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Abstract Extraction of meaningful information on the
timing of fault activity from clay gouges using radiomet-
ric dating methods, such as those based on the K-Ar
system, can be challenging. One of the factors complicat-
ing interpretation of the radiometric dating results is the
presence of multiple K-bearing components in the gouge
material. In the current study, an attempt was made to
develop a new interpretative method for K-Ar and
40Ar-3?Ar dating, capable of handling a three-
component mixture. In addition, the mineral composition
of clay gouges from the Tatra Mountains (Poland), which
has not been investigated before, is reported. The mineral
compositions of the bulk clay gouge material and sepa-
rated size fractions were determined by X-ray diffractom-
etry and Fourier-transform infrared spectroscopy. The
gouge samples were composed of quartz, dioctahedral
mica (as a discrete phase and as a component of mixed-
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layered illite-smectite), and chlorite, commonly with pla-
gioclase and more rarely with K-feldspar, dioctahedral
smectite, calcite, anatase, or trace kaolinite. One feldspar-
free sample containing three mica polytypes (1My, 1M,
and 2M;) was chosen for dating with the YOAr-FAr
method. The results of *°Ar-**Ar dating were interpreted
using three concepts: Illite Age Analysis (IAA), a method
based on the MODELAGE software, and a newly devel-
oped three-component concept. The age values obtained
with IAA were —14 Ma + 31 Ma and 180 = 91 Ma for
authigenic (1My) and inherited (1M + 2M;) components,
respectively. The MODELAGE-based approach returned
—4 + 40 Ma and 165 + 62 Ma. The three-component
approach returned age values of polytypes as follows:
1My, 15 +£37 Ma; 1M, 135 £ 57 Ma; 2M;, 121 £ 56 Ma
based on the medians and the interquartile ranges of non-
normal distributions of Monte Carlo-simulated age
values. The results obtained indicated that the 1My
polytype was probably formed during the most recent
stage of fault activity, while 1M and 2M, polytypes are of
equal age, roughly.

Keywords *°Ar-*°Ardating - Clay gouges - Illite - Mica -
Polytype quantification - Shear zones - Tatra Mountains

Introduction

Clay gouges or fault gouges are non-cohesive fault rocks
containing <30% of visible fragments (Brodie et al.,
2004; Sibson, 1977). One of the most important goals
of recent studies of clay gouges has been to constrain the
timing of the studied faulting (e.g. Abad et al., 2017,
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Boles et al., 2018; Fitz-Diaz et al., 2016; Haines & van
der Pluijm, 2012; Mancktelow et al., 2016; Viola et al.,
2013). Clay gouges usually contain significant amounts
of K-bearing micas; therefore, K-Ar and Y0Ar-3Ar dat-
ing have been used widely for studies of these rocks. The
“OAr-*’Ar method has gained more attention because it
eliminates potential errors caused by measuring K and
Ar content from two different portions of a sample,
which is a standard procedure in K-Ar dating (Clauer,
2013; Clauer et al., 2012). As pointed out by Dong et al.
(1995, 1997), fine-grained materials such as clay min-
erals require vacuum encapsulation before *°Ar->’Ar
dating in order to account for Ar loss due to the recoil
effect from crystals with sizes of a few nanometers.
Fault gouges commonly contain both minerals
inherited from the parent material and authigenic min-
erals, i.e. those formed during, or shortly after, tectonic
deformation (Haines & van der Pluijm, 2008; Solum
etal., 2005; Torgersen et al., 2014; van der Pluijm et al.,
2001; Ylagan et al., 2002). In such a case, age values
obtained during isotopic dating represent mixtures of
two or more constituents. In addition, for shear zones
with a history of multiple reactivation episodes, the final
composition may not be a mixture of just two end
members. Each reactivation event may potentially have
led to creation of a distinct mineral population and may
or may not have reset the K-Ar system within previously
crystallized authigenic components (Bense et al., 2014).
Various methods have been proposed to extract the
end-member ages from the age values of mixtures
(Dong et al., 2000; Grathoff & Moore, 1996; Pevear,
1992; Szczerba & Srodon, 2009; Ylagan et al., 2000). In
most of the proposed methods, the material was as-
sumed to be a mixture of two components, i.e. non-
authigenic and authigenic, that could be distinguished
mineralogically, e.g. by polytype quantification. The
high-temperature 2M, dioctahedral mica (“illite”)
polytype was assumed to have been inherited, while
low-temperature 1M and 1My polytypes of dioctahedral
mica were believed to be authigenic. A common prac-
tice in the field is, however, to use only 1My and 2M;
polytypes for description of fault gouge material (van
der Pluyjm & Hall, 2015), because the 1M polytype is
rare and requires specific formation conditions (Peacor
etal., 2002). In addition, the 1M polytype is believed not
to occur during normal prograde diagenesis of pelitic
rocks (Peacor et al., 2002), and many of the studies on
fault dating were of clay gouges hosted in sedimentary
rocks (e.g. Solum et al., 2005). On the other hand, the
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LM polytype was demonstrated to co-exist with the 2,
polytype in hydrothermally altered igneous rocks,
where it occurs as a component of sericite (Eberl et al.,
1987; Yan et al., 2001).

Pevear (1992) proposed the concept called “Illite Age
Analysis” (IAA), which is based on dating of multiple
size fractions and extrapolating an obtained function
(age value vs. mass fraction of detrital illite) to zero
detrital illite to get the age of the authigenic illite in a
sample and to 100% detrital illite to get the age of the
non-authigenic illite. One of the underlying assumptions
in IAA is that the two end members should concentrate
in different size fractions. Furthermore, age value was
assumed to be linearly correlated with end-member
mass fraction. As pointed out by Srodon (1999) and
Szczerba and Srodon (2009), deviation from linearity
ofage value vs. fraction of detrital illite can be caused by
different amounts of K in the two components and the
logarithmic nature of the age equation. Szczerba and
Srodon (2009) proposed an approach that takes into
consideration both of these issues and developed the
MODELAGE computer program to calculate end-
member ages for two-component mixtures.

Clay gouges are common in the Tatra Mountains (a
part of the Inner Western Carpathians on the Polish-
Slovakian border), where they have been formed in
shear zones developed in granitoids. The geology of
the Tatra Mountains is quite well established (Jurewicz,
2005; Plasienka et al., 1997), but the mineral composi-
tion of the gouges has never been investigated.

The aims of the present study were to determine the
mineralogy of selected clay gouges from the Tatra
Mountains, to interpret their origins, and to obtain time
constraints on the formation of the authigenic micaceous
components of the gouges. Furthermore, an attempt was
made to develop an approach capable of finding the ages
in a three-component system.

Geological setting

The Tatra Mountains are the tallest mountains in the
Inner Western Carpathians, which, in turn, comprise
part of the Alpine orogenic system in Europe. The
Tatras consist of a crystalline core, which is built of
igneous (mainly granitic) and metamorphic rocks, and
sedimentary cover thrust over the core during late Cre-
taceous stages of the Alpine Orogeny (Plasienka et al.,
1997). The present study focused on the eastern part of
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the range, the so-called High Tatras. According to
Gaweda (2007), the composition of the biotite
monzogranites, which are the most common type of
granitoids in the High Tatras, is as follows: plagioclase
(43-69%), quartz (21-29%), K-feldspar (0.8-24%), bi-
otite (2-5%), and muscovite (0.4-2.9%). Muscovite
occurs as a magmatic mineral, and alongside other va-
rieties of dioctahedral micas occurs in the form of
sericite within altered feldspars.

Geologic evolution of the Tatra Mountains

Granitoids of the Tatra Mountains are polygenetic, with
several batches of granitoid magma having intruded
between ~370 and 340 Ma (Burda et al., 2011, 2013;
Gaweda et al., 2005, 2014). U-Pb dating of apatite
returned the most-recent dates at ~340 Ma, which means
that the granitoids have not experienced temperatures
above the closure temperature of the U-Pb system in
apatite, i.e. above 350-550°C, since 340 Ma (Gaweda
et al., 2014). The earliest dates recorded by AOAr3OAr
dating of white micas from mylonitization zones within
the crystalline core are Variscan (~333 Ma; Maluski
et al., 1993). These dates, however, could reflect post-
magmatic extension (Gawegda et al., 2014). The core
was uplifted and eroded during the Permian and the
Early Triassic (Jurewicz, 2005). Subsequent transgres-
sion resulted in sedimentation of various siliciclastic
sediments and carbonates that prevailed during the Me-
sozoic. Tectonic activity during this Era comprised
Middle to Late Triassic rifting and extension, and a
major thrusting and nappe-forming Alpine event in the
Late Cretaceous (Jurewicz, 2005; Kralikova et al., 2014;
Plasienka et al., 1997). Mylonites from the Tatra Moun-
tains and adjacent areas returned *’Ar-*’Ar ages of the
latter tectonic phase in the 75-89 Ma range (Maluski
et al., 1993). Evidence of an earlier, Early Cretaceous
thermotectonic event in the 140—120 Ma range was also
found (Maluski et al., 1993). As inferred from a fluid
inclusion study, temperatures of Alpine deformation for
selected shear zones within the Tatra granitoid core did
not exceed 250°C (Jurewicz & Koztowski, 2003). The
early Cenozoic evolution of the Tatra Mountains is
difficult to determine because no sediments from that
period lay directly on the crystalline core (Anczkiewicz
et al., 2015), but zircon fission track (ZFT) ages of 77
+11 to 63+6 Ma (Kralikova et al., 2014) suggest a
period of cooling and probable erosion. The final uplift
took place in the Miocene (~20 Ma) and was preceded
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by late Eocene—Oligocene burial that started at about
45 Ma (Kralikova et al., 2014). Anczkiewicz et al.
(2015) and Smigielski et al. (2016) demonstrated, by
thermal history modeling based on ZFT and apatite
fission track (AFT) ages, that temperatures during Pa-
leogene burial were >150°C. AFT ages of crystalline-
core samples are scattered from 15 to 30 Ma, which may
indicate that the final uplift of the core involved block
tectonics (Anczkiewicz et al., 2015). AFT dates record
uplift from the 100°C isotherm, i.e. a depth of 5 km
assuming a 20°C/km geothermal gradient.

Clay gouges

Clay gouges in the Tatra Mountains occur mainly along
steeply dipping shear zones that were formed during
pre-Alpine times (Jurewicz, 2006) and are accompanied
by mylonites and cataclasites. Shear zones in the Tatra
Mountains and surrounding areas have probably under-
gone multiple episodes of re-activation, as can be in-
ferred from “°Ar-**Ar dating of fault-associated rocks
that revealed Late Cretaceous and Paleogene ages
(Kohut & Sherlock, 2003; Maluski et al., 1993) and
from tectonic reconstruction models that imply final
uplift of the High Tatras in the Neogene (Anczkiewicz,
2015; Jurewicz, 2005; Kralikova, 2014).

Materials and methods

Samples used in the present study were collected
from clay gouges developed in Variscan granitoids
in the eastern part of the Tatra Mountains. Eight shear
zones were investigated (Fig. 1; Table 1): Plecy
Mnichowe (TM1), Mata Galeria Cubrynska (TM2),
Zleb Mnichowy (TM3), Przelecz za Zadnim
Mnichem (TM4), Wrota Chatubinskiego (TM5),
Gtadka Przetecz (TM6), Kozia Przetecz (KP), and
Zachod Gronskiego (ZG). All of the samples were
taken from the zones that strike NE-SW. The ~0.5 m
thick gouge TM4 was sampled along a cross section
perpendicular to the walls in order to determine the
variability of the mineral composition within the
gouge (Fig. 2).

Sample handling and instrumental methods

Collected samples were air-dried and subsequently
hand-crushed gently in a steel mortar to pass through a
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Fig. 1 Digital elevation model (DEM) of the area of study with
sampling sites (white dots). Lakes shown in blue. Fault lines after
Piotrowska (1970). Inset: DEM of the Carpathians showing the

0.4 mm sieve. Prior to clay separation, portions of the
ground samples were treated with Na acetate—acetic acid
buffer to remove carbonates and exchangeable divalent
cations (Jackson, 1969). The white to greenish-white
color of the samples indicated a small organic matter
content and small “free Fe-oxide” content, so peroxide
and citrate-bicarbonate-dithionite treatments were not
applied. After removal of carbonates and Na-saturation
by four washings with 1 M NaCl (analytical reagent
grade, POCH S.A., Gliwice, Poland), <0.2 pum size
fractions were separated by centrifugation (Stokes's
Law). For one sample, which was selected for the ra-
diometric dating, three additional size fractions were
separated by centrifugation (0.2—-2 pum) or by sedimen-
tation in a water column (2-10 pum and 10-20 pm)
(Stokes’s Law). Subsequently, fractions to be examined
by X-ray diffraction (XRD) were saturated with Ca®* or
K™ cations by four washings with the respective chloride
solutions (analytical reagent grade, POCH S.A., Gliwi-
ce, Poland). The final saturation was followed by dial-
ysis to remove excess electrolytes.

Portions of the hand-crushed bulk samples were mi-
cronized with a McCrone micronizing mill (McCrone
Microscopes & Accessories, Westmont, Illinois, USA),
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with 10% zincite (analytical reagent grade, Fisher Sci-
entific, Waltham, Massachusetts, USA) added as an
internal standard, and side-loaded into aluminum
holders for XRD analysis. Portions of the size fractions
(<0.2, 0.2-2, 2-10, and 10-20 pum) of the KP sample
were loaded in similar fashion but with no internal
standard. Clay fractions were also analyzed by XRD
as oriented mounts on glass slides (with surface density
of 10 mg/cm?).

X-ray diffraction patterns were recorded using a
Philips X'Pert APD system (Philips Electronics N.V.,
Almelo, The Netherlands) with a PW3020 goniometer
equipped with a 1° divergence slit, a 0.02 mm receiving
slit, a 2° antiscatter slit, a graphite diffracted-beam
monochromator, and two Soller slits. CuK« radiation
produced with an acceleration voltage of 40 kV and
30 mA current was used. The oriented mounts were
scanned in a step scanning mode in the range of 2—
52°20 with 2 s counting time per 0.02°20 step. The
scanning range for random powder mounts was 2—
65°20 with 5 s counting time per 0.02°20 step.

Quantitative analysis (qXRD) of bulk samples and
the KP size fractions was performed with Profex-BGMN
(Doebelin & Kleeberg, 2015) Rietveld refinement
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Table 1 Locations and descriptions of the samples used in the
study

Symbol Sampling site  Coordinates Description

™1 Path to Plecy
Mnichowe

49°11'45”N  Narrow (~15 cm) fault

23°06'09”E gouge of brownish
color

49°11'26”N  Thin (~5 c¢cm) vein of

23°03'16”E gray-bluish clay ma-
terial within
mylonitic fault rock.

49°11'26”N  Narrow (~10 cm) fault

20°03'08”E gouge of bluish-gray
color, containing a
relatively large num-
ber of pieces of
crushed wall rock.
Blurred boundaries.

49°1121”N  Relatively wide (50-70

20°05'09”E cm) fault gouge. Clay
material within the
gouge was of
light-gray color with
irregular veins of
white variety. Quartz
and carbonate veins
50 cm wide were
close to the gouge.
Four samples from a
transect perpendicu-
lar to the boundaries
were taken ~15 cm
apart.

TM5  Wrota 49°11'30”N  Relatively wide (1.5 m)
Chatubinski- 20°02743”E  fault gouge with
ego small number of

pieces of wall rock
and with blurred
boundaries. Fresh
material was
gray-beige.

49°12'29”N  Fault gouge ~50 cm

20°00'44”E wide of light beige
color.

KP Kozia Przetecz  49°13'09”N  Very narrow (1-1.5 cm)
20°01'15”E clay gouge with sharp
boundaries, almost
white.

49°10'57°N  Relatively wide (40—60

20°04'35”E cm) homogeneous
clay gouge with sharp
boundaries and light
green color. Visible
fragments of wall
rock in the center of a
more clayey vein.

™2 Galeria
Cubrynska

T™M3  Zleb
Mnichowy

TM4a
TM4b

TM4c
T™M4d

Przelecz Za
Zadnim
Mnichem

T™M6 Gladka
Przetecz

G Zachod
Gronskiego
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software. The region below 10°20 was excluded from
the refinement and the background polynomial order
was constrained to 2.

Clay minerals present in the <0.2 um size fractions
were identified using the criteria given by Srodon
(2013) for XRD patterns of oriented specimens. Smec-
tite was identified by the presence ofa 15 A peak for the
Ca®* saturated air-dried form that shifts to ~17 A upon
saturation with ethylene glycol. Illite and chlorite were
identified from 10 A and 14 A peaks, respectively, that
do not shift upon saturation with ethylene glycol. For the
samples TM4a, TM4b, TM4c, TM4d, and KP, the XRD
patterns of oriented mounts were modeled with Sybilla
(Chevron proprietary) software. During modeling, the
region below 4°20 was excluded from analysis because
of large instrumental and interparticle diffraction effects
(e.g. Drits & Tchoubar, 1990; Moore & Reynolds,
1997). The o* parameter was set to 12 for all
phases used. The charge of the illite particles in mixed-
layered phases was assumed to be 0.95 per half unit cell
and that of smectite was constrained to 0.41 after Srodon
et al. (2009). The interplanar spacing (dyg;) of illite and
of the illitic component in illite-smectite (I-S) phases
was fixed at 9.98 A. The presence of smectitic layers
with almost exclusively two glycol layers was assumed
for glycol-saturated specimens. A highly smectitic I-S
was used instead of pure smectite to model swelling
phases present in the samples, following the approach
of McCarty et al. (2009). The low-angle parts of
the XRD patterns (<10°20) were allowed to have poorer
fits in order to obtain better fits in the region between
24.5 and 27°20, which carries the most information on
percentage of smectite and size distribution of the
modeled phases (Srodon et al., 2009).

For potassium determination, portions of selected
size fractions were digested in a sulfuric acid—
hydrofluoric acid mixture, followed by hydrochloric
acid treatment. The potassium content of the solutions
obtained was measured with a Sherwood 420 flame
photometer (Sherwood Scientific Ltd., Cambridge,
UK) calibrated against NIST standards SRM 76a and
SRM 70a. The measurement error of the photometric
analysis corresponded to a 10 uncertainty in clay K,O
content of £0.05%, absolute.

Fourier-transform infrared (FTIR) spectra of Ca-
saturated size fractions <0.2 pm were obtained from
thin films deposited on top of the attenuated total reflec-
tance (ATR) crystal using a Nicolet 6700 (Thermo
Scientific, Waltham, Massachusetts, USA) FTIR
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Fig. 2 Clay gouge TM4 situated
in the Przetecz za Zadnim
Mnichem with sampling points

spectrometer equipped with a MIRacle (PIKE Technol-
ogies, Madison, Wisconsin, USA) ATR accessory fol-
lowing the procedure described by Kuligiewicz et al.
(2015). Briefly, ~0.5 mg of a sample was dispersed in
0.5 mL of D,O (99.9 atom% D, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), and the suspension was
deposited on top of the ATR crystal. Subsequently, the
liquid was evaporated with a dry N, purge, which
allowed us to obtain a FTIR spectrum free of interfer-
ences in the OH-stretching region from adsorbed H,O
molecules (Russell & Farmer, 1964). One hundred
scans were collected for each sample in the range 400
to 4000 cm ™' with a resolution of 2 cm™'. The spectra
were smoothed using the Savitzky-Golay filter with a 17
point window.

Inspection of the results of the XRD analysis of bulk
samples showed that the KP sample contained no feld-
spars, thus it was selected for OAr3Ar dating. Four
size fractions, <0.2, 0.2-2, 2—-10, and 10-20 um, satu-
rated with Ca?* were analyzed in the Ar-Ar Geochro-
nology Laboratory of the University of Michigan fol-
lowing the analytical protocol of Hall (2014). Dated size
fractions were saturated with Ca®* in order to remove

@ Springer
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any loosely associated K* which could have been
adsorbed on the surfaces of clay particles. Vacuum
encapsulated samples were irradiated for 30 MWh at
location 5C of the McMaster Nuclear reactor. Standard
hornblende MMhb-1 was used as a neutron fluence
monitor with an assumed age of 520.4 Ma (Samson &
Alexander, 1987).

Encapsulated samples were not baked prior to anal-
ysis to avoid outgassing that might complicate measure-
ment of the Ar released by the effects of recoil. Encap-
sulated samples were laser step-heated in situ for 60 s
per step using a defocused beam from a 5 W Coherent
Innova continuous Ar-ion laser operated in multi-line
mode. Ar isotopes were measured using a VG1200S
mass spectrometer with a source operating at 150 pA
total emission and equipped with a Daly detector oper-
ating in analog mode. Mass discrimination was moni-
tored daily using ~2 pmol of atmospheric Ar. A blank
step (no heating) was run after every five heating steps
and blank corrections — typically ~1 amol, ~1.4 amol,
~0.5 amol, ~1.4 amol, and ~90 amol — were applied to
the amounts of the argon isotopes 36 through 40, re-
spectively, determined in each gas fraction. Corrections
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were also made for the decay of 37Ar and 3gAr; for the
argon produced by interfering nuclear reactions from K,
Ca, and CI; and for production of 36 At from the decay of
3$C1. The decay constants of “’Ar and the atmospheric
Ar isotopic composition are those of Steiger & Jager
(1977).

Age calculations

The results of radiometric dating were first interpreted
using the IAA concept (Pevear, 1992) and an alternative
approach based on MODELAGE software (Szczerba &
Srodon, 2009) to estimate age values of authigenic and
inherited components by extrapolation. IAA, modified
by plotting values of " — 1 instead of age values, was
performed using York regression (York et al., 2004)
assuming that errors follow a normal distribution and
are uncorrelated. In the case of mineralogical analysis,
the 1o error was assumed to be 5% (absolute), following
the authors’ experience in gXRD of clay-bearing mate-
rials. The alternative approach followed the age-
calculation procedure of MODELAGE software, where
the Ik, parameter is used instead of the mass fraction of
non-authigenic components in end-member age extrap-
olation (Eq. 3 of Szczerba & Srodon, 2009). Iy rep-
resents potassium within non-authigenic minerals of a
size fraction as a percentage of the total amount of
potassium in this size fraction. /4, is used in
MODELAGE plots because, in principle, a plot of
YOAr"/*K vs. percentage of non-authigenic illite is lin-
ear only if the K contents of the authigenic and non-
authigenic illite are equal, which should not be assumed.
The ratio *°Ar’/**K instead of the age is used in order to
overcome the departure from linearity of the /4., vs. age
plot posed by the logarithmic nature of the age equation.
The use of the *’Ar"/*°K ratio is equivalent to using e —
1 as proposed by van der Pluijm et al. (2001), because
the two values are linearly related (Szczerba & Srodof,
2009). Although created for K-Ar dating results, the
MODELAGE software can work equally well using
the results of “°Ar-*’Ar dating. It is because “’Ar-*°Ar
total-gas age values are equivalent to conventional K-Ar
age values. MODELAGE software has an internal con-
straint that the calculated end-member ages have to be
non-negative. In order to overcome this issue, calcula-
tions were made in the Microsoft Excel spreadsheet,
following the approach implemented in the
MODELAGE software. The Solver™ Excel add-in
was used with a genetic optimization engine to refine
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three parameters: the ratio of 4°Kamhigemc t0 “°K on-authi.
cenic and age values of the two end members. Following
the computational algorithm implemented in the
MODELAGE software, theoretical ¢™ — 1 values for
each size fraction were computed based on the three
aforementioned variables and the results of qXRD anal-
ysis. These theoretical values were compared with the
e™ — 1 values for each size fraction obtained by
40Ar-*?Ar dating. The goal of optimization was to min-
imize the difference between these two data sets. During
optimization, the 40Kauthigenic to 40Kn0n_authigenic value
was allowed to vary in the 0.7 to 1.5 range, and end-
member ages were allowed to vary between —100 and
500 Ma. Errors around the end-member age values were
determined with the Monte Carlo method under as-
sumption of a normal error distribution about each mea-
sured value with standard deviation equal to the 1o
measurement uncertainty. Optimization was repeated
1000 times with randomly changed input variables.

Results and discussion
Bulk composition of the gouges

The most abundant components of the gouge samples
were quartz, with contents varying between 33 and
52%, and dioctahedral mica (Table 2). The sum of the
amounts of the dioctahedral 2:1 layer silicates in bulk
gouge varied widely between 56% for sample TM4d
and 24% for sample ZG, with the average about 44%
(Table 2). Chlorite was a minor constituent (<4%) of all
samples. Plagioclase was abundant in some samples, a
little K-feldspar was present in a few samples, and one
sample contained discrete dioctahedral smectite (14%).
Small amounts of calcite in some samples and a very
small amount of anatase in one sample were also
observed.

Composition of the <0.2 um fractions

All fine-clay fractions separated from studied samples
contained discrete illite, expandable dioctahedral
phyllosilicates (I-S and discrete dioctahedral smectite),
and chlorite, as evidenced by XRD patterns of oriented
mounts (Fig. 3 and associated Research Data). In addi-
tion, the presence of a band at 3696 cm™' in the FTIR
spectra of samples TM4b, TM4d, TMS, and TM6 indi-
cated the presence of small admixtures of kaolinite,
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Table 2 Results of gXRD analysis (mass %) of bulk samples with the goodness of fit parameter R,

Sample Quartz Plagioclase K- Mica Mica Mica Chlorite Dioctahedral Calcite Anatase R,

Feldspar  2M, 1My IM Smectite (%)
™1 393 163 0.0 319 8.4 0.0 4.0 0.0 0.0 0.0 9.6
™2 382 96 0.0 26.5 20.8 0.0 34 0.0 1.7 0.0 9.2
™3 389 211 0.0 19.6 13.1 0.0 3.7 0.0 35 0.0 8.9
TM4a 49.7 05 0.0 33.7 8.3 4.1 3.6 0.0 0.0 0.0 9.0
TM4b 46.1 0.0 0.0 29.0 18.0 0.0 3.7 0.0 3.2 0.0 8.5
TM4c 473 0.0 0.0 30.8 15.5 52 1.0 0.0 0.3 0.0 9.3
TM4d 39.8 0.0 0.4 38.7 12.9 42 23 0.0 1.2 0.5 9.0
KP 418 0.0 0.0 23.8 28.4 0.0 1.8 0.0 42 0.0 8.4
™S 47.1 09 0.2 24.6 10.5 0.7 1.7 14.2 0.0 0.0 8.5
ZG 325 3738 32 153 8.4 0.0 2.9 0.0 0.0 0.0 9.0
™6 524 0.0 0.0 22.7 12.7 10.0 22 0.0 0.0 0.0 9.0

which were below the XRD detection limit (Fig. 4).
Modeling of the XRD patterns of a few of the fine-
clay fractions with the Sybilla (Chevron proprietary)
software indicated the presence of at least two illite
and/or I-S populations (Table 3). The <0.2 pum fractions
were dominated by 2:1 phyllosilicates, with prevailing
mixed-layered I-S and discrete illite and minor amounts
of chlorite. Kaolinite was not included in the modeling
because it was present as a small admixture, detectable
only by FTIR (Figs 3 and 4). In the case of the KP
sample, the model that produced the best fit was rela-
tively simple and contained only chlorite, illite, and
highly illitic R1 I-S (8% smectite; Table 3). In the
TM4 set of samples, two groups were distinguished.
For samples TM4a and TM4b, models included highly
illitic I-S and either highly smectitic (88%) I-S or dis-
crete smectite. Models proposed for samples TM4c and
TM4d contained two populations of ordered (R1), high-
ly illitic I-S with different percentages of smectite. The
remaining phases in both groups were discrete illite and
chlorite (Table 3).

Quantitative analysis of size fractions of the KP sample

1My, 1M, and 2M, polytypes (of dioctahedral mica and/
or illite) were identified in <0.2, 0.2-2, 2-10, and 10-20
um size fractions separated from the KP sample, based
on the presence of diagnostic reflections in the 20—
30°20 range in the XRD patterns of random powder
mounts (Fig. 5). Because these size fractions were se-
lected for *°Ar->°Ar dating, a detailed quantification of
the relative proportions of these polytypes was
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performed. While 1M and 2M,; structures are
described adequately by default structure files available
in the Profex-BGMN database, the 1My structure is
simplified, which may cause imprecise quantification.
Therefore, the 1My structure description provided by
Ufer et al. (2012) was used instead. This structure
allowed simulation of peak broadening resulting from
the presence of 60° and/or 120° rotations along the c*
crystallographic direction and cis and frans vacancies in
the octahedral sheet. Tests performed for 1M/, structures
containing 120° rotations and both 120° and 60° rota-
tions, both with and without preferred orientation
(Table S1), revealed that the differences in relative pro-
portions of different polytypes among quantifications
based on different 1M structural models were smaller
than the ¢XRD error assumed to be 5% (absolute). The
exception was the quantification using the 1M structure
with 120° rotations without preferred orientation for the
<0.2 um size fraction. This model was considered as
oversimplified, because it was the one that returned re-
sults inconsistent with the three other quantifications for
this size fraction (Table S1). Generally, the amount of the
1My polytype decreased systematically from the finest to
the coarsest size fraction. The 2, polytype displayed the
opposite trend, and the 1M content remained relatively
constant among size fractions.

Given the similarity of the results obtained with the
three models considered as reliable, quantification in-
volving the 1My illite model with 120° rotations and
preferred orientation was used in further considerations
(Table 4). This model was chosen over the two models
that include 60° rotations because, in XRD patterns of
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Fig. 3 XRD patterns of oriented mounts for <0.2 um fractions of the KP (top) and TM4d (bottom) samples with theoretical models
calculated with Sybilla (Chevron proprietary) software. EG denotes patterns of ethylene glycol-solvated clay

examined samples, separate reflections in the 37-39°20
range were observed, which is characteristic for struc-
tures that do not contain 60° rotations (Fig. 5). If such
rotations were present, only one broad reflection should
be observed in the 37-39°20 range instead.

Problems associated with polytype quantification

Precise quantification of polytypes can be affected by
several problems. Relative amounts of 1M and 1M,
polytypes can depend on definition of these structures.
Theoretically, if a structure of 1My polytype with reflec-
tions similar to those of 1M is used, part of the XRD

https://doi.org/10.1007/s42860-022-00176-7 Published online by Cambridge University Press

intensity in the regions of overlap is assigned to the 1My
polytype, which leads to reduction in the amount of 1M
polytype in quantification. For example, Grathoff and
Moore (1996) assumed that the 1My polytype contains
60% trans- and 40% cis-vacant layers; the fraction of 0°
rotations is 0.6; and the fraction of 60°, 180°, and 300°
rotations is 0.6. This model results in reflections at 3.61
and 3.10 A, similar to those of the 1M phase (Fig. 2 of
Grathoff & Moore, 1996). In the case of the 1M, polytype
of the KP sample in the present study, no 60°, 180°, and
300° rotations were assumed, and BGMN was allowed to
optimize trans- vs. cis-vacant layer contents and fraction of
0° rotations for each size fraction separately. This led also
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Fig. 4 FTIR spectra of fine-clay
fractions of the investigated sam-
ples. The band at 3696 cm™, at
the side of the main OH-
stretching envelope of
dioctahedral 2:1 phyllosilicates at
~3625 cm !, indicates the pres-
ence of kaolinite
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4000

to some overlap of reflections of 1M and 1My phases at
~24 and 27°20 (Fig. 5). Refined structures for the 1My
polytype (Table 5) were somewhat different from those
assumed by Grathoff and Moore (1996). Generally, there
were fewer 0° rotations, which means that XRD patterns of
the 1My polytype had more diffuse reflections. The 1My
structures were also more dominated by #rans-vacant
layers.

The crystallinity of all phases is another important
factor, because samples with larger crystallites produce
more intense reflections than compositionally equiva-
lent samples with smaller crystallites. In the case of
polytype quantification, the larger the crystallites of a
polytype, the smaller the amount of that polytype re-
quired to fit the experimental XRD pattern of a sample.

4OAr-*Ar dating

The smaller age values of finer size fractions (Fig. 6)
pointed toward tentative acceptance that a basic
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assumption of *’Ar-*Ar radiometric dating of clay mix-
tures was fulfilled, i.e. that the younger, authigenic
component has smaller crystallites and is relatively con-
centrated in finer size fractions (Kelley, 2002). None of
the Ar-release patterns exhibited a plateau (Fig. 6). This
behavior is typical of very fine material and does not
invalidate the dates obtained (Haines & van der Pluijm,
2008). Total-gas age values instead of retention age
values were used because samples were Ca-exchanged
before radiometric dating, which makes valid the as-
sumption that no weakly bonded potassium is present
in the non-retentive sites. Using total-gas age values is
appropriate under this assumption (van der Pluijm &
Hall, 2015). In addition, total-gas age values are equiv-
alent to conventional K-Ar age values. The age values of
authigenic and inherited material were calculated under
the assumption that the 1My polytype is authigenic and
that the 1M and 2M; polytypes were inherited. That the
1M polytype was inherited from the wall rocks seemed
likely, because formation of this polytype as an
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Table 3 Parameters of Sybilla (Chevron proprietary) models for
<0.2 um Ca>*-exchanged and ethylene glycol-saturated fractions
of selected samples

authigenic clay gouge component is not widely docu-
mented (Haines & van der Pluijm, 2012).

The results obtained for authigenic and inherited
components using the IAA concept were —14+31 and
180+£91 Ma for authigenic and inherited components,
respectively. The average age values obtained by Monte
Carlo calculations in the MODELAGE-based approach
(hereinafter MODELAGE approach) were —4+40 and
165462 Ma for authigenic and inherited components,
respectively. The ratio of potassium content in authigen-
ic and non-authigenic components (40Kauthigemc/40Kn0n_
authigenic) Was 1.1£0.2. Results for particular Monte
Carlo runs are presented in Table S2.

Calculation of K contents and age values
in a three-component system

Potassium contents of size fractions separated from the
KP sample varied from 6.89 to 8.52% (as K,O) and
were inversely correlated with the particle size
(Table 4). The examined material contained three
dioctahedral mica and/or illite polytypes (1My, 1M,
and 2M;) which might differ from one another in age
and K,O content. Following the reasoning of Szczerba
& Srodon (2009), determination of the K,O content of
each polytype is an important prerequisite for age deter-
mination. Assuming that each polytype has the same
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Fig.5 XRD patterns of random powder mounts of different size fractions of the KP sample with theoretical patterns calculated with BGMN-

Profex software
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Table 4 gqXRD analysis results and K,O contents (all as percent by mass) of size fractions of the KP sample. See text for estimates of the
analytical errors

Size fraction Mica 1My Mica IM  Mica2M; Quartz  Chlorite  Smectite ~ Sum of non-illite components ~ Sum K,0

(pm)
<0.2 70.6 6.7 16.2 0.5 1.5 4.4 6.4 99.9 8.52
0.2-2 54.7 12.1 20.3 93 3.5 0.0 12.8 99.9 8.50
2-10 539 12.8 19.1 10.7 3.6 0.0 14.3 100.1 838
10-20 40.7 10.9 16.4 30.1 1.9 0.0 32.0 100.0  6.89
K,O content in each size fraction, the following set of equations and unknowns. Three subsets of Eq. 1 having
linear equations is obtained: three equations each were selected for matrix inversion.
Fr b wafy twafy = (1a) These were Eqs 1a, 1b, and 1c; la, 1b, and 1d; la, lc,
WiS1a T WaJ 20 T W3/ 30 = Wa a and 1d. The subset of Egs 1b, lc, and 1d was not used,
because it had very small differences in polytype con-
tents. The set of Eq. la, 1b, and 1c can be written in
Wif 1o + wafop + Waf3p = W (1b) a

matrix form as:

(10) fla f2a f3a wi Wa
Jio S Sa||w2| = | (2)
flc fZC f3c w3 We

Wlflc + W2f2<: + W3f3c = We

Wif 1+ wafaa + Waf3a = wa (1) Analogous equations can be written for the remain-
where f'stands for the mass fraction of a given polytype ing subsets. The first matrix on the left in Eq. 2 contains
in a size fraction as determined with qXRD (Table 4), w mass fractions of polytypes in size fractions <0.2, 0.2-2,
stands for the mass fraction of K,O in a polytype orin a and 2—10 um. If the determinant of this matrix is other
size fraction, subscripts 1, 2, and 3 denote the 1My, 1M, than 0, both sides of Eq. 2 can be multiplied by the
and 2M, polytypes, respectively, and subscripted letters inverse fraction matrix. This was the case for all subsets.
indicate the size fraction: a—<0.2 um; b—0.2—2 pum; c— The inverse matrix equation for the subset la-1b-1c is,

2—10 um; d — 10-20 um; e.g. fi, stands for the mass therefore,

fraction of the 1My polytype in the <0.2 pum size frac-
-1

tion. The symbols w, — w4 denote the mass fractions of wi fia Sra S W,
K5O in size fractions a to d, respectively (Table 4). wl =S S S Wi (3)
The matrix inversion technique was applied in order ) Sie [ae [ We

to facilitate handling of the set of linear equations with

three unknowns (Collins, 1990). This method is appli- An analogous transformation was made for the two

cable to sets of equations with an equal number of remaining subsets.

Table 5 Detailed structural parameters of dioctahedral mica and/ fraction of cis-vacant layers. Parameters p0 and pcv were refined

or illite polytypes obtained by Profex-BGMN optimization. B1 — only for the 1M, polytype

crystallite size parameter, p0 — fraction of 0° rotations, pcv —

Polytype 1M, M 2M,

Parameter Bl p0 pev Bl B1

Fraction <0.2um 0.00555 0.502 0.398 0.0090 0.01185
0.2-2 um 0.00258 0.3884 0.141 0.00913 0.01437
2-10 um 0.00228 0.481 0.269 0.01136 0.01021
10-20 um 0.00228 0.406 0.072 0.00722 0.00972
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Once a value for the K,O content of each polytype is _ _
. A FOK VAT K, YA £3%Ks YA
known, calculation of a K-Ar age value for each M-l = 20 ! ! io 2 T 5 3 s
polytype is possible. The “°K content of a size fraction Aar KK KK KKy
is given by (7)
40 40 40 40
KZf] Kl“l‘fz K2+f3 K37 (4) .
which leads to
where *°K_ denotes a specific amount (amount of sub-
stance per unit mass) of 40K and f'denotes mass fraction 14K 1,9 K
. .. . . . 1 . 2 3
ofapolytype as in Eq. 1. Similarly, for the radiogenic Ar eM-1= 14071( (eM-1) + iOT (eM-1) + 340T (eM-1).

content of a size fraction

*

Ar =[O SIAG HAOAG, ()

where *°Ar” denotes a specific amount of radiogenic
argon. The K-Ar method age equation yields

40Ar*

%]

Substitution of Eq. 5 into Eq. 6 gives a relationship
that may be expressed as

A

= (6)
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(8)

Despite the fact that atomic proportions of *°K in the
polytypes and in the size fractions are used in Eq. 8,
potassium contents can be used instead, because the
relative abundance of *°K in common terrestrial mate-
rials is virtually constant, i.e. one may assume that *°K/
K50 in each polytype and in each size fraction is the
same. Assuming that the age value of each polytype is
constant among size fractions, following from Eq. 8 is
that (for subsystem la-1b-1c; notation as in Eq. 1):
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Analogous equations can be written for the two re-
maining subsets of Eq 1.

An attempt was made to calculate K,O contents and
age values of the three mica and/or illite polytypes
identified in sample KP using the logic described above.
The set of four equations with three unknowns (wy, w,,
and ws; Eq 1) is inconsistent after substitution of min-
eralogical and chemical data for the KP sample, i.e. no
set of wy, w,, and w; values exists that simultaneously
satisfies all equations. Furthermore, different K,O con-
tents and age values are obtained for corresponding
polytypes when data are substituted into Eqs 3 and 9
written for different subsets of Eq. 1. This is interpreted
as a result of analytical errors, mainly the error of
qXRD, which is two orders of magnitude greater than
the error of K determination. An attempt was made to
remove the inconsistency by optimization of the analyt-
ical results, allowing measured values to vary within
ranges defined by their 10 measurement uncertainty.
An Excel spreadsheet with Solver™ add-in was used
to simultaneously minimize (1) the sum of squared
differences in K,O contents obtained for each polytype
with different subsets of Eqs 1 and (2) the sum of
squared differences in age values obtained for each
polytype with different subsets of Eq. 1. The mass
fraction of each polytype and the sum of mass fractions
of K-free phases in size fractions were allowed to vary in
the £5% range. Optimized size fraction compositions
had to sum to 100%. The K,O content of each size
fraction was allowed to vary within the +0.05% range,
corresponding to the 10 measurement error of K,O
determination. Similarly, age values of size fractions
were optimized in the range defined by the 10 analytical
uncertainty of the “°Ar->’Ar analysis. The optimization
allowed to obtain a set of data (Table 6), which returned
consistent values for the K,O contents and age values of
the polytypes: wy = 8.77%, w, = 11.28%, and w; =
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10.35%, t; = —6 Ma, t, = 205 Ma, and 73 = 101 Ma for
1My, 1M, and 2M, illite, respectively.

The above-mentioned K contents and age values for
the polytypes are not associated with any estimate of
uncertainty. In order to rectify this issue, a Monte Carlo
approach was used. Calculations of K,O contents and
age values of polytypes were repeated 1000 times using
randomly changed optimized input data (Table S3). For
each repetition, values of polytype contents, K,O con-
tent, and AOAr3Ar age for each size fraction were
randomly drawn, each from a population having a nor-
mal distribution about the optimized value of that vari-
able (Table 6) and a standard deviation equal to the 1o
measurement uncertainty, and substituted into Eqs 3 and
9. For each subset of Eq. 1, a small number of repetitions
(between 2.7 and 3.3%) returned ™ — 1 values that were
smaller than —1 and consequently could not be convert-
ed to Ma. These repetitions were discarded when ana-
lyzing age values of the polytypes.

Interestingly, the results obtained showed that wy, w,,
and ws, as well as age values of thelMy, 1M, and 2M,
polytypes do not have normal distributions (Table S4
and Fig. S1). This is confirmed by the results of the
Shapiro-Wilk test, which returned p-values of <0.05 for
K5O contents and age values of the polytypes generated
by the Monte Carlo calculations (Table S4). Visual
inspection of histograms of K,O contents and age values
of the polytypes points toward a Cauchy (Lorentz) dis-
tribution, i.e. symmetric distribution with very long tails
on both sides of the maximum (Fig. S1). In such a
situation, statistical measures other than the mean and
the standard deviation are needed to provide an accurate
description of data. For this reason, the median and the
interquartile range (IQR) were used for the central value
and the uncertainty range, respectively, of calculated
age values in the three-component system. The results
(median values) of the Monte Carlo approach differed
from results of initial optimization; however, the former

Table 6 Optimized mineralogical composition (mass %), K,O
content, and age value for various size fractions of the KP sample

Size fraction Mica Mica Mica K- K,O Age value
(um) 1My IM 2M, free (%) (Ma)
<0.2 678 175 166 82 850 3835
0.2-2 56.5 104 227 103 848 54.70
2-10 550 149 181 12.1 840 62.63
10-20 407 122 186 284 6.88 68.50
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are considered as more reliable because results of the
Monte Carlo approach can be associated with uncer-
tainties based on their IQR ranges. The three-component
age values used in further considerations are median
values averaged across all subsets (Table 7). The asso-
ciated uncertainties are based on correspondingly aver-
aged IQR values and are presented as plus or minus one-
half of the IQR.

No large differences were found in the median of
calculated K,O values among the polytypes. This result
agreed with a 4°Kauth,-gen,'c/“OKnon_authigemc ratio not dif-
fering significantly from 1, as calculated with the
MODELAGE approach.

Comparison of age values calculated with various
approaches

Both IAA and MODELAGE approaches returned nega-
tive age values of the authigenic component of the
gouge. The time ranges of formation of the authigenic
component, as defined by 10 uncertainties, were —45 to
17 Ma and —44 to 36 Ma, for IAA and MODELAGE
approaches, respectively. The earlier boundary of the
range for the MODELAGE approach is close to the total
gas age of the finest size fraction (38.44+0.17 Ma). In
the three-component system, the age value for the 1M,
polytype was 15+37 Ma. All age values obtained for the
youngest component of the gouge point towards post-
Paleogene formation of this component, most probably
during final Miocene uplift of the core, as indicated by
the median values of 1M, age calculated with the three-
component approach (Table S4).

IAA and MODELAGE approaches returned age
values for the inherited component of 180 and 165
Ma, respectively, with corresponding 10 time ranges
being 89-271 Ma, and 103—227 Ma. The three-
component system returned age values of 135 Ma
(IQR time range 78—192 Ma) and 121 Ma (IQR time
range 65—177 Ma) for the 1M and 2M; polytypes,
respectively. Disregarding error, the age values for the

Table7 Age values (Ma) calculated with the different approaches
used in the present study

Polytype 1My M 2M,
1AA —14+31 18091
MODELAGE —4+40 165+62

Three-component approach 15437 135457 121456
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inherited component coming from IAA and
MODELAGE approaches correspond roughly to late
Early Jurassic—Late Jurassic extension. Median age
values for the 1M and 2M; polytypes obtained with
the three-component approach correspond to a
thermotectonic event that was suggested to have affect-
ed the area around 140—-120 Ma (Maluski et al., 1993).
A definitive link of any component to a particular phase
of tectonic activity in the area is, however, not possible
because of large uncertainties around the calculated age
values. An alternative explanation of such age values in
the present work is that they are the result of partial
resetting of the K-Ar system of micas formed during
intrusion of Tatra granitoids 340-370 Ma by one or
more of the subsequent tectonic events.

Interpretation of polytype age values obtained in the
present study is highly speculative because of large
uncertainties associated with those values. Several fac-
tors can possibly contribute to such large uncertainties.
First, variability of polytype contents among separated
size fractions is relatively small. In addition, the relative
amount of the 1M polytype is small, which also am-
plifies the error in the three-component approach. In
two-component approaches, a small variability of 2M
+ 1M polytype contents makes the regression upon
which the age value calculation is based poorly
constrained (Pevear, 1999; Szczerba & Srodon, 2009).
In addition, for IAA and MODELAGE approaches, data
points are scattered around the best fitting line (Fig. 7),
which can be the result of errors in XRD analysis. The
scatter can indicate that the dated materials do not meet
the assumptions behind IAA and MODELAGE ap-
proaches, e.g. potassium content or age value of a given
polytype varies among size fractions.

Origin of the components identified in clay gouges

Compared to the surrounding rocks, the gouges are
enriched in quartz and muscovite and depleted in pla-
gioclase and K-feldspar. Unlike the High Tatra granit-
oids, the gouges are almost completely devoid of biotite.
Other phases, which do not occur in fresh granitoids, are
chlorite, calcite, 1M illite, I-S, smectite, and kaolinite.
The observed differences between compositions of
wallrocks and gouge follow patterns described for other
shear zones developed in igneous and metamorphic
rocks of similar mineralogical composition (Abad
et al., 2017; Boles et al., 2018; Haines & van der
Pluijm, 2012; Hayman, 2006; Surace et al., 2011).
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Fig. 7 Plots of ¢" — 1 vs. the appropriate measure of the non-
authigenic component for IAA and MODELAGE interpretative
concepts. For MODELAGE, the extrapolation is for averages of
1000 runs using a Monte Carlo approach (light gray crosses). Gray
diamonds and dashed extrapolation line — IAA approach.

In the investigated gouges, quartz and feldspars were
inherited from the surrounding granitoids and
mylonites. These minerals can be macroscopically iden-
tified in the wallrocks and as crushed grains in hand
specimens of investigated samples. Larger proportions
of quartz (relative to the granitoids) can be interpreted as
a result of a decrease in rock volume within the shear
zone (Goddard & Evans, 1995; Schleicher et al., 2009).
Smectite and kaolinite are considered as authigenic
components of the examined gouges. These phases do
not occur in the host rocks of the gouges. A weathering
origin of the smectite is considered unlikely, because it
coexists with chlorite, which is broken down before
precipitation of smectite during weathering (Skiba,
2007). Because the investigated materials have no signs
of weathering, the small quantities of kaolinite found are
also most likely authigenic. Chlorite present in studied
gouges is is probably inherited from the parent rocks.
Chlorite in general is commonly found in the Tatra
granitoids as a product of biotite alteration (e.g. Gawgda
& Wtodyka, 2012; Gaweda et al., 2005; Turnau-
Morawska, 1948). Chloritization, which is always com-
plete in the granitoids located next to a fault, is believed
to have taken place during Alpine
dynamometamorphism (Jurewicz & Baginski, 2005;
Leichmann et al., 2009), before the gouges formed.

The majority of the discrete 1My illite polytype, as
well as the I-S, is authigenic and the majority of the 1M
and 2M; polytypes was inherited. During age calcula-
tions I-S was included in the 1My component and all
interpretations derived for 1My illite apply also to I-S in
this respect. A possible source of non-authigenic 1My
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polytype is wall rock containing feldspars, which often
had been hydrothermally altered to sericite or illite of
uncertain polytype (Uchman & Michalik, 1997). Ac-
cording to the best knowledge of the authors, no detailed
information on sericite from the Tatra Mountains is
available in the literature.

The parent rock is the most likely source of the 2M,
polytype, which has been considered herein as an
inherited component of the gouge. Taking into account
the geologic history of the area (Kohut & Sherlock,
2003; Maluski et al., 1993), the 2M; polytype must have
formed originally during crystallization of granitoids
~340-370 Ma, with possible recrystallization during
the main Alpine event between 70 and 140 Ma.

A relatively large variability in the clay mineralogy
of the gouges is exemplified by the TM4 site, where
samples were taken 10—15 cm apart. This may be due to
polycyclic formation of the gouges, reflecting both tem-
poral and spatial variability of the conditions inside the
gouge at the centimeter scale.

Conclusions

Clay gouges from the Tatra Mountains consist of quartz,
dioctahedral mica (discrete phase, and I-S), and chlorite,
commonly with plagioclase and more rarely with K-
feldspar, dioctahedral smectite, calcite, or anatase. Dis-
crete illite, mixed-layered I-S phases, chlorite,
dioctahedral smectite, and kaolinite were found in
fine-clay fractions (<0.2 um) of these materials. Kaolin-
ite and smectite are authigenic components of the clay
gouges. Most if not all of the 1M polytype also belongs
to this category. The rest of the phases were probably
inherited from the surrounding parent rocks, but forma-
tion of 2M; and 1M mica polytypes during one of the
high-temperature stages of the shear-zone activity can-
not be excluded unequivocally.

A new interpretative concept for *°Ar->?Ar and K-Ar
dating was introduced, allowing for calculation of age
values for the individual components in a three-
component system. The proposed approach allows dif-
ferent K contents among the three components to be
recognized and determined and allows compensation
for the uncertainty of inherently imprecise qXRD anal-
ysis. For the investigated system, the errors associated
with the results of the new interpretative concept were
large, because of small differences in polytype contents
among dated size fractions and, in some cases, small


https://doi.org/10.1007/s42860-022-00176-7

Clays Clay Miner.

17

relative amounts of certain polytypes. The three-
component approach should be tested on samples with
larger compositional variability.
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