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Abstract: Zoloushka Cave is one of the largest maze gypsum caves in the world. Mining of the gypsum 
bedrock and lowering of the water level due to the pumping of groundwater led to exposure of 
the cave passages to vadose conditions and changed the hydrochemistry of the karst water. 
As a result, large quantities of Fe and Mn hydroxides were deposited in the passages. It was 
found that at least two groups of various organisms were involved in depositing ferrous and 
manganese sediments. In order to establish the mechanism of deposition, we conducted 
chemical analyses of the sediments and isotopic analyses of organic carbon. This enabled 
us to formulate a hypothetical model of the biogenic deposition of Fe and Mn compounds. 
According to the model, autotrophic iron bacteria precipitated Fe hydroxides. Organisms of 
this type assimilate CO2 from cave atmospheres and, as a result of isotopic fractionation 
during that process, organic matter in 13C is depleted by 7.3‰ relative to CO2. Heterotrophic 
bacteria (responsible for depositing manganese oxides) parasitise on autotrophic bacteria 
without changing the carbon isotope composition of organic matter. Fungal organisms living 
in ferrous sediments separate carbon from organic matter, resulting in enrichment with the 
heavier carbon isotope by 2‰.
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INTRODUCTION

Iron and manganese are relatively common in cave 
environments (Hill & Forti, 1986). Their presence is 
usually indicated by characteristic colours, including 
reddish, orange, and yellow in the case of iron, and 
dark-brown to black, blackish, tarry, or soot-like in 
the case of manganese. Fe and Mn compounds in 
caves are frequently accompanied by various types 
of cave sediments, but often form pure types of cave 
deposits (speleothems) (see e.g., Naum & Butnaru, 
1967; Looney, 1969; Hill & Hill, 1971; Urbani, 
1976; Foster et al., 1977; Martini & Kavalieris, 
1978; Martini, 1980; Onac et al., 1997; Provencio 
& Polyak, 2001; Gázquez et al., 2011, 2012; Miller 
et al., 2012; Carbone et al., 2016). Host rock, which 
contains iron and manganese or material of various 
lithologies from the surroundings, transported into 

caves by water, is the main source of these elements 
in karst. Metals ‘released’ into caves from bedrock or 
allochthonous sediments usually appear as oxides or/
and hydroxides, forming more or less stable mineral 
phases (crystalline or amorphous) (Hill & Forti, 1986). 
The mineralogy of Fe-Mn compounds in caves depends 
mainly on the lithology of the bedrock (carbonates, 
sulphates, salts, silicates, magmatic material, and 
others) and the microclimatic conditions of the cave 
environment (especially humidity), which govern the 
hydration or dehydration of compounds. The widest 
variety of Fe and Mn compounds can be observed 
in caves developed in carbonate rocks – limestones, 
dolomites, ankerites, and siderites (see e.g., Osborne, 
1978; Zimák et al., 2000; Bosák et al, 2002; Cílek et 
al., 2002) ‒ because these rocks and their weathering 
products are usually enriched in minerals containing 
Fe and Mn, such as pyrite, hematite, rhodochrosite, 
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marcasite, limonite, and goethite (Northup et al., 
2000, 2003; Boston et al., 2006). Iron often constitutes 
a significant part of the insoluble residuum of 
limestone. Hence, fissures and caverns in karstified 
limestones are frequently filled with the red mass of 
iron oxides. For this reason, as is known, soils formed 
on limestone under certain (Mediterranean) climatic 
conditions exhibit a characteristic red colour (terra 
rossa).

In caves developed in other types of karstified rocks, 
such as gypsum or salt, Fe and Mn compounds are 
generally allochthonous materials, mainly due to the 
low level of the contents of such elements in gypsum 
or halite. Nevertheless, in some special cases, iron 
and manganese sediments may appear in gypsum 
caves in situ due to chemical (biochemical) deposition 
from water solutions.

It is widely known that Fe and Mn compounds 
are extremely sensitive to changes in pH and Eh of 
water environments and oxidise when geochemical 
conditions change from anaerobic to aerobic, 
resulting in precipitation of minerals (Skinner & 
Fitzpatrick, 1992). For example, in a case where an 
aquifer is isolated from the surface by impermeable 
layers (artesian, hypogenic conditions, etc.), it may 
be opened hydraulically and exposed to the effect 
of oxygen. The opening of such an aquifer (due to 
natural, i.e., erosion, or anthropogenic processes) 
is usually accompanied by radical changes in the 
hydrogeochemical environment, e.g., from reducing to 
oxidising conditions. Of course, deposition of Fe and 
Mn compounds occurs not only in karst formations 
but also in any other similar violation of the regime 
of underground water circulation accompanied 
by changes in hydrogeochemical conditions; as 
such, it is quite common (Płochniewski & Pich, 
1966; Kleczkowski et al., 1974; Macioszczyk, 1987). 
The deposition of Fe and Mn is often governed by 
microorganisms, primarily bacteria, which mediate 
metabolically in the processes of the mobilisation of Fe 
and Mn from sediments as well as in their oxidation 
and deposition (see e.g., Skinner & Fitzpatrick, 1992; 
Hose et al., 2000; Sommers et al., 2002; Northup et al., 
2003; Spilde et al., 2005; Boston et al., 2006, 2009).

Geochemical events of this kind provoked by mining 
activity, specifically the opening of a karst aquifer by 
work at a quarry, occurred in the Zoloushka Cave 
area, Ukraine/Moldova (Andreychouk, 2007). The 
history of this area represents a perfect example 
of hydrogeochemical changes in a cave water 
environment resulting in the biochemical deposition 
of a large quantity of iron and manganese compounds 
(Andreychouk & Klimchouk, 2001; Andreychouk, 
2007). The question of iron and manganese sediments, 
which are widespread in Zoloushka and which feature 
a wide variety of aggregations, is, along with the 
problem of speleogenesis, the most challenging and 
interesting among the scientific problems related 
to the cave. A number of publications have been 
devoted to this aspect of the cave (Andreychouk & 
Korzyk, 1984; Volkov et al., 1986, 1987; Volkov 
& Andreychouk, 1986; 1987; 1988; Volkov, 1990; 
Andreychouk & Klimchouk, 2001; Andreychouk, 

2007). Although the principal mechanism of the 
formation of these compounds in the cave has been 
explained, many questions remain unanswered. 
These concern, first of all, the role of microorganisms 
in the precipitation of Fe-Mn hydroxides, their types, 
the paragenetic relationships between the various 
groups of microorganisms which deposited the 
compounds, the formation of complex stalactite-
shaped and stalagmite-shaped aggregates consisting 
of Fe and Mn hydroxides, and others. These issues 
have not been clarified to date by explanations 
based solely on mineralogical and geochemical 
considerations. To resolve them, we conducted 
isotopic studies of carbon in Fe-Mn formations in 
the atmosphere of the cave. The results of these 
studies suggested a hypothesis combining various 
types of iron and manganese formations in a single  
genetic cycle. 

ZOLOUSHKA CAVE: GEOLOGY AND 
FERROMANGANESE HYDROXIDES

Zoloushka Cave: geological settings
The cave is located in the southern part of Western 

Ukraine, where the borders of three countries, Ukraine, 
Moldova, and Romania, converge (Fig. 1). The cave was 
uncovered during a quarry mining work in 1946, but 
was not surveyed by speleologists until 30 years later. 
Over a period of approximately 50 years, the exposed 
cave labyrinth was continually damaged during the 
excavation of gypsum. During the 1980s and 90s, a 
well-equipped 30-metre artificial entrance to the cave 
was prepared, including ladders, and natural side 
openings in the quarry wall were covered with waste 
material. These activities were carried out in order 
to implement a protection programme for the cave, 
which had been proclaimed a natural monument. It is 
estimated that about 7 km of the labyrinth had been 
destroyed by mining work. The total length of the 
passages in the surveyed part of the cave is currently 
around 92 km (Andreychouk, 2007).

The quarry and the artificial entrance into the 
cave are located within the territory of the Republic 
of Moldova, very close (100‒150 m) to the Ukrainian 
border (Chernivtsi area, North Bukovina region). The 
labyrinth stretches from the entrance to the NW, 
towards Ukraine, and NE, towards Moldova. The 

Fig. 1. Location of Zoloushka Cave in Ukraine.
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national border between Ukraine and Moldova divides 
the cave maze into two parts: the Ukrainian (western) 
and the Moldavian (eastern). The river Prut, which 
forms the border between Moldova and Romania, flows 
1.0‒1.5 km to the south of the quarry, separating the 
cave area from Romania.

The cave maze is developed in a Miocene (Upper 
Badenian) gypsum series 23‒25 m thick. At the top, the 
gypsum is covered by a relatively thin (0.5‒1.4 m) bed 
of well-consolidated limestone (Ratynsky Limestone) 
which is overlain by massive series of layered clays 
of the Upper Badenian (Kosowsky Formation, 10‒60 
m in thickness). Young Quaternary (QIII‒QIV) alluvial 
(sand, gravel, loess) sediments of the III‒V terraces of 
the Prut River lie on the eroded surface of the clays. 
Gypsum lies on the eroded surface of Lower Miocene 
limestones and marls, and, in places, on Cretaceous 
sandstones.

Karstified gypsum and fractured underlying rocks, 
as well as loose Quaternary formations, contain 
underground waters. Karst waters circulating 
in gypsum and underlying carbonate-sandstone 
formations are hydraulically connected, forming a 
joint water-bearing complex which is drained by the 
Prut River valley. Due to the pumping of water from the 
quarry, which started in the 1950s, the karst aquifer 
gradually declined. By the end of the 1960s, more 
than 80% of the gypsum series had been drained, and 
the cave galleries, exposed by mining activity, became 
accessible for speleological exploration.

The rapid changes of the hydrodynamic regime 
which took place after the beginning of mining work 
and progressive deepening of the quarry caused 
radical changes in the geochemical environment and 
the hydrogeochemistry of karst water. Geological 
exploratory research carried out prior to mining 
activity had shown that, prior to excavation by the 
quarry firm, the cave was almost completely filled 
with water. The aquifer water level was located only 
2‒3 m below the roof of gypsum. The karst waters, 

waters and provoked their degassing from H2S and 
CO2. These events initiated a series of changes in 
the aquifer, causing the stage transformation of its 
geochemical conditions according to the following 
schema: reducing → transition/gley → transition/
oxidising → oxidising (Volkov, 1990; Andreychouk & 
Klimchouk, 2001; Andreychouk, 2007). The change 
in the conditions of the aqueous environment from 
reducing to oxidising resulted in the deposition of Fe 
and Mn compounds.

From a morphologic perspective, Zoloushka Cave 
represents a cave maze consisting of passages of 
various sizes forming relatively separate networks 
(cave parts) characterised by different densities  
(Fig. 2). Morphological and morphometric variations 
in the cave network are caused mainly by structural 
predispositions. The largest passages and corridors 
are located in the upper part of the gypsum layer, 
where passages 1.0–6.0 m wide and 1.0–7.0 m high, 
characterised by oval, rhombic, or semi-spherical 
cross sections, predominate (Fig. 3).

The weak intensity of the exchange of the cave air 
with the atmosphere outside generally results in a 
stagnating regime of air circulation in most of the 
cave, resulting in the accumulation of significant 
amounts 0.5–4.5% of carbon dioxide (CO2).The high 
content of carbon dioxide in the air is a particular 
feature of the cave’s microclimate. We suppose that 
such a high concentration is a result of the poor 
exchange of cave air with the outside environment as 
well as of biogeochemical processes occurring in the 
cave (Andreychouk, 2007; Andreychouk et al., 2011).

As for the main types of the sediments present in 
the cave, the most widespread are thinly- redeposited 
layered clays which cover the bottoms of the galleries 
and the lower parts of the walls, with thicknesses 
ranging from several centimetres to 5‒6 m. They 
represent the deposits created as a result of the 
sedimentation of fine suspended matter in the aquatic 
environment. This matter occasionally appeared in 

Fig. 2. Some typical passage morphologies in Zoloushka Cave. Photographs 1 
and 2 by V. Andreychouk, 3 and 4 by V. Kiselov.

which moved very slowly towards the bottom 
of the Prut River are characterised by a high 
concentration of H2S (above 100 mg/l) and 
a relatively high value of TDS (3.0‒4.5 g/l)  
(Andreychouk, 2007).

From the moment of exploitation and pumping 
out of the water, the quarry became an artificial 
drainage base for the underground water. A 
depression cone developed around the quarry. 
As a result of the activation of water circulation, 
the TDS content in water decreased to a level of 
1.9‒2.6 g/l, and degassing occurred.

The stagnating underground water regime (until 
the opening of the aquifer by the quarry firm) and 
the presence of Н2S in the water clearly proved 
the reducing geochemical character of the water 
environment and its neutral or slightly acidic 
pH, which favoured the occurrence of Fe and Mn 
in dissolved form. Numerous search boreholes 
which reached the gypsum layer immediately 
prior to the excavation and gradual lowering of 
the water level (at the initial stage of operation) 
enabled oxygen to access the underground 
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Fig. 3. Map of Zoloushka Cave showing the location of sampling points for sediments and air and the results 
of δ13C analysis in ‰ VPDB.

water during the collapse of the gallery ceiling along 
with the Miocene clays, as well as, in some cases, 
alluvial deposits and soil lying above it. A relatively 
large quantity of organic material reached the cave, 
along with both the clays and, particularly, the 
Quaternary sediments (including the soil).

Fe-Mn formations in the cave
The deposition of iron and manganese compounds 

from the oxidising water was one of the results of the 
geochemical transformation of the water environment. 
Red, yellow, and black are typical of the colouration of 
the cave landscape of Zoloushka.

The first specialised (mineralogical and geochemical) 
investigations of these sediments were performed in 
1985‒87. These studies enabled the determination 
of the mineralogical phases and the chemical and 
elemental composition of iron and manganese 
formations, as well as an explanation for the regularity 
of their prevalence in the cave (Andreychouk & Korzyk, 
1984; Volkov & Andreychouk, 1986, 1987; Volkov et 
al., 1986, 1987.

Several years later, specialised geomicrobiological 
tests carried out in the cave showed that various 
bacteria occurred in profusion on the surface of all of 
its environments, including such groups as sulphate 
reducers (Desulfovibrio desulfuricans), denitrifiers 
(Pseudomonas denitrificans), hydrogen producers 
(Clostridium spp., Acidithiobacillus ferrooxidans, 
Thiobacillus thioparus, T. denitrificans), methane 
producers, iron bacteria, and unidentified fungus-
like microorganisms (Volkov, 1990; Andreychouk & 
Klimchouk, 2001; Andreychouk, 2007). Fe and Mn 
formations, especially, were exceptionally rich in 
bacterial life, indicating the potentially important role 
of microorganisms in the deposition of Fe and Mn 
compounds.

Further research, carried out in the 1990s, led 
to a more detailed explanation of the possible role 
of particular groups of bacteria in the geochemical 

evolution of the karstic aquifer; thus an essential 
model of the formation of Fe-Mn deposits in the cave 
was proposed (Andreychouk & Klimchouk, 2001; 
Andreychouk, 2007). At the same time, iron deposits 
were covered with fungus-like microorganisms which 
formed colonies and gave iron deposits their bizarre 
shapes (hollow tubes, stalagmite-like, stalactite-like, 
nest-like forms, etc.). Detailed SEM investigations 
helped to determine the structure and composition 
of these fungus-like organisms, but, unfortunately, 
they could not be identified. According to the opinions 
of some geomicrobiologists, most likely they are not 
known to science. The results of a pilot study of these 
microorganisms were published in a comprehensive 
article (Andreychouk et al., 2009).

The above-mentioned studies showed that bacteria 
played an important role in the deposition of Fe 
and Mn compounds. The latter were deposited as a 
result of the active mediation of microorganisms in 
creating the conditions lowering karst water levels 
and oxidising cave waters. However, in the case of 
colonial forms of Fe-compound formation, the decisive 
role was played by the unidentified fungus-like  
microorganisms.

In order to enhance understanding of the mechanism 
(and relevant peculiarities) of the biogeochemical 
deposition of Fe and Mn compounds by chemosynthetic 
microorganisms in Zoloushka Cave, we investigated 
the organic matter and examined the isotopic state of 
carbon in all of the above-mentioned formations and 
in the air of the cave.

METHODS

Samples of iron and manganese material were 
collected aseptically in sterile plastic bags of various 
sizes at specific locations of the cave (where they 
appeared in the greatest amounts – Fig. 3). The 
collected materials were then prepared for further 
laboratory analysis.

CORRECTED 

PROOF



225Iron and manganese sediments of Zoloushka Cave

International Journal of Speleology, 48 (3), 221-235. Tampa, FL (USA) September 2019

Total carbon and total inorganic carbon analyses
Amounts of total carbon (TC), total sulphur (TS), 

and total inorganic carbon (TIC) were determined at 
the Faculty of Earth Sciences, University of Silesia, 
Poland, using an Eltra CS-500 IR Analyser with a TIC 
module. Total organic carbon (TOC) was calculated as 
the difference between total carbon and total inorganic 
carbon. TC, TS, and TIC contents were measured 
using an infrared cell detector for the detection of CO2. 
For TC and TS, the gas was evolved via combustion in 
an oxygen atmosphere. For TIC, CO2 was obtained via 
a reaction with 20% hydrochloric acid. The calibration 
was performed in accordance with Eltra standards. 
Calcium carbonate content was calculated as CaCO3 = 
8.333 × TIC, under the assumption that all carbonate 
was present as calcite (Racka et al., 2010). The Eltra 
standards was measured prior to analysis; analytical 
precision and accuracy were better than ±3%.

Isotopic investigations
The isotopic composition of carbon stable isotopes 

was investigated in the organic fraction extracted from 
the collected samples and from cave-air carbon dioxide.  
Inorganic carbon (carbonate ions) was removed by 
using hydrochloric acid. Two different sample pre-
treatment methods were tested in this work.

The first was a slightly modified method described by 
Panno et al. (2004). The samples, designated Mn-K (Mn 
compound) and SH-C-Fe (Fe compound), were treated 
with 2 N HCl at 60ºC for 24 hours. Subsequently, the 
solution was left at room temperature to allow the 
sample to decant. The sedimented sample was washed 
with deionised water and, after 24 or 48 hours, the 
solution was decanted again. This step was repeated 
until a neutral pH was obtained. Finally, the samples 
were centrifuged and dried overnight in an oven at 
45ºC. The entire process lasted over a week.

In the case of two other samples, the second method 
was used. The samples, designated SH-C-Fe-2 and 
Mn-K-2, were treated with 0.5 N HCl at 75ºC for 3 
hours. Subsequently, they were centrifuged and 
the solution was decanted. The sedimented sample 
was treated with deionised water and centrifuged, 
and the water was decanted until a neutral pH was 
obtained. As in the first method, finally samples were 
centrifuged and dried for 24 h in an oven at 45ºC. The 
entire process lasted less than 48 hours.

Cave atmosphere gas samples were collected into 
5-litre PET bottles. Carbon dioxide was cryogenically 
separated from the cave-air gas mixture. Each gas 
sample was slowly pumped through a dry-ice/
alcohol-cooled water trap and two liquid-nitrogen-
cooled carbon dioxide traps.

The stable isotopic composition of carbon was 
determined at the Department of Radioisotopes, 
Institute of Physics, CSE, Silesian University of 
Technology, Gliwice, Poland. The measurements 
were made using an IsoPrime isotope ratio mass 
spectrometer, produced by GV Instruments, UK, 
which operated in continuous flow mode with helium 
carrier gas. The mass spectrometer interfaced via an 
open splitter with an EA3000 Elemental Analyser 
produced by EuroVector, Italy. Several hundred 

micrograms of the sample material were wrapped in 
tin foil and subjected to combustion in excess oxygen. 
The working temperature of the combustion furnace 
of the elemental analyser was set at 1020ºC. However, 
due to the additional heat produced by the oxidation 
of the tin foil, the final combustion temperature was 
much higher. The resulting gases were then carried 
through a copper-filled reduction furnace and water 
trap. Finally, the remaining gases were separated 
using a chromatographic column and transported into 
the ion source of the isotopic ratio mass spectrometer.

Where the size of the samples permitted, 
measurements were made in triplicate. For each 
dozen subsamples, two different standard samples 
with known isotopic compositions were measured; 
the first was the international standard, the second 
the internal laboratory standard. The one-point 
calibration method was used for the calculation of 
δ13C values. All results were expressed in ‰ VPDB. 
The laboratory standard FLCELAC (Boettger et al., 
2007) was used for the calibration, and an IAEA-C3 
sample was used as a reference for the calculations.

In the case of cave CO2 gas samples, a special 
apparatus was used to collect the desired amount 
of CO2. The gas was sampled using 100-µL gas-tight 
syringes. The gas from the syringes was injected 
directly into the helium flow of the continuous-
flow open-split interface of the isotope ratio mass 
spectrometer. All gas sample measurements were made 
in duplicate. The IAEA-C3 sample, combusted offline 
and treated similarly to CO2 extracted from cave-air 
samples, was used as a reference. In the case of the 
injected samples, the one-point calibration method 
was used for the calculation of the δ13C value as well. 
Typical reproducibility based on repeated standards 
measurements for both organic and gaseous samples 
measurements was better than 0.20‰.

SCANNING ELECTRON MICROSCOPY

The images were taken in the Scanning Microscopy 
Laboratory, Faculty of Earth Sciences, University of 
Silesia, using a Philips XL30 ESEM instrument with 
an EDAX Sapphire analyser, coupled with an energy-
dispersive spectrometer (ESEM-EDS). The images were 
acquired in high-vacuum mode using an SE detector 
(secondary electrons) at an accelerating voltage 
(V ACC) of 15 keV. Qualitative EDS microanalyses 
of the chemical composition of the samples were 
conducted at selected points of the analysed surface, 
chosen on the basis of the BSE (backscattered electron) 
images. The tested samples had previously been dried 
at room temperature, mounted on aluminium stubs 
with double-sided adhesive carbon tape, and coated 
with thin carbon film.

Chemical analysis (ICP-OES)
The samples were dissolved in an acid solution 

consisting of HCl + HNO3 (in a molar ratio of 3:1). 
The solution was then diluted and subjected to 
chemical analysis. A spectroflame atomic emission 
spectrometer, ICP Model M (Spectro Analytical 
Instruments, Germany) was used for the determination 

CORRECTED 

PROOF



226 Kotula et al.

International Journal of Speleology, 48 (3), 221-235. Tampa, FL (USA) September 2019 

of P, Si, Fe, Mn, Ni, Sr, Zn, Al, Ba, Ca, Co, 
Cu, and Mg. The sequential spectrometer 
was used with the following parameters: 
frequency, 27.02 MHz; power, 1.1 kW; 
demountable quartz torch, Ar/Ar/Ar; 
coolant gas Ar, 14.0 L min−1; auxiliary 
gas Ar, 0.5 L min−1; nebuliser gas Ar, 
1.0 L min−1; nebuliser pressure, 2.5 bar; 
glass spray chamber according to Scott, 
sample flow rate, 1.0 mL min−1; wavelength 
range of monochromator, 165–460 nm. 
Wavelengths: for P, 177.5 nm; Si, 251.6 
nm; Fe, 238.2 nm; Mn, 294.2 nm; Ni, 
221.6 nm; Sr, 216.6 nm; Zn, 202.6 nm; Al, 
167.1 nm; Ba, 230.4 nm; Ca, 422.6 nm; 
Co, 228.6 nm; Cu, 324.7 nm; Mg, 279.1 
nm. The nebuliser flow rate was 5 mL min1. 
The loss on ignition (LOI) was measured 
after roasting in a furnace at 120ºC for  
24 hours.

RESULTS
form of stalactites up to 50 cm in length (Fig. 5-4). 
These stalactite-shaped aggregates are very fragile 
and friable. Closer inspection reveals that they are 
formed of very small crystals (plates) ‘glued’ to each 
other in the deposits form of arborescent aggregates 
with downward-oriented tops.

Analysis of the spatial relationships of Fe and Mn 
compounds showed (Fig. 6) that most often they 
occur together (Fig. 6-1), creating a specific zonality 
in their distribution, whereby manganese formations 
are usually located above ferruginous (Fig. 6-2). In 
separate occurrences, Fe compounds form mainly 
films, Mn compounds thin layers and accumulations 
of black powder (Fig. 6-3, 6-4).

The degree of the transformation of iron and 
manganese compounds increases in regular fashion 
from the deeper parts of the cave to the entrance. 
Near the entrance of the cave, which is subject to the 

Fig. 4. Some examples of Fe compound aggregates occurring in Zoloushka Cave: 1) film 
on the surface of clay sediments; 2) layered body with a thickness of 5‒20 cm; 3) covers on 
the wall; 4) weathered body composed of Fe hydroxides. Photographs by V. Andreychouk.

Fig. 5. Some examples of Mn compound aggregates occurring in Zoloushka Cave: 1) film 
on the surface of clay sediments; 2) thin (0.1‒0.5 cm) layer covering the gypsum wall;  
3) racemose, kidney-shaped aggregates on the wall; 4) stalactite-shaped formations  
in a niche. Photographs by V. Andreychouk.

Types and distribution of Fe-Mn formations  
within the cave

Fe and Mn compounds (hydroxides and oxides) 
occur in the cave in the following forms: films, 
layers, powder coatings, reniform and stalactite- 
and stalagmite-shaped aggregates (Figs. 4‒7). Films 
(0.1‒1.0 mm) of iron (orange and yellow, Fig. 4-1) 
and manganese (black, Fig. 5-1) compounds are the 
most common, colouring the base of the walls and 
the bottom of the galleries black and red and creating 
a characteristic colour scheme in the underground 
landscape of Zoloushka Cave.

In some places in the cave, Fe compounds form 
layers with thicknesses ranging from 0.5‒2.0 to 10‒ 
20 cm or more (Fig. 4-2, 4-3). The areas of these layered 
formations tend to be small, i.e., 1‒5 m2. Due to natural 
dehydration, they become loose and break up into 
bedded fragments and poorly cemented 
crusts (Fig. 4-4). They are also subject 
to colour changes: bright-red formations 
become reddish, and, when taken outside 
of the cave, turn red-brown and yellow, as 
hydroxides are transformed into oxides.

The distribution of Mn compounds 
in the cave is also characterised by 
significant variety (Fig. 5). In addition to 
films (Fig. 5-1), layers of black powder 
(0.5‒5.0 cm) and accumulations of black 
material very similar to soot, up to 10‒ 
20 cm (and in one case as much as 45 cm) 
in thickness, occur. These accumulations, 
which possess a secondary (re-deposited) 
character associated with fluctuations in 
karst water levels, are usually concentrated 
within a small area (up to 1‒2 m2).

Hemispherical, kidney-shaped, and 
racemose aggregates (Fig. 5-3) covering 
the lower parts of the walls constitute a 
very peculiar type of manganese formation 
in the cave. In some cases, they take the 
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influence of the external atmosphere, the compounds 
are dehydrated and are sometimes completely 
transformed into oxides, especially manganese. The 
ferruginous formations in this location are pale brown 
or yellow, the manganese dark-grey and brownish. In 
the remote areas of the cave, they retain, respectively, 
‘fresh’ red and black colours (with a blue tint).

Both Fe and Mn compounds reveal their bacterial 
structure under SEM (Figs. 7, 8), as images show 

Fig. 6. Some examples of the co-occurrence of Fe and Mn compounds in various micro-
environments of Zoloushka Cave: 1 and 2) Fe and Mn compounds on the walls; 3) Mn 
compounds on the wall and Fe compounds under the wall; 4) Mn compound powder on 
the film of Fe compounds covering clay sediments. Photographs by V. Andreychouk.

Fig. 7. SEM images of ferruginous formations: 1) general view of ferruginous 
sediment mass; 2) Fig. 7-1, magnified; 3) isolated iron-bacterial spherules in 
corrosive recesses of gypsum crystal; 4) fibrous iron-bacterial structures;  
5 and 6) individual iron-bacterial spherules with characteristic flaky surface.

of the surfaces of manganese spherules 
can also be observed. As in ferruginous 
hydroxides, Ni and some other trace 
elements are almost always present in 
small amounts in manganese compounds 
(see below). Calcite (in the form of small, 
syngenetic, and secondary crystals) and 
gypsum are also present in the mass of 
both types of compounds.

Extremely singular types of Fe 
formations include stalagmite-shaped 
tubular formations at the bottom of 
corridors, consisting mainly of iron 
compounds (Fig. 9-1, 9-2) and complexly 
shaped hollow bodies occurring on the 
cave ceiling (Fig. 9-3, 9-4) (Andreychouk, 
2007; Andreychouk et al., 2009). The SEM 
investigations revealed that the bodies of 
these formations are formed by fibrous 
and jug-shaped structures (‘branches’ 
and ‘pots’, respectively), as well as masses 
of organic material which fill them  
(Fig. 10). Fungus-like microorganisms 

form relatively large, colonial formations, which 
can be attributed to microbialites, i.e., organo-
mineral sediments formed primarily by the activity 
of microorganisms (see Andreychouk et al., 2009, for 
a detailed description on these features).

The iron microbialites of Zoloushka Cave, which 
are especially fungus-like, are unique in many 
respects and remain completely unexplored to date. 
However, they can be correlated with the microbialites 

that the ferruginous materials consist of 
very small nodules, resembling peas, of 
various sizes (from 1-2 to 5‒10 microns)  
(Fig. 7-2, 7-6). The spherules occur separately or 
form (via accretion and aggregation) aggregates 
consisting of dozens and sometimes hundreds 
of individuals. The size of individual spherules 
is 2‒5 microns, whereas the aggregates measure 
10‒50 microns and more. The spherules often 
cover autochthonous or foreign microcrystals 
(calcite and, in lesser quantities, gypsum;  
Fig. 7-3) contained in the mass of compounds 
as small inclusions. The surface of these ‘peas’ 
is rough, with micropartitions which make it 
‘flocculent’ (Fig. 7-5, 7-6). In cross section, the 
nodules are characterised by a zonal-concentric 
structure. In addition, more complex formations 
often occur in Fe-compound powder, sometimes 
oddly branched and similar to helictites (Fig. 7-4).

Manganese compounds are also formed 
of spherules of different sizes with a zonal-
concentric internal structure (Fig. 8-3). 
Manganese spherules are slightly larger and 
differ from ferruginous in their more complex 
structure and less regular shape. Their size 
varies within the limits of 10‒30 µm. In contrast 
to the ferruginous spherules that build Fe 
hydroxides, Mn spherules are characterised by a 
higher degree of accretion, and virtually always 
form aggregates (Fig. 8-2). With significant 
magnification of SEM images, the flaky nature 
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Fig. 8. SEM images of manganese formations: 1) general view of the mass of 
manganese compounds; 2) racemose structure of a manganese cluster: magnified 
Fig. 8-1; 3) internal concentric structure of a manganese spherule; 4) qualitative EDS 
composition analysis of a manganese spherule.

Fig. 9. Some types of ferruginous stalagmite-shaped (1), tubular (2), and stalactite-
shaped (3, 4) formations built from unidentified fungi-like microorganisms. The height 
of the formations varies, with maxima of 10‒15 cm (1), 35‒40 cm (2), 25‒30 cm (3), 
and 20‒25 cm (4). Photographs by V. Andreychouk.

detected in other environments rich in 
iron and manganese, such as the unusual 
flattened nodules and tube-like formations 
in a deep part of Connecticut Lake, New 
Hampshire, USA (Asikainen & Werle, 2007), 
iron-manganese flattened microbialites 
from the shallow (1‒7 m) Vermillion Lake 
in Minnesota, USA (Sommers et al., 2002; 
S. Douglas, personal communication), 
stalagmite-shaped formations at a depth of 
about 800 metres in the abandoned Soudan 
iron mine in Minnesota (Edwards et al., 2006; 
Boston & Spilde, personal communication; 
C. Alexander, personal communication), 
and benthic carbonate stalagmite-shaped 
structures from Pavilion Lake in Canada 
(Laval et al., 2000; Lim et al., 2009; see 
also Fig. 11B in Carbone et al., 2016). The 
presence of these microbialites is explicable, 
given that fungal biodiversity is broad and 
complex (Hawksworth, 1991; Cunningham 
et al., 1995; Hawksworth et al., 1995). 
Nevertheless, some spheres, similar in appearance, 
have also been described in Fe-Mn compounds from 
deep-ocean crusts (Lusty et al., 2018).

Non-organic components of Fe-Mn formations
Fe and Mn compounds occur in the cave in several 

phases and mineral forms which are characterised by 
specific compositions and differ in terms of content 
of trace elements (Volkov et al., 1987; Volkov & 
Andreychouk, 1987; Volkov, 1990). Fe compounds 
in a ‘fresh state’ (in deeper parts of the cave) occur 
in an amorphous phase, FeOOH·nH2O, in which 
the iron content reaches 50%. The presence of 
large amounts of water in compounds determines 
their high sorption properties (capacity to absorb 
microelements) and their status as oxyhydrate 
collectors. Fe hydroxides contain a large group 
of absorbed microelements, among which the 

association of P, Cr, As, Be, Ge, Ba, Pb, and Sr clearly 
stands out. The content of these elements is always 
correlated with the amount of Fe2O3 in the precipitate  
(Volkov, 1990).

Mn-compounds (oxides) are represented by two 
mineral species: asbolane-bouazzerite and birnessite. 
The formula of birnessite from Zoloushka Cave is  
Ca0.60K0.07Ni0.08Mn3+

1.43Mn4+
5.57 O14 × 5.9H2O (Volkov et 

al., 1986, 1987). Asbolane-bouazzerite was identified 
via X-ray diffraction without the establishment of a 
specific formula (Volkov et al., 1986). The composition 
of the cave’s birnessite is similar to that of deep-water 
oceanic formations (Chuchrov et al., 1979; 1985; 
Volkov & Shterenberg, 1981). In some cases, Mn 
compounds occur as a mix of asbolane-bouazzerite 
and birnessite, in others as pure birnessite only. 
The main component of birnessite is MnO2, which is 
associated with Ni, Co, Mo, Cu, and Zn. 

The chemical composition of Fe-Mn 
sediments (Table 1) indicates that they 
consist mainly of iron and manganese 
oxides. From current and older chemical 
and structural studies (Volkov et al., 1987; 
Volkov & Andreychouk, 1987; Volkov, 1990) 
it can be concluded that:

1) amorphous iron oxides are the main 
phase in Fe;

2) birnessite is the dominant phase in 
Mn sediments, while asbolane and 
bouazzerite have also been identified;

3) amorphous iron oxides contain a large 
group of absorbed microelements, 
among which the paragenetic 
association of P, Cr, As, Be, Ge, Ba, 
and Pb clearly stands out. The content 
of these elements is always correlated 
with the amount of Fe2O3 in the 
precipitate (Volkov, 1990);

4) the main component of birnessite is 
MnO2, which is associated with Ni, Co, 
Mo, Cu and Zn;
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Fe-compounds 
(sample name: SH-C-Fe)

Mn-compounds  
(sample name: Mn-K)

P2O5 4.698 ±0.070 0.4998 ±0.0070

SiO2 3.356 ±0.050 0.664 ±0.010

Fe2O3 66.02 ±0.63 0.1536 ±0.0020

MnO 1.192 ±0.017 77.66 ±0.16

NiO 0.0192 ±0.0010 0.1919 ±0.0020

SrO 0.2790 ±0.0010 0.2765 ±0.0040

ZnO 0.0099 ±0.0010 0.1504 ±0.0020

Al2O3 0.1218 ±0.0020 0.0995 ±0.0010

BaO 0.2352 ±0.0030 0.4202 ±0.0060

CaO 9.75 ±0.14 12.48 ±0.18

CoO 0.0060 ±0.0010 0.0320 ±0.0010

CuO 0.0000 ±0.0010 0.0070 ±0.0010

MgO 0.700 ±0.010 0.934 ±0.014

LOI 8.30 ±0.62 2.30 ±0.62

Total 94.6871 95.8689

Table 1. Chemical composition of Fe-Mn formations in Zoloushka Cave 
(ICP-OES method).

Fig. 10. Zonal structure of the wall of tubular stalagmite (in section): 1) general cross-sectional 
view of the wall: A) outside, B) central, C) inside; 2, 3) jug-shaped and branching formations 
of the outer zone; 4) jugs among the branched structures of the middle zone; 5) cluster of jugs 
in the middle zone; 6) jugs in organic mass of the inner zone (Andreychouk et al., 2009).

5) Fe-Mn chemical sediments are clearly separated 
and do not mix. Mn sediments are almost devoid 
of iron compounds.

Organic components of Fe-Mn formations
Total organic carbon (TOC) contents in Fe and Mn 

formations from Zoloushka Cave are rather low and 
diverse (Table 2). The highest TOC values, in the range 
of 1.5 to 3.0%, were obtained for the Fe sediments built 
from fungus-like microorganisms (PDW-KK-1 and KK 
samples). Fe compounds contain 1.4 to 1.5% of TOC 
(ST and SH-C-Fe samples), whereas formations from 
Mn compounds are organic-poor and characterised 
by TOC contents of 0.2 to 0.4% (Table 2).

Isotopic composition of organic carbon
According to the measured CO2 ion current recorded 

for Mn-rich samples in the mass spectrometer sample, 
the pretreatment method based on long sedimentation 
time resulted in a yield about six times higher than 
that resulting from the fast pretreatment method 
based on centrifugation. For Fe-rich samples, the 
long-time sedimentation method was only two times 
more effective. Comparing δ13C values (Table 3) for Mn-
rich samples obtained using these two pretreatment 
methods, we can state that there is no statistically 
significant difference (t-statistic = 1.68) between 
them. A similar comparison for Fe-rich samples 

gave the same result, i.e., no statistically significant 
difference between δ13C values for the two methods 
(t-statistic = 1.98).

The average δ13C of carbon dioxide in the cave air 
is -21.33‰ VPDB (standard deviation SD = 0.54‰). 
δ13C of the organic fraction of cave Mn-rich sediments 
is -28.56‰ VPDB (SD = 0.80‰) and δ13C of the 

Fe-rich sediments is -26.07‰ VPDB  
(SD = 0.30‰). The average content of 
organic carbon δ13C in Fe-rich sediments 
differs significantly from δ13C contents, 
both in the CO2 in cave air and in Mn-
rich sediments (t-statistic = 2.9 for the 
former test).

DISCUSSION

The issues of the deposition of Fe and 
Mn compounds in the cave as a reaction 
to the changes in the hydrogeochemical 
conditions of the karst aquifer caused 
by the establishment of the quarry and 
its drying are presented in Volkov et al. 
(1987), Volkov (1990), Andreychouk & 
Klimchouk (2001), and Andreychouk 
(2007). The new data presented here, 
primarily related to isotopes, but also 
including materials from our previous 
research, enable a discussion of the 
origin of the Fe-Mn sediments of the 
cave and answer some key questions, 
such as the following:

1) Was the deposition of the Fe 
and Mn compounds exclusively 
chemical in nature, or biochemical, 
involving activity on the part of 
microorganisms? If biochemical, 
how significant was the role of 
microorganisms in the deposition?

2) Why do Fe and Mn compounds 
occur separately in cross sections 
of the described layers? Moreover, 
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Samples Sample type
TIC TC TS TOC = TC - TIC CC

Content % wt.
KK

Fe-compounds 
(hydroxides)

1.100±0.022 2.600±0.026 0.140±0.001 1.500±0.036 8.900±0.178
PDW-KK-1 0.700±0.014 3.700±0.037 0.330±0.003 3.000±0.072 6.200±0.124
SH-ST 0.700±0.014 2.300±0.023 0.140±0.001 1.600±0.036 6.200±0.124
SH-C-Fe 0.7500±0.015 2.200±0.022 0.240±0.002 1.450±0.034 6.300±0.126
Mn-K

Mn-compounds 
(oxides)

0.0200±0.0004 0.500±0.005 0.0100±0.0001 0.480±0.011 0.200±0.004
Mn-K-1* 0 0.440±0.004 0.0100±0.0001 0.440±0.011 0
Mn-E 0.0100±0.0002 0.300±0.003 0.0800±0.0008 0.290±0.005 0.100±0.002
TIC – total inorganic carbon; TOC – total organic carbon; TC – total carbon; TS – total sulphur; CC – carbonate content;  
Mn-K-1* – as sample Mn-K, but after chemical treatment to remove carbonates

Table 2. Organic matter content in various types of Fe-Mn formations in Zoloushka Cave.

why are Fe compounds positioned below Mn 
compounds in cases where they occur together?

3) Why do more complex morphological shapes, such 
as stalactite- and stalagmite-shaped aggregates, 
occur in addition to layers and films in locations 
where Fe compounds have accumulated?

A concise model of the formation and transformation 
of Fe and Mn hydroxides can be described as follows. 
It has long been known that Fe and Mn compounds 
dissolved in underground waters are sensitive to 
changes in the pH and Eh of the aquatic environment. 
Much attention was devoted to this issue, among others, 
in papers by Kleczkowski et al., 1974; Macioszczyk, 
1987; and other authors. Both Fe and Mn, in an acidic 
environment (pH ˂  6) and in transitional and reducing 
hydrogeochemical conditions, reside in underground 
waters in a dissolved state – in ionic form (i.e., Fe2+, 
Mn2+ and others, depending on the composition and 
TDS of water), in the form of neutral and colloidal 
particles, in absorbed form, and in the form of more 
or less durable organic (in cases where the water 
contains a significant amounts of organic matter, e.g., 
fulvic and humic acids) and inorganic complexes. A 
change in hydrogeochemical conditions involving an 
increase in alkalinity and a gradual transformation 
from reducing into oxidating conditions leads to the 
precipitation of Fe and Mn compounds, usually in the 
form of hydroxides. In the process of the oxidation 
of these compounds, ferrous and manganese bacteria 
usually play an important role, as they benefit from 
the chemical energy released during the oxidation of 
Fe2+ to Fe3+ and of Mn2+ to Mn3+ and Mn4+. This results 
in the metabolic accumulation, internal or external, 
of significant quantities of Fe or Mn compounds 
(15‒20% and more; see Lukashev, 1958), which 
may be the source of ferromanganese and so-called 

Sample type Sample
δ13C Average value

(‰ VPDB) (‰ VPDB)

Mn-compounds

Mn-K -27.57 -27.57

Mn-K2
-29.52

-28.89-28.64
-28.50

Fe-compounds
SH-C-Fe

-25,99
-26.26-26.33

-26.33

SH-C-Fe2
-25.70

-25.81
-25.92

Table 3. Average isotopic composition of carbon in cave air and in some types of the Fe-Mn formations in Zoloushka Cave.

cave microbialites, i.e., ferromanganese deposits 
(Barbić & Savić, 1985; Ivanova, 1986; Northup et al., 
2003; Spilde et al., 2005; Andreychouk et al., 2009; 
Carmichael et al., 2013). The optimal functional ranges 
for microorganisms depositing Fe and Mn compounds 
in hydrogeochemical conditions are, in terms of pH, 
5.5–9.5, and in terms of Eh, +50–800. The higher the 
redox potential, the lower the alkalinity of the solution, 
which is favourable for the biochemical precipitation 
of Fe and Mn compounds. It is generally believed that 
the growth of ferrous bacteria depends only slightly on 
the concentration of iron in water, as these bacteria 
can thrive at concentrations ranging from 0.02 to  
10 mg/dm3. Very high iron concentrations (˃14 mg/dm3)  
inhibit their development (Macioszczyk, 1987). The 
presence of dissolved organic matter and CO2 in water 
stimulate the deposition process.

Earlier geomicrobiological studies carried out in the 
cave in the late 1980s and early 90s clearly indicated 
the important role of ferrous and manganese 
microorganisms in the deposition of Fe and Mn 
compounds. Examination of these compounds 
via SEM enables direct observation of ferrous and 
manganese microorganisms (Figs. 7, 8, and 10).

The separate (unmixed) occurrence of Fe and Mn 
sediments in the cave indicates that the sediments 
were deposited by different groups of bacteria, i.e., 
ferrous and manganese, and not by ferro-manganese, 
which can deposit Fe and Mn simultaneously (the 
bacteria from the Leptothrix group are characterised 
by such properties). The microscopic examination 
of both types of sediments showed morphological 
differences between them, as neither mutual 
penetration of layers nor the presence of transition 
zones suggesting that the sediments may be capable 
of mixing were detected. Moreover, the content of 
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organic carbon in the manganese sediments, lower 
than that of the ferrous deposits, may suggest that the 
manganese compounds were formed at a later stage. 
The occurrence of Mn sediments on Fe sediments in 
the cave also indicates their separate genesis in terms 
of depositing microorganisms.

In many places, more complex colonial forms – 
unidentified fungi-like microorganisms, representing 
a higher level of biological organisation and a 
more complex metabolism – occur on (‘parasitise’) 
morphologically complex ferrous bacterial deposits.

The analysis of spatial relationships between groups 
of microorganisms and the sediments they formed, 
as observed in SEM images, showed that the process 
of compound deposition took place in stages, and 
also that genetic (evolutionary) relationships existed 
between particular groups. This was also indicated by 
isotopic studies (see below).

At this point, on the basis of the above information, 
we were able to state conclusively that the process 
of formation of Fe and Mn compounds in the cave 
included the significant involvement of specialised 
microorganisms. One possible scenario is as follows: 
during the long history of the cave’s formation in 
hypogenic conditions (Andreychouk, 2007), under 
the relatively tight cover of clay sediments, and in 
the completely aquatic cave maze, hydrochemical 
conditions were weakly alkaline. At the final 
stage of the hydrogeochemical history of the cave 
(approximately 10,000–70 years), the waters from 
the aquifer in Quaternary alluvial deposits, enriched  
with organic matter as well as soil material rich in 
organic acids, entered through the chimneys, which 
had been flooded due to gravity, in the roof of the cave. 
These events gradually created conditions favourable 
for the reduction of sulphates (with the involvement 
of D. desulfuricans) and accumulation of H2S. The 
reductive activity of anaerobic microorganisms 
reduced the Eh of the aquatic environment, which in 
turn favoured the dissolution and accumulation of 
Fe2+ and Mn2+ in water and Fe sulphides in the clay 
sediments of the cave.

As shown by geological surveys conducted just 
before the karstic aquifer was opened by the quarry 
(in the second half of the 1940s), the karst waters 
were characterised at that time by a high level (4‒5 
g/dm3) of mineralisation (high TDS content), as 
well as being enriched in Fe2+ and Mn2+, saturated 
with hydrogen sulphide (up to mg/dm3), and low in 
oxygen (Volkov, 1990; Andreychouk & Klimchouk, 
2001; Andreychouk, 2007). These circumstances 
determined the significantly reducing nature of the 
aquatic environment, which in turn resulted in the 
mobilisation of Fe and Mn forms dissolved in water, 
primarily in the form of sulphides.

With the beginning of work on the gypsum deposit 
and the opening of the ‘sealed’ karstic aquifer through 
dozens of boreholes, O2 began to penetrate the cave 
environment. Oxygen provoked the activity of thionic 
bacteria, which proceeded to oxidise H2S (Thiobacillus 
thioparus) and sulphur formed in the oxidation process 
(T. thiooxidans). The latter promoted (in the presence of 
sulphides, sulphur, Fe2+, and Mn2+, especially in cave 

clays) the activity of ferrous (such as Acidithiobacillus 
ferrooxidans) and manganese bacteria by producing 
H2SO4, which resulted in the accumulation of this 
compound in underground oxidised waters, including 
colloidal forms of Fe and Mn. The bacterial oxidation 
of H2S led to continued oxidative conditions and 
the stratification of the cave aquifer into two zones 
(without a clear border): the upper zone characterised 
by neutral or weakly alkaline and definitely oxidising 
conditions, the lower by slightly more acidic, 
reducing conditions. These zones corresponded to 
hydrogeochemical environments characterised by 
different conditions and by different forms of Fe and 
Mn. In the oxidising conditions of the upper zone, Fe 
and Mn compounds began to precipitate, though not 
very actively, colouring the gypsum walls of the cave 
yellow and black. In the weakly acidic conditions of the 
lower zone, Fe and Mn were mobilised, accumulating 
in water in increasing amounts. As the aquifer 
oxidised, the upper zone (‘oxidation front’) gradually 
moved downward, ‘squeezing’ the lower zone with 
its reducing conditions and accumulated resources 
of dissolved Fe and Mn compounds and leaving the 
colourful stripes that marked the lower zone’s decline 
on the walls. The deposition of Fe and Mn compounds 
within the upper zone was not very active; most likely 
it occurred in a purely chemical manner and involved 
bacteria. However, this process did not occur on a 
massive scale, because the main resources of iron 
and manganese in mobilised form were contained in 
the degraded lower zone.

Mass precipitation of Fe and Mn compounds, which 
left their accumulations in the form of the cave deposits, 
occurred at the time the quarry was established 
along with the initiation of water-pumping activities. 
The active oxidising aeration of the ‘physically’ open 
karst collector significantly accelerated the process 
of stratification of geochemical conditions in the 
water environment and the neutralisation of the 
environment, which led to the active precipitation of 
Fe and Mn hydroxides. During this process, freshly 
formed Fe and Mn hydroxides actively absorbed such 
elements as Ni, Co, Cu, Zn, Mo, and others from the 
water, usually accompanying them and forming a 
paragenetic association (Volkov et al., 1985, 1987).

The mass precipitation of Fe and Mn compounds 
covering the bottom parts of the cave corridors 
undoubtedly occurred through the mediation of 
ferrous and manganese bacteria. The active, decisive 
role of microorganisms is indicated, in addition to the 
above-mentioned direct mechanisms (SEM images), by 
the enrichment of manganese formations (birnessite 
and asbolan-bouazzerite) with organic matter and 
the overfilling of Fe hydroxides with fungus-like 
organisms.

As mentioned above, the absence of any mixing of 
ferric and manganese masses indicates their separate 
deposition by geochemically specialised groups of 
ferruginous and manganese microorganisms. The 
most commonly described bacterium responsible for 
iron oxidation is Acidithiobacillus ferrooxidans. This 
type of bacteria has been identified and described in 
the environment of Zoloushka Cave (Andreychouk & 
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Klimchouk, 2001). A. ferrooxidans is an autotrophic 
organism that uses chemical energy (iron oxidation) to 
assimilate carbon from CO2. However, determination 
of the type of microorganisms responsible for the 
oxidation of manganese is problematic. Heterotrophic 
manganese-oxidising bacteria, most commonly 
mentioned in the literature (Maki et al., 1987; Greene 
& Madgwick, 1988; Miyajima, 1992), assimilate not 
CO2 but simpler organic compounds, such as the 
remains of other organisms. The source of carbon 
is important due to the following considerations 
concerning isotopic fractionation.

Laboratory research in the field of microbiology 
may be helpful in specifying the mechanisms of the 
bacterial formation of Fe and Mn deposits. Cowie 
et al. (2009) examined the differences in carbon 
isotopic fractionation between autotrophic and 
heterotrophic bacteria. In laboratory conditions, 
autotrophic bacteria assimilated CO2 and, as a result 
of fractionation, produced organic matter through 
the depletion of carbon isotopes by 8‰ compared to 
atmospheric CO2. Heterotrophic bacteria, parasitising 
on autotrophic bacteria, did not fractionate carbon in 
organic matter.

On the other hand, Hobbie et al. (2001) and Ruess 
et al. (2005), who conducted research on carbon 
fractionation for several types of fungi, demonstrated 
that fungi fractionate carbon from food only to a 
small extent; however, some species (Polyporus sp.) 
enriched organic matter by about 3.5‰, while one 
species (Cladosporium cladosporioides) was capable of 
depleting organic matter by about 0.7‰.

Having compared the average δ13C values of carbon 
dioxide in the Zoloushka cave air with δ13C content 
in organic fraction of cave Mn-rich sediments, we 
suggest that organic carbon in these sediments is 
the residue of autotrophic bacteria which assimilated 
carbon dioxide from the atmosphere according to 
the established carbon isotope fractionation scheme 
(Cowie et al., 2009). The average content of organic 
carbon δ13C in Fe-rich sediments differs significantly 
from the corresponding content in both the CO2 in 
cave air and Mn-rich sediments. Based on these 
facts and studies (Ruess et al., 2005; Cowie et al., 
2009), we suggest that carbon transformation in 
the system ‘cave air CO2 – C of organic matter 
of Fe and Mn sediments’ may appear as shown  
in Fig. 11.

Fig. 11. Hypothetical transformation of carbon in the biogenic (bacterial) cycle of the formation of Fe 
and Mn compounds in Zoloushka Cave.

In the final stage of the opening of the cave maze by the 
quarry and radical changes in the hydrogeochemical 
conditions of the aquifer, autotrophic bacteria (A. 
ferrooxidans) began assimilating carbon from the cave 
atmosphere, significantly enriched with CO2 (δ13C 
21.23‰), and transforming it into organic matter, 
with δ13C equal to -28‰ (Δ13C is approximately 
‒7.3‰.). Even today, after 60‒70 years of the cave’s 
exposure to the external environment, the content 
of CO2 in the cave air remains very high, 1‒4% or 
more, due to its weak natural ventilation. Next, the 
organic residuals of the bacteria were consumed by 
heterotrophic organisms (bacteria oxidising Mn), 
generally without the carbon fractionation (as in a 
laboratory study by Cowie et al. 2009). The organic 
matter of Fe compounds may also have served as a 

source of food for fungi-like microorganisms coexisting 
with autotrophic Fe bacteria. This transformation was 
accompanied by carbon isotopic fractionation (Δ13C) 
between the two organic residuals of approximately 
2.0‰.

CONCLUSIONS

This study, including isotope studies, on the ferrous 
and manganese sediments of Zoloushka Cave, has 
enabled the formulation of the following conclusions, 
which answer the questions posed in the introduction 
of this article:

1. The remains of microorganisms (bacteria and 
fungus-like organisms) detected in the Fe and Mn 
sediments by SEM suggest quite clearly that these 
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sediments were formed with the involvement of 
these organisms and constitute the product of 
their metabolic cycles. Thus, they are biogenic 
sediments, or so-called microbialites.

2. The separate, unmixed occurrence of ferrous 
and manganese formations in the cave is due 
to the creation of the above-mentioned types 
of sediments as the result of two separate 
biogeochemical processes. Their formation took 
place with the involvement of various groups 
of bacteria, both ferrous and manganese, as 
indicated by their differing chemical composition 
and ‘physiognomy’ (the structure and shapes of 
the organisms) visible under SEM and by the 
isotopic differences between them.

3. The location, characteristic of the cave, of 
manganese sediments on ferrous sediments is a 
reflection of the evolutionary-genetic relationship 
between them. The content of organic carbon, 
lower in manganese than in ferrous sediments, 
may suggest that manganese compounds were 
formed as secondary features in the presence of 
the originally deposited ferrous formations. Their 
formation may have been caused by heterotrophic 
bacteria consuming organic carbon collected by 
autotrophic ferrous bacteria in ferrous sediments.

4. Stalactite- and stalagmite-shaped colonial ferrous 
bodies, usually ‘growing’ from ferrous masses, 
are composed of the remains of fungus-like 
microorganisms that most probably functioned 
in a close relationship with autotrophic ferrous 
bacteria. This is indicated by the joint occurrence 
of these groups of microorganisms, their complex 
spatial and structural relationships (visible 
in SEM photographs), and the insignificant 
values of organic carbon fractionation in strictly 
bacterial carbon formations and formations built 
of fungus-like microorganisms.

5. The isotopic analyses of organic carbon 
conducted on the cave’s ferrous and manganese 
sediments showed correlations between the 
isotopic biofractionation values obtained in the 
laboratory (data from Hobbie et al., 2001; Ruess 
et al., 2005; Cowie et al., 2009) and in the cave 
environment (our data). The values of isotope 
ratios of organic carbon from biogenic carbon and 
manganese cave deposits are useful to determine 
their formation sequence.
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