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Abstract

Iron oxide deposits in the form of crusts are examined in the field and in the laboratory with scanning electron micros-
copy. Samples came from two caves developed in different geological settings but assumed by previous studies to be 
of hydrothermal-hypogene origin. The relation of iron oxide crusts to cave wall and ceiling morphology created by the 
cave’s primary dissolution (speleogenesis), as well as to the formation of other speleothems, is investigated. Scanning 
electron microscope (SEM) elemental analysis showed a high iron content (20–78 % by weight) consistent with iron 
oxide minerals such as goethite, hematite, magnetite, etc. Three distinct types of iron oxide crusts were identified from 
the four samples that were analyzed: (1) high iron content crusts with some porosity formed on the host rock surface 
and discontinuities, (2) high iron content (but lower than type 1) crusts, including limestone clasts and pores originating 
from dissolved clasts, and (3) high iron content, significantly-porous crusts that are formed by a network of filaments 
that indicate microbial activity. The formation of these deposits in relation to other speleothems and to dissolution 
events is discussed.

INTRODUCTION
Ηypogenic cave formation is a special category of speleogenesis experiencing an increase in interest as more of 

these caves are identified globally (Klimchouk et al., 2017). These caves differ from those in classical karst that are 
developed by epigene (or hypergene, as defined by Dublyansky, 2014) speleogenesis because they are formed by 
water recharge from lower hydrostratigraphic units and sources disconnected from the adjacent surface (Klimchouk, 
2017). In many of these caves, iron oxide and iron hydroxide deposits have been reported, which are in many cases the 
final products of sulfide oxidation (Onac and Forti, 2011). Examples of hydrothermal caves with deposits of iron oxides 
and hydroxides include: Iboussières Cave in France that contains spongy, microbial, ferruginous material that forms 
black tubes as they are deposited in vertical wall channels (Audra 2017a), Sima de la Higuera Cave in Spain, where 
iron-manganese coatings are found (Gázquez et al., 2012a), the inactive sulfuric-acid-speleogenetic Rhar Medjraba 
cave in Algeria with iron oxides having a spongy texture and in association with microbial mats (Coiffait and Quinif, 
1978, cited in Audra, 2017b), the El-Balayza Caves in Egypt where iron and manganese oxides are associated with 
feeders (Mostafa, 2012, cited in Audra, 2017b), a number of caves in southwest Sardinia, Italy, where at least in one 
cave crust formation is subaerial by water films (De Waele et al., 2017); Cave of the Winds and Glenwood Caverns in 
Colorado, USA, where a bacteria has been reported to have deposited iron oxide/hydroxide (Luiszer, 1994; Maslyn 
et al., 2017); natural cavities of the karstic iron ore deposit of Warda in northern Jordan, where the authors assume a 
speleogenetic process for the ore deposit based on the bacterial oxidation of methane (Al-Malabeh et al., 2008), Mbobo 
Mkulu in South Africa, where goethite speleothems on the ceiling are formed by dripping water (Martini, 2017), caves 
of the Apennines Mountains, where goethite coatings are related to the presence of mineralized water (Galdenzi and 
Menichetti, 2017), the Buda thermal karst of Hungary, where iron hydroxide precipitates dominated by goethite are as-
sociated with cave rafts, indicating hypogene cave discharge areas (Mádl-Szőnyi et al., 2017), and caves in Germany, 
where siderite weathering results in carbonic acid speleogenesis and goethite deposits (Kempe, 1971; Kempe et al., 
2017; and the references therein). This list is not exhaustive, and ferromanganese deposits are also known from hyper-
gene caves (e.g. Onac et al., 1997).

Iron oxide crusts are found also in two Greek caves, Maronia Cave and Mavros Vrachos Quarry (MVQ) Cave 
(Fig. 1), which are considered to be related to hydrothermal speleogenesis of hypogene origin. These crusts were 
sampled and investigated, and their structure and composition are described and discussed according to other known 
cases and formation processes. Formation of other speleothems and dissolution processes are considered in order to 
describe their relationship to the iron oxide crusts.

CAVE DESCRIPTIONS AND SAMPLING
Maronia Cave is the largest known cave in Thrace and has been well studied from the perspective of geology, archae-

ology and biology (e.g., Lazaridis, 2005; Melfos et al., 2005; Pavlides et al., 2005; Sylaiou et al., 2009; Panti, 2015). It is 
formed in limestones of the Eocene with nummulites. The limestone unit is relatively thin and unconformably deposited on 
green schists above a basal Eocene conglomerate and sandstones. The nummulitic limestones mark the beginning of the 
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Tertiary stratigraphy in the Tertiary basins of Thrace. They are slightly inclined to the west. Both the sedimentary and met-
amorphic rocks were intruded and overlain by Oligocene subvolcanic and volcanic rocks represented by altered andesites 
alternating with tuffs (Kouris, 1980; Papadopoulos, 1982; Melfos, 1995; Pavlides et al., 2005). Maronia Cave (Fig. 2) covers 
about 1 ha and is well decorated with several speleothem types (Lazaridis, 2005; Melfos et al., 2005). Its small-scale disso-
lution morphology is considered to resemble that of hypogene caves (Vaxevanopoulos and Melfos, 2010), but most forms 
referred to, such as cupolas, are polygenetic. Our observations of the speleothems verify that there is a significant degree 

of biocorrosion (Brux-
elles et al., 2016; Audra 
et al., 2016; Audra et 
al., 2017; Cailhol et al., 
2019) due to the large 
bat populations that 
could be responsible for 
the formation of cupolas 
and related micro-scale 
forms. So, only large- 
and meso-scale mor-
phology of the cave and 
other geochemical data 
could be used to inves-
tigate its speleogenesis.

During our research 
in the cave for possible 
presence of hydrother-
mal calcite deposits, 
iron oxide crusts were 

Figure 1. Geographic location of Greek caves where iron crusts were sampled and investigated. Map from Google Earth. Western red dot, 
MVQ Cave. Eastern red dot, Maronia Cave. Inset, location within Greece.

Figure 2. Ground plan of Maronia Cave with sampling sites Sp55, Sp56, and Sp 57 (based on Petrocheilou, 
1984).
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found. We chose three locations for sampling that were spread along the north half of the cave (Figs. 2 and 3). The first 
two samples come from cupola-shaped areas of the cave ceiling and from the sidewalls of these sites. The third sample 
was collected from a pendant that is covered with coralloids. Below the 
coralloids there is a massive iron oxide crust. 

MVQ Cave (Fig. 4) was discovered by quarrying at the Mavros Vrachos 
hill about 220 m MSL in the southwestern part of the northeast-southwest 
striking Krousovitis Basin in the Serres region, northern Greece. This basin 
is filled with Neogene and Quaternary sediments (Karistineos, 1984) over-
lying mainly gneisses and marbles that belong to the Rhodope Massif of 
the Hellenides and granitoid intrusions of Tertiary age (e.g., granites, gran-
odiorites, etc.). Travertine deposits occur in several locations in the basin.

In the entrance area of MQV Cave are two vertical passages, divided 
by a conical breccia deposit, forming in total a breccia pipe morphology. 
The southern passage is about 8 m in depth and choked by autochtho-
nous sediments. The northern passage is about 20 m deep and con-
nects to the main cave chamber. A 40 m long passage starts vertically 
from the east side of the chamber. It is inclined and stops at a small lake 
56 m below the entrance elevation. This passage extends underwater 
for more than 10 m where two almost-vertical passages are developed 
more deeply. Another vertical passage starts at the southern part of the 
main chamber and is connected to small horizontal and vertical passages 
about 40–50 m below the entrance level. The deepest parts are narrow 
and inaccessible. 

Figure 3. Photographs of iron oxide crust occurrences in Maronia Cave. (A1, A2) Sampling site Sp55. (B1, B2) Sampling site Sp56. (C1, 
C2) Sampling site Sp57 in a pendant covered by carbonate coralloids, crusts, and coatings. Fig. A2, B2, and C2 each show the crust in 
greater detail.

Figure 4. Block diagram of Mavros Vrachos Quar-
ry Cave. Sampling site is depicted.



54 • Journal of Cave and Karst Studies, June 2023

Lazaridis, Papadopoulou, Melfos, and Voudouris

Figure 5. Photographs inside Mavros Vrachos Quarry Cave. (A) The main chamber covered by the iron oxide crust and view of the sedi-
mentary ridge along its axis. (B) Details of broken layers in the ridge of the main chamber. (C) Dissolution remnant on the floor of the south-
ern passage. (D) Feeder conduit at the south part of the cave. (E) Detail of the spongework structure of the iron oxide crust. (F) The vertical 
passage that connects the eastern conduit to the main chamber. (G) Part of the eastern conduit with symmetrical cross-section covered by 
the iron oxide crust and frostwork-coralloid alternations at the lower half of the passage. (H) Detail of the frostwork and coralloids. (I) The 
lake that is formed at the deepest part of the cave, 56 m below the entrance elevation. (J) Mudstones in proximity to the lake. (K, L) Detail 
of cave caps formed on mud nodules and in situ, respectively. Scale bars differ for each photograph.
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An iron oxide crust a few centimeters thick (5–10 cm) 
covers most of the cave interior, and a few other speleo-
thems are found, such as calcite spar consisting of a few 
millimeter-long crystals, carbonate crusts and aragonite 
and calcite frostwork alternating with globular coralloids, 
cave powder (Hill and Forti, 1997), and some mud nod-
ules partially covered by a calcite layer resembling cave 
caps (Fig. 5J–L). The calcite spar is widespread within 
the cave in small pockets of the iron oxide crust. A ridge 
that consists of successive carbonate crusts (in at least 
the uppermost 10 cm) forms the cave floor along the long 
axis of the main chamber. This is the second most com-
mon type of speleothem in the cave due to its extent, 
after the iron oxide crusts. Its layers are not horizontally 
deposited, but instead, they follow the inclination of the 
ridge surface. Above the ridge there are no stalactites 
or any dripping sites. In general, dripping speleothems 
are almost absent. The alternation of frostwork and coral-
loids occur in the central chamber and the east passage, 
where it is delimited at the lowest parts of the passage. 
Cave powder and cave caps are found at the small lake in 
the deepest part of the cave and are related to its surface 
and its area of seasonal fluctuations. One sample of the 
iron oxide crust was collected from the main chamber of 
the cave for further investigation. 

METHODS
Morphological and chemical investigation of iron oxide 

crust samples were carried out at the Scanning Micro-
scope Laboratory, Aristotle University of Thessaloniki, 
using a JEOL Ltd. JSM840A SEM equipped with an en-
ergy-dispersive spectrometer with a 20 kV accelerating 

Figure 6. Macroscopic appearance of the examined iron oxide crusts from Maronia Cave. (Sp55, Sp 56, Sp57) Sample from the corre-
sponding sites shown in Fig. 2. (Limestone clasts) Detail from the sample from site Sp57. Lower left scale bar applies to the samples from 
sites Sp55 and Sp56. Upper right scale bar applies to the sample from site Sp57 (except the limestone clasts detail).

Figure 7. Backscattered SEM images of iron oxide crust samples 
from Maronia Cave. Numbered white circles correspond to the ele-
mental composition sites provided in Table 1. (A, B) Sample Sp55 
where mainly iron oxides and iron hydroxides are observed. (C) 
Sample Sp56. (C1) Iron oxides and iron hydroxides. (C2–C5) Alu-
minosilicates. (D, F) Sample Sp57 with iron oxides, iron hydroxides, 
and aluminosilicates. (E) Sample Sp57 with calcite. Scale bars cor-
respond to the images above each bar.
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voltage and a 0.4 mA probe current. Pure cobalt was used as an optimization element. For SEM observations, the 
samples were coated with carbon (to an average thickness of 20 nm) using a vacuum evaporator JEOL-4X. Energy-dis-
persive X-ray spectroscopy analysis allows the chemical determination of phases with a size as small as 1 × 1 μm. 
In total, three representative sub-samples from the samples from sites Sp55, Sp56, and Sp57 in Maronia Cave were 
investigated as well as 1 sub-sample from the MVQ Cave sample. 

RESULTS
In Maronia Cave, the first 2 samples are macroscopically similar (Fig. 6), with Sp55 and Sp56 consisting of massive 

porous areas and crusts. Both samples show dark red to brown color while sample Sp57 is more massive, porous, and 
lighter in color. Upon close examination of the external part of the sample that is covered with coralloids, its pores are 

Table 1. Elemental composition of the studied sample sites from Maronia Cave from Energy Dispersive Spectroscopy in 
weight percent (see Fig. 7).

Element
Sample Sp55

A1 A2 A3 B1 B2 B3 B4
Al ∙∙∙ ∙∙∙ ∙∙∙     5.29     1.02 ∙∙∙ ∙∙∙

Si ∙∙∙     3.81     2.66   17.74 ∙∙∙

Ca ∙∙∙     3.38     1.83   18.02     2.09   12.07     2.85

Mn ∙∙∙ ∙∙∙ ∙∙∙   21.16 ∙∙∙ ∙∙∙ ∙∙∙

Fe   77.73   67.73   75.74   29.13   60.02   35.10   74.63

As ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙     9.27 ∙∙∙ ∙∙∙

O   22.27   25.09   22.43   26.41   24.94   35.08   22.52

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Sample Sp56
Element C1 C2 C3 C4 C5

Mg ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙     2.97

Al ∙∙∙     2.97     4.98     4.23     2.88

Si ∙∙∙     3.98   20.17   13.97     2.09

P ∙∙∙ ∙∙∙     5.02 ∙∙∙ ∙∙∙

S ∙∙∙ ∙∙∙     1.92 ∙∙∙ ∙∙∙

Ca ∙∙∙ ∙∙∙     3.16 ∙∙∙     1.64

Fe   77.73   66.75   20.78   48.28   64.41

As ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙

O   22.27   26.30   43.97   33.52   26.01

Total 100.00 100.00 100.00 100.00 100.00

Sample Sp57
Element D1 D2 D3 D4 E1 F1 F2 F3 F4 F5

Mg     1.88     0.30 ∙∙∙ ∙∙∙ ∙∙∙     2.46

Al     1.17     3.77 ∙∙∙     8.94 ∙∙∙     5.36   14.01     8.33   14.96   12.72

Si     2.78     5.62   19.74   28.95 ∙∙∙     8.88   20.27   36.26   23.58   31.77

K ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙     0.86     1.29     0.86     0.74

Ti ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙     9.45 ∙∙∙ ∙∙∙ ∙∙∙

P ∙∙∙     3.08 ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙ ∙∙∙

Ca ∙∙∙     7.48 ∙∙∙     4.49   71.47 ∙∙∙ ∙∙∙ ∙∙∙     0.02 ∙∙∙

Fe   68.97   48.84   44.91   11.58 ∙∙∙   51.92   10.40     3.99   15.73     5.52

O   25.20   30.91   35.35   46.04   28.53   31.38   45.02   50.13   44.86   49.25

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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found to be lined with small euhedral calcite crystals. Some small fragments of limestone, in the shape and size of the 
pores, are found in areas where large pores are missing. 

With the SEM (Fig. 7), sample Sp55 appears to consist of micrometer-sized crystals and aggregates, and the sur-
face exhibits pores that are about 10 μm in size. The maximum iron content is 78 % by weight, which is consistent for 
iron oxide minerals such as goethite, hematite, and magnetite. In one subsampling point, manganese replaces the iron 
content. Other elements found are aluminum, silicon, calcium and arsenic. Similarly, sample Sp56 also has a high iron 
content of about 78 %. Places with a lower content of iron display higher amounts of silica and other elements such as 
aluminum, magnesium, calcium, phospherous, and sulfur. It also consists of small grains (about 15μm in diameter) and 
massive areas. The third sample, Sp57, displays lower iron content that reaches 69 %, where calcium carbonate and 
aluminosilicate minerals make up a small percent of the crust. Apart from iron, calcium, silicon, and aluminum, other 
elements found in this sample include magnesium, potassium, phospherous, and titanium. Although macroscopically it 
appears more porous, it looks relatively massive in the SEM. Grains of aluminosilicates are only a few micrometers in 
diameter, whereas calcite crystals are few millimeters in diameter. The results of chemical analyses for these samples 
are summarized in Table 1.

The sample from MVQ Cave (Fig. 8) is much more porous than the samples from Maronia Cave and very fragile. Its 
color is more or less similar to the other iron oxide crusts along the cave’s length or depth. The analyzed sample con-
sists mainly of iron, which reaches 96 % by weight (Table 2). Its structure observed in the SEM consists of tiny filaments 
that are oriented at every direction forming a network structure. The filaments consist of spherical aggregates with 1–5 
µm radii. These spherical aggregates consist of needle-like crystallites that are radially arranged.

Figure 8. Backscattered SEM image from the iron oxide crust in Mavros Vrachos Quarry Cave where a network of tiny filaments is ob-
served. Scale bar shown below image.
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DISCUSSION
Both caves sampled in this study have been in-

cluded in the list of hypogene or possibly hypogene 
caves in Greece (Lazaridis, 2017). Various occur-
rences of iron oxides and iron hydroxides in hypo-
gene caves under a number of conditions are sum-
marized in Table 3. Both subaerial and subaqueous 
conditions have been found to be responsible for 
the formation of these deposits. Manganese-rich 
deposits may be associated with the iron oxides. 
The spongy porous appearance might be associat-
ed with microbial activity. In general, iron and man-
ganese are mobilized from mineralizations in the 
host rock (Gázquez et al., 2011, 2012a, 2012b) or 

from dissolution of trace elements in the vadose parts of caves (Spilde et al., 2006). Although ferromanganese deposits 
in the caves of the Guadalupe Mountains (USA) have been considered the residue of dissolution during speleogene-
sis (Davis, 2000; Polyak and Provencio, 2001) or thought to be formed by condensation corrosion (Queen, 1994), the 
enrichment of iron and manganese oxides remains problematic. However, it could be explained by a microbe-driven 
process modeled by a number of studies (Northup et al., 2000, 2003; Boston et al., 2001; Spilde et al., 2005, 2006).

The iron oxide crusts in Maronia Cave form two different types: one type covers sidewalls and the other is found as 
a pendant-like ceiling protrusion. The first type displays higher iron content and fills small discontinuities and voids on 

Table 2. Mean values and range of elements in weight % found in 
the Fe-oxide crust from Mavros Vrachos Quarry Cave.

Element Mean Min Max

O   27.33     2.96   36.70

Na     0.99     0.99    0.99

Mg     0.53     0.49     0.58

Al     1.29     0.32     2.15

Si     3.48     0.53     4.54

Ca     0.35     0.22     0.62

Fe   67.43   56.35   96.19

Total 100.00 N.A. N.A.

Table 3. Hypogene caves with Fe-oxides and hydroxides and their main characteristics.
Cave/Country Type of Deposit Associated with Conditions Reference

Mavros Vrachos Quarry 
Cave, Greece 

Spongy texture with 
microbial filaments

Symmetrical passages, 
feeders, cupolas

Hypogene/ hydrothermal 
speleogenesis, subaqueous 

formation

Present work

Maronia Cave, Greece Porous crust Pendant forms, 
discontinuities, cupolas

Possibly Hypogene 
speleogenesis

Present work

Iboussières Cave, France Spongy microbial 
ferruginous material

Vertical wall channel “black 
tubes”

Hypogene speleogensis Audra et al., 2017

Rhar Medjraba, Algeria Spongy texture Microbial mats Hypogene/ sulfuric acid 
speleogenesis

Coiait and Quinif, 1978

El-Balayza Caves, Egypt Iron oxides Manganese oxides and 
feeder morphology

Hypogene speleogenesis Mostafa, 2012

Cave in southwestern 
Sardinia, Italy 

Iron oxides ∙∙∙ Subaerial formation by 
water films

De Waele et al., 2017

Cave of the Winds and 
Glenwood Caverns, 

Colorado, USA

Spongy texture with 
bacteria filaments or 

small uniform grains (1–2 
μm)

Iron oxide mammillaries of 
inorganic origin/ breccias/ 

calcite

Hypogene speleogenesis/ 
subaqueous formation

Luiszer, 1994; Maslyn 
et al., 2017

Lechuquilla Cave, New 
Maxico, USA

Rusticles: “subaqueous 
streamers of iron mineral 
sheaths of iron-oxidizing 

bacteria”

Calcite crust “reduced iron-rich fluid was 
trickling from above into

standing water”

Davis, 2000

Mbobo Mkulu, South. Africa Goethite speleothems on 
the ceiling ∙∙∙ Dripping water/ subaerial 

formation
Martini, 2017

Caves of the Apennines 
Mountains, Italy

Goethite coatings Presence of mineralized 
water

Hypogene speleogenesis Galdenzi and 
Manichetti, 2017

Caves of the Buda thermal 
karst, Hungary 

Iron hydroxide 
precipitates dominated 

by goethite

Cave rafts and discharge 
areas

Hypogene/ hydrothermal 
speleogenesis/ subaqueous 

formation

Mádl-Szonyi et al., 
2017

Sima de la Higuera Cave, 
Spain

Ferromanganese 
oxyhydroxides

Botryoidal aggregates/ 
hydrothermal calcite veins/ 
related to boxwork pattern

Hypogene speleogenesis/ 
multiphase process of 

formation

Gázquez et al., 2012a

Germany Goethite deposits Siderite weathering Hypogene speleogenesis Kempe, 1971; Kempe 
et al., 2017

Warda, Northern Jordan Karstic iron ore deposit Calcite veins Hypogene speleogenesis Al-Malabeh et al., 
2008
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the walls and ceiling. By the term discontinuity, we mean any type of break in the rock, such as bedding planes, joints, 
faults, etc. These crusts cover the host rock in cupolas, indicating that the crust formed at or soon after the termination 
of speleogenesis. Regarding the second type, its extent and relation to the dissolution forms of the bedrock cannot be 
clearly observed due to speleothem coverage. It can be assumed that the presence of limestone clasts in the deposit 
indicates an early karstification filling of a discontinuity. Since the bedding planes are of low angle, a tectonic discon-
tinuity can be suggested. This deposit was later exposed from dissolution that removed most of the limestone clasts, 
reshaped the passage and left the iron-rich filling as an undissolved remnant.

In MVQ Cave the deposition of the various carbonate speleothems is related to distinct conditions. The calcite spar 
seems to be related to the formation conditions of the iron oxide crust. It is contemporaneous or follows its deposition 
since it appears to either be covered by or to cover the iron oxide deposits. The formation of the carbonate crusts and 
the ridge in the central chamber is enigmatic. Any relation to dripping water or flowing water is excluded because of its 
location and shape, respectively. So, most probably it is related to subaqueous formation conditions, and as it can be 
supposed from its distance from the sidewalls at the west side and around the passages, its shape is affected by rising 
water inputs in the chamber. This assumption is worthy of further investigation. The deposition of frostwork is related 
to subaerial capillary films, and for its growth there are several prerequisites concerning the cave environment, the 
bedrock and the rate and chemistry of the seeping water (Hill and Forti, 1997, and references therein). It is common for 
frostwork to alternate with coralloids (popcorn) due to admixtures in solution or to changes in speed of crystallization. 
Frostwork and coralloids from MVQ Cave have been developed on the iron oxides, which have high porosity (a sponge-
work pattern), fine filamentous textures, and the resistance of the goethite to solution by capillary films. Due to these 
characteristics, they are ideal bedrock (according to the conditions considered by Coudray and Cabral, 1978a, 1978b) 
for the formation of frostwork and coralloids. Coralloids from MVQ Cave consist of calcite and aragonite. The deposition 
of aragonite is preferable under evaporative conditions, which, along with the presence of air flow, is favorable for the 
growth of frostwork. However, the existence of air flow inside MVQ Cave is not strong, and it is questionable if it existed 
before the artificial entrance. Finally, the cave powder and the cave caps are related to the conditions that are presently 
found in the deepest part of the cave associated with stagnant water. Speleothems that are related to seeping water 
(e.g., stalactites) are almost completely absent indicating a restricted entrance and recharge from surface above the 
cave and/or an effective sealant above the cave. 

The iron oxide crust in MVQ Cave appears to have been formed subaqueously due to its presence in the whole 
known extent of the cave and its similar thickness throughout the cave. It is also formed inside all the dissolution forms 
of small-scale morphology that are indicative of the presence of rising water conditions, suggesting a probable depo-
sition during the latest stages of speleogenesis. SEM observation shows that its fragile structure resembles structures 
formed by microorganisms (Fig. 8).

CONCLUSIONS
The four samples examined here can be considered as three different types of Maronia and MVQ Cave iron oxide 

crusts: high iron content crust with some porosity and formation on host rock surface and discontinuities; high iron 
content but lower than the first type, that include limestone clasts and pores originating from dissolved clasts; and a 
high iron content, significantly porous crust that is formed by a network of filaments that indicate microbial activity. The 
1st type is considered co- or post-dissolutional since it covers cupolas. The second type, which developed secondary 
porosity due to dissolution of clasts, seems to have undergone a phase of dissolution that also formed the passage in 
a way that left behind the insoluble iron crust that was filling some early void. The third type is subaqueous and most 
apparently phreatic due to its extent and isotropic deposition. It is the dominant speleothem in MVQ Cave and a small 
number of other speleothems are either related to its presence and capillary water flow or to the presence of stagnant 
water. All-in-all, vadose speleothems are almost absent in this cave, indicating a delimited vadose input and reinforcing 
the phreatic origin of the crusts. Oxidation might be related to microbial activity in this case, whereas for the first 2 types 
no evidence of such activity is observed. This type is worthy of study in further detail to investigate the conditions under 
which the cave and the crust were formed. 
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