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The Zadnie Kamienne “ravenous” shear zone (High-Tatric Nappe)

— conditions of deformation
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The Zadnie Kamienne shear zone is a high-angle Riedel type shear zone (R’), exhibiting an antithetic sense of displacement, which may
have developed synchronously with the nappe-thrusting of the Giewont Unit (High-Tatric Nappe). The amount of displacement along
this zone is very low and does not explain the very intense deformation, which is of the same character as that at the base of the Giewont
Unit (mylonitization, stylolitization and vein forming). The explanation of this phenomenon lies in the multiple activity of this zone, the
change of the direction of movement and the important role of pressure solution in hydrothermal conditions responsible for dissolution
creep, mass loss and stress relaxation. This kind of shear can be referred to as a “ravenous” shear zone. Neo-forming minerals accompa-
nying these processes were applied as a temperature gauge. Simultaneous growth of albite and adularia indicates a temperature of about
350�C. Chlorites accompanying them occur in two thermal episodes, the first of which indicating a similar temperature (292–357�C).
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INTRODUCTION

The Tatra Mountains (Inner Carpathians) are composed of a
crystalline core, overlain by a High-Tatric Mesozoic sedimen-
tary cover and two nappes, the High-Tatric (Tatrikum) and
Krí�na Nappes (Fig. 1A). In the Tatra Mts., Alpine-style thrust-
ing and folding are of post-Turonian age and linked with the
Mediterranean phase (Andrusov, 1965). Analysis of the geome-
try of the Alpine thrusts and faults in the Tatra Mts. is difficult
due to the ductile character of deformation accompanied by a
high activity of pressure solution processes (Bac-Moszaszwili et
al., 1981; Jaroszewski, 1982). The unique character of the sur-
face studied lies in the fact that it cuts both crystalline (in its up-
per part) as well as various sedimentary rocks, allowing analysis
of the influence of rheological properties of rocks on the defor-
mation character within one dislocation zone, that is, within the
same conditions. An equally important issue concerns the minor
amount of displacement and inadequate strength of deformation.

This paper presents the character, rheological behaviour
and temperatures of the deformation processes obtained from
the semi-vertical shear zone of Zadnie Kamienne (Fig. 1B, C)

cutting the different lithological units of the Giewont and
Czerwone Wierchy Units (High-Tatric Nappe).

GEOLOGICAL SETTING

Several structural elements belonging to the High-Tatric
Nappe occur in the Czerwone Wierchy Massif on the northern
slopes of Ciemniak Mt. (Fig. 1B, C). The highest is represented
by the Giewont Unit, comprising crystalline rocks — granites
and gneisses, as well as blue-black limestones of Triassic age
(Kotañski, 1959), building the peak of Chuda Turnia Mt. The
lower structural unit is represented by the Czerwone Wierchy
Nappe, divided into two elements — the Zdziary and Organy
units, which is thrusted on to the autochthonous High-Tatric
sedimentary cover (Kominy Tylkowe series). From the top, the
Giewont Unit is sheared by the G³adkie Up³aziañskie Slice in-
cluded within the Kri�na Nappe (Kotañski, 1965). Tectonic in-
terpretations of this area were discussed by Krajewski (1980)
and Bac-Moszaszwili et al. (1984). Kotañski (1959) worked
out the lithostratigraphic column of the Zadnie Kamienne area,
with almost 40 lithological units.



METHODOLOGY

The results of direct field observations and structural anal-
ysis are given in the first part (Fig. 2). Observations of struc-
tures and textures were carried out on polished surfaces
(Fig. 3) and thin sections analysed using a binocular (Fig. 4),
an optical microscope (Fig. 5) and microprobe (BSE images
— Fig. 6). The minerals were recognised using an optical mi-
croscope, and the chemical composition was determined by

microprobe analysis (Tables 1–3). In order to determine the
temperature conditions of the deformation and hydrothermal
processes linked with them, feldspar (Nekvasil and Burnham,
1987; Fuhrmann and Lindsley, 1988) and chlorite geothermo-
meters (Cathelineau, 1988) were applied.

FIELD OBSERVATIONS AND GEOMETRICAL
ANALYSIS

The Zadnie Kamienne is a couloir running downwards
from the Chuda Pass along a ~ 60/80N oriented tectonic shear
zone (Fig. 1B, C). This zone cuts the above-mentioned
lithostratigraphic units from the crystalline rocks of the
Giewont Unit core to the contact of the Czerwone Wierchy
Nappe with the autochthonous High-Tatric sedimentary cover
(Kominy Tylkowe series). It fades out within the ductile marls
of Albian age (Zabijak Marlstone Formation — Lefeld et al.,
1985). Thus this zone, cutting a ca. 50 m long section
(Kotañski, 1959), is exposed along ca. 150 m in the field. Its
strike is generally parallel to the strike of structures in the
Giewont Unit (Jurewicz, 2003), as well as to the course of
structural isohypses marking the bottom of the thrust of crystal-
line rocks belonging to the Giewont Unit (Fig. 1B). Therefore,
based on geometrical relations, it seems contemporaneous with
the thrusting of the High-Tatric units. It lies at 60� in relation to
the thrust surface of the Giewont Unit (Fig. 2A left). After re-
versing the Tatra block to its position prior to Neogene rota-
tional upheaval (rotation along a horizontal 90/0 axis south-
wards by 40� — Jurewicz, 2000; comp. Burchart, 1972;
Piotrowski, 1978; Janák, 1994), the zone attains a position
(Fig. 2A right), which can be interpreted as high-angle R’-type
Riedel shears, exhibiting an antithetic sense of displacement —
Figure 2B–D (McKinnon and Garrido de la Barra, 1998;
Ahlgren, 2001). After rotation, both planes intersect along a
248/18 oriented b axis (Fig. 2A right). This orientation is simi-
lar to the orientation obtained from stress field reconstruction
based on kinematic structure analysis on slickenside surface in
the granitoid core (Jurewicz, 2000).

The dislocation zone does not have a uniform and regular
internal structure, which results for example from the fact that it
runs through different lithological units. In the upper part,
within crystalline rocks, the Zadnie Kamienne shear zone re-
calls mylonitic zones known from the crystalline core of the
High Tatra Mts. (Jurewicz and Bagiñski, in press). The tectonic
zone in this part is 0.5 to 1 m wide and contains a cataclastic
gouge (in crystalline rocks) as well as textures indicating
brecciation and mylonitization of sedimentary rocks with in-
tense pressure solution processes and mineral veining, recalling
structures along the thrust surface at the base of the Giewont
Unit (Jurewicz, 2003). In the direct vicinity of the tectonic zone
there are small folds, particularly visible in Upper Scythian
(Campilian) dark grey dolomites as well as shales and red-grey
limestones (beds nos. 18 and 31 in: Kotañski, 1959). In its
lower part, in the contact zone of the Urgonian limestones and
Upper Scythian dolomites, the limestones can be pressed into
the dolomites. Urgonian limestones represent isolated clasts in
a dolomite mass which acts as matrix (Fig. 2G, H). Dolomites
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Fig. 1. A — study area in relation to the main geological tectonic structures
of the Tatra Mts. (after Bac-Moszaszwili et al., 1979); B — tectonic sketch
of the vicinity of the study area near Ciemniak Mt. (after Guzik, 1959);
white lines — structural isohypses at the base of the Giewont Unit; C —
schematic cross-section through the northern slope of Ciemniak Mt.,
Czerwone Wierchy Nappe



are typically more fractured, which
might have favoured the penetration of
more ductile limestones along dilata-
tion fissures within the dolomites.

The displacement along the fault
zone is rather low in relation to these
deformations and does not exceed
~1 m. Stretching lineation and foliation
in some places are perpendicular to the
shear plane.

STRUCTURES AND TEXTURES

The shear zone generally contains material from the fault
walls. The most interesting structures occur in the upper part
of the fault zone (Fig. 1C), cutting crystalline rocks of the
Giewont Unit, and in the lower part at the contact zone be-
tween the Urgonian limestones and Scythian dolomites (Fig.
3A) of the Czerwone Wierchy Nappe (Zdziary Unit). Clasts
of limestone of variable size (several — several tens of cm)
and shapes (oval, angular, strongly elongated) occur here in a
dolomitic mass (Figs. 2G and 3B). The larger clasts of dolo-
mite are usually brittle-fractured (Fig. 4A, B). In some cases
the rock seems to comprise alternate elongated clasts of Trias-

sic dolomite and Urgonian limestone (Fig. 2H). The elonga-
tion and textural arrangement are distinct macroscopically,
where the clasts are several centimetres in size, as well as on
microscopic images (Figs. 3C and 4C–F). Some limestones
clasts are of mantled porphyroclast character, recognised
macroscopically (Fig. 3C). In the well-foliated part of the
shear zone with strongly stretched structures and microveins
of calcite between them, crenulation folds and crenulation
cleavage can be observed (Rajlich, 1993). On Figures 3D and
4C structures of the flattening wedge are developed at the
cleavage tips. Surfaces of crenulation cleavage are not regular
and are semi-parallel to the shear zone. Distances between the
shear surfaces are from several millimetres to 2–3 cm
(0.5–3 cm). The pressure solution processes were concen-
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Fig. 2. A — orientation of the Zadnie
Kamienne shear zone (ZK) in relation to the
thrust nappe of the Giewont Unit (GT): left —
today, right — prior to the Neogene rotation,
b–b-axes; B — idealized geometry of a Riedel
shear zone system (cf. Wilcox, 1973; Ahlgren,
2001) Y — principal displacement shear; R, R`
— conjugate Riedel shears; R, P — low angle
shears, synthetic to the main movement; R` —

high angle shear, antithetic to the main move-
ment; C, D — interpretation of the shear zone
of Zadnie Kamienne as R`; D–F — interpreta-
tion of the shear zone of Zadnie Kamienne as a
zone of intensive tectonic exaration (“raven-
ous” shear zone) which provided channel-ways
for fluid circulation and mass loss (white ar-
rows). Note that more intense mass loss took
place in the hanging wall. Intensive dissolution
and mass loss may have compensated for the
geometric effect of displacement along R` and
relaxes stresses; G — fragments (megaclasts)
of the Urgonian Osobita Limestone Formation
(lm) within the Triassic dolomite (d); there is
no evidence of deformation associated with
tectonic incorporation of the clasts; scale — a
10 halierov coin; H — tectonic melange of
limestone and dolomite in the shear zone. Note
identical textural ordering of porphyroclasts
(stretching lineation and foliation semi-parallel
to the wall rocks); scale — a 10 halierov coin



trated along the cleavage surfaces. This cleavage has a fabric
of pressure solution cleavage (Nex et al., 2003).

Some parts of the Zadnie Kamienne shear zone are com-
posed of tectonic breccias; in turn, others are mylonitic in char-
acter — with mylonites defined as foliated and lineated rocks
that show evidence of strong and ductile deformation, treated
as a strictly structural term that refers only to the fabric of the
rock (White et al., 1980; Passchier and Trouw, 1998). Dolo-
mite clasts prevail over limestone clasts, which results from the
fact that dolomites are less susceptible to dissolution (Kennedy
and Logan, 1997; Passchier and Trouw, 1998). The main com-
ponent of the matrix is a feldspar-clay mineral mass, in which
newly formed grains of dolomite, K-feldspar, albite, chlorite,
clay and SiO2 minerals can be identified (see below).

One of the most characteristic deformation processes re-
cognised within the Zadnie Kamienne shear zone includes

pressure solution and stylolitic seams
linked with this process (Figs. 3A, B
and 4D, E). The frequency of pressure
solution structures is much higher in
the tectonic zones of the Tatra Mts.
than in the neighbouring rocks.
Stylolitic seams observed under the
microscope occur generally along
porphyroclast boundaries, and also
within them (Fig. 4D). Most of the
pressure solution structures of stylo-
lite-character are parallel to the tex-
tures and calcite veins. They are evi-
dently younger than the carbonate min-
eralization (Fig. 3A, B) and only some
individual calcite veins cut the stylolite
seams (Fig. 4D).

MAIN MINERALS — CONDITIONS
OF CRYSTALLIZATION

Components of the mylonitic matrix and residues of the dis-
solution zones (Fig. 4C–E) were analysed in detail. In mylonitic
zones particular attention is drawn to neoformed minerals. In the
upper part of the shear zone, where it runs through crystalline
rocks, chlorite developed through transformation of biotite and
carbonates occurring in the form of veins infilling microshears
(Fig. 5A) as well as utilizing twin planes in plagioclases (Fig.
5B), were observed. In the lower part of the dislocation zone, in
turn, where Triassic dolomites contact with Urgonian limestones
(Kotañski, 1959), the mylonitic matrix contains clay and SiO2

minerals (Figs. 5C, D and 6A, B), K-feldspar (Fig. 5E, F) and al-
bite (Fig. 6C), euhedral grains of dolomite (Fig. 6B, C), as well
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Fig. 3. Different degree of deformation in
Urgonian limestones (Osobita Limestone
Formation) and Scythian dolomites within the
Zadnie Kamienne shear zone; polished sur-
faces

A — sheet of stylolite (s) along the contact
between the Urgonian Osobita Limestone
Formation (lm) and Scythian dolomites (d);
along the stylolite surface the rock is greenish
in colour from chlorite and displays a charac-
teristic detachment; B — stylolites (s) be-
tween and within clasts of limestone and
dolomite; note that the carbonate veins (cv)
are in some cases earlier and in other cases
later than others; C — stretching lineation
and foliation within the mylonitized part of
the Zadnie Kamienne shear zone; easily visi-
ble calcite veins (cv), parallel to mylonitic
textures or cutting them, and mantled
porphyroclasts (mp — clast of limestone with
calcite wings); D — deformation of mylonitic
textures resembling crenulation cleavage
(white dashed lines)



as laths of chlorite (Fig. 6A, B). Within pressure solution zones,
developed generally along the mylonitic textures and as stylo-
lites, the residuum comprises feldspar and clay minerals, as well
as numerous laths of chlorite. Due to the presence of chlorite
these zones have a characteristic green colouring, and the rocks
often display partings along these irregular planes.

Carbonates. Besides various sizes of porphyroclasts com-
posed mainly of dolomites and limestone, carbonate veins are
frequently present within the Zadnie Kamienne shear zone.
Calcite and dolomite occur in form of predeformation veins,

mineralising fractures within the porphyroclasts (Fig. 4A, B).
Some of the clasts, strongly elongated and folded, are syn-kine-
matically deformed with carbonate veins — Figure 3C, D. Car-
bonate veins are most common along the mylonitic structures
(Figs. 3C, D and 4A, F), parallel to the shear zone (Teixell et
al., 2000), locally folded with them (Figs. 3D and 4C) and cut
by stylolites and younger calcite veins, which cut the al-
ready-formed structures (Figs. 4D and 5G). The relations be-
tween dolomite and calcite in mineral veins are well observed
on BSE images (Fig. 6A, B). Figure 6A shows calcite fibres
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Fig. 4. Different degrees of deformation of rocks from the Zadnie Kamienne shear zone in thin section, non-polarised light

A — brittle-fractured dolomite porphyroclast (calcite-filled gash fractures) and strongly deformed mylonitic matrix with
slightly aligned elongated textures; fibrous veins of calcite cutting through the mylonitic matrix and a fragment of the
stylolite at the top left are present; B — strongly fractured large porphyroclasts of dolomite; carbonate mylonite fills the ar-
eas between the clasts; C–E — non-homogenous deformation of mylonitic textures resembling flow structures; previously
parallel-stretched porphyroclasts, later laminated matrix with stylolitization and associated veining; D — semi-vertical thin
calcite veins cutting earlier mylonitic textures and crossed by stylolites; E — large porphyroclast of dolomite within a lami-
nated and deformed mylonitic matrix; F — deformed and imbricated porphyroclasts of marls within the mylonitic matrix
near the contact of the Albian (Zabijak Marlstone Formation) and Urgonian (Osobita Limestone Formation) rocks in the
hanging wall of the Zadnie Kamienne shear zone; pale veins of calcite are visible along microshears
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Fig. 5. Thin sections of rocks from the Zadnie Kamienne shear zone in crossed polars

A — calcite veins cutting through mylonitized granitoid rocks related to the Giewont Unit (upper part of the Zadnie Kamienne shear zone); B — calcite
veins within feldspar grains in mylonitized granitoid rocks of the Giewont Unit; fine-grained calcite crystallized along twin planes in plagioclases and
transect them in microshears; C — wide calcite vein, younger than the narrow ones, within carbonate clast; fine grains of quartz visible at the bottom side
of the vein; D — deformations of carbonate rocks; layers are probably represented by stretched clasts of limestone and dolomite; layering is crenulated
between shear zones disturbed by pressure solution transfer and the dissolution creep was generated during a younger deformation phase; particular lay-
ers and carbonate veins were partly also dissolved by pressure solution; E, F — euhedral grains of hydrothermal K-feldspar occurring along microshears;
G — antitaxial vein of carbonate fibres, principally composed of calcite, with poorly visible median line; irregularity of the vein-walls and median line is
thought to be due to the activity of pressure solution (stylolitization) and dissolution creep; compare with Figure 6A where the relationship between cal-
cite and dolomite can be seen; H — bending of twins in calcite and increase of twin density along the deformation bend and near the grain boundary



normal to the wall rocks growing in dolomite veins (dolomite is
earlier). A fragment of the wall-rock as a relict of the median
line can be seen on the left of this figure, which points to the
primary antitaxial character of this vein. In a later mineraliza-
tion stage, when calcite appeared instead of dolomite, calcite
grew not only on the growth surface but also between the dolo-
mite fibres. In optic microscope images (Fig. 5G), curvatures of
fibrous grains, developed probably already during their

growth, can be observed. The median line is poorly visible,
which is the effect of pressure solution processes and
recrystallization that took place along walls of the carbonate
vein where stylolites are visible.

Dolomite, well visible on BSE images, besides the
porphyroclast and fibrous veins, locally appears within the
mylonitic matrix as single euhedral grains (Fig. 6B, C). In sin-
gle calcite crystals (Fig. 5H) dense twin can be observed, par-
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Fig. 6. BSE images (15 keV, 20 nA); A — complex carbonate vein within fine-grained mylonitic matrix composed of dolo-
mite, calcite, quartz, K-feldspar, chlorite and clay minerals; note that fibres of dolomite are earlier than calcite; earlier
porphyroblast of quartz incorporated into the vein is brittle fractured; at left — relict of median line (fragment of previous
mylonitic rocks); B — calcite-dolomite and K-feldspar-albite veins in the mylonitic matrix; note numerous euhedral crystals
of dolomite within the matrix; C — aggregate of albite and K-feldspar and euhedral crystals of dolomite within calcite do-
main; D — thin vein of calcite cutting through the carbonate matrix with quartz and K-feldspar porphyroclasts; E — mylonitic
matrix at the top right, euhedral and anhedral crystal of albite and K-feldspar and large porphyroclasts of quartz within calcite;
F — fold deformation of biotite, partly chloritized; mylonitized granitoid rocks related to the Giewont Unit (upper part of the
Zadnie Kamienne shear zone); Kfs — potassium feldspar, Ab — albite, Qtz — quartz, Dol — dolomite, Cal — calcite, Chl —
chlorite, Bio — biotite, fs+cm — feldspar and clay minerals (symbols of minerals after Kretz, 1983); A–E — part of shear
zone within sedimentary rocks, F — part of shear zone within crystalline rocks



ticularly denser near the crystal boundary and in twin deflection
zones. After Burkhard (1993), the geometry of e-twins in cal-
cite was applied as a temperature gauge; the bending of twins
indicates conditions above 200�C.

Feldspars. In the shear zone of the Zadnie Kamienne close
to carbonates, feldspars gather in form of small parallel veins
(Fig. 6B). Feldspars occur as single euhedral and subhedral
crystals within the microshears in the mylonitic matrix (Figs.
5E, F and 6C). A large proportion of the crystals grew freely,
developing their own, mostly rhombohedral, habit. The crys-
tals are transparent and devoid of inclusions. Their composi-
tion, determined on the basis of microprobe analysis (Table 1),
indicates a prevalence of potassium-enriched feldspars over so-
dium-enriched ones. The recalculated formula places them
close to pure albite and adularia (Table 1). Despite the domina-
tion of the orthoclase molecule in the adularia and of the albite
molecule in the albite, the analysed feldspars represent the ter-
nary composition Ab-An-Or. The anorthite particle accompa-
nies, in minor amounts, some of the alkali feldspars. Albites
and adularia recovered from the Zadnie Kamienne shear zone
have a poorly marked domain structure. Potassium feldspars
reveal slight undulose extinction. The growth morphology of
sodium feldspars recalls poorly developed chess-board twin-
ning. The feldspars occur within a matrix composed of carbon-
ates, feldspars and clay minerals, SiO2 minerals and chlorites
(Fig. 6B, D, E).

The habit of the feldspars and their composition argue for
a hydrothermal origin. The rhombohedral shape of the crys-
tals is common among hydrothermal adularia. Transparency,
referred to as “water clear” is a typical feature of hydrother-
mal feldspars. By contrast detrital feldspars are dusty. The

composition of the investigated feldspars is also characteristic
of low-temperature formation processes. Crystallization of
feldspars under hydrothermal conditions is highly correlated
with sodium, potassium and proton activity in the solution
(Giggenbach, 1984; S³aby et al., 1993), although other factors
may also control this process. The process usually takes place
under non-equilibrium conditions, often far from equilibrium.
The degree of deviation from the equilibrium state reflects the
pattern of the feldspar growth morphology and the order-dis-
order of their structure (S³aby, 1990, 1992, 2000). The habit
of the feldspar displays mostly a domain, patchy, tiled, or
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T a b l e 1

Composition of feldspars occurring in the Zadnie Kamienne shear zone

Na-feldspar K-feldspar

#1 #2 #4 #5 #6 #10 #7 #8 #9 #11 #13 #15

SiO2 67.57 67.75 68.25 68.33 68.21 67.48 64.90 65.61 63.94 64.76 64.64 64.50

Al2O3 19.21 19.21 19.13 19.28 19.23 19.00 17.38 17.60 17.78 17.72 18.03 17.84

CaO 1.27 0.44 0.06 0.08 0.21 0.94 0.41 0.08 0.11 0.03 0.09 0.00

Na2O 11.75 11.61 11.96 11.89 11.68 11.48 0.14 0.17 0.44 1.67 0.52 0.16

K2O 0.04 0.10 0.04 0.08 0.05 0.08 16.42 16.34 15.84 14.62 15.91 16.02

FeO 0.00 0.09 0.06 0.02 0.03 0.04 0.00 0.12 0.26 0.09 0.09 0.21

BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.04 0.55 0.04 0.08 0.07

Totals 99.84 99.20 99.50 99.68 99.41 99.02 99.31 99.96 98.92 98.93 99.36 98.80

Formula on the basis of 8 oxygens

Si 2.97 3.00 3.00 3.00 3.00 2.99 3.03 3.03 3.01 3.01 3.01 3.02

Al 1.00 0.99 0.99 0.99 1.00 0.99 0.95 0.96 0.99 0.97 0.99 0.98

Ca 0.06 0.02 0.00 0.00 0.01 0.04 0.02 0.00 0.01 0.00 0.00 0.00

Na 1.00 0.99 1.02 1.01 1.00 0.98 0.01 0.02 0.04 0.16 0.05 0.02

K 0.00 0.01 0.00 0.01 0.00 0.00 0.98 0.96 0.95 0.87 0.94 0.96

Totals 5.03 5.01 5.01 5.01 5.01 5.00 4.99 4.97 5.00 5.01 4.99 4.98

T a b l e 2

Estimation of feldspars crystallization temperature

Ab Or An Average

“A” Nekvasil and Burnham model (1987)

Temperature [�C] 421.95 312.85 421.95 385.58

Plagioclase (composition) 0.957 0.004 0.04 –

K-feldspar (composition) 0.092 0.893 0.007 –

“B” Fuhrmann and Lindsley model (1988)

Temperature [�C] 348.37 348.37 348.37 348.37

Plagioclase (composition) 0.99 0.004 0.052 –

K-feldspar (composition) 0.085 0.91 0.003 –

Ab — albite, Or — orthoclase, An — anorthite; other explanations see text



twinned pattern. This in turn reflects their optic heterogeneity.
The more dynamic is the growth of feldspars, the better the
heterogeneity is developed (S³aby, 2000). It seems therefore
that the domain pattern of the investigated feldspars, both Na-
and K-rich, took place in conditions close to equilibrium.
Kinetically — driven growth should be excluded. The growth
morphology and composition exclude also a detrital character
for the analysed feldspars.

Similarly, the presence of the anorthite and albite molecules
in the adularia, and anorthite and orthoclase in the albite, indi-
cate conditions close to equilibrium. This might point to proper
distribution of potassium, sodium and calcium between Na-
and K-rich feldspars during the crystallization process. The
compositions of some of the pairs are located on the low-tem-
perature part of the feldspar solvus. These might be arguments
in favour of using two-feldspar models for temperature estima-
tion. The attempt to use the models has to be, however, treated
with great caution. Crystallization of minerals in hydrothermal
conditions is controlled on the one hand by temperature and on
the other hand by the concentrations of particular species
within the solutions. The relation of the two factors is impossi-
ble to determine in the case of fossil examples. Two-feldspar
crystallization models were used in calculations by Nekvasil
and Burnham (1987) and by Fuhrmann and Lindsley (1988).
The models are constructed for feldspars growing under mag-
matic conditions, however, post-magmatic processes, such as
coarsening at low temperature, could be evaluated using the
models. Two of the analysed hydrothermal feldspar pairs gave
positive results. For one of the analysed pairs “A” (Table 2) the
positive result was obtained with the Nekvasil and Burnhamm

thermometer, while the second “B” was obtained with the
Fuhrmann and Lindslay thermometer. The crucial objection
lies in the fact that both models cannot be applied for the two
pairs. The temperatures obtained are similar, although the char-
acter of crystallization is different. Pair “A” indicates 385�C as
the crystallization temperature. It took place in conditions far
from equilibrium |dT| = –218.19. Pair “B” crystallized in equi-
librium with the environment |dT| = 0.00 at a temperature of
348�C. In a hydrothermal system, which is an open system,
both cases probably took place in close vicinity to one another.
On the other hand, it is possible that both results are far from re-
ality, if the influence of temperature on crystallization of both
feldspars in pairs was minimal.

Chlorite. Single laths of chlorite occur very often in the
mylonitic matrix within the lower part of Zadnie Kamienne
shear zone (Fig. 6A, B, D). The composition of these crystals
varies significantly. Within the crystals two compositionally
different populations, low-ferruginous and high-ferruginous
(Table 3), can be distinguished. In the upper part, where the
shear zone cuts the granitoid rocks of the crystalline core of the
Giewont Unit, the high-ferruginous type of chlorite has been
found (thin sheets within folded crystals of biotite — Figure
6F). Small chlorite lenses intercalate with the biotite plates.
Their composition is usually non-stoichiometric and only one
analysis was included in the table data (Table 3, no. 1). Biotite,
accompanied by chlorite laths, is strongly folded (Fig. 6F).
Stesky (1978) suggested that biotite has ductile behaviour at
temperatures above 250�C.

Chlorite appears in a paragenesis with hydrothermal feld-
spars in the lower part of the Zadnie Kamienne shear zone,
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T a b l e 3

Composition of chlorites occurring within mylonites of the Zadnie Kamienne shear zone
(sample 1 — from crystalline rocks, another — from sedimentary rocks)

C h l o r i t e s

high-ferruginous low-ferruginous formula on the basis of 14 oxygens

#1 #4 #8 #10 #21 #22 #1 #4 #8 #10 #21 #22

SiO2 25.32 25.88 26.45 28.14 33.53 33.98 Si 2.80 2.83 2.86 2.80 3.29 3.32

TiO2 0.15 0.06 0.03 0.09 0.03 0.00 Ti 0.01 0.00 0.00 0.00 0.00 0.00

Al2O3 20.80 21.61 20.25 21.63 15.52 15.85 AlIV 1.20 1.17 1.14 1.20 0.71 0.68

MgO 7.57 7.58 8.39 23.90 27.32 26.85 AlVI 1.51 1.61 1.53 1.34 1.09 1.14

CaO 0.05 0.05 0.12 0.16 0.40 0.37 Mg 1.25 1.23 1.37 3.55 3.99 3.90

MnO 0.10 0.07 0.05 0.04 0.02 0.01 Ca 0.01 0.01 0.01 0.02 0.04 0.04

FeO 32.96 31.44 31.50 11.87 8.34 8.37 Mn 0.01 0.01 0.00 0.00 0.00 0.00

Na2O 0.02 0.02 0.00 0.02 0.01 0.04 Fe 3.05 2.88 2.88 0.99 0.69 0.68

K2O 0.14 0.24 0.08 0.08 0.02 0.08 Na 0.01 0.00 0.00 0.00 0.00 0.01

H2O 10.84 10.97 10.96 12.03 12.23 12.29 K 0.02 0.04 0.01 0.01 0.00 0.01

Totals 97.82 97.92 97.83 97.96 97.42 97.84 Totals 9.87 9.78 9.80 9.90 9.81 9.78



within the mylonitized sedimentary rocks. The reconstructed
thermal conditions by means of feldspar pairs could be corrobo-
rated by other methods. Chlorite paragenesis with feldspars may
provide additional information. Based on tetrahedral and octahe-
dral site occupancy (Cathelineau, 1988), the crystallization tem-
perature of chlorite has been estimated. The data obtained indi-
cate that the chlorites seemed to crystallize in two thermally dif-
ferent events: T1 � 292–357�C and T2 � 155–167�C. The higher
temperature event correlates well with the temperature estimated
using feldspar models. Chlorite from the upper part of the shear
zone (Table 3, no. 1), being the decay product of biotite, has been
used for thermal evaluation, and indicated a temperature compa-
rable to episode T1 (~ 325�C).

DISCUSSION

The Zadnie Kamienne shear zone is a high-angle Riedel
type shear zone (R’), which may have developed synchro-
nously with the nappe-thrusting of the High-Tatric Nappes.
Deformations occurring along this zone including
mylonitization, stretching lineation, foliation, pressure solu-
tion accompanied by precipitation and vein-forming, are very
similar to structures occurring along the thrust-fault at the
base of the Giewont Unit (Jurewicz, 2003) and along other
thrust surfaces in the Tatra Mts. (Kotañski, 1956, 1959;
Bac-Moszaszwili et al., 1981; Jaroszewski, 1982). Shear
zones like this provide channel-ways for fluid circulation and
play an important role in the mass loss (Vernon, 1998). The
mass reduction caused only by chemical compaction of the
condensed Middle Jurassic deposits in the High-Tatric series
was assessed by £uczyñski (2001) at about 20–70%. In the
shear zone, estimating the mass loss value based on the resid-
uum is difficult due to the high lithological variability of the
Triassic strata and the possible removal of a large volume of
rocks in suspension beyond the tectonic zone (see Gratier et
al., 1999; Renard et al., 2000; Jurewicz, 2003).

The amount of displacement along this zone is very low
and does not correlate with the strength and ductile character
of the deformations and therefore another explanation of this
phenomenon is plausible. The lack of unequivocal indicators
of shearing and the minor geometrical effect of the displace-
ment could partly reflect the change of direction of movement
and its oscillatory character. This is suggested by folding of
mylonitic textures both in the crystalline and sedimentary
rock sections of the tectonic zone, as well as by local rotation
of elongation textures to positions almost perpendicular to the
wall rocks. Their formation might be linked with a multiple
tectonic reactivation and repeated periods of brecciation and
fluidization (Newman and Mitra, 1994; Branquet et al.,
1999). Pulsation movements taking place along the shear
zone could have been initiated in the same way as along the
thrust surface by pulsatory changes of pore pressure (Küster
and Stöckhert, 1999; Branquet et al., 1999), and accompany-
ing stages of dissolution along the stylolite, precipitation and

vein-forming (Petit et al., 1999; Karcz and Scholz, 2003).
Processes such as these linked with hydrotectonic phenomena
were described by Bac-Moszaszwili et al. (1981), Jaro-
szewski (1982) and Jurewicz (2003) from the Polish Tatra
Mts. and Milovský et al. (2003) from the Silicicum cover
nappe system. These processes responsible for shape and vol-
ume transformation accompanied by mass loss have the char-
acter of large-scale volume-diffusion creep (Davis and
Reynolds, 1996). Dissolution along stylolites can be thought
as a mechanism of stress relaxation within and around the
fault (Renard et al., 2000) and may compensate the geometri-
cal effect of displacement (Fig. 2D–F). We propose to call a
shear zone, within which mass reduction plays a more impor-
tant role in the relaxation of stress than the displacement, a
“ravenous” shear zone.

Analysis of feldspar crystallization conditions indicated
that the Zadnie Kamienne shear zone was a migration path-
way for hydrothermal solutions, which influenced the defor-
mation conditions and the character of structures occurring
within it. The growth morphology of the feldspars found in
the shear zone of Zadnie Kamienne indicates unequivocally
their crystallization under hydrothermal conditions. Hydro-
thermal crystals of feldspar are concentrated particularly
along the microshears. The presence of authigenic crystals of
potassium feldspar was noted by Plašienka and Soták (1996)
in the matrix of rauwacke. Milovský et al. (2003) described it
in basal cataclasites of the Muráò Nappe and Jurewicz (2003)
in mylonites from the base of thrust-nappes of the Giewont
Unit (High-Tatric Nappe).

The composition of the neo-formed minerals occurring
within this zone has been used for calculating the thermal con-
ditions of these processes. Simultaneous growth of albite and
adularia indicates a temperature of about 350°C. Chlorites ac-
companying them occur in two thermal episodes, where the
first one (T1) points to a similar temperature (292–357°C). The
temperature of feldspar — T1-chlorite crystallization varies in a
quite narrow range and is slightly higher in relation to that de-
termined on the basis of petrotectonic analysis.

For structures occurring along the thrust-fault at the base of
the Giewont Unit the estimated temperature is ca. 300�C
(Jurewicz 2003). It is also much higher than temperatures ob-
tained on the basis of fluid inclusion analysis in quartz formed
on surfaces of slickensides in the crystalline core of the High
Tatra Mts. recorded by fluid inclusion temperatures of
212–254�C at pressures of 1.45–1.73 kbar (Jurewicz and
Koz³owski, 2003), indicating an overburden of 6–7 km and a
geothermal gradient of ca. 30�C (Jurewicz and Bagiñski, in
press). Deformation in the High-Tatric Nappes lying on the
para-autochthonous sedimentary cover must have taken place
under a smaller, ca. 1–2 km thick overburden and at lower tem-
peratures. The deformation was accompanied by the activity of
hydrothermal solutions. The solutions operating within the
zone led to the formation of feldspar and chlorite from group T1

under similar thermal conditions. Likewise, the feldspar
growth morphology strongly corroborated the presence of hy-
drothermal processes in the shear zone. The observed changes
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within such a minor dislocation along the shear zone cannot be
explained by pure dynamometamorphism.

Much higher temperatures after fluid inclusion investiga-
tions — between 213 and 471�C — were obtained by
Milovský et al. (2003) from basal cataclasites of the Muráò
Nappe. Such high temperatures are explained as a reflection of
locally supralithostatic overpressures induced by frictional
heating beneath the moving nappe. Probably similar processes
developing at the base of the High Tatric Nappes (Jurewicz,
2003) were the source of high-temperature fluids which flowed
along the shear zone (and also Riedel shears) according to the
local hydraulic gradient (Sibson, 1996).

CONCLUSIONS

1. The Zadnie Kamienne shear zone is a high-angle Riedel
type shear zone (R’) exhibiting an antithetic sense of displace-
ment. It may have developed synchronously with the nappe-
thrusting of the High-Tatric Nappes.

2. This zone was the pathway of migration for hydrother-
mal solutions, which influenced the deformation conditions
and the character of structures occurring within it.

3. Tentative application of feldspar and chlorite geother-
mometers allowed quantifying the hydrothermal solution tem-
perature at up to ~ 350�C.

4. The Zadnie Kamienne shear zone can be interpreted as a
zone of intense dissolution creep and mass loss with very small
dislocation, causing stress relaxation without displacement,
and may be called a “ravenous” shear zone.
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