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Abstract. Secondary mineral crusts are a common phenomenon occurring on
the wall surfaces and the near-surface zones of sandstone tors in the Polish Flysch
Carpathians. They form laminae up to a few mm in thickness of fill up irregularly
the intergranular spaces. Laboratory investigation has shown that they generally
consist of gypsum, gypsum and clay minerals, clay minerals, cristobalite, or cristo-
balite and clay minerals. Clay minerals are represented by illite, kaolinite and mont-
morillonite. The mineral aggregates are contaminated by detrital constituents, mainly
by quartz grains. Epigenetic minerals owe their origin to the chemical weathering
of rock-forming minerals, in which rainwater containing atmospheric sulphur com-
pounds plays a significant role. The precipitation of secondary minerals results in
the local loosening of the structure of sandstones and eventually in the exfoliation
of tor walls.

INTRODUCTION

The original features of the relief of the Flysch Carpathians are tors
made up of coarse-grained sandstones and conglomerates (Phot. 1). In
contrast to other rock outcrops, they show greater durability and are
subject to the action of atmospheric agents for a long time.

In the Polish Flysch Carpathians there occur three genetic types of
tors, owing their origin to denudation, slumps and erosion (Alexandrowicz
1978 a, b). Of the three, denudation tors are most suitable for the studies
of weathering processes in sandstones and conglomerates as being best
modelled by the prolonged action of atmospheric agents. They occur in
relatively resistant zones, in thick complexes of sandstones and conglo-
merates. During the denudation of ridge crests and the recession of slo-
pes, the elements of resistance could have been preserved on the ground
surface in the form of rock outcrops. The periods of intense denudation
were particularly favourable to the formation of tors of the type discussed.
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s found at present in the Flysch Carpathians formed under the
gehreigigzigal conditionps of the Wiirm (Czudek, Demek, Stehlik 1965; Demek
1966, 1969; Baumgart-Kotarba 1974; Alexandrowicz 1978 a, b). The
outcrops of sandstone beds denuded then on the slopes and ridge crests
were initially, in the pleniglacial period (2?),000—15,000 years BP), mo-
delled mainly by intense physical weathering processes. As the chm_ate
became warmer and the humidity and insolation 1ncre§sed, chemical
weathering began to play an increasingly important part in t:he shaping
of tors, reaching the highest intensity in the Holocene, i.e. in the past
10,000 years. : ’ ¥, ; :

The course of weathering under definite climatic conditions is varia-
ble, depending on the type of sandstone rocks, the kind, amount and.dl-
stribution of their cement, and the composition and size of detrital grains.
Moreover, the process is expedited by fractures and sedimentary discon-
tinuities of various kinds, as these provide main channels of migration for
rainwater and solutions cantaining dissolved mineral matter.

The denudation rocks occurring in the Flysch Carpathians are made
up of sandstones and conglomerates of the type of fluxoturbidites, i.e. gf
untypical flysch sediments deposited by submarine sand flows (Dzutyn-
ski, Ksiazkiewicz, Kuenen 1959). The characteristic features of tors are:
the considerable thickness of beds (up to one or even a few m), the lack
or sporadic presence of thin shale layers, the dominance of coarse sand
and gravel fractions, the poor sorting of components, synsedimentary
disturbances of beds, the uneven distribution of cement, mainly clayey
or clay-ferruginous, or of the matrix type in ultracoarse-grained rocks, low
volume weight and high absorption of water weight.

In the Polish Flysch Carpathians the occurrence of tors is confined to
some lithostratigraphic members only, mainly of the Silesian and Magura
nappes, which are widespread in this area. In the western part of the Sile-
sian nappe, notable tor complexes are the Godula sandstones (conglomera-
tes from Malinowska Skala), Istebna and Ciezkowice sandstones, and in
the Eastern Carpathians — the Krosno sandstones. Within the Magura
nappe, numerous tors occur within the outcrops of thick-bedded sandsto-
nes of the Magura Beds and older complexes, aspecially those belonging
to the Inoceramian-Beloveza Beds, now referred to as the Ropianica Beds.
Sporadically tors made up of the Ciezkowice sandtones of this series can
be found. There are also few tors within the Dukla (Fore-Magura) nappe,
mainly in the sandstone horizon from Mszanka in the Beskid Niski Mts.
The sandstones and conglomerates of these beds differ in the nature of
cement and the mineralogical composition, particularly in the content of
feldspars, femic minerals and glauconite.

The general transformation mechanism of the microrelief of tors invol-
ves the migration of chemical substances dissolved in rainwater from the
bedrock towards the surface of tors, the formation of new compounds and
;25(1)1;1 ({J;rempl.tation. One of the mgn@festati.ons of chemical weathering is

y mineral aggregates precipitated in the form of crusts and efflo-
rescences in the outermost zones of tors (Phot. 2). The crusts collected

from the walls of tors of different types in the Polish Flysch Carpathians
were subjected to detailed mineralogical investigations.

OCCURRENCE OF SECONDARY WEATHERING MINERALS

The mineral aggregates occurring in the weathering zones of tors assu-
me diverse forms. In spite of their inconsiderable thickness, generally
about 1 mm, they are conspicuous against grey sandstone or conglomera-
te. They are white, white-grey or pinkish coatings varying in hardness
from compact crusts to ones crumbling to powder when touched. The
hardest of these have a glassy lustre and a distinct crustal structure.

Secondary weathering minerals occur locally. They coat unevenly fra-
gments of tor walls, irrespective of their exposition, and are often found
only between the grains of sandstones and conglomerates. They are par-
ticularly common on well-modelled tors, on their surfaces subject to
exfoliation. Sporadically they have been noted on rift tors and tors in
the form of ruins, on their even joint faces.

The following modes of occurrence of secondary mineral crusts have
been noted in the Polish Flysch Carpathians:

1 — hard crusts coloured yellow by iron oxides occurring on indura-
ted surfaces at various stages of modelling, not subject to exfoliation or
showing laminar exfoliation;

2 — crumbly aggregates, generally white in colour, on the surface of
sandstone under the consolidated outer crust subject to exfoliation, and
on rock fragments freshly exposed by exfoliation;

3 — crusts of various consistencies on the inside of small exfoliation
flakes up to 2 mm in thickness resembling dried mud;
4 — white powder dispersed as a substance impregnating the cement

of sandstones and conglomerates within exfoliation flakes or on the sur-
faces not subject to exfoliation;

5 — hard crusts on joint faces and ferruginous fissure coatings and
under their exfoliation flakes.

Similar mineral crusts have been reported from the walls of tors made
up of Upper Cretaceous sandstones in Czechoslovakia and from sandstone
tors in the Roumanian Carpathians, especially in the Bucega range (Sout-
hern Carpathians).

The crusts collected from tors were sorted out according to the mode
of their occurrence and the kind of sandstones and conglomerates, and 36
samples were selected for detailed studies. These were samples collected
into glass vials directly from mineral crusts or, in ten cases, together with
fragments of rocks on which they were found.

EXPERIMENTAL

The samples collected from the weathering zones of tors containing se-
condary mineral crusts were subjected to investigation using X-ray, mi-
croscopic and chemical methods. The aim of this investigation was to de-
termine the composition and amount of secondary minerals associated
genetically with chemical weathering, and to determine the degree of
alteration of rock-forming minerals in the weathering zone of tors in order
to explain the processes of formation of the secondary minerals.

X-ray diffraction patterns were recorded for all the selected samples
(36) with a DRON-2.5 diffractometer, using Fe-filtered CuK, radiation.
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The instrument settings were: slits 0.6/1.2, sensitivity 1, compensation 9,
chart speed 600 mm/hr. The patterns were interpreted using Micheev’s
(1957) key to minerals and the ASTM tables. Two. sgamples of parent rock,
collected from the outermost zones of tors containing secondary mineral
cruusts, were subjected to electron microprobe analysis. A Cameca probe
was used, and the samples were coated with gold. Thin sections of '10 sand-
stone samples with secondary mineral concentrations were exammpd un-
der the polarizing microscope. Atomic absorption analysis was carried out
on 5 samples to determine experimentally the rates at which elements
from rocks go into solution. After drying and weighing, the samples were
immersed in slightly acidified (1 ml H,SO4/200 ml H,0) distilled water
and kept in beakers for 4 days without stirring, whereupon the extracts
were transferred with a pipette into flasks and analysed for Ca, Mg, Na,
K, Mn and Fe. H,SO; was used to acidify water as an acid occurring under
natural conditions, the presence of which in rainand groundwater is the
primary agent altering carbonates to sulphates.

RESULTS

The weathering crusts occurring in the outermost zones of tors are
mineral aggregates of varying composition. Their dominant constituent
is detrital quartz, generally accompanied by plagioclases and calcite pre-
sent in varying proportions. Potassium feldspars and micas are scarce.
All these components owe their oring to the disintegration of sandstone
and form an admixture in the secondary mineral aggregates produced by
chemical weathering and consisting of gypsum, illite, kaolinite, montmo-
rillonite and cristobalite (Figs. 1—4). There are five different combinations
of coexistance of these minerals: gypsum, gypsum and clay minerals, clay
minerals, cristobalite, cristobalite and clay minerals (Table 1). Most sam-
ples consist entirely of gypsum or of gypsum accompanied by clay mine-
rals in the following associations: gypsum-illite, gypsum-kaolinite, gyp-
sum-montmorillonite, gypsum-illite-montmorillonite, gypsum-illite-kaoli-
nite-montmorillonite. The content of gypsum varies from trace amounts

The occurrence of epigenetic minerals in the surface zones of sandstone tors in the Polish Ca;I;)ZFf:iZn:
; Cristo-
apas Lithostratigraphic @nane G)Crl)zzm, Clay Cristo- balite,
member e als minerals | balite clay
minerals
Magura Magura sandstones -+ + 1L AL Al
Dukla Mszanka sandstones + +
Krosno sandstones -+
Silesian Cig¢zkowice sandstones + +
Istebna sandstones + -+ +
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up to 40 %, while that of the ceoxisting clay minerals is generally not
more than a few per cent. The presence of gypsum or gypsum accompa-
nied by clay minerals is typical of tors made up of sandstones of all types
(Table 1). Clay minerals which are the sole constituent of some crusts are
represented by illite, illite and kaolinite, or illite and montmorillonite.
Their few occurrences have been reported from the Magura and Istebna
sandstones. Cristobalite occurring alone or with a small admixture of
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montmorillonite forms hard scales on the walls of tors covered by sand-
stone crusts with a ferruginous cement. Cristobalite has been found in
three samples collected from the walls of tors occurring within the out-
crops of the bottom beds of the Magura sandstone near Mrukowa in the
Beskid Niski Mountains, where its content is dominant.

At the present stage of investigation, a comparison of the occurrence
of epigenetic minerals in the respective lithostratigraphic members has
shown that mineral crusts derived from the Magura sandstones exhibit
greatest mineralogical diversity (Table 1).

The examination of thin sections has revealed that the sediments ma-
king up tors have a psammitic or psephitic-psammitic texture and random
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structure. Dominant are angular or poorly rounded grains. Sometimes
metasandstone grains with a siliceous cement are V}Slble (Phot. 3). Irregu-
lar concentrations of quartz grains form the matrix. In all thin sections
feldspars and micas have been observed. The former are both plagioclases
and potassium varieties, generally repres.ented' by orthoclase some-
times accompanied by smal amounts of microcline and scarce, perthi-
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te grains. Most feldspar crystals are sharp-edged. Flaky concentra-
tions of micas consist more usually of muscovite than biotite. Carbonate
minerals, mainly calcite, appear in varying amounts, principally in inter-
granular spaces. Heavy minerals (pyroxenes, zircon, rutile, garﬁet, stauro-
lite) are an accessory component, generally forming inclusions within
quartz grains. Opaque minerals are present in varying amounts and di-
verse forms, either as grains of detrital origin or as syngenetic components
(mainly pyrite) or epigenetic weathering minerals. Epigenetic minerals
are represented by gypsum, iron hydroxides and clay minerals. Gypsum
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concentrates in the intergranular spaces or in the near-surface zones of
tors, where it forms aggregate-like cencentrations in which single crystals
are generally up to 300 um in size (Phot. 4). Two types of gypsum concen-
trations have been noted. In the near-surface zones pure aggregate-like
concentrations predominate, while in the deeper parts of the rock there
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are smaller concentrations coloured brown by Fe’* oxides. Iron hydroxi-
des (geothite, lepidocrocite?) appear as impregnating and cementing sub-
stances (Phot. 5) which change the colour of some rock-forming minerals.
Clay minerals (illite, kaolinite, montmorillonite) form fine flakes in the
intergranular spaces, their content being usually insignificant.

Microscopic examination and electron microprobe analysis have re-
vealed that the rock-forming minerals have been subject to epigenetic
alteration which can be accounted for by weathering processes.
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Quartz grains observed in thin sections often show mosaic or wavy
extinction, which testifies to the distortion of their crystal lattice. The
grains lying close to the surface of tors are fractured, and microprobe stu-
dies have shown that the fractures run parallel to thg surface of tor walls.
Quartz crystals sometimes contain inclusions of rutile, garnet and other
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heavy minerals. The intergranular spaces in quartz have expanded and
the cement that fills them up has been saturated with secondary iron
compounds. -

The evidence of alteration of potassium feldspars is provided by lamel-
lar mica concentrations within their grains and by concentrations of fine-
-flaky clay minerals, mainly illite. In places, quartz-sericite pseudomorphs
fqrmed after the weathering decomposition of potassium feldspars. Pla-
gioclases are sometimes accompanied by small concentrations of carbona-
tes (PhotA 6). Plagwclase crystals have undergone structural transformation
involving the disappearance of twin striation of the albite type. A large
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number of feldspar grains show fractures running parallel to the surface
of rock. : Ty

Fine-flaky secondary clay minerals appear within lamellar concentra-
tions of micas. Due to this, biotite has lost the pleochroism and interfe-
rence colours. The alteration of biotite is also evidenced by the presence
of numerous Fe** concentrations which make the mineral opaque. Fine
biotite flakes are almost completely decomposed in the near-surface zone
of tors. Muscovite, though considerably altered, has retained its optical
features.

The cement of sandstones, particularly carbonate cement, has undergo-
ne extensive alteration, being commonly replaced by clay-gypsum pseudo-
morphs (Phot. 7). :

Electron microprobe analysis was made on two samples representing
two different modes of occurrence of secondary mineral aggregates (Zy-
wiec Beskid Mts, Czarny Gron—Magura sandstone). One was collected
from under a ferruginous crust subject to exfoliation, the other was deri-
ved from the surface of sandstone with a ferruginous cement. The micro-
probe studies have shown that the distribution of elements varies depen-
ding on the mode of occurrence of secondary minerals. In the first sample,
a well-marked zone of calcium and sulphur concentration has been obser-
ved (Phot. 8—Ca, S). Gypsum present in this sample also tends to concen-
trate and crystallize, and increasing in volume, it may remove mechani-
cally the primary detrital minerals. In the near-surface zone of the rock
silicates disappear (Phot. 8—Si). Iron and manganese are present in the
intergranular spaces. Iron hydroxides concentrate closest to the rock sur-
face (Phot. 8—Mg, Fe). The distribution of Fe, S, Ca, Mg and Si in the
weathering zone of sandstones is also shown in Fig. 5.

When secondary minerals concentrate directly on the rock surface,
sandstone has been found to be only slightly altered. The concentration
of Ca and S in the second sample is less pronounced (Phot. 9—Ca, S), whe-
reas the distribution of iron and magnesium is similar to that in the first
sample (Phot. 9—Mg, Fe). Gypsum forms crusts directly on the rock sur-
face. On the basis of such a distribution of elements it can be assumed that
the concentration of gypsum did not take place in situ, as was the case
in the other sample. It is feasible that gypsum crystallized from supersa-
turated mineral solutions flowing down the surface of rock. Gypsum

Table 2
The amount of elements (in ppm) going into solution from the weathering zone of tors, depending
on the degree of alternation of sandstones. Experimental investigation using atomic absorption

method
Sample Degree of aiternation Ca Mg [ Na K Mn Fe Total
1 30 12 7 B5) 1 1 86
72 jr)oor 195 30 5 45 1 2 278
3 intermediate 320 i1/ 43 19 2 8 404
4 ‘ 400 22 10 172 2 2 608
A intense 20 2 2 5 1 1 Bil

crusts of this type form near, or more commonly below, the places to
which solutions migrate from inside the rock.

The sequence and rate of removal of elements from the weathering
zone of sandstones was experimentally investigated for five selected sam-
ples, using the method of atomic absorption. The samples had similar
mineralogical compositions and represented different stages of weathering
and secondary mineralization (Carpathian Foreland, Skatki Brodzinskie-
go—Istebna sandstone). Chemical analysis has shown that the elements
go into H,SOs—acidified water at different rates, depending on the degree
of weathering alteration of rock. Insignificant amounts of elements, main-
ly calcium and potassium, go into solution from compact (poorly weathe-
red) rocks (Table 2, sample 1). In the case of weathered sandstones, the
amount and rate of removal of elements increases appreciably, being even
ten times greater than in poorly weathered rocks (Table 2—samples 2, 3,
4). Large amounts of calcium and potassium pass into solution at rapid
rates. The amounts of sodium and magnesium and in a lesser degree, of
iron and manganese being romoved also increase. The amount of elements
that go into solution from intensely weathered rocks with a loose struc-
ture is insignificant, being in fact the lowest of all the samples studied
(Table 2—sample 5), in spite of the large surface area available for reac-
tion. This is because such rocks consist entirely of residual weathering
material highly resistant to chemical processes.

DISCUSSION

Secondary minerals occurring on the walls of tors are mentioned in
some papers discussing weathering processes and phenomena. The cry-
stallization of these indefinite compounds, also referred to as ,,salts”, is
held by many authors to be responsible for the exfoliation of tor surfaces
(Wilhelmy 1958, Demak 1967, Ollier 1969). The type of exfoliation caused
by the precipitation of sub-and near-surface ,,;salt” laminae a few milli-
meters in thickness is referred to as exudation. Secondary gypsum and the
precipitated ,,salts” are thought to be responsible for the induration of
rocks and to assist in the formation of cellular structures on the walls of
tors (Beyer 1912; Chabera 1957; Lenschig-Sommer 1960; Czudek, Demexk,
Stehlik 1961). The crystallization of some secondary minerals may cause
and/or accelerate the disintegration of rock. For example, according to
Beyer (1912), crystallizing alums act destructively on the rock.

A variety of mineral efflorescences have been found on the surfaces
of exposed rocks. Wilhelmy (1958) reported from Uruguay granite mus-
hroom-shaped forms with the walls covered in places by a brittle coating
with an opal cement and by siliceous crusts. The observations made by
several investigators in cold climatic zones were mentioned by Czeppe
(1966), who regarded mineral efflorescences as the evidence of chemical
weathering of rocks occurring in those regions. Effloreslences of alum and
sulphates (Philippi 1906) as well as mirabilite (Cailleux 1962) were found
on the rocks in question. On the walls of sandstone tors occurring within
the outcrops of Cretaceous sandstones in Czechoslovakia and Germany,
mainly alum-gypsum efflorescences were noted.

First attempts at explaining the genesis of alum-gypsum efflorescen-
ces found on sandstones were made by Beyer (1912) and Novak (1914).
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These authors put forward independently a .hypothesis' that rainwafcer
containing sulphur compounds played a sig_m[lcant role in the formation
of gypsum and alum .The papers of Lentschig-Sommer (1960, 1961) on the
cellular structures (Wabenverwitterung) of sandstone tors of Saxon Swit-
zerland have provided so far most comprehensive data on the chemlpal
mechanism, the mode of occurrence and the role of secondary weathering
mineral substances precipitated on the walls of tors. Using laboratory
methods, the cited author found that these were alum-gypsum efflorescen-
ces and that they assisted in some measure in the formation and develop-
ment of cellular structures. The chemical reactions giving rise to ah}m
and gypsum involve the action of the decomposition pro.ducts of sulphide
minerals (mainly pyrite) on Ca, Na and K liberated during the decompo-
sition of some rock constituents, primarily feldspars. Alum and gypsum,
being readily soluble in water, recrystallize many times, thereby loosening
the rock. Lentschig-Sommer (1961) defined the botryoidal alum-gypsum
crusts as the mineral alunogen (keramohalite).

The secondary minerals precipitated on the walls of sandstone tors in
the Polish Carpathians have not yet been the object of detailed studies
(Alexandrowicz 1978 a). Swidzinski (1933), an expert on Carpathian tors,
reviewed the papers dealing with the genesis of cellular structures of the
,Przadki” tors (near Krosno) and found that neither salt efflorescences
nor clear evidence of surface cementation was mentioned.

The weathering minerals reported from the Flysch Carpathian sedi-
ments are: melanterite, geothite, epsomite, gypsum, jarosite (Kubisz 1958,
1964; Kubisz, Michatek 1959; Badak, Kubisz, Michatek 1962), allophanes
(Michatek, Stoch 1958), basaluminite (Wieser 1976) and keramohalite (To-
karski 1905). Sulphates predominate among these minerals, and most of
them were found at the surface of clay and clay-siltstone rocks. In the
case of rocks with a psammitic or psephitic texture, mainly iron hydroxi-
des and gypsum were noted. According to Kubisz (1958), in rocks con-
taining iron sulphides or subject to the activity of water rica in such
compounds, secondary minerals of the alunite-jarosite series are formed.
These are microcrystalline potassium, sodium or hydronium aggregates
varying in compactness. At the final stage of alteration they become an
aggregate consisting of jarosite, quartz, goethite, illite and kaolinite. The
commonest forms of occurrence of these minerals are crusts up to a few
mm in thickness on the surface of rock or along its cleavage planes, which
are generally referred to as alum crusts. Potassium and sodium necessary
‘for their formation are leached from rock-forming minerals. The process
leading to the rise of such aggregates, called jarositization, operates pri-
marily in the rock cement, resulting in its replacement by a friable secon-
dary substance subject to crystallization.

~ The pricipal epigenetic mineral of the Polish Flysch Carpathian tors
is gypsum. It forms during the decomposition of rock-forming minerals,
the process being assisted by atmospheric agents. Liberated sulphur and

palcium are necessary for the rise of gypsum, and the chemical reactions
involved may proceed in the following way.

SOz+ ~é‘()g e T SOg
SO3;+H,0 — H,S0,
CaCO; +H,S0,+2 H,0 —> CaS0,-2 H,0+H,CO,

52

Electron microprobe studies of the outermost zones of weathered sand-
stones have revealed the presence of sulphur (Phots. 8, 9—S). It presuma-
bly comes mostly from the atmosphere, where it is now widespread in
varying concentrations as SO, Sulphur dioxide reacts with rainwater to
form sulphuric acid which acts on the exposed rock, causing the slow de-
composition of its alkaline rock-forming minerals and leading to the for-
mation of new compounds of the sulphate group. Sulphur may also be li-
berated from the weathering sulphides, e.g. pyrite or marcasite, present
in sandstones, yet it is mainly iron sulphates, e.g. melanterite, that form
in this process.

Calcium may be the product of decomposition of both calcite and pla-
gioclases. Recrystallized calcite is present in the cement of sandstones,
and during the weathering of rocks it is the cement constituents that are
leached and liberated in the first place. Electron microprobe spectra reveal
the presence of calcium in the outermost or weathered zones of sandstone
tors (Phots. 8, 9—Ca). Compared with other elements, calcium from poorly
and moderately weathered rocks goes into solution in large amounts
and at a rapid rate (Table 2). That calcium originated from the decomposi-
tion of plagioclases is evidenced by small concentrations of carbonates
accompanying plagioclase crystals with a partly obliterated structure
(Phot. 6).

Another group of epigenetic minerals of Carpathian sandstone tors
is represented by clay minerals: illite, kaolinite and montmorillonite. They
owe their origin to the alteration of potassium feldspars and micas, mainly
biotite. This is evidenced by the concentrations of fine—flaky clay mine-
rals noted on potassium feldspars and within micas. The genesis of clay
minerals may also be associated with the epigenetic alteration of marly
cement of sandstones, which is locally replaced by clay-gypsum pseudo-
morphs (Phot. 7).

The occurrence of epigenetic cristobalite is confined to very few loca-
lities (Beskid Niski Mts near Mrukowa—Magura sandstone). The samples
collected so far require further studies to determine the chemical processes
that led to the formation of this mineral.

The common weathering phenomena occurring in sandstones under
the influence of atmospheric agents are the oxidation and hydration of
iron. Iron hydroxides which form in these processes impart the brown-red
colour to the rock. They are present in varying amounts in the intergra-
nular spaces, concentrating as a rule in the near-surface zones (Phots. 8,
9—Fe). Crusts of this type are not chemically homogeneous. They are
aggregates consisting of detrital, mainly quartz grains, various secondary
minerals and iron hydroxides generally represented by goethite. They
form a separate group of secondary weathering minerals, similar in the
form of occurrence to the alunite-jarosite series discussed by Kubisz (1958,
1964) but differing from the latter in the chemical composition. Further
studies will certainly throw light on the genesis of cristobalite as yet
another secondary mineral associated with the weathering of some sand-
stones. Also the successive stages of alteration of the already formed se-
condary minerals and the part they play in the natural destruction of tors
have not yet been accounted for.

The precipitation of secondary minerals promots the disintegration of
sandstones. The mechanical removal of detrital minerals takes place in

53



those parts of the rock where epigenetic gypsum crystallizes, becaqsg this
mineral has a great force of recrystallization, and thereby the ability to
expand. Epigenetic minerals concentrate in the near-surface zone of thp
rock and loosen its structure. The rock-forming mineral grains qf this
zone are fractured parallel to the rock surface. The dismtegratlpn of
quartz, manifesting itself in the fracturing of grains and the expansion (_)f
intergranular spaces, has been observed during the weathering of granitic
rocks as a result of an early stage of chemical corrosion (Stogh, Helios-Ry-
bicka 1975). According to these authors, further disintegration of quartz
grains is expedited by the crystallization of new minerals in the inter-
granular fissures. In sandstones exposed as tors and subject to the action
of atmospheric agents for a long time, the parallel fractures in rock-for-
ming grains may also have been produced by relief forces and by repeated
diurnal and seasonal changes in thermal conditions. These fractures often
provide channels for migration of solutions and become a locus for the

precipitation of secondary minerals which accelerate further disintegration

of the rock.

The structure of the external zones of sandstone tors is affected both
by the precipitation of secondary minerals and the mode of fracturing of
detrital grains. The main lines of looseness of rock run parallel to its
surface. It is feasible, therefore, that there is a close genetic relation bet-
ween the surface microexfoliation of tors and the decomposition of sand-
stones produced by chemical weathering. This thesis is also borne out by
direct observations of the near-surface zones of tors, as the rock is readily
detached in places where mineral crusts are present. The detachment is
particularly likely to occur when secondary minerals concentrate in the
sub-surface zones of sandstones, or when they impregnate the surface
layer. The precipitation of mineral crusts directly on the rock surface pro-
motes its breaking and disintegration into separate grains because in these
places the sandstone is considerably depleted in cement.

Translated by Hanna Kisielewska
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Zofiao ALEXANDROWICZ, Maciej PAWLIKOWSKI

NASKORUPIENIA SUBSTANCJI EPIGENETYCZNYCH
POWIERZCHNIOWEJ STREFY WIETRZENIA SKALEK
PIASKOWCOWYCH W KARPATACH POLSKICH

Streszczenie

Oryginalnymi i rzadko spotykanymi formami rzezby Karpat fliszowych
sg roznopostaciowe skalki piaskowcowe i zlepienncowo-piaskowcowe (fot. 1).
Sa one szczegdlnie dogodne do studiowania proceséw wietrzenia jako na-
turalne odstoniecia pozostajace przez dtugi czas pod dzialaniem czynnikow
atmosferycznych, zaréwno w zimnej strefie peryglacjalnej Wirmu jak
réwniez w umiarkowanym klimacie holocenu. Jednym z przejawow wie-
trzenia chemicznego utworéw skalek sg wtorne agregaty mineralne wy-
tracajace sie lokalnie w postaci naskorupien bezposrednio na powierzchni
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écian lub w strefach przypowierzchniowych (fot. 2). Skupienia su~bsta’r}c31
mineralnych na ogét o zabarwieniu bialym lub ‘jasn.oszarym, majg rozng
spoistosé, od odmian twardych i szklistych do mlgkklch rozpada;qcy?h sig
na proszek. Agregaty sa zanieczyszczone ziarnami detryty§znym1, glownie
kwarcu. Badaniami rentgenowskimi wyrézniono 5 rodza;ow eplgepetycz-
nych substancji mineralnych reprezentowanych przez gips, ‘glpSIl mine-
raly ilaste, mineraty ilaste, krystobalit oraz krystobalit i mineraty ilaste
(fig. 1—4, tabl. 1). Wér6d mineralow ilastych rozpoznano illit, kaolinit
i montmorillonit. Wymienione mineraly epigenetyczne nie byty dotych-
czas opisywane ze skalkowych, piaskowcowych warstw fliszu karpackiego.
W innych obszarach skatkowych, a zwlaszcza Saskiej Szwajcarii, byly roz-
poznane aluny i gips.

W celu wyjasnienia pochodzenia wtérnych mineraléw postuzono sig
badaniami mikroskopowymi plytek cienkich fragmentéw piaskowcow
w obrebie ktorych wystepowaly naloty mineralne, wykonano analizy przy
uzyciu mikrosondy elektronowej oraz metodg absorpcji atomowej (fot. 3—
—9, fig. 5, tabl. 2). Uzyskane wyniki $wiadczg o przeobrazeniu w réznym
stopniu mineratéw skatotwoérczych przypowierzchniowych stref skalek.
Zaznacza sie ono zmianami chemizmu utworéw (przez wydzielenia mine-
ralow wtornych i pseudomorfozy), koncentracjg niektéorych pierwiastkow
oraz deformacjy krysztalow polegajacg glownie na spekaniu ziarn row-
nolegle do powierzchni skaty. Wytrgcanie sie mineratéw wtérnych jest
wynikiem chemicznego rozkladu, pod wplywem czynnikéow atmosferycz-
nych, niektorych skladnikow detrytycznych oraz spoiwa piaskowcow i zle-
piencow. Podlegaja temu zwlaszcza plagioklazy, skalenie, kaleyty i tysz-
czyki. W tworzeniu sie gipsu — najpospolitszego mineratu naskorupien,
duzy udzial ma woda opadowa zawierajgca zwigzki siarki.

Proces wytrgcania si¢ mineraléw wtornych sprzyja naturalnemu nisz-
czeniu skalek, doprowadzajac do rozluznienia struktury ich utwordw.
W miejscach obfitego wystepowania substancji epigenetycznych powierz-
chnie skalek latwo ulegaja eksfoliacji.

OBJASNIENIA DO FIGUR

Fig. 1. Dyfraktogramy rentgenowskie wietrzejacych agregatéow mineralnych z po-
wierzchni skatek piaskowcowych
G — gips, I — illit, K — kaolinit, M — montmorillonit, Cr — krystobalit, @ — kware,
Pl — plagioklaz, Sk — skaleh potasowy, C — kaleyt. 1 — Beskid Zywiecki — Czarny
Gron, piaskowce magurskie, 2 — Beskid Zywiecki, — Weska, piaskowce magurskie,
3 — Beskid Wyspowy — Lubon Wielki, piaskowce magurskie (rezerwat przyrody)

Fig. 2. Dyfraktogramy rentgenowskie wietrzejagcych agregatow mineralnych z po-
wierzchni skatek piaskowcowych
4 — Beskid Niski kolo Folusza, ,Diabli Kamien”, piaskowce magurskie (pomnik przy-
rody)., 5 & ?eskxd Niski, Ruski Zamek kolo Pielgrzymki, piaskowce magurskie, 6—8 —
Beskid Niski — Goéra Zamkowa kolo Mrukowej, piaskowce magurskie

Fig. 3. Dyfraktogramy rentgenowskie wietrze
wierzchni skatek piaskowcowych
9—10 — Beskid Niski — Piotru$ koto Dukli, piaskowce z Mszanki
szczadzkie kolo Leska — ,Kamien Leski”, :
12 — Pogbrze Beskidzkie kolo Krosna —
ciezkowickie
ciezkowickie

jacych agregatow mineralnych z po-

i 11 — Przedgbrze Bie-
piaskowce kro$niefiskie (pomnik przyrody),

” ; I : »Przadki” (rezerwat przyrody), Piaskowce
» 13 — Pogbrze Beskidzkie kolo Odrzykonia — Smoczy D61, piaskowce
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Fig. 4. Dyfraktogramy rentgenowskie wietrzejagcych agregatéw mineralnych z po-
wierzchni skatek piaskowcowych
14—15 — Pogob6rze Beskidzkie kolo Muchéwki — , Kamienie Brodzinskiego’ piaskowce
istebnianskie (pomnik przyrody), 16—17 — Pogé6rze Beskidzkie kolo Leksandrowej, ,Ka-
mien—Grzyb” piaskowce istebnianskie (rezerwat przyrody)

Fig. 5. Wykresy zmienno$ci liniowej zawartosci Mg, Mn, Si, Fe, S, Ca od powierzchni
skaty w glab. Piaskowce mineralne z wtérnymi naskorupieniami mineralnymi,
Beskid Zywiecki — Czarny Gron (mikrosonda elektronowa)

OBJASNIENIE FOTOGRAFII

Fot. 1. Skalki w rezerwacie przyrody ,,Przadki” koto Krosna

Fot. 2. Epigenetyczny, drobnokrystaliczny gips obrastajacy ziarna detrytyczne pia-
skowca na powierzchni $cian ,,Skatek Brodzinskiego”

Fot. 3. Fragment metapiaskowca. Piaskowce istebnianskie, ,Skatki Brodzinskiego”.
Pow. 34X, nikole X

Fot. 4. Koncentracje drobnokrystalicznego gipsu w przypowierzchniowych strefach
piaskowca istebnianskiego ,,Skatek Brodzinskiego”. Pow. 34X, nikole X

Fot. 5. Koncentracje wodorotlenkéw zelaza w przestrzeniach miedzyziarnowych przy-
powierzchniowej strefy piaskowca istebnianskiego ,Skatek Brodzinskiego”.
Powiekszenie 34X, 1 nikol

Fot. 6. Ziarno $redniozasadowego plagioklazu ulegajgce procesom przeobrazeniowym
zwigzanym z odprowadzeniem Ca. Pow. 34X, nikole X

Fot. 7. Pseudomorfoza ilasto-gipsowa po spoiwie weglanowym. Powiekszenie 34X, ni-
kole X

Fot. 8. Rozmieszczene pierwiastkéw Fe, S, Ca, Mg, Si w piaskowcu magurskim (Be-
skid Zywiecki—Czarny Gron) zawierajacym wtoérne substancje mineralne
w strefie podpowierzchniowej.
T — Topografia powierzchni piaskoweca.
Mikrosonda elektronowa. Pow. 125X

Fot. 9. Rozmieszczenie pierwiastkow Fe, S, Ca, Mg w piaskowcu magurskim (Be-
skid Zywiecki—Czarny Gron) zawierajacym wtérne substancje mineralne bez-
posrednio na powierzchni.
T — Topografia powierzchni piaskowca.
Mikrosonda elektronowa. Pow. 125X

3ogen AJIEKCAHJIPOBUY Mayeii [TABJTHKOBCKHA

CKOPJIYITYATBIE OBPA3OBAHUS SIUTEHETUYECKUX BEUECTB
KOPBI BBIBETPMBAHUSA NMECYAHUKOBBIX OCTAHIIEB
B ITOJbCKUX KAPITATAX

Pe3ome

CB0COGPA3HBIMM M PEIKO BCTPEUaeMbIMH (hopMamu penbeda dumuessix Kapnat
SBIISIIOTCS PA3HOOOPA3HBIE IECIAHNKOBBIE M KOHITIOMEPATOBO-TICCYAHHKOBBIC OCTAH-
el (horo 1). Oru 0COGEHHO TIPUTOAHBI AJISL M3yUEHHS POLECCOB BRIBETPHBAHHMS —
B KAYeCTBE ECTCCTBEHHBIX OOHAXKEHWMH, JIMTEIbHOC BPEMsl TIOABEPXKCHHBIM BO3-
JeHCTBIM aTMOC(EPHBIX (haKTOPOB KaK B XOJIOAHOM nepUrsInaIbHOM 30He BropMma,
TAK ¥ B YMEPEHHOM KIIMATE TOJOLeHa. OIMHUM U3 NPOSBICHUH XHMHYECKOrO Bbi-
BETPUBAHMSA CKAJILHBIX OOPA30BAHMI SBIIFOTCS BTOPMYHBIC MHHCPAJIBHBIC arpe-
raThl, OTJIATAIOIMECS] MECTAMMA B BUJIE CKOPJIYIl HEOCPEICTBEHHO HA MOBEPXHOCTAX
CTEH, WJIM B TPHIIOBEPXHOCTHBIX 30HAX ((poTO 2). CKOMICHHS MHHEPAILHOIO Be-
1IECTBA, OOBIMHO GEJOro MJM CBETIOCEPOro LBETd, XAPAKTCPU3YIOTCSH PasjMTHOM
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KOMIAKTHOCTBIO —— OT TBEPALIX M CTEKTOBHAHBIX J0 MSITKHX, PACCHITAIOIIUXCS
B IOPOMIOK, PA3HOBMAHOCTeH. ATpEraThl 3arpsi3HCHBI OOIOMOYHBIMH 3EpHAMMY,
[JIaBHBIM 06pa30M KBaplia. PEHTICHOBCKMMH MCCJICAOBAHMSAMH BBIACICHBL 5 POJIOB
STMUTEHETHYECKUX MUHEPAILHBIX BEILECTB, NPEJICTABICHHBIX THIICOM, THIICOM U TJIH-
HUCTBHIMH MMHEPATAMH, KPHCTOOAIMTOM, & TakKe KPUCTOOATIMTOM M TIIHHHCTHIMH
mvunepayamu (ur. 1—4, Tabm. 1). Cpean IIMHICTBIX MHHEPAJTOB OINPE/ICITCHDI
WUIAT, KAOJMHUT M MOHTMOPHIUTOHAT. YTOMSHYTbIE SMMICHETUYECKHE MUHEPAIIbI
B OCTAHLEBBIX, IIECYAHUKOBBIX CJIOEB KApNaTcKoro (Wmiia 10 CHX MOP HE OIMChIBA-
mick. B apyrux obmactsax passutust ckay, B uactHoctn B Cackoil IlBaitnapuu,
OBUIM HaliICHbI KBACIbI M THIIC.

C IeabI0 BBLISCHEHHsS NPOMCXOXIACHUSI BTOPUYHBIX MMWHEPAJIOB TIPOBOIHMIIOCH
MHKPOCKOIIMYECKOE M3yYeHHe MPO3PAUHBIX IIU(OB TeX (PAarMEHTOB INECYAHUKOB,
B NpeZieiax KOTOPhIX HAOIIOJATMCh MHHEPAIbHbIC HATETDI, MPOBOMIINCH AHAHU3bI
HAa MMKPO30HJIE, a Takke aToMHOa6copOuuoHHBIM MeTogoM (poro 3—9, ¢ur. 5,
Tabsr. 2). ITosyyeHHble pe3yJbTAThI CBHACTEILCTBYIOT O PA3JIMYHOM CTENEHU TIpe-
00pa3oBanust MOPOJA00OPA3YIOIINX MHHEPAIOB B IPUIOBEPXHOCTHBIX 30HAX CKaJl.
Ono ob6o03HAYaeTCs M3MEHEHHEM XMMH3Ma 00pa3zoBaHMil (UYepe3 BbIIEIEHHE BTO-
PHYHBLIX MUHEPAJIOB M NCEBAOMOP(]O3bI), KOHUEHTPALHMEH HEKOTOPLIX XUMHUYECKUX
SIIEMEHTOB, a Takke AedopMarmell 3epeH, B OCHOBHOM 3aKJIIOYArollueiicss B obpa-
30BAHMM TPEILMH B 3epHAX, NAPAIIICTBHO K NMOBEPXHOCTU CKaybl. OTIIOKEHHE BTO-
PUYHBIX MMHEPAJIOB SIBISIETCS CJICACTBUEM XUMHYECKOIO PA3JIOKCHHS 1101 BO3JIEH-
CTBHEM aTMOC(epHbIX (AKTOPOB HEKOTOPBIX OOJIOMOYHBIX KOMIOHEHTOB. B va-
CTHOCTH 3TOMY MOJBEPrajoTCs IUIATMOKIIA3bl, KAJMLINATEHI, KAJBIHUT M CIFOIbL.
B obpazosanum rumca — Hambosee PACHPOCTPAHEHHOTO MHHEpAla CKOPIIYIl —
GombIIas poJb NPUXOJUTCS Ha BOIBI M3 OCA[KOB, COAEPXKALIME COEAMHEHUS CEPBL.

ITpouecc 0TIOXKEHNST BTOPUYHBIX MHHEPATIOB OIArONMPHATCTBYET €CTECTBEHHOMY
PA3pyLICHHIO OCTAHLEB, NMPUBOMAS B OCIAOIECHMIO CTPYKTYPHI WX 0Opa3oBaHWi.
B MmecTax oOMIBLHOTO pPasBUTHS SNMUIEHETHYECKOTO BELIECTBA MOBEPXHOCTH CKAJI
JIETKO PacCIauBaIOTC.

OBBbSJCHEHUSA K ®OUT'YPAM

®wur. 1. PeaTreHoBckne HPI(IJDa](TOl‘paMMbI MUHEPAJIBbHBIX arperaToB M3 30HBI BEBIBCTPUBAHUS HA
TIOBEPXHOCTH HNECYAHUKOBBIX OCTAHIIEB

G — runc, M — morT™MOpmLtonut, Cr — kpucrobamr, I — numt, K — xaonuuar, Q

— kBapu, Pl — nna-
raoknas, Sk — xamaumar, C — KaJpnouT.

1 — JKuseuxuit Beckun — Yapust I'pons, Marypckne necuyanuky, 2 — JKuseukuit Beckug — Bocka, marypckue

necuanuxy, 3 — Beicnoseiit Beckun — Jlio60un Benbkn, MAarypckue necuannku (UPUpONHLIA 3amoBeaHIK)

Gur. 2. PentreHoBckue AUPAKTOrpAMMBI MUHEPATLHBIX ArPEraTOB 3O0HbL BBIBETPUBAHUSA HA
MOBEPXHOCTH TNMECYAHUKOBBIX OCTAHLICB

4 — Husxuii Beckun oxono ®omowa — «/Is6mu KaMens», Marypekue mecyanuki (npuponelit 3anosennuk)
,
5 — Husxnii beckna — Pycku 3aMak 0kono Tlenbrxumen, Marypckue TeCYaHuku, 6—8 —

Husxnit Becxng —
I'ypa 3amxosa 0x0710 MpyKOBBI, Marypckme MecqamuKu

®ur. 3. PeHTreHoBcKMe MUDPAKTOrPAMMBI MHUHEPAIBHBIX arperaTtoB 30HLI BBLIBETPUBAHMS

1
TOBEPXHOCTHU IMECYAHUKOBBIX OCTAHIICB i

9—10 — Hwuskuit Beckug — TNérpycr okomo Jykin, mecuanukn u3 Hazaukm, 1] —

Bewanckoe npearopse
oxono Jlecka — «Kamens Jlerku», o 4

KPOCHOCKHC riecHanuku (MpupomHbIil sanosennuk), /12 — Beckuackoe
Haropse okono Kpocna — «Ilmonnkm» (npupoausii 3ANOBE/HNK), LUEHKKOBUIIKIAE necyanuku, /13 — Be-
CKHJICKOE HATOPbE 0K0JIO0 OmkuKons — Cwmoun [ly1, uMeHKKOBHIKHE TECHAHUKIL

Dur. 4. PenrreHoBekne audpakTorpaMmel MUHEPATIBHBIX  ArperaToB 30HBI BBIBETPUBAHUA HA
IIOBEPXHOCTH IMECYAHUKOBBIX OCTAHIER

14—15 — Beckuackoe HAropbe OKOJIO Myxyekn — «Kamene B

POMBUHLCKOr0», MCTIOGHAHCKHUE Tecy:
(naMATHUK TPUPOMIL), ’ CHAHAKH

16—17 — Becknnckoe maropne okoso Jlexcannposer — «Kamensn Tan6y, ucrabranckme
necuanuku (NPUPOHLIA 3aNOBEAHMK)
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®ur. 5. T'paduxn nuxeitno#t n3MenynBocTi copepxkanns Mg, Mn, Si, Fe, S, Ca 0T noBepXHOCTH
B T71y0b MOPOMBI. Marypekite MecYaHukyu ¢ BTOPUYHBIMA MUHEPATBLHBIMUA 06Pa30BaAHAMA
ckopiyn. JKusenkuit beckun — Yapusi Ipoub (10 MUKPO30H/LY)

OBbSCHEHMSA K ®OTOI'PA®USIM

®oto 1. Ocranupl B nmpupogHom samosearnke «ITmouakm» okono KpocHa

D0oTO 2. DIUreHETUYCCKUI METKOKPUCTAILTMYECKUt rurc, o6pacTaroumii AeTPUTOBBIE 3epHA
IeCYaHUKa Ha IOBEPXHOCTH cTeH «CKajok Bpoa3suHBCKOro»

®oro 3. dparment meTamecyanika. Vctabuanckue necyanuku, «Ckanku BpomsuHbckoroy». Yeei.
% 34, CKpeUICHHbIE HUKOJIN

®oto 4. KOHUEHTpALMN MEIKOKPUCTAIUIMYECKOrO IHICA B IMPUITOBEPXHOCTHBIX 30HAX MCTIOHAH-
ckoro necyannka «Cxanox Bpom3mubekoro». Veen. X 34, CKpeLICHHbIE HUKOJINA

®oT0o 5. KOHIEHTPALMKA THAPOOKUCIIOB JKejle3a B MEK3EPHOBBIX MyCTOTAX MMPHUIIOBEPXHOCTHOM
30HBI MCTIOHAHCKOTO necyanmnka «Ckaimok Bpoa3uHbCkoro». Yeeri. X 34, OIMH HUKOJB

®oTo 6. 3epHO YMEPEHHO! OCHOBHOCTH IUIArMOKJIA3a, ITOJBEPrarolieecst mpeobpa3oBaTeIbHBIM
nporneccam, CBSI3aHHBIM C BbIHOCOM Ca. YBenl. X 34, CKpelleHHbIC HUKOJIN

®oto 7. I'miuucTo-runcosast nceB1oMopdhosa mo kapooHaTHOM LEMeHTe. YBeJI. X 34, CKpelLeHHbIe
HUKOJIU

®doro 8. Pacnpenenenne Fe, S, Ca, Mg, Si B marypckom mecwanuke (XKuserxnit becknn — Haprbt
I'poHb), copepKaUMM BTOPUYHBIE MHUHCPAIbHBIC BEUIECTBA B MOANOBEPXHOCTHOM 30HE.
T — Tonorpaduyeckoe 1300paxeHne MOBEPXHOCTH Mecyanuka. Muxkpos3oun. Veer. x 125

®oto 9. Pacnpenenenne Fe, S, Ca, Mg B marypckom mnecyaruke (OKuseuxwnii becknmn — YapHer
I'poHB), comepKammmM BTOPUYHBIE MUHEPAIBHBIE BEIECTBA HEIOCPEICTBEHHO HA TTOBEPX-
HOCTH

T — Ttonorpadudyeckoe u300paXeHHe MOBEPXHOCTU MecyaHuka — MHKPO30HI.
VBen x 125
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»Przadki” tors in the nature reserve near Krosno

Rhot:* 1%

Zofia ALEXANDROWICZ, Maciej PAWLIKOWSKI — Mineral crusts of the surface
weathering zone of sandstone tors in the Polish Carpathians



PLATE II
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Phot. 2. Epigenetic fine-crystalline gypsum growing on detrital grains of sandstone
on the surface of Skalki Brodzinskiego tors
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sandstones, Skatki Brodzinskiego tors. Crossed nicols, 34 X

Phot. 3. A fragment of metasandstone. Istebna sandstones, Skatki Brodzinskiego tors.
Crossed nicols, 34 X

Zofia AIJPIXANDIKQWICZ, Mapie_] PAWLIKOWSKI — Mineral crusts of the surface
weathering zone of sandstone tors in the Polish Carpathians

Phot. 5. Iron hydroxide concentrations in intergranular spaces of the near-surface
zone of Istebna sandstone. Skatki Brodzinskiego tors. 1 nicol, 34X

Zotia ALEXANDROWICZ, Maciej PAWLIKOWSKI — Mineral crusts of the surface
weathering zone of sandstone tors in the Polish Carpathians
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Phot. 6. A grain of medium-basic plagioclase subject to alteration due to the removal
of Ca. Crossed nicols, 34 X

Phot. 8. Fe, S, Ca, Mg, Si d'stribution in the Magura sandstone (Zywiec Beskid Mts —
Czarny Gron) containing secondary minerals in the sub-surface 2'01/16. T — topography
of sandstone surface. Electron microprobe, 125X
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Phot. 7. Clay-gypsum pseudomorph after carbonate cement. Crossed nicols, 34X

Zofia ALEXANDROWICZ, Maciei < i
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weathering zone of sandstone tors in the Polish Carpathians
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Phot. 9. Fe, S, Ca, Mg distribution in the Magura sandstone (Zywiec Beskid Mts —
Czarny Gron) containing secondary minerals directly on the surface. T — topography
of sandstone surface. Electron microprobe, 125X

Zofia ALEXANDROWICZ, Maciej PAWLIKOWSKI — Mineral crusts of the surface
weathering zone of sandstone tors in the Polish Carpathians



