towarzystwa 
Tatrzańskiego” (Memoirs of the Tatra Soci-
ety) entitled “Podziemne Kościeliska” (Under-
ground Kościelisko) he mentioned “an ice 
grotto that few people know about and almost 
nobody visits” (Pawlikowski, 1887). He provid-
ed its approximate location – Twardy Upłaz 
over Kamienne, and two ways to get there – 
through Upłaz and through Wąwóz Kraków 
(the Kraków Gorge) which confirms that he 
has reached the proper cavern. Pawlikowski 
with local guide Maciej Sieczka visited the 
cave several times over at least two different 
years. He observed morphological changes in 
the ice in the cave – the formation of periodic 
water ponds and ice crevices. He also con-
ducted the first size measurements, according 

Figure 3. Cross-section of Jaskinia Lodowa w Ciemniaku; the area covered with ice on September 11, 
2021 is marked in blue
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to which the ice ridge (probably the ridge later 
called by the Zwoliński brothers as “Icefall” 
or the “III Threshold”) was almost 10 meters 
high and 6 meters wide. In the “Ilustrowany 
Przewodnik do Tatr, Pienin i Szczawnic” (Illus-
trated Guidebook to the Tatra Mountains, the 
Pieniny Mountains and Szczawnica region) 
by Walery Eljasz (1896), “Lodowa Jaskinia 
pod Czerwonym Wierchem” (former name 
of Jaskinia Lodowa w Ciemniaku) was men-
tioned among the Tatra caves, and in Janusz 
Chmielowski’s guide book – “Przewodnik po 
Tatrach” (1907), the “ice grotto” was men-
tioned again, following description from “Pod-
ziemne Kościeliska” by Pawlikowski. 

Pawlikowski’s article aroused the interest 
of mountaineers and scientists who wanted 
to find the cave, but despite the approximate 
location, for about 35 years no published 
record of any visit is preserved. According to 
Tadeusz Zwoliński (1923), Pawlikowski himself 
was unable to find the cave entrance after 
many years. Thus, Stefan Zwoliński suggested 
that perhaps Pawlikowski had never reached 
the cave and that his description was based 
on the stories of highlanders only (Zwoliński, 
1951). The issue of the problem of the discov-
ery is described in more detail by Kowalski 
(1953b) in a paper entitled “Kto odkrył Jaski-
nię Lodową w Ciemniaku?” (Who has discov-
ered the Ice Cave in Ciemniak?) in which he 
suggests that most of the discoveries of easily 
accessible caves should be attributed to local 
shepherds, and it is unlikely to find out the 
name of the discoverer.

In August 1922, the brothers Tadeusz and 
Stefan Zwoliński visited the cave (Zwoliński, 
1923) and a period of its detailed investiga-
tion began. On September 17, the Zwolińskis 
began exploring the cave and taking prelimi-
nary measurements. During several expedi-
tions, they carefully mapped the cave and 
gave names to the known parts, including 
ice forms, some of which, such as Ślizgawka 
(“Slide”) or Lodospad (“Icefall”; called also as 
“Treshold III”), did not survive to modern times. 
Zwoliński brothers observation of a strong 
airflow in the inner part of the main corridor 
led them to the conclusion that there must 

be a huge cavity behind the ice, which was 
discovered almost 30 years later (Zwoliński, 
1951). The airflow suggested also potential 
presence of additional entrances to the cave.

The “rediscovery” of the cave caused 
a rapid increase in the interest documented 
by numerous publications. Only, in the period 
1923-1927 Jaskinia Lodowa w Ciemniaku was 
mentioned 24 times by at least 7 [7 mentions 
were anonymous] different authors (Gadom-
ski, 1923, 1924, 1925a, 1925b, 1925c, 1926a, 
1926b, 1927; Zwoliński, 1923, 1924, 1925; 
Pawlikowski, 1923; Kwaśniewski, 1924; Goetel, 
1923, 1925; Chrobak, 1925; Kreutz, 1925). 
The notes appeared not only in tourist and 
sightseeing or scientific magazines but also 
in the daily press. Authors writing about the 
cave used such terms as: “a very rare phenom-
enon” (Gadomski, 1924), “the greatest sensa-
tional discovery” (Goniec Krakowski, February 
27, 1924), or “the most interesting phenome-
non of nature in the Tatra Mountains” (Zwoliń-
ski, 1923). Open lectures were also organized 
(e.g. Ilustrowany Kuryer Codzienny, no. 293 
22.11.1923, Wiadomości Geograficzne 1923, 
1924) as well as scientific and sightseeing 
trips to the cave (Wiadomości Geograficzne 
1925) (Fig. 4). Due to the huge interest, the 
perennial cave ice became the subject of pro-
tection already in 1925. In the guidelines of 
the Protection of the Tatra Mountains Section 
of the Polish Tatra Society (Sekcja Ochrony Tatr 
Polskiego Towarzystwa Tatrzańskiego), among 
the 10 general rules that should be followed 
in the Tatra Mountains there was one saying 
that destroying the speleothems, ice in caves, 
and using torches inside the caves are prohib-
ited (Głos Zakopiański, no. 25 20.06.1925).

The importance of the discovery was 
also indicated by the rapidly created project 
(already in 1923) by the Polish Tatra Soci-
ety of making the cave available to tourists 
(Goetel, 1923). The project was reviewed by 
the primary discoverer – Jan Gwalbert Pawli-
kowski (Pawlikowski, 1923). According to the 
project, a new tourist route should be led to 
the cave and the entrance should be secured 
with a gate constructed in such a way that it 
did not affect the microclimate of the cave. 
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In addition, steps should be carved in the ice, 
as well as other facilities should be installed 
allowing tourists to visit the cave. Meanwhile, 
Pawlikowski suggested postponing the works 
focused on providing tourist access to the cave 
until its thorough scientific research is carried 
out. He also pointed out that there is a threat 
of destroying the “original character” of the 
cave due to its adaptation for tourist purposes. 
Pawlikowski’s concerns and recommendations 
probably slowed down the project and eventu-
ally, the new route has never been marked out 
and no infrastructure has been installed in the 
cave. Nevertheless, the number of visits to the 
cave significantly increased, probably also due 
to their advertisements published in the daily 
press (e.g., Goniec Krakowski 1924, Wiadomo-
ści Gegraficzne 1925, Kurier Zachodni 1933, 
Echo Krakowskie 27.08.1954 and 15.10.1954). 
In addition, in 1923, the fourth edition of the 
map entitled “Tatry Polskie: mapa środkowej 
części Tatr” (“Polish Tatra Mountains: the map 
of central part”) was released by Tadeusz Zwo-
liński, with the entrance to Jaskinia Lodowa w 
Ciemniaku marked for the first time (Zwoliński, 
1925). Zwoliński’s series of maps was on the 
market for 11 years at that time, and due to its 
“transparency and vividness of depicting the 
mountain area” it was the most popular tourist 
map of this area. The fourth edition was pub-
lished in 1924 (Głos Zakopiański 19.07.1924). 
Both the scale of the study – 1:37,500, the 
popularity of the map, as well as its touristic 
character probably also contributed to more 
frequent visits to the cave.

The scale of the popularity of the cave is 
also shown by the plans to include it in a doc-
umentary film about the nature of the Tatra 
Mountains. The spokesman of the movie was 
Marian Sokołowski (botanist, mountaineer, 
nature protection activist, and the supporter 
of Tatra National Park creation). In Wszech-
świat magazine, Sokołowski (1930) wrote: 
“The real attraction of the movie could be 
shots taken in caves, e.g. from Ice Grotto in 
Kościeliska (as was called Jaskinia Lodowa 
w Ciemniaku), showing the great phenom-
enon of nature that is found there, that is 
a real, although small, glacier”.

Apart from the exploration within the 
cave, the search for the hypothetical second, 
upper entrance, was also carried out on the 
surface. Gadomski (1926) mentioned that 
a couple hundred meters from Jaskinia Lodo-
wa w Ciemniaku he found a vertically devel-
oped cave, with corridors filled with stones 
(probably he meant cave called Jaskinia 
Zawaliskowa w Szerokim). He also found sev-
eral sinkholes, and in some of them, together 
with his companions made attempts to dig 
out in search of the expected cave corridors 
below. One of the cavers was lowered into the 
deepest sinkhole (probably Szczelina w Ciem-
niaku), but due to the rock debris blocking 
access to further parts of the cave, the explo-
ration was abandoned. Despite the lack of 
evidence of a physical connection between 

Figure 4. A – Excerpt from Ilustrowany Kuryer 
Codzienny 22.11.1923 informing about the lect- 
ure on Jaskinia Lodowa w Ciemniaku; B – announce- 
ment about an organized trip to the cave (Kurier 
Zachodni 1933)

A

B
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these objects and Jaskinia Lodowa w Ciemni-
aku, this connection seemed highly probable 
to Gadomski (1926). A year later, the same 
author in the article “Labirynt podziemny 
Czerwonych Wierchów” (“The underground 
labirynth of Czerwone Wierchy massif”) sug-
gested also that the Jaskinia Lodowa w Ciem-
niaku is connected through rock crevices 
with Jaskinia Wodna pod Pisaną (Gadomski, 
1927), which in the light of modern research 
seems to be likely (cf. Dąbrowski & Rudnicki, 
1964; Dąbrowski, 1967).

The next important stage in the history of 
the cave exploration was in 1933, when Ste-
fan Zwoliński and his companions observed: 
“a serious decrease in the ice level in the 
cave” (Zwoliński, 1933). He linked it with the 
winter of 1932/1933, which was not too cold 
and with little snowfall. At that time, not only 
was the thickness of the ice reduced (on aver-
age by about 1-1.5 m), but also the front of 
the “glacier” has retreated (Zwoliński, 1953). 
The second ice threshold, measuring approx. 
2.5 m in height in 1922, was marked on the 
plan from 1933 with the annotation “almost 
invisible, smaller than in 1922”. As a result 
of this phenomenon, a small cavity was 
observed in the orographically right (north-
ern) wall leading to previously unknown parts, 
called Nowy Korytarz (Fig. 2, 3). In this part 
a fungoid-like concretions (corraloids) were 
found for the first time in the cave. A newly 
discovered corridor was surveyed. It is worth 
emphasizing the accuracy of cartographic 
measurements made by the Zwoliński broth-
ers; according to the plan from 1933, the 
final part of the Nowy Korytarz was 23 m 
above the cave entrance, this value is very 
similar to the results obtained during the new 
survey made in 2021 using a laser range-
finder (DistoX). Despite the much-reduced 
volume of ice in 1936, compared to previous 
measurements from 1922, the end of the 
Wielki Korytarz was closed with ice. A new 
fissure between ice and rock was observed 
along the south wall about 30 m from the 
cave’s entrance. Its upper parts were too 
narrow for a man, which is why explorers 
decided to break through the ice and make 

the crevasse wider. Thanks to that Stefan 
Zwoliński descended on a rope and reached 
the 18-meter long chamber called Dolna 
Komora (nowadays this chamber is a part of 
Wielki Korytarz).

On October 3, 1950 (Fig. 5, Tab. 1) Stefan 
Zwoliński together with the hired workers 
through a narrow crevasse reached the major 
new chambers Sala Lodowa I and II (Fig. 2, 3) 
(Zwoliński, 1951, 1961). In the first chamber 
(Sala Lodowa I), with ice-covered floor, there 
was an ice pillar (nowadays it is an ice stalag-
mite). The second, much larger chamber (Sala 
Lodowa II) was also ice-covered and in the 
middle of it, there was an impressive mound 
of ice. Zwoliński did not exclude the existence 
of empty caverns under a thick layer of ice 
(currently, there is only residual ice inside the 
cave, and most of the floor is covered with 
rock rubble). Moreover, he suggested that 
the known corridors are just a beginning of 
a larger cave system (Zwoliński, 1955). Above 
the Sala Lodowa II, they noticed a great chim-
ney (Wielki Komin), which, according to them, 
was possibly connected with the surface by 
narrow cracks (the exploration of the upper 
parts carried out 40 years later has not yet 
confirmed this hypothesis). The discovery of 
Wielki Komin, as well as the chimneys above 
the innermost part of Wielki Korytarz, namely 
Kominy Tadeusza contributed to understand-
ing of potential water and air circulation in 
the cave.

Although the newly discovered parts of 
the cave were undoubtedly beautiful, due 
to the difficulties in access, S. Zwoliński saw 
no chance of making it available to a wider 
group of tourists (Liberak, 1950). Despite this, 
in the 1950s, Jaskinia Lodowa w Ciemniaku 
was among the ten most visited caves in the 
Polish Tatra Mountains, however, it was not 
mass-tourism, as for instance in Jaskinia Myl-
na (Kowalski, 1953a). 

The next three decades of exploration 
have not brought any significant successes. 
Although, on 16 September 1953 a folded 
mast was tested in the Wielki Komin (Fig. 6). 
However, it was a test attempt only, as the 
construction was to be used in the exploration 
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of Jaskinia Zimna (Iwanejko, 1991). In 1957, an 
exploration of Jaskinia Wysoka was carried 
out, in which the newly discovered parts were 
heading towards Jaskinia Lodowa w Ciemni-
aku (Echo Krakowa 22.09.1957). However, the 
chances for the caves to be connected are 
negligible; modern measurements show that 
the closest points in both caves are approxi-
mately 120 m apart horizontally and 60 m 
vertically.

At the beginning of the 1990s speleolo-
gists associated in the Academic Speleoclub 
Poznań (Speleoklub Akademicki Poznań, cur-
rently Wielkopolski Klub Taternictwa Jaskinio-
wego / Wielkopolski Caving Club) explored 

the upper parts of the Wielki Komin chimney, 
and new parts were discovered, namely the 
Meander Geografów, Matecznik, Ssak, and 
Dziupla (Iwanejko, 1991). This exploration was 
possible because, for the first time since 1987, 
a gap between the ice and the rocky ceiling 
heading toward the lower chambers (Sala 

Table 1. Morphometric changes of known parts of the cave throughout the last 100 years of ice mass 
loss and exploration progress

Year Length
[m]

Depth
[m]

Denivelation
[m] Source

1922 67.0 0.0 30.0 Zwoliński, 1923

1933 137.0 0.0 30.0 Zwoliński, 1933

1950 200.0 9.5 39.5 Zwoliński, 1951

1990 ≈ 220 11.0 36.8 Iwanejko, 1991; Rygielski et al., 1995

1991 365.5 11.0 36.8 Iwanejko, 1991; Rygielski et al., 1995

1994 390.0 11.0 42.0 Siarzewski, 1994

2021 394.6 12.1 44.6 The survey from 2021 described in this article

Figure 5. Inscription on a rock in the Sala Lodo-
wa II commemorating Stefan Zwoliński’s stay with 
hired workers: “Stefan Zwoliński, Majer Zygmunt, 
Krupa Bartłomiej, Łaciak Józef, Kobiałka Stani-
sław 3 / X 1950” (Photo J. Barabach, 2021)

Figure 6. Installation of the mast for exploration 
of chimneys in Jaskinia Lodowa w Ciemniaku 
(Photo R. Gradziński, 1953 (Gradziński, 1953))
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Lodowa I and II) was opened. The explora-
tion did not confirm the expected connection 
between Jaskinia Lodowa w Ciemniaku and 
Jaskinia Zawaliskowa w Szerokiem, however, 
the end of the Meander Geografów that was 
filled with stones led in its direction. The new 
corridors discovered by cavers from Poznań 
increased the interest and expectations relat-
ed to the quest on finding hypothetical large 
unknown cave system in Ciemniak massif, 
the existence of which was supposed to be an 
argument for the existence of such large ice 
deposits in the cave (Wiśniewski, 1991).

On January 27-28, 1993, another explora-
tory discovery was made in the cave. During 
the geodetic survey, a new corridor between 
the ice mass and the cave wall was observed 
at Dolna Komora. The passage was head-
ing not only towards the massif, as it was 
previously observed, but also to the west – 
towards the entrance, consequently this part 
of the cave turned out to be longer by approx. 
20-30 m (Rachlewicz, 1996).

The present exploration focuses on using 
the advanced mapping techniques and map-
ping the changing ice cover in the cave. The re-
mapping of the cave in 2021, revealed 2 small 
cavities, that had not been drawn on previous 
plans and confirmed the intense disappear-
ance of the ice cover in the Wielki Korytarz. 
The future new findings are expected mainly 
in the parts recently released from ice.

The cave climate and  
ice formation

Since the very beginning of the investiga-
tions of Jaskinia Lodowa w Ciemniaku, the 
key questions were related to the cave cli-
mate and the ice deposit formation pro-
cesses. The investigations of the cave climate 
were started by the Zwoliński brothers who 
installed maximum and minimum thermom-
eter (Zwoliński, 1924) and left it for the winter. 
The lowest value recorded between October 
29, 1922, and May 25, 1923, was -17.7°C 
(Kwaśniewski, 1924). The first measurements 
conducted in the cave suggested that the 
cave climate was characterized by relatively 

high temperature variability and the pres-
ence of airflow. At that time, these features 
were in opposition to common views on ice 
cave formation. The latter were expressed 
in a book “O jaskiniach lodowych” (“On ice 
caves”) by Franciszek Czerny (1884). He listed 
a number of conditions required for the for-
mation of ice in caves, including lack of sig-
nificant airflow and the location of the cave 
entrance higher than the rest of the cave. 
These were conditions considered to be typi-
cal for, what we call right now a static-type 
ice cave, as they favor trapping of the winter 
cold air inside the cave.

At the beginning of the 20th century, the 
presence of ice in caves was often explained 
by the cooling of water seeping through 
porous rocks into the caves (Anonymus, 1905). 
However, this mechanism has not explained 
why ice was observed all year round in Jaski-
nia Lodowa w Ciemniaku, while it was absent 
in most caves in the Tatra Mountains. Thus, 
Zwoliński (1923) suggested that the existence 
of the ice body was possible due to a season-
al gap between the ice mass and the rocky 
ceiling inside Wielki Korytarz called Wietrzna 
Szczelina (“Windy Gap”), considered at that 
time to be the innermost part of the cave 
(Fig. 7). He hypothesized that the gap was 
opened in winter which allowed the flow of 
cold air from the inner, so far, unknown parts 
of the cave and as a result, the ice could be 
deposited. In summer the gap between the 
ice and ceiling was to be closed with ice, 
changing the air circulation, which allowed 
to keep a lower temperature inside the cave.

In the following years, Walery Goetel 
– geologist, ecologist, creator of the term 
sozology, and rector of the AGH University 
of Krakow (Akademia Górniczo-Hutnicza 
im. Stanisława Staszica w Krakowie), joined 
the group of scientists studying Jaskinia Lodo-
wa w Ciemniaku (Wójcik, 1973). He compared 
the cave to the Alpine ice caves called Wind-
röhre or Durchgangshöhle, characterized by 
strong airflow, and two or more entrances 
(Goetel, 1925). In the case of Jaskinia Lodo-
wa w Ciemniaku, the hypothetical upper cave 
entrance was to be in the form of a vertical, 
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narrow chimney, located at the end of the 
Wielki Korytarz. However, the entrance has 
not been found so far.

The formation of ice was also discussed by 
Wrzosek (1933), who shared Goetel’s (1925) 
opinion on the influence of air circulation on 
the formation of the ice cover. The author 
believed that a strong airflow facilitates the 
evaporation of water, lowering the average 
air temperature inside the cave, which, in 
turn, contributes to the development of ice 
phenomena.

Due to the discovery of new parts of the 
cave in 1933 (Zwoliński, 1933), and lack of 
evidence of connection of the inner part of 
Wielki Korytarz with hypothetical further 
parts of the cave, Stefan Zwoliński suspend-
ed his earlier hypotheses that the airflow 
in the cave affecting the formation of ice 
was caused by air exchange between large 
unknown cavities located behind the ice and 
connected by narrow crevasses with the sur-
face and known parts of the cave. His new 

hypothesis explaining the formation of the 
ice suggested the existence of tight, inacces-
sible cracks in the cave floor, through which  
airflow is circulating.

The existing views on air circulation in 
Jaskinia Lodowa w Ciemniaku were to be 
revised due to new discoveries in 1950, when 
the relatively long lower part of the cave 
(Sala Lodowa I and II), containing extensive 
ice mass, as well as a large chimney (Wiel-
ki Komin) were discovered (Zwoliński, 1951, 
1961). The chimney, according to Zwoliński, 
could be connected with the surface by nar-
row cracks. The discovery led to the new 
concept of seasonal changes in the cave. 
He hypothesized that by the end of summer, 
water flowing down from the chimneys at the 
end of the Wielki Korytarz (Kominy Tadeusza) 
and the warming of the limestone walls of 
the cave cause the formation of open space 
between the ice and the cave walls, leading 
to connection with the lower part of the cave 
(Sala Lodowa I and II). Because the Wielki 

Figure 7. The first plan and cross-section of the cave (Zwoliński, 1923). Most of the ice cover and ice 
forms disappeared throughout the last 100 years. According to the first researchers, the seasonal closing 
and opening of Wietrzna Szczelina (Windy Gap) were essential for the development of ice phenomena 
inside the cavern
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Komin chimney, at the end of the lower part, 
is likely connected to the surface, the relative-
ly warm air may be sucked from the cave into 
the chimney and facilitates airflow through 
the entire cave and consequently melting the 
ice surface. In autumn, when the temperature 
drops a strong draft of cold air cools down the 
interior of the cave, and the mass of ice could 
increase leading to the closure of the connec-
tion between Wielki Korytarz and the lower 
parts. In summary, Zwoliński concluded that 
Jaskinia Lodowa w Ciemniaku, depending on 
the season, could be classified as a dynamic 
type ice cave (when the connection between 
the upper and the lower part is open) and 
static type ice cave (when the two parts are 
separated) (Zwoliński, 1955).

Zwoliński (1951) suggested that the cave 
ice volume increases in winter. On the con-
trary, Kowalski (1953a) hypothesised that 
ice accumulation takes place in late autumn, 
early winter, and in particular in spring when 
the largest increase in ice mass takes place. 
He based his concept on monitoring studies 
in 1951-1952 measuring minimum and maxi-
mum temperature at two locations inside 
the cave, and one outside, where a standard 
thermometer was installed (Kowalski, 1955). 
A modified scheme of cave climate and ice 
formation based on Kowalski’s (1953a) idea, 
is shown in Figure 8. According, to that at 
the turn of autumn and winter, the air tem-
perature in the cave is relatively low, and 
there is liquid water on the ground surface. 
When the water, flowing through numerous 
cracks, reaches the cold interior of the cave, 
it freezes. He supposed that in winter, due to 
the lack of water supply, because of tempera-
tures below 0°C outside the cave, and low 
temperatures inside the cave, the ice stag-
nates (this view was questioned later on by 
Rachlewicz and Szczuciński (2004)). In spring, 
a large amount of snow-generated meltwater 
reaches the cave, where the cave air temper-
atures are still below 0°C, and new ice forms. 
In the summer the temperature inside the 
cave rises, and rainwater reaching the cave 
does not freeze, and probably accelerates the 
ice ablation. He pointed out that the annual 

alterations of rainfall and temperatures in the 
area of the Ciemniak massif and any weather 
anomalies can have a significant impact on 
the process of ice formation or decay.

Extensive measurements of the wave cli-
mate were conducted in 1986 and 1987 by 
Rygielski et al. (1995). They measured the tem-
perature along the cave, as well as in the verti-
cal profiles, and made important observations 
on the airflow in the cave. According to them, 
the crucial role in the formation and ablation 
of the ice is the annual cycle of air circulation, 
conditioned by the morphology of the cave. 
They pointed out, the particular importance of 
the presence of chimneys and fissures which 
provide a connection between the cave air 
and the external atmosphere. They also noted 
that the shape of the longitudinal profile of the 
cave, for a long time regarded to be essential 
for ice cave formation is of smaller importance.

The monitoring of cave air temperature 
and ice mass balance has been the subject 
of research since 2000 by Rachlewicz and 
Szczuciński (2004). They found a very good 
correlation of the air temperature with the 

Figure 8. Graphical schematic diagram of the 
development of cave ice based on Kowalski’s 
description of this phenomenon (1953; changed). 
The modern views (Rachlewicz & Szczuciński, 
2004) do not support significant ice accumulation 
in autumn/winter period, and ice mass stagnation 
in the winter, when actually a significant ice mass 
loss take place due to sublimation
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air temperature on the surface (data from 
Kasprowy Wierch) during the period of nega-
tive air temperatures, while during the time 
when the outside temperature was above 
0°C, the temperature in the cave was almost 
stable, as the heat was consumed in the ice 
melting process. The results of ice mass moni-
toring allowed the authors to conclude that 
in the upper part of the cave (Wielki Kory-
tarz) ice disappears not only as a result of its 
melting in summer and autumn, but also in 
winter as a result of sublimation due to rap-
idly descending dry and cold air through the 
chimneys and fissures. The sublimation was 
the most effective during the coldest periods, 
with outside temperatures well below -10°C. 
On an annual scale, sublimation was respon-
sible for 31% of ice loss, and the remaining 
69% of ice mass loss occurs in the warm 
period due to its melting. The ice formation 
was noted in spring season, when the surface 
meltwaters seeped into the cave. 

At present the air temperature monitoring 
is continued by prof. G. Rachlewicz (Faculty 
of Geographical and Geological Sciences, 
Adam Mickiewicz University, Poznań) and 
collaborators in the upper and lower part of 
the cave in order to follow the development 
of the ice cave climate in response to changes 
in cave morphology (due to ice mass degra-
dation) and general climate warming.

The cave ice forms and structure 

The ice in Jaskinia Lodowa w Ciemniaku is in 
the form of perennial ice masses (the main ice 
block covering the cave floor and some mul-
tiyear stalagmites) as well as seasonal forms 
representing a wide variety of forms present 
mainly in spring and known also from other 
caves in the Tatra Mountains (e.g., Pulinowa 
and Pulina, 1972; Siarzewski, 1994b; Gradziń-
ski et al., 2018). More detailed investigations 
of the types of ice were conducted since the 
very beginning of the cave studies, as they 
were considered to be the key to getting 
insight into the history of the cave ice mass.

The first crystallographic ice analyses were 
carried out by Chrobak (1925). He described 

that the ice columns and the floor ice mass 
consisted of coarse-crystalline ice with single 
crystals up to 3 cm in diameter. The smaller 
stalactites were characterized by a radial 
structure, while Lodospad (icefall – not exist-
ing today) was built of grains with sharp, clear 
edges. He also observed the stratification of 
the ice, which was supposed to indicate differ-
ent periods of its formation. However, in the 
1920s, the ice tightly filled the entire floor of 
the known parts of the cave (with the excep-
tion of the parts near the entrance) and ice 
exposures with well-visible ice stratification 
were not available at that time. Even marginal 
fissures (“odparzeliny”) between the walls and 
the ice were not observed (Gadomski, 1926b). 

The more detailed observations of the lay-
ered structure of the ice mass were conduct-
ed by Zwoliński (1953) after the new passages 
were opened due to a reduction in ice mass 
in 1933, when he also estimated the thick-
ness of ice mass to range from 5 to 9 meters 
(Zwoliński, 1933). Altogether, he counted over 
400 ice laminae being 1 to 5 cm thick and 
separated from each other by a thin ice layer 
enriched in fine clayey sediments. He hypoth-
esized that they are annual layers (Zwoliński, 
1951). 

Further information was provided by 
Rygielski et al. (1988) on the basis of ice sur-
face observations supplemented with over 
20 boreholes. They focused on ice mass 
thickness, structure (stratification and min-
eral content), ice thermal variability in the 
vertical and horizontal profile, and ice chem-
istry (Ca+2 concentration, electrolytic con-
ductivity, and pH). Unfortunately, the article 
was a preliminary report and only part of the 
results was shown. Among, the novel data 
were the results of ice temperature measure-
ments. It appeared that at a depth of 6 cm 
the ice temperature is constant and equals 
-0.3°C, then it gradually drops with depth to 
-0.6°C in the middle of the ice profile, and 
then slightly increases towards the bottom. 
The basic chemical composition and elec-
trolytic conductivity were also studied in the 
summer of 1989 and in the winter of 1990 by 
Kędzia (1991).



418 Jan Barabach et al.

Geographia Polonica 2023, 96, 4, pp. 405-430

More detailed insight into the vertical ice 
structure was presented by Rygielski et al. 
(1995). They studied mainly the ice mass in 
Wielki Korytarz (Fig. 9), where they estimated 
its thickness at that time to reach at least 
5.7 m. They noted ice stratification, with par-
ticular layers being usually 0.1-2 cm thick, 
but in some cases reaching up to 12.5 cm. 
They interpreted them as summer and win-
ter layers. The so-called “summer layers” 
were often enriched in fine limestone dust, 
clay, and debris, which were considered as 
the record of summer ablation of the ice sur-
face. The thicker layers rich in clastic material 
were considered to present potential hiatuses 
and longer periods of melting. Rygielski et al. 
(1995) noted also that the lower portion of ice 
mass is richer in limestone debris and clay.

The major changes in ice layering struc-
ture were documented by Hercman et al. 
(2010). They identified two generations – the 
older one with thicker layers and transparent 
crystals, and the younger one with thinner, 
made of more opaque ice layers. The contact 
between the two structures forms unconform-
ity, possibly indicating intensive ice melting, 
and was assigned by Hercman et al. (2010) as 
a potential record of the boundary between 
the Medieval Climate Optimum and the Little 
Ice Age ice.

The cave ice changes in time –  
ice mass balance

The century-long observations of ice mass 
in Jaskinia Lodowa w Ciemniaku, provided 

a unique opportunity to provide a long-term 
assessment of ice mass balance changes. 
It is one of a dozen or so ice caves worldwide 
with such a long and detailed record (Kern & 
Perşoiu, 2013). 

The presence of the large ice body in Jaski-
nia Lodowa w Ciemniaku inspired a number 
of questions related to its changes in time. 
However, the first considerations of the cave 
ice mass changes were not related only to 
its melting and freezing. The finding of large 
subterranean ice mass called the compari-
sons with alpine glaciers. Thus, one of the first 
research questions was whether “the glacier” 
(ice mass filling the cave) was stagnating, 
expanding, or retreating, as it was expected 
that it should behave in the same way as gla-
cier ice. Observations from 1923 (Kwaśniew-
ski, 1924) indicated a slow movement of the 
ice mass towards the entrance; the glacier 
front moved 8 cm during the studied period. 
However, it is not clear if it was really a move-
ment or rather expansion of ice through the 
formation of new ice in its marginal part 
(ice accretion). Kowalski (1965) stated that, 
although seasonal changes in mass balance 
can be observed, comparing it to a waxing 
and waning glacier is unjustified because 
cave ice does not deposit any moraine. 

The question of the movement of ice mass 
was critically discussed by Rygielski et al. 
(1995). They found it difficult to assess if 
the ice in Jaskinia Lodowa w Ciemniaku still 
moved. However, they presented some indi-
cators of possible small ice movement in the 
past. The indicators included fissures and 

Figure 9. Ice mass investigation in Wielki Korytarz – climbing gear in use. A – 1985, B – 1986 (Kronika 
Sekcji Speleologicznej, 1979-1998)

A B
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cracks in the ice, some ice layering deforma-
tions in the basal part of the ice mass, orien-
tation of debris in ice, as well as the geom-
etry of the ice mass in relation to the cave 
morphology.

Over time much more attention was given 
to general ice mass changes. The 30 years 
of ice cave mass shape observations con-
ducted by Stefan Zwoliński (1951) led him 
to conclude that there are both seasonal 
and perennial changes in ice mass balance. 
The seasonal changes may cause a slight 
increase or decrease of the ice mass, while 
the decadal, long-term trend of slow loss 
of the ice mass he assigned to the “general 
warming of our planet” (Zwoliński, 1951). 
He also emphasized the importance of Jaski-
nia Lodowa w Ciemniaku as an object of 
research on climate change and expressed 
concern (Zwoliński, 1951, 1953) about the 
possibility of a complete disappearance 
of the ice mass. According to him, it could 
take place if the seasonal opening in the ice 
mass (Wietrzna Szczelina) separating the 
upper and the lower part of the ice-covered 
portion of the cave ceased to be seasonally 
closed. However, currently, the connection is 
wide open throughout the year, while the ice 
mass, although degraded is still present. 

Along with the assessments of relative 
changes, the first attempts to assess the total 
ice mass were made. The first estimations 
of the ice volume were made by Gradziński 
and Wójcik (1961), according to which in the 
middle of the 20th century, there was about 
1500 m3 of ice in the cave.

In the 1980s, scientists from Adam Mic-
kiewicz University, Poznań (Rygielski & Wie-
liczko, 1988; Rygielski et al., 1988, 1995) 
conducted a detailed cave survey, which 
was the basis for ice mass balance estima-
tion. They compared their calculations with 
previous measurements of ice mass carried 
out by Zwoliński (Zwoliński, 1923, 1951). They 
noted significant ice loss over the previous 
64 years (Fig. 10, 11). For instance, near the 
entrance, the ice mass receded and the ice 
thickness declined by about 3 meters, the 
part called Ślizgawka (“Slide”) in the western  

part of Wielki Korytarz was lowered by 
approximately 2 meters, and Lodospad (“Ice-
fall”) in the middle part of the Wielki Korytarz 
had completely disappeared (lowering by at 
least 6 meters). In the innermost part of Wiel-
ki Korytarz the ice thickness decreased by 
3.8 m in comparison to 1922, and by 2.6 m to 
1950 (Rygielski & Wieliczko, 1988). Rygielski 
et al. (1995) ascribed the ice mass reduction 
to two factors, frequent visits affecting the 
local circulation and stability of ice masses, 
as well as general climate warming.

Siarzewski (1996), involved in the explora-
tion of caves on behalf of the Tatra National 
Park in the period 1986-1996, systematically 
monitored ice level fluctuations, which in the 
initial period were usually ±10 cm per year. 
However, since the early 1990s, prominent 
ice loss was observed, and from 1994 and 
1995 Siarzewski described it as “very rapid”. 
Despite this, in comparison to other ice caves 
he studied on the Polish part of the Tatra 
Mountains, he classified the conditions of ice 
preservation in Jaskinia Lodowa w Ciemnia-
ku as relatively stable and he assessed the 
susceptibility of local ecosystem to anthropo-
genic influences as “medium”.

The extensive study on ice mass balance 
changes in Jaskinia Lodowa w Ciemniaku on 
seasonal, annual, and decadal time scales 
were conducted by Rachlewicz and Szczuciń-
ski (2004). They described above seasonal 
changes and monitored the ice mass for four 
years, mapped the ice cover, and compared 
it with the earlier observations (Zwoliński, 
1961; Rygielski et al., 1995). The main find-
ing was that the ice was characterized by 
negative mass balance throughout the entire 
observation period (80 years), however, the 
rate of degradation accelerated with time. 
The average annual ice loss in the years 
1922-1950 was 23 m3 of water equivalent, 
while in the period 2002-2004 this value was 
almost three times higher and amounted to 
66.8 m3/year (Figs. 10, 11). Altogether, dur-
ing the 80 years at least 2,250 m3 of ice was 
lost. Rachlewicz and Szczuciński (2004) also 
concluded that by 2030-40 the ice mass in 
the Wielki Korytarz is likely to be completely  



420 Jan Barabach et al.

Geographia Polonica 2023, 96, 4, pp. 405-430

gone and they attributed that mainly to cli-
mate warming (Fig. 10). Actually, as the new 
mapping presents (Figs. 2 & 3) there is already 
almost no ice in that part of the cave.

The monitoring of the ice mass was contin-
ued until 2009 by Szukała (2010), who applied 

three-dimensional modeling of the ice mass 
(Fig. 10, 11). His methodological approach 
included not only the main ice mass in Wielki 
Korytarz, so the obtained negative mass bal-
ance figures appeared to be even larger then 
previously measured (Fig. 10). 

Figure 11. Change in ice level in the Wielki Korytarz (Big Corridor) over the last century (1922-2021) – 
schematic cross-section after Gradziński et al. (2018), supplemented with new own measurements from 
2021. Data sources: for particular years: 1922 – Zwoliński (1923), 1950 – Zwoliński (1951), 1986 – Rygiel-
ski et al. (1995), 2002 – Rachlewicz, Szczuciński (2004), 2009 – Szukała (2010), 2021 – present study

Figure 10. The rate of ice loss in the Wielki Korytarz (Big Corridor) in Jaskinia Lodowa w Ciemniaku 
between 1922-2009 and changes in the mean annual temperature (MAT) on Kasprowy Wierch 
meteorological station in the years 1951-2009 (https://meteomodel.pl/). Note that the difference in the 
mass balance figures is related to different methodological approach
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The latest ice mass measurements, con-
ducted during the re-mapping of the cave in 
2021, confirmed the intense disappearance 
of the ice cover in the Wielki Korytarz (Figs. 2, 
12, Palińska, 2022). There is only a small part 
along the corridor lowering in its southern 
part, where still an almost 2 m thick mass 
of layered ice was present (Fig. 13). The ice 
mass in the lower part of the cave (Sala Lodo-
wa I and II) was largely diminished and once 
impressive ice stalagmite was a minor form.

Cave ice age and environmental 
record 

The next intriguing key problem related to the 
ice mass in Jaskinia Lodowa w Ciemniaku is 
the age of ice. After the major discovery of 
new parts in 1933 (Zwoliński, 1933), which 
revealed access to a layered section of ice 
mass, nearly 400 ice laminae were counted 
and hypothesised that they are annual layers 
(Zwoliński, 1951), thus suggesting that the ice 
is at least several hundreds years old. 

New light on the age of the ice in the 
cave was shed by Wójcik (1968), who found 
subfossil remains of the Bechstein’s bat 
(Myotis bechsteinii) in Nowy Korytarz (“New 
Corridor”). This species is considered to be 
thermophilic and inhabited the Tatra caves 
during the Holocene climatic optimum. The 
access to this part of the cave was likely cut 
off until around 1933, so the bat probably 
have got into it before the ice mass in the 
Wielki Korytarz developed. On this basis, 
Wójcik (1968) suggested that the formation 
of the cave ice was related to the cooling of 
the climate during the late Holocene.

An attempt to estimate the age of the 
ice was made with the help of pollen analy-
sis (Rygielski et al., 1995). The oldest ice lay-
ers revealed the presence of trace amounts 
of cereal pollen grains, associated with 
the development of agriculture in Podhale 
(a region next to the Tatra Mountains) in the 
13th and 14th centuries. Thus, the authors 
suggested that the cave ice accumulation 
most likely was linked with the climate cooling 
of the Little Ice Age. However, they also noted 

that the ice melts not only from the top but 
also from the bottom by ablation of the oldest 
layers, thus determining that the precise dat-
ing of actual beginning of its accumulation 
may not be possible.

New data related to the age of the ice in 
Jaskinia Lodowa w Ciemniaku were provided 
by Hercman et al. (2010), who radiocarbon 
dated the remains of two moths (probably 
Triphosa dubitata) found in the ice mass. 
As mentioned above, they documented two 
generations of ice – the older with thicker lay-
ers and transparent crystals, and the young-
er with thinner and opaque ice layers. They 
were separated by unconformable contact, 
suggesting a prolonged period of melting. 
Both moths were found in ice belonging to 
the younger generation. The oldest moth was 
dated to the period 1660-1790, which con-
firms that ice accumulation took place during 
the Little Ice Age. Hercman et al. (2010) sug-
gested that the boundary between different 
ice types could be a record of the Medieval 
Climate Optimum. The beginning of the for-
mation of older ice generation is unknown. 
However, Hercman et al. (2010) hypothesized 
that it could have occurred within the Late 
Holocene during the cold period preceding 
the Medieval Warm Period.

The layered ice mass tempted many 
researchers to consider it as a natural archive 
of natural and anthropogenic changes, an 
equivalent of ice cores from glaciers. The first 
attempts were made by Jaworowski (1966, 
1968, 1982). He followed the hypothesis of 
Zwoliński (1951) and assumed that the ice lay-
ers represent annual accumulation, and ana-
lysed the elemental lead (Pb), as well as 210Pb 
radioisotope in ice samples reaching back to 
circa 1861 AD (based on ice layer counting). 
The results and applied methods were novel 
at that time and were published in the prestig-
ious journal: Nature (Jaworowski, 1966, 1968). 
The first, innovative work by Jaworowski (1966) 
focused on analyses of 210Pb (lead-210, at that 
time called “radium D”). He analysed it along 
the vertical ice profile in samples dated (based 
on ice layer counting) to the period ~1923 to 
1963. The maximum concentrations of 210Pb 



422 Jan Barabach et al.

Geographia Polonica 2023, 96, 4, pp. 405-430

were recorded in the youngest samples from 
1958-59 and 1962-63, which according to the 
author corresponded with the increased num-
ber of nuclear tests in the world (UNSCEAR, 
2000). However, right now it is known that 
210Pb is a part of the natural radioactive decay 
chain of 238U radionuclide, and its activities 
were not significantly affected by the nuclear 
weapon tests. On the contrary, it is commonly 
used for dating up to 100-150 years old sedi-
ments (e.g. Koide et al., 1972; Barsanti et al., 
2020), snow and ice (Gäggeler et al., 2020). 
Thus, the decline of the 210Pb with depth noted 
by Jaworowski could be in fact used as a dat-
ing tool for the ice layers. 

The second work by Jaworowski (1968) 
presented the analyses of stable lead con-
centration in ice and showed a clear increase 
over time from an average value of 5 μg/L 
(for years 1861-66 AD), to 80 μg/L in ice 
surface samples (representing 1960-65 AD). 
Jaworowski (1968) linked the increase in lead 
pollution to the development of global indus-
try but was not convinced to link the pollution 
to the usage of fossil fuels. While Koisar and 
Parma (1971) had no doubts about this and 
wrote that “the increase in lead concentra-
tion [in ice in Jaskinia Lodowa w Ciemniaku] 
is closely related to the total annual contri-
bution of coal and other fuels to the world’s 
energy system”. 

In the following decades, there were sev-
eral attempts to explore the ice mass as 
a potential natural archive of environmental 

changes. However, the researchers faced 
problems with technical matters (drilling of ice 
cores in caves), as well as dilemma related to 
natural contamination of the record by perco-
lating water and doubts about the record con-
tinuity (e.g., Rygielski et al., 1995; Rachlewicz 
& Szczuciński, 2004; Hercman et al., 2010). 
The understanding of the modern processes 
causing ablation, sublimation, and freezing to 
occur unevenly within the cave (Rachlewicz & 
Szczuciński, 2004), was suggested to be taken 
into consideration in the studies based on ice 
stratigraphic analysis. The above-mentioned 
problems were also noted by authors of sev-
eral preliminary attempts to apply various 
isotopic techniques in the studies of ice (e.g., 
Celejowska et al., 2007; Celejowska, 2008; 
Szynkiewicz & Solarczyk, 2010; Duliński, 
2010).

One of the mentioned attempts by Duliń-
ski (2010) focused on the application of triti-
um (3H) radioisotope concentration in the ice. 
The results suggested that older ice layers 
may be locally enriched in 3H redistributed 
from younger layers. Celejowska et al. (2007) 
and Szynkiewicz and Solarczyk (2010) applied 
stable oxygen isotopic ratios (δ18O) for the 
investigation of cave ice in Jaskinia Lodowa 
w Ciemniaku. Szynkiewicz and Solarczyk 
(2010) tried to correlate the δ18O record from 
vertical ice profiles with changes in aver-
age summer air temperatures recorded in 
nearby Zakopane for the period 1915-1952. 
They identified three groups of ice layers  

Figure 12. A – Jaskinia Lodowa w Ciemniaku – view towards the entrance. In the background, a person 
for scale (Photo T. Malicki, 1922; source: Muzeum Tatrzańskie archive), B – Contemporary photo taken 
from the same perspective, the ice mass on the floor is completely melted away (Photo J. Barabach, 2021)

A B
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formed in different periods and climatic con-
ditions. Group 1 (probably corresponding to 
the years 1915-1940) illustrated a period of 
cyclical changes with a slight warming ten-
dency; group 2 was interpreted as a record 
of cooling (1940-1942), while group 3 (1942-
1952) showed cyclical changes within a rela-
tively warmer period – similar to the group 
1, but slightly cooler. However, data on tem-
perature variability over a longer period 
revealed that the cooling in the early 1950s 
reflected just a short-term episode (Łupikasza 
& Szypuła, 2019).

The dramatic degradation of ice mass 
in Jaskinia Lodowa w Ciemniaku (Fig. 11) 
causes that also the potential record of envi-
ronmental and climate changes to be almost 
lost. One of the challenges in the near future 
is to take action to preserve at least a small 
part of that record for future studies, it could 
be done for instance by a drilling campaign 
in the lower parts (Sala Lodowa I) of the cave. 
However, the detailed age dating and care-
ful estimation of potential contamination 
and spatial variability in the record must be 
certainly taken into account.

Biological investigations

Jaskinia Lodowa w Ciemniaku serves also as 
a unique ecosystem. Already in the 1920s 
or 1930s Wiktor Kuźniar, Mieczysław Lima-
nowski (geologists), and Alfred Lityński, the 
pioneer of Polish hydrobiology, carried out 
some observations related to the cave biota 
(Wójcik, 1997), however, the results of their 
activities were not published.

The first systematic studies of the fauna 
inhabiting Jaskinia Lodowa w Ciemniaku 
were carried out by Kowalski (1951, 1953a), 
and revealed, for instance, numerous bat 
bones in Nowy Korytarz (New Corridor) and 
newly discovered lower parts of the cave. 
Detailed results of these studies were pub-
lished in 1955 (Kowalski, 1955) documenting 
the presence of the snail: Chilostoma cingulel-
la, arachnids: Ischyropsalis milleri, springtails: 
Onychiurus armatus, Onychiurus fimetarius, 
beetles: Omalium excavatum, Nebria tatrica, 

butterflies: Triphosa dubitata, caddisflies: Ste- 
nophylax permistus, flies: Eccoptomera emar-
ginata, Eccoptomera emarginata, Amoebale-
ria spectabilis, Crumomyia nitida, and bats: 
Myotis mystacinus. The finding of M. mystaci-
nus was considered by Kowalski (1965) to be 
the highest recorded position of this species in 
the Tatra Mountains. Moreover, the presence 
of pine marten (Martes martes) was also sus-
pected. It is worth mentioning that the popula-
tion of S. permistus was larger than in the oth-
er investigated caves in the Tatra Mountains. 

The melting waters from the ice in Wielki  
Korytarz were subjected to pioneering re- 
search in Poland in terms of the presence of 
bacteria and protozoa (Chardez & Delhez, 
1981). The study revealed existence of bacte-
ria of the genus Bacillus and protozoa: Bodo 
minimus, Bodo saltanus, Valkampfia guttula 
and Trinema lineares.

Cave exploration progress in the early 
1990’s was followed by biological investiga-
tions in the new parts. Namely, in the Ssak 
and Meander Geografów (Fig. 2, 3), where 
numerous skeletal remains of bats belonging 
to five species were found: M. mystacinus, 
Myotis brandti, Eptesicus nilssoni, Plecotus 
aurutus and Barbastella barbastellus (Nowo-
sad et al., 1992). The authors were puzzled 
by the number of bones they found because 
the presence of bat colonies or their guano 
was not observed in the cave. Nowosad 
et al. (1992) hypothesized that the accumula-
tion of the remains was due to their redepo-
sition by the water flowing down through the 
crevices. Unfortunately, the age of the bones 
has not been determined, however, accord-
ing to the presentation at the chiropterologi-
cal conference in 1993, more bat remains 
were found, including some with partially 
preserved soft tissues. 

The following decades brought more 
observations of bats. For instance, Kowalski 
and Ostrach (1994) found the remains of 
a parti-colored bat (Vespertilio murinus) to 
be embedded in a layer of ice dated approxi-
mately at 100 years old. Bat observations 
in Jaskinia Lodowa w Ciemniaku were also 
conducted by Kepel (1995), Piksa (1998),  
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and Piksa and Nowak (2002). The presence 
of bat tick (Carios vespertilionis) was noted 
by (Siudai et al., 2009). It was a new find-
ing, extending the so far known distribution 
range of this species in Poland. More recent-
ly, Piksa et al. (2011) inventored bats during 
the swarming period together with arachnids 
parasitizing them.

Conclusions

Jaskinia Lodowa w Ciemniaku, so far known 
as hosting the largest subterranean ice mass 
in Poland, was first described 140 years ago 
and it has been subjected to scientific inves-
tigations for the last 100 years, since 1922. 
During that period of time, the cave changed 
significantly, mainly due to a massive loss of 
ice (Fig. 9, 10, 11). The ice mass filling the Wiel-
ki Korytarz, most frequently investigated and 
originally being almost 10 m thick, is almost 
completely gone (Fig. 11, 13). While the fis-
sure at the end of the Wielki Korytarz lead-
ing to the inner cave corridors is no longer  

a fissure but a big passage with no prospects 
for ice sealing.

Over the last 100 years, Jaskinia Lodowa 
w Ciemniaku has been mentioned in more 
than a hundred scientific works, and in at 
least 55 studies it was the main or one of 
the main objects of research. Meanwhile, the 
length of the known corridors has increased 
almost six times (Tab. 1, Fig. 13), and the vol-
ume of ice has dramatically decreased (while 
the volume of the cave increased). There is 
a large progress in our understanding of its 
specific and seasonally changing climate and 
conditions leading to ice formation and deg-
radation (melting and sublimation). A lot of 
effort was paid to investigate the ice origin, 
age, structure, and changes of its ice mass 
balance over time, as well as the environmen-
tal records preserved in the cave ice archive 
and biota inhabiting the cave. It has become 
one of the best-known caves in Poland and 
is among the best-studied ice caves glob-
ally. Some of the findings appeared to be of 
international importance and were cited tens 

Figure 13. The history of cave exploration and ice loss in Jaskinia Lodowa w Ciemniaku
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of times, e.g., early works related to the con-
centration of radioisotopes and pollutants in 
the cave ice record (Jaworowski 1966, 1968), 
the studies of seasonal to decadal ice-mass 
balance changes (Rachlewicz & Szczuciński, 
2004) and the age of the ice mass (Hercman 
et al., 2010). 

Despite the progress, some of the basic 
questions asked a century ago are still part-
ly unanswered. For instance, we still do not 
have a precise answer on the timing and con-
ditions leading to the formation of the first 
perennial cave ice mass, as well as about 
its later evolution. The cave climate is still 
changing due to changes in the cave volume 
and reduction in ice masses, it is an open 
question if the globally changing climate and 
locally changing cave air circulation would 
sustain the presence of cave ice deposits in 
the future. Certainly answering this question 
would require extending the in situ studies 
by cave climate modeling. The ice mass bal-
ance change dataset belongs to the longest 
records worldwide and it is certainly worth 
continuing its monitoring, including into it 
also the lower parts of the cave (Sala Lodo-
wa I and II). The remaining ice deposits may 
contain a valuable climate and environmental 
change archive, and there is an urgent need 
to properly collect ice cores from the existing 
ice mass before it is completely melted away. 
The ice cave is also a unique ecosystem, 
which is likely to disappear, thus it should be 
investigated using the modern environmental 
and ancient DNA approaches to document 
its past and present state as a reference for 

the future. Last but not least, the investiga-
tions should be focused not only on Jaskinia 
Lodowa w Ciemniaku but also on the remain-
ing ice caves in the Tatra Mountains (Gradziń-
ski et al., 2018), as some of them lack even 
basic information about the ice mass extent.

We hope that the presented review and 
new data will encourage the research com-
munity to undertake the effort of investigat-
ing the unique and declining part of the Polish 
cryosphere. One may wonder if the answers 
to presented above questions will be deliv-
ered before climate warming causes the larg-
est ‘cave glacier’ in Poland to disappear. 
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