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Abstract: Heavy, black manganese pebbles have been found in the clastic sediments of the Hochschartehdhlensystem
(the Northern Calcareous Alps). Six selected pebbles were subjected to X-ray diffraction, optical microscopy and
optical and electron microscopy analysis. The results reveal that the main component of the pebbles is manganese
silicate, braunite, Mn**Mn*" (SiO,)O,. Braunite is a mineral formed at elevated temperatures, mainly through hy-
drothermal, metamorphic or diagenetic processes. This means that the manganese pebbles were formed outside
the caves. However, manganese rock was not found in situ on the surface of the Hoher Goll Massif. This probably
indicates that their origin is from eroded parts of Mesozoic rocks. The first studies of pebbles and their mineralo-
gy, by analogy with contemporary marine sediments, indicate that their genesis is related to spreading zones and
accompanies hydrothermal vents. The analysed material highlights two important issues: (1) the manganese peb-
bles are significant arguments for the occurrence of hydrothermal vents in the Northern Calcareous Alps; and (2)
the importance of cave sediments studies, which provide relevant evidence for palacogeographic reconstruction.
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INTRODUCTION

Cave clastic sediments are important clues in the re-
construction of the phases of cave evolution, palacoflow
directions, cave formation in relation to the geomorphic
evolution of mountains, tectonic studies, and palaeoclimatic
reconstruction (e.g., Boséak, 1989; Hercman, 2000; Ford and
Williams, 2007; Sasowsky, 2007; Szczygiet et al., 2020a,
b; Bella et al., 2021). Clastic material that enters caves can
originate from faraway sources, both inside the massif and
on the former surface with a different erosional surface than
the recent one.

Manganese oxides represent a common deposit in karst
caves and usually form coatings on cave walls (Hill and
Forti, 1997; Ford and Williams, 2007; White et al., 2009)
in thicknesses of one to a few millimetres. In cave sed-
iments, they are often accumulated in the form of man-
ganese fluff (e.g., Boston, 2004) and could be soft (the
so-called ‘wad’) or a consolidated crust (Moore, 1981,
Peck, 1986). Birnessite [(Na,Ca),s(Mn*,Mn*"),0,-1.5H,0]
is the most common manganese mineral in caves (e.g.,
Bosék et al., 2002). Other minerals containing Mn found

in caves are chalcophanite [ZnMn*",0.-3H,0], cryptome-
lane [K(Mn* Mn*)O,], hausmannite [Mn*Mn*,0,],
pyrolusite [Mn*0,], rancieite [(Ca,Mn?*"),,(Mn* Mn*")
0,0.6H,0], romanechite [(Ba,H,0),(Mn*,Mn*).O, | and
todorokite [(Na,Ca,K,Ba,Sr)(Mn,Mg,Al)O,,3H,0] (Peck,
1986; Hill and Forti, 1997, White et al., 2009). Bernardini
et al. (2021) studied manganese patinas with stromato-
lite-like features in Del Cervo Cave (Italy). Manganese de-
posits could be enriched in a spectrum of trace elements and
rare-earth elements, such as Ni, Co, P and/or other heavy
and trace elements that are associated with Mn-bearing de-
posits (e.g., Bosak et al., 2002). The origin of manganese
minerals deposited in caves is often described as being
the result of microbial activity (Peck, 1986; Northup and
Lavoie, 2001). They also occur in flowstones as amorphic
manganese oxides (Gradzinski et al., 1995; Hill and Forti,
1997).

Host rocks and allogenic clastic material, transported into
caves by water, could be the source of Mn compounds as
well. It should be noted that the identification of manganese
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oxides occurring in caves is usually difficult, owing to the
poor crystallinity of the minerals (Moore, 1981; Kashima,
1983).

Although the occurrence of manganese deposits in caves
is quite common, manganese pebbles are not often found
there. There is an almost complete lack of studies of this
type of cave sediment, either autogenic or allogenic. Bosak
et al. (1999) described small concretions transported into
the cave from eroded soils of terra rossa type. Massive,
hard, autogenic Mn-oxide concretions were described in the
Bohemian Karst by Cilek and Féabry (1989).

This paper describes one of the first studies, carried out
in caves in the central part of the Hoher Goll Massif (cf.
Kicinska, 2021; Szczygiet et al, 2022). It presents the
possibility of palacogeographic reconstruction, based on
clastic sediments and their mineralogy, as in earlier speleo-
logical studies, carried out in the eastern part of the massif
(Klappacher and Knapczyk, 1979).

Fig. 1.
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This paper deals with the unique manganese pebbles
found in the Hochschartehdhlesystem Cave, their basic min-
eralogical characteristics, and their genesis and provenance.
This is the first description of manganese deposits of this
type, found in a cave.

GEOLOGICAL AND
GEOMORPHOLOGICAL SETTING

The Hoher Goll Massif is located ca 20 km south of
Salzburg City (Fig. 1) along the Austrian-German border as
a part of the Berchtesgaden Alps. The altitude difference be-
tween the highest peak (Hoher Goll, 2,522 m a.s.l.) and the
bottom of the valleys reaches 2,000 m. The Massif extends
in a W-E direction and is ~3 km wide and ~I1 km long.
The Hoher Go6ll Massif is limited by the Salzach Valley in
the east, the Bluntautal Valley in the south, the Konigssee

Tectonic sketch of the Northern Calcareous Alps with adjacent areas and the discussed locations, after Beck-Mannagetta and

Matura (1980) and Frisch and Gawlick (2003), simplified and redrawn.
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Lake and Konigsseeache River in the west, and the
Weissenbachtal Valley in the north. The central and eastern
parts of the massif drain into the Schwarzbachfall/Gollinger
Wasserfall (Fig. 2). The whole surface of the karst covers an
area of ca 25 km? (Klappacher and Knapczyk, 1979).

The Hoher Goll Massif belongs to the Austro-Alpine
mega-unit of the Eastern Alps (Tollman, 1980). It is com-
posed of Mesozoic rocks, mostly Middle and Upper Triassic
carbonates (Fig. 2) with Jurassic limestones and radiolar-
ites in the north and the west (Plochinger, 1955, 1987,
Braun, 1998). The main ridge is made up of the Dachstein
Limestone, underlain by the Wetterstein Dolomite, the
Ramsau Dolomite, and the Ramsau/Reifling Limestone
(Pl6chinger, 1987; Braun, 1998).

The Hoher Goll is one of the smallest massifs in the
Berchtesgaden Alps, without extensive plateaus like those
in the Tennengebirge and Hagengebirge massifs. Most of
the caves are developed in the Upper Triassic Dachstein

Fig. 2.
and Plochinger (1987).
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Limestone, 2-3 km thick (Zankl, 1969). Currently, 352
caves are known and registered in the cave cadastre in the
Massif (Landesverein fiir Hohlenkunde, Speleological Club,
Salzburg), including the Hochschartehohlensystem and
Jubilatimschacht caves, the depths of which exceed 1,000
m (Klappacher and Vo6lkl, 2016). The caves here, as in other
massifs of the Northern Calcareous Alps, belong to the Ruin
(ca. 2,000 £ 300 m a.s.l.), Giant (ca 1,600 + 500 m a.s.l.)
and Spring (ca. ~800 + 300 m a.s.l.) cave levels (Fig. 3;
Fischer, 1990; Frisch et al., 2001). The caves trap and pre-
serve various clastic sediments that were transported by riv-
ers or waters, flowing from melting glaciers and seasonal
snow fields. The sediments accumulate in sumps and pas-
sage bottoms. Such cave clastics can be transported into the
caves many times within the underground drainage system
or washed out of the caves (e.g., Zupan Hajna ef al., 2008).
Nevertheless, the remains of such mixed sediments are of-
ten found, especially in Alpine karsts.

Geological map of the Hoher Goll Massif with location of studied cave system, simplified and modified after Tichy et al. (1979)
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Fig. 3.

The research was carried out in the Hochschartehdhlen-
system Cave in the central part of the Hoher Goll Massif
(Fig. 2). The system consists of four caves, interconnect-
ed by cave exploration activities: Hohle der Sprechender
Steine, Engstellenschacht, Kammerschartenhohle and
Unvollendeteschacht (Fig. 3). The total length of the sys-
tem is 14,668 m, and the vertical extent is 1,394 m (Golicz,
2013).

MATERIALS AND METHODS

Cave clastic sediments were collected from the Site
G, which is located in the upper parts of the Hohle der
Sprechender Steine (part of the Hochschartehdhlensystem;
G, Fig. 3), where a large number of black and heavy pebbles,
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Schematic cross-section of the Hochscharteh6hlensystem with sampling site of clastic deposits.

mixed with sands and gravels, were found. These sediments,
discussed in the paper, chaotically covered a collapse, locat-
ed in the upper part of the deep pit and part of the wall above
it. Among dozens of pebbles, six pebbles were selected for
laboratory testing and marked G1-G6 (Fig. 4).

Samples taken from each pebble were subjected to X-ray
diffraction (XRD), using a Thermo Electron ARL X’tra
diffractometer based on a vertical 6-6 Bragg-Brentano ge-
ometry, with CuKaa radiation, equipped with a solid state
Si(Li) detector. The following parameters were applied to
the measurements: voltage 40 kV, amperage 30 mA, and
power 1200 W. The range of measurements in continuous
scan mode was from 20° to 70° 28, with a step size of 0.02°
per second.

Thin sections of the pebbles (Gl, G2 G3 and G4)
were made and examined in an Olympus AX70 Provis
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petrographic microscope using reflected light. Differential
interference contrast (DIC) was used to highlight the sur-
face morphology.

Further investigations of texture and morphology were
carried out with a Hitachi S-3700N scanning electron mi-
croscope (SEM) in back-scattered (BSE) and secondary
electron (SE) modes. The chemical composition in microar-
eas was detected with an energy dispersive spectrometer
(EDS) Noran SIX. Analyses were performed in the Institute
of Geology of the Faculty of Geographical and Geological
Sciences (the Adam Mickiewicz University, Poznan, Poland).

RESULTS

The pebbles selected for the study varied both in size and
weight. The largest one has a diameter of 5.5 cm (380 g),
while smaller pebbles with diameters of 1-2 cm and corre-
spondingly lower weights of around 6-10 g predominated.
All the specimens are irregular and dome-like, slightly elon-
gated; they have high density and with very shiny black sur-
faces. Even at the macroscopic level, samples Gl, G2 and
G6 have a granular texture and massive structure (Fig. 4).

XRD analysis

The results of mineral composition of pebbles are pre-
sented in Table 1. In all samples, the major phase is braunite
[Mn*Mn* (Si0,)O,] with the main 2O reflections: 33.04;
38.22; 55.4 degrees (Fig. 5). In samples G1, G2, G4 and G5,
peaks observed with 20 values of 28.7; 37.4; 56.7 degrees
may represent pyrolusite or hollandite [Ba(Mn** Mn**))O].
The presence of hollandite is supported by two 20 peaks:
28.7 and 37.4 degrees; but no other reflections typical for
this mineral. In the G3 sample (Fig. 5C), besides braunite,
diaspore [AIO(OH)] is present — a mineral associated with
laterite weathering.

Optical microscopy, SEM-EDS analysis

Thin sections of samples Gl (largest pebble), G2 and G3
revealed the presence of biogenic-like colloform textures
(Fig. 6A—C). In sample G4, the laminar texture is less dis-
tinct (although discernible), which may stem from the inter-
section of the cross-section or the degree of crystallization
of the mineral phases (Fig. 6D). The dominant pattern is an
alternating arrangement of light, massive laminae with con-
vex relief and dark laminae with concave relief and irregular
morphology.

The laminae with a convex relief are composed of two
mineral phases, differing in colour and bireflectance (Fig.
7A). In plane-polarized light (PPL), the light grey phase
is clearly dominant, showing very weak pleochroism and
anisotropy. In cross-polarized light (XPL), it is dark grey
with a brown shade (Fig. 7B). The light grey phase forms a
dominant cement, which replaces the creamy-white phase.
The creamy-white phase forms a relict type of texture.
Pleochroism of the creamy-white phase is not noticeable,
while in XPL the authors obtained clear anisotropy and a
metallic-grey colour.
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Fig. 4. Samples of analysed braunite nodules from the
HochschartehShlensystem (A) and cross-section of Gl sample
(concretion) with visible a stromatolite-like texture (B).

Table 1

Mineral composition of pebbles determined by XRD.

Gl G2 G3 G4 G5 G6
braunite + + + + + +
pyrolusite +/- - - - +/- -
hollandite +/- - - - +/- +/-
diaspore - - + - - -

The SEM-BSE images confirm the presence of two sepa-
rate mineral phases, differing in density (Fig. 8A, B). Dark
grey, less dense areas, composed of Mn and Si show the
presence of braunite (Fig. 8A). Braunite is often in the form
of automorphic crystals. Due to the Ca admixture, it may
be a form of braunite-II (not confirmed by XRD). Creamy
white, denser areas are formed by Mn and Ba, which indi-
cate the presence of hollandite (Fig. 8B).

The laminae with concave relief have irregular mor-
phology, related to the presence of a number of scattered
fine-spherical particles, resembling accumulations of bi-
ogenic mats (Fig. 9A, B). Within them, the authors found
fine and coarse braunite, which is undoubtedly secondary
after a biogenic-like texture (Fig. 10A). Chemically, they
are enriched in Mn (sample GI; Fig. 10B) or enriched in
Fe (sample Gl; Fig. 11). The needles of cryptomelane were
observed in the near-surface zone of pebble G6. However,
it should be considered as secondary (Fig. 12). The total
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Fig. S.
or hollandite, D — diaspore, Py — pyrite.

Table 2

Semi-quantitative chemical composition obtained by SEM-
EDS analysis of specimens G1-G4.

Gt | & | & | a4
[wt. %]

0 25998 | 26008 | 25433 | 24538
Mg 0.06 0.00 0.00 0.00
Al 0.93 0.93 0.4 0.67
Si 3.83 3.29 3.37 2.85
K 0.34 0.58 0.07 0.32
Ca 1.14 1.39 1.04 1.06
Mn 59.84 58.41 59.99 68.27
Fe 5.96 8.4 7.88 0.77
Ba 1.90 0.95 1.77 1.53

XRD patterns of Mn pebble samples. A. G1. B. G2. C. G3. D. G4. E. G5. F. G6. Abbreviations: B — braunite, P/H — pyrolusite

semi-quantitative chemical composition of nodules G1, G2,
G3 and G4 determined by scanning an area of approximate-
ly 15 mm?, is presented in Table 2.

Consistent results from petrographic and SEM-EDS anal-
yses indicate that the dominant component of the pebbles
is manganese silicate (braunite). The results of the chem-
ical composition are consistent with those of the petro-
graphic studies, also showing the presence of manganese
and barium oxides as quantitatively the second component
of the pebbles studied. Despite the ambiguity of the XRD
analyses, the authors assume that the second mineral phase
is hollandite, formed at higher, hydrothermal temperatures
(cf. Hansel and Lehrman, 2016). All pebbles studied are
characterized by the presence of biogenic mats, resem-
bling a stromatolite-like texture. Manganese is by far the
dominant element, while the Fe content is approximately
10 times lower.
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Fig. 6

DISCUSSION

The analysed Mn-rich pebbles were formed outside the
caves; they represent allogenic, redeposited material. Their
moderate roundedness indicates rather a short transport dis-
tance from local sources. They were formed on the surface
or come from older eroded rocks.

In the literature on the Northern Calcareous Alps caves,
descriptions of clastic sediments similar to the manganese
pebbles studied are known. The vast majority of these
are iron oxides, originating as weathered material of the
Augenstein Formation. Siliciclastic sediments were depos-
ited on the Dachstein palaeo-surface from the Oligocene
to the Miocene (Frisch et al., 2001). Later, as the moun-
tains were uplifted, the weathered material was eroded and
transported from the surface to the caves by allogeneic
streams (Frisch et al., 2001; Audra et al., 2002; Clemens
et al., 1995; Hauselmann et al., 2020; Kicinska, 2021). In
the macroscopic image, some of these sediments are very
similar to manganese pebbles. However, the lack of manga-
nese deposits in this part of the Alps excludes this region as
a source area. It seems unlikely that it could be a product of
weathering of the Augenstein Formation rocks.

Giving consideration to the above facts, it is most probable
the manganese pebbles come from eroded Mesozoic rocks.
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Microscopic view of thin sections samples in reflected light (PPL). A. G1. B. G2. C. G3. D. G4.

Manganese mineralization in the Northern Calcareous Alps
took place the late Pliensbachian, the late Toarcian to middle
Aalenian, the early to middle Bathonian and the Oxfordian
(Cornelius and Plochinger, 1952; Plochinger, 1955; Jurgan,
1968; Germann, 1973; Jenkyns et al., 1991; Krainer et al.,
1994; Ebli et al., 1998). It is worth noting that the greatest
amount of Jurassic manganese mineralization is associat-
ed with the Upper Liassic marls and shales (“manganese
shales”, “Manganschiefer”) extending over a length of 250
km from the west to the east of the Northern Calcareous
Alps (Germann, 1973). Many authors attribute the increased
Mn content in the Jurassic period to volcanism and progres-
sive rifting of the Tethys passive continental margin (Corbin
et al., 2000; Sabatino et al., 2009). Studies of manganese
deposits from Late Jurassic Tennengebirge strata and Early
Jurassic strata of the Karwendel Mts, on the basis of rare
earth, major and trace elements indicated their hydrothermal
and hydrogenous origins (Rantitsch et al., 2003).

While Mn mineralization is common in the Tethys
Jurassic, the occurrence of braunite is rare. In the Northern
Calcareous Alps, braunite has been found only in a few
places, such as the upper Liassic marls and shales in the
western part of the Steinernes Meer Massif (Germann,
1973; Giinther and Tichy, 1979) and the Tennengebirge
Massif (Cornelius and Plochinger, 1952). Germann (1973)
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Fig. 7.

Fig. 8.
B. Ba-rich cement.

attributed the formation of braunite as being due to volcanic
processes on the basis of the presence of a tuff interbedded
with manganese deposits. Loosely lying nodules of brau-
nite, pyrolusite and chalcophanit from the Gamskar cirque
were described by Meixner and Paar (1977). This post-gla-
cial cirque is located in the Hoher G611 Massif to the west of
the studied cave system. These authors suggested different
origins of these deposits (volcanic and metamorphic pro-
cesses) at different times. Nowadays, these sediments are

D. KICINSKA ET AL.

Micrograph of sample G3 in reflected light. A. PPL. B. XPL.

SEM-BSE images of sample G4 with EDS analyses obtained at the point highlighted by the cross. A. Polygonal braunite crystal,

not found outcropping in the Hoher Goll Massif. It should
be added that the sparse occurrence of braunite in the Tethys
Realm, apart from the Northern Calcareous Alps, were stat-
ed in the Western Alps (Tumiati ef al., 2010) and in the Tatra
Mts, i.e., in the Carpathian part of the Tethys Ocean (Jach
and Dudek, 2005).

It is worth noting that the presence of braunite is regard-
ed as an indicator of hydrothermal activity, in tectonical-
ly active zones, in mid-ocean ridges in particular, or as the
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Fig. 9.
G3 (B).
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Micrograph of the concave surface of sample GI (A) in reflected light with DIC mode and the SEM-BSE micrograph of sample

Fig.10. SEM-SE images of sample G1 with EDS analyses obtained at the point highlighted by the cross. A. Secondary braunite.

B. Stromatolite-like matrix

result of depositional-diagenetic processes or very low-
grade metamorphism under elevated pressure and tempera-
ture (Bonatti et al., 1976; Ostwald, 1992; Roy, 1997; Velilla
and Jimenez-Millan, 2003). Thus, the origin of the studied
braunite could be related to the occurrence of hydrothermal
processes. An additional argument for such a genesis is the
fact that the pebbles contain a high content of Si and Ba and
a high Mn/Fe ratio, which is observed nowadays in hydro-
thermal environments (Bonatti et al., 1976; Usui et al., 1997).

It cannot be excluded that studied braunites belong to
exotic ophiolites. In the Berchtesgaden Alps, this type of
Jurassic rock was discovered by Krische et al. (2014) and
Gawlick et al. (2015). These exotic materials were found
in the vicinity of Gartenau, Weitenau and Rossfeld (Fig. I;
Krische et al., 2014), which are adjacent to the study area
and several kilometres west of the Hoher G611 Massif (in the
vicinity of Unken, Fig. 1; Gawlick et al., 2015). According
to Gawlick ef al. (2015), the first thrusting event related to
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Fig. 11. EDS mapping of four main elements for sample Gl1. The intensity of the color reflects the content of a given element. A. Mn.
B. Fe. C. Si. D. Ba.

ophiolite obduction (upper plate) in the Northern Calcareous
Alps is of Jurassic age, which is under discussion in the
Alpine literature.

An important element, indicating the provenance of
manganese pebbles, may be the stromatolite-like textures,
which, like braunite, were not found in situ in the Hoher
Goll Massif (cf. Braun, 1988). Nevertheless, in the Upper
Triassic Dachstein Limestone of the Hochkonig Massif
(massif 20 km south of the study area), there are similar fa-
cies, within which both stromatolites and hydrothermal pro-
cesses have been found (Satterley, 1994). Deep-water stro-
matolites from the Early and Middle Jurassic near the town
of Adnet also are described by Bohm and Brachert (1993).

Taking this into account, there are many possibilities
for the origin of the manganese pebbles in the Hohle der
Sprechender Steine Cave. Their provenance most likely is
related to eroded Jurassic rocks. The Upper Liassic marls
and shales (“Manganschiefer”’) described by Germann
(1973) do not occur in the main ridge of the Hoher Goll
Massif, but are located in its western part, in the lower parts
of the Hohes Brett Peak slope (Fig. 2; Germann, 1973;

Fig.12. SEM-SE images and EDS spectrum of a Mn phase re-
sembling cryptomelane.
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Plochinger, 1987). It should be emphasized that these Liassic
marls and shales are the only rocks of the Berchtesgaden
mountains, where braunite has already been found.
The largest number of manganese deposits are found in the
upper part of the Hochschartehdhlensystem Cave, a part
of the oldest and inactive Ruin Cave Level occurring at
ca 2,000 + 300 m a.s.l. in the Northern Calcareous Alps.
This level developed during the Middle Eocene and Early
Oligocene (Fischer, 1990; Frisch et al., 2001). The period of
water inflow could have been active during late Miocene or
even earlier. The cosmogenic-nuclide dating of clastic sed-
iments from the Schaflschacht Cave in the Tennengebirge,
the massif adjacent to the study area, shows an age of 6.6
Ma (Hauselmann et al., 2020). By analogy, the material de-
rived from eroded rock could have got into the cave at least
before that date (cf. Kicinska, 2021).

CONCLUSIONS

The pebbles from the upper parts of the Hochschartehdhle-
system studied are characterized by the presence of braunite,
a stromatolite-like internal texture, relatively low Fe, high
Si and Ba contents, and high Mn/Fe ratio. Currently, these
deposits do not occur in situ, owing to surface denudation in
the main ridge of the Hoher Go6ll Massif. The pebbles were
derived from local rocks and transported into cave systems
after erosion as a part of allogenic cave fills.

Braunite pebbles have never been described in the spele-
ological literature before, either as autogenic or as allogenic
deposits. It is a rare record in a cave environment. Its origin
could be related to the occurrence of hydrothermal process-
es. By analogy to modern environments, the genesis of this
type of rock could be linked to the spreading zone and the
accompanying vents. Undoubtedly, the final solution on the
genesis of pebbles requires advanced geochemical analyses.

The occurrence of braunite pebbles in the Hoher Goll
Massif is one of the few pieces of evidence indicating the
existence of hydrothermal vents in the Northern Calcareous
Alps, which is very important for palaecogeographic recon-
structions and the regional geology of this area.
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