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The anisotropy of magnetic susceptibility (AMS) of sedimentary rocks has been used for interpreting a wide range of pro-
cesses: early rock deformation, palaeotransport directions, as well as the evolution of mineral content. Various sedimentary
factors which may determine magnetic susceptibility within lacustrine, river, floodplain and swamp deposits have been ex-
amined in the Oravica section of the Orava-Nowy Targ Basin. Multiple components of mineral content: illite, chlorite,
smectite, kaolinite and quartz, as well as an unidentified high susceptibility phase make the AMS interpretation of this con-
tent ambiguous. However, this method may be useful for tracing early diagenetic geochemical/microbial processes where
iron is involved. Some sedimentary processes may be recognized from AMS when an assemblage of parameters is studied
together: bulk susceptibility, the degree and shape of anisotropy, principal directions, and the distribution of all these param-
eters within a set of specimens. Debris-flow processes, as well as lacustrine and floodplain sedimentation are especially
well-defined in AMS results. Palaeotransport directions are ambiguous because the rocks have undergone weak deforma-
tion that overprints this sedimentary feature. Most specimens represent an oblate shape of anisotropy and show a good cor-
relation of minimum susceptibility axis and normal to bedding plane.
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INTRODUCTION

The idea of using magnetic susceptibility of rocks for geo-
logical interpretations was first introduced by Ising (1942) to in-
vestigate clay-rich sediment. Ising (1942) noted that magnetic
susceptibility of sedimentary rocks is anisotropic with consider-
ably lower (10-20%) susceptibility in the direction normal to
bedding. However, the true development of the method appli-
cation in geology took place after the note of Graham (1954)
who indicated the potential of studying this petrofabric feature.
Since that time it has been discovered that magnetic suscepti-
bility can record an extensive variety of sedimentary and
diagenetic processes as well as tectonic deformation (e.g.,
Tarling and Hrouda, 1993; Parés, 2015). Since the bulk value of
magnetic susceptibility of rock sample is the sum of all minerals’
susceptibility of the sample, it is a sensitive tool for tracing varia-
tions in mineral composition gained at the deposition time. This
can record e.g., quartz/clay minerals ratio, special intercala-
tions like pyroclastic layers, and even a change in clay mineral
composition. The latter provides a sensitive tool for analysing
climate changes affecting weathering processes and its prod-

* Corresponding author, e-mail: maciej.lozinski@student.uw.edu.pl

Received: November 18, 2015; accepted: April 5, 2016; first
published online: May 10, 2016

uct — clay minerals deposited in a sedimentary basin
(Ziotkowski and Hinnov, 2010). The anisotropy of magnetic sus-
ceptibility (AMS) is gained at the sedimentation time and is a re-
sult of initial orientation of sediment grains having prolate or ob-
late shapes, and minerals’ magnetocrystalline anisotropy. This
favours in general oblate character of magnetic anisotropy cor-
responding to the depositional surface, but can also result in an
anisotropy related to sediment transport direction (see sum-
mary in Hrouda, 1982). This sedimentary fabric of AMS can be
altered afterwards due to reorientation of grains during compac-
tion and tectonic deformation, as well as crystallisation and/or
solution of minerals within the rock mass.

It was stated that AMS records even a very slight grade of
deformation which usually does not result yet in a presence of
macroscopic folds and faults (Pares et al., 1999). This makes
the method useful for studying non- and weakly-deformed sedi-
mentary basins, where both sedimentary and tectonic AMS fab-
ric may be observed (e.g., Mazzoli et al., 2012). These features
characterize the intramontane Orava-Nowy Targ Basin (Fig. 1),
which is expected to offer a good opportunity for AMS investiga-
tions.

The wide range of possible sedimentary and tectonic fac-
tors affecting AMS fabric can cause uncertainty in interpretation
of this kind of studies. The knowledge of possible range of AMS
parameters related to lithology and sedimentary processes
would be a remarkable improvement in further AMS analysis of
the basin, but to achieve this the tectonic factor must be ex-
cluded or minimized. For the purposes of this paper, one sec-
tion of continuous Miocene sedimentary sequence has been
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Fig. 1. Schematic map of the northern part of the Central Western Carpathians (A) with the location of the Oravica section
near the village of Cimhova (B) (after Lexa et al., 2000; Lozinski et al., 2015, modified)

studied. This allows assuming the same regional tectonic im-
pact for all AMS results within this sequence. The discussed
section crops out in the Oravica riverbed near the village of
Cimhova (Slovakia). The detailed lithology of rocks and sedi-
mentary environment interpretation can be found in tozinski et
al. (2015), while the discussion on organic-geochemical pro-
cesses within the former peat and concretionary siderite forma-
tion is provided in Bojanowski et al. (2016). This paper intro-
duces an innovative approach of detailed sedimentological
analysis compared with a large number of AMS measure-
ments. The aim of this study is to determine the relation be-
tween AMS parameters and terrestrial lithofacies characteris-
tics within the well-constrained section of the Oravica River, and
to test whether the classical interpretation of tectonic deforma-
tion from AMS fabric can be applied to Orava-Nowy Targ Basin
deposits.

GEOLOGICAL SETTING

The Orava-Nowy Targ Basin is located at the Polish-
-Slovakian border within the Western Carpathians (Fig. 1A) and
straddles across the Inner/Outer Carpathians border. It was
formed in the Middle Miocene within a tectonic depression dur-
ing the Carpathian strike-slip movements along SW-NE or
W-E trending fault zones (Baumgart-Kotarba, 1996, 2001;
Nagy et al., 1996; Pomianowski, 2003; Struska, 2008; Tokarski
et al., 2012). The basin infill is composed mainly of claystones,
clayey siltstones, sandstones and conglomerates with interca-
lations of lignite, pyroclastics, and freshwater limestones
(Sikora and Wieser 1974; Watycha, 1976; Kotcon and Wagner,
1991; Jaroszewicz et al., 2013; Lozinski et al., 2015) deposited
in river, alluvial fan, lake, and swamp settings. Detrital material
is represented mainly by quartz, organic matter and clay miner-
als: beidellite, chlorite and illite (Wiewidra and Wyrwicki, 1980).
A clastic sedimentary sequence of the basin infill, up to 1.3 km
thick, originated presumably from older structural units exposed
in the basin vicinity: the Magura Nappe, Pieniny Klippen Belt

and Podhale Synclinorium (Fig. 1B). They are of Jurassic—Early
Miocene age and represent sedimentary sequences generally
composed of marine limestones, sandstones, and mudstones.
The southern part of the basin in the study area is underlain by
the Podhale Synclinorium being part of the Central Carpathian
Paleogene Basin. It is composed of the Lutetian—Bartonian to
Egerian sandstones, mudstones, calcareous claystones and
rare conglomerates deposited mainly from turbidity currents
(Gross et al., 1993; Olszewska and Wieczorek, 1998; Sotak,
1998a, b; Garecka, 2005). Marginal parts of the Orava-Nowy
Targ Basin underwent uplifting probably in the Pleistocene
(Tokarski et al., 2012) resulting in tilting up to 25° and erosion.

The outcrop is located near the southern margin of the basin
along the Oravica River banks (Fig. 2). tozinski et al. (2015)
have described an over 80 m sedimentary sequence deposited
in lake, river, floodplain and swamp environments. Several
lithofacies from the lower and middle parts of the sequence have
been subjected to a detailed study (Fig. 2). The sedimentation
began with the matrix-supported disorganized monomict breccia
(Gmm) consisting of muddy matrix with heavily weathered sand-
stone and mudstone clasts from the underlying Podhale
Synclinorium. This is followed by the lacustrine sedimentary se-
quence: from claystones (CL) and laminated siltstones and
claystones (Fl) deposited from suspension, to heterolithic silty
(Hf) and sandy (Hs) deposits of low-density turbidity currents.
These are overlain by a terrestrial sequence deposited generally
in a river setting: massive siltstones (Fm) with local occurrences
of siderite and rhodochrosite concretions (Bojanowski et al.,
2016) deposited on floodplains, and trough (St) and planar
cross-bedded sandstones deposited in fluvial channels. This is
followed by an alternation of river, floodplain, and swamp se-
quences represented by cross-bedded sandstones, massive
siltstones (Fm), coals (C), coaly claystones extremely rich in
plant detritus (CCL), and pure claystones accompanying coals
and coaly claystones deposited probably in small ephemeral
lakes (named here CL2 to distinguish from offshore lacustrine
clays CL and CL_1). Two lithofacies occur as unique intercala-
tions: the tuffite layer (T) and the freshwater limestone layer (L).
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Fig. 2A — lower part of the Oravica section sedimentary log (after Lozinski et al., 2015), sampling position and numbers of analysis:
anisotropy of magnetic susceptibility (AMS), X-ray diffraction (XRD) with numbers of powder/oriented analysis, and laser diffrac-
tion grain-size analysis; B — schematic geological map showing groups of lithofacies (after Lozinski et al., 2015; Bojanowski et al.,
2016, modified) according to the sedimentary environment; sampling locations are marked with grey boxes

METHODS

lected with the sampler was pushed out with a special tool (Fig.
3), and then cut into 22 mm long specimens (from 1 to 3 speci-
mens). Sampler position was horizontal and sampler azimuth

The study was conducted on cylinder-shaped specimens (n
= 322, diameter 25.4 mm, and length 22 mm) collected using
15 cm long brass samplers (Fig. 3) hammered with a rubber
hammer into deposit exposed in the field. The material col-

Fig. 3. AMS sampling equipment

Brass 15 cm long samplers which are hammered into
sediment, and an aluminum tool for pushing out and cut-
ting acquired material into & = 25.4 x 22 mm cylinder
AMS specimens

was measured during sampling in the field. The statistical ap-
proach was intended to give the picture of magnetic susceptibil-
ity parameters on the two analytical levels: within a group of
specimens collected from one lithofacies, and between groups
of specimens collected from different lithofacies and from differ-
ent areas of the outcrop. To achieve this, 15 spots representing
different lithofacies were selected within the outcrop. Within
each lithofacies a set of specimens has been collected with the
same azimuth. A set of specimens (up to 25) collected from one
lithofacies and within 0.5 m of outcrop will be referred to as a
“sample” in this article. A sample name is a lithofacies abbrevia-
tion and, sometimes, a sample number (e.g., 3 samples of mas-
sive siltstone are: Fm, Fm_3, and Fm_4; Fig. 2). Specimens
were measured at field intensity 2 + 200 A/m and frequency
976 Hz using a MFK1-FA kappabridge with a spinning holder
(AGICO, Czech Republic), at the Institute of Geophysics, Polish
Academy of Sciences. The coal (C), tuffite (T), and limestone
(L) lithofacies represent lithified rocks, what excluded the possi-
bility of using a hammered sampler. Instead, the bulk suscepti-
bility of non-oriented specimens was measured with a portable
MS3 magnetic susceptibility meter equipped with a MS2E sen-
sor (Bartington Instruments, UK) at the European Centre for
Geological Education in Checiny.

All magnetic susceptibility parameters discussed here [mean
magnetic susceptibility (Km), anisotropy degree (P), anisotropy
shape (T), lineation (L), foliation (F), and ellipsoid orientation] are
determined by a magnetic susceptibility tensor of rank two
(Jelinek, 1977). This tensor can be represented as a symmetric
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matrix 3 x 3, which has been obtained for each specimen from a
MFK1-FA kappabridge, and transformed between geographic,
specimen, and bedding coordinate systems. Most convenient for
the analysis are three principal susceptibilities k1> k2 > k3 and
their corresponding directions of axes in space. The mean sus-
ceptibility value Km = (k1 + k2 + k3)/3 is an important indicator for
the mineral content of specimen.

The acquired data has been processed using the Anisoft
4.2 software (Chadima and Jelinek, 2009),
and the R language and environment for
statistical computing (R Core Team, 2015)
with the ggplot2 module (Wickham, 2009)
and the RStudio integrated environment
(RStudio Team, 2015).

The mineral composition was examined
with X-ray diffractometry (XRD) using a
X'Pert PRO MPD instrument equipped with
a cobalt lamp (PANalytical B.V., the Nether-
lands) at the Institute of Geochemistry, Min-
eralogy and Petrology, Faculty of Geology,
University of Warsaw. The Bragg-Brentano
geometry was used with 26 angle recorded
within the range of 3.7 + 78.0° and the accu-
racy of 0.026°. The 25 powder samples
(mass 4 g, record time 3 h) were obtained
from AMS specimens (mass 20 g) to define
the relation between mineral composition
and magnetic susceptibility. The five sam-
ples were chosen for additional clay mineral
analysis. They were crushed and spread in
deionised water with admixture of sodium
pyrophosphate to prevent coagulation. After
24 hour sedimentation the remaining sus-
pension was dried on glass plates and re-
corded with an X-ray instrument (record
time 1 h): pure, ethylene glycol saturated,
and heated in 500°C for 3 h.

The laser diffraction analysis of grain
size was performed on two mechanically
powdered and water-dispersed specimens
after 4 minutes of ultrasonic treatment, us-
ing a Mastersizer 3000 instrument (Malvern
Instruments Ltd, UK) at the Institute of Ce-
ramics and Building Materials in Warsaw.
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RESULTS Fi

MAGNETIC SUSCEPTIBILITY AND ITS
MINERALOGICAL CARRIERS

The bulk volume magnetic susceptibility colluvium
measured on 322 specimens has revealed
a wide variety of mean susceptibility values
(Km) ranging from 85 to 5560 x 107 [SI].
The 50% of specimens falling in a range be-
tween 25 and 75% quantiles have suscepti-
bility values from 160 to 300 x 107 S]] (Fig.
4, see “all’), which is a relatively narrow
range compared to all obtained values.
Value 300 x 107 [SI] is also a good limit for
consideration because 11 out of 15 sam-
ples have their median value below this
level (except for Fl, St, Fm and CL2), and
many samples have all their specimens be-

low this level. The basic content for all investigated specimens:
quartz, illite, kaolinite, smectite, chlorite and calcite revealed in
XRD analysis can easily explain the obtained range of mean sus-
ceptibility mentioned above (Km <300 x 107° [SI]) in a simple min-
eral effect summation model (Table 1). This means that a large
number of specimens has similar mineral content without admix-
tures of mineral grains with strong susceptibility (mainly ferro-
magnetic grains). Components constituting the susceptibility
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Fig. 4. Mean susceptibility (Km), degree of anisotropy (P), and shape of anisotropy
(T) distribution within samples and within the entire population of AMS specimens

Quantiles 25 and 75% are shown in the plot of all specimens; number of specimens within
a sample is denoted by n; samples are collated with interpreted sedimentary environments
(tozinski et al., 2015); the bulk susceptibility of coal (C), tuffite (T), and freshwater lime-
stone (L) specimens have been measured with a portable susceptibility meter
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value within the discussed group of specimens are represented
by a mixture of clay minerals, mainly chlorite and illite, which are
widespread in all analysed lithofacies. The comparison of Km
values and sedimentary environments reveals that lake litho-
facies represent samples with dense Km distribution around their
median with relatively small Km values (<300 x 107 [SI], except
for CL, FI, and Hs_5 — initial and final lake lithofacies), while other
lithofacies have various Km distributions (Fig. 4).

The most common mineral of which higher content may re-
sult in lower magnetic susceptibility is quartz (Table 1A). Other
minerals with low or negative susceptibility, i.e. kaolinite, calcite,

Table 1

Approximate values of bulk magnetic susceptibility

and dolomite, are considered to have too small contents (<5%)
to have a noticeably decreasing impact on the mean suscepti-
bility. A higher quartz content relation to lower magnetic sus-
ceptibility was positively examined in two varied specimens
from one coherent sample FI2 in XRD analysis (Fig. 5). Also, a
grain-size measurement was carried on these two samples,
showing that the lower susceptibility sample with higher quartz
content is enriched in 12—130 um sizes (10% volume), while
0.5-72 um sizes are common for both specimens (Fig. 6).
These facts show that the sedimentation of lacustrine clayey
siltstones may have been slightly altered in terms of grains size
and quartz content, resulting in susceptibility variation
within the range of 160—246 x 107 [SI] (values for two
discussed specimens).

Low susceptibility values can also be a result of no-
ticeable organic matter admixture, which can be ob-

served in lithofacies CCL (Km within the range of
104—218 x 107°[SI], compare with low coal susceptibility

in Fig. 4 and Table 1). The presence of indeterminable
organic matter can be macroscopically inferred from

specimen colour ranging from dark grey to black. The

susceptibility of tuffite specimens falls within the range

of 64-87 x 107 [SI], and, according to XRD analysis, it

reflects its dominating smectite content. Although the

tuffite is a unique layer within the Oravica section, the

smectite occurrence within other lithofacies, resulting
from volcanic eruptions or pyroclastics redeposition, is

possible. Additionally, small values of susceptibility of

freshwater limestone, falling within the wide range of

—4-135x 107 [SI], have been recorded within the upper

part of the Oravica section.

Only 25% of specimens fall within the wide suscepti-

bility range of 300-5560 x 107 [SI] and have generally
sparse distribution (Fig. 4). This can be easily traced with

the interquartile range value (IQR = quantile 75% -

A Magnetic susceptibility of rock components

Mineral/rock bulk susceptibility [x10‘6 Sl]
Quartz -13+-17"

Illite 410"

Muscovite 65 + 402 (mean 110)
Montmorillonite 330+350 ;44 + 103°
Beidellite 86+ 116 °

Chlorite 210 + 1390 (mean 490) 2
Kaolinite -50

Calcite -75+-39"

Siderite 1300 + 11000

Gypsum -13+-29"

Pyrite 35+ 5000 '

Coal (rock) 25"

B  Magnetic susceptibility of compounds (models)

5-Q, 35 —illite, 35 — smectite, | 0.05* (-15) + 0.35*400 + 0.35*100 +
20 — chlorite, 5 — kaolinite; [in %] +0.20%*1400 + 0.05* (-50) = 452
55— Q, 20 - illite, 20 — smectite, | 0.55* (-15) + 0.20*400 + 0.20*100 +
5 — chlorite; [in %] +0.05*1400 = 162

quantile 25%) calculated for every sample. The sparse
distribution is represented by samples: Gmm, CL, Hs_5,

A — bulk magnetic susceptibility values for minerals occurring in the study
area (excluding magnetic minerals); 1 — Hunt et al. (1995) and references
therein, 2 — Martin-Hernandez and Hirt (2003), 3 — Callaway and McAtee
(1985) — 2.35 g/ecm® for montmorillonite and 2.15 g/cm3 for beidellite densi-
ties are assumed for calculation from mass susceptibility; B — magnetic sus-
ceptibility of quartz and clay mineral compounds show a possible

susceptibility range matching measured values

illite/mica*

chlorite

40000-

chI0||'ite*

gypsum* illite/mica _

|
5 10 15 20

Fig. 5. X-ray traces for six powder specimens (pairs from three lithofacies) with main reflections identified

Fm_4, St, Fm, and CL2 which have large IQR values
within the range of 68-447 x 107 [SI]. The dense distribu-
tion is represented by samples: Fl, CL_1, FI2, Hf 2, Hs,
Hs_3, Fm_3, and CCL having IQR 3-38 x 107 [SI]. All
samples showing high Km values have a high IQR value,
except for unusual sample Fl. This sample has dense
distribution (IQR = 24 x 107° [SI]) while having larger Km
values: 290410 x 10° [SI], probably due to the high clay
mineral content.

quartz* T rhodochrosite* FI2 #4
EREE FI2 #25
illite/mi Cl2 #21
e Fm_4 #9
| el Fm_ 443
calcite*
illite/mica 9uartz
pyrite*

Reflection intensities used in a quantitative comparison are marked with (*); various ratios of chlorites to smectites
can be seen at 20 around 7° as a differentiated chlorite peak shape; a higher background of Fm_4 #3 specimen
is a result of Mn in rhodochrosite
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Fig. 6A — specimen population of sample FI2 in the
plot of anisotropy degree (P) vs. mean magnetic
susceptibility (Km) with two investigated speci-
mens #4 and #25; B — grain-size analysis of those
two specimens showing coarser grain sizes within
lower susceptibility specimen #4

High Km values (Km > 300 x 107° [SI]) cannot be explained
by the model introduced before (Table 1B). Chlorite, being the
only examined mineral which has considerably high magnetic
susceptibility, has not been found in XRD analysis in necessary
quantities to support this model. As an example, two specimens
Cl2#5 and CI2#21 with susceptibilities of 178 and 1543 x
107 Sl], respectively, have been compared in terms of XRD
trace but show no significant difference (Fig. 5). The component
responsible for high Km values must be either a non-crystalline
phase or ferromagnetic grains with strong magnetic susceptibil-
ity but very low content undetectable in XRD. The sparse distri-
bution of high Km values within the corresponding lithofacies
suggests that this component has highly random content (Fig.
4). It occurs generally in terrestrial settings and exceptionally in
initial lacustrine lithofacies CL, which is more like lithofacies
CL2 than other lacustrine lithofacies. It is possible that the
strong susceptibility component is a detrital component (e.g.,
heavy minerals), which has been separated from clays and
quartz during transport and has not reached a lake setting. It
might have also been a result of some early diagenetic geo-
chemical/microbial processes that occurred only in a terrestrial
setting. Considering the fact that high Km values are common
in claystone lithofacies CL and CL2, the latter hypothesis is
more probable. The explanation of the nature of this component
requires additional detailed analysis, which is beyond the scope
of this paper.

ANISOTROPY OF MAGNETIC SUSCEPTIBILITY

Comparison of the principal susceptibiliies k1, k2, and k3
leads to defining useful anisotropy parameters: degree of aniso-
tropy P = k1/k3, lineation L = k1/k2, foliation F = k2/k3, and shape
of anisotropy T = [2log(k2)-log(k1)-log(k3))/(log(k1)-log(k3)]
(Hrouda, 1982 and references therein). The parameter T >0 de-
notes oblate shape, while T <0 denotes prolate shape. The plot
of T-P is shown in Figure 4. Lacustrine samples (except for CL
and Hs_5) represent a narrow range and medium values of ani-

sotropy P (1.025-1.050) confirming that lacustrine lithofacies
are coherent from magnetic susceptibility perspective. Increas-
ing content of thicker grains within lacustrine samples Hs, Hs_3,
and Hs_5 causes a slight decrease of anisotropy P. The most
incoherent sample is Hs_5 which is a heterolithic deposit com-
posed of sandstones to claystones. Samples Hs and Hs_3 rep-
resent a deeper and less varied lake environment. Samples CL
and CL2 have a similar wide range of anisotropy P, which may
be caused by an unknown strong magnetic component as well
as intercalations of lithofacies Fm. Sample CCL, rich in organic
matter, has the largest degree of anisotropy P (mean P = 1.077,
maximum P = 1.121) among all samples, and very oblate aniso-
tropy shape T. It seems that a compound of clay minerals and
organic matter (probably plant detritus) is the most anisotropic
lithology, although pure coals are known to have very weak ani-
sotropy (Hrouda, 1982). Floodplain lithofacies represented by
samples Fm, Fm_3, and Fm_4 have medium to very low
anisotropies and different shapes of anisotropy T (from —0.80 to
+0.77). This very unique feature has been observed only within
lithofacies Fm, where 22 + 28% of specimens have prolate
shape (T <0). Lithofacies Fm, being clayey siltstone, has been
distinguished from others on the basis of generally massive
structure with very rare poorly preserved lamination and typical
bluish-grey colour (tozinski et al., 2015). Its massive structure
is interpreted as a result of either undifferentiated detrital com-
ponents or bioturbation. The latter may be related with a de-
structive role of small plant roots. Although plant remnants are
generally not retained within lithofacies Fm, the root traces have
been preserved within siderite concretions (Bojanowski et al.,
2016). The bioturbation might have lead to differentiation and
general reduction of depositional anisotropy. Also, deposits of
floodplain may have contained a considerable amount of
anisotropic muddy clasts deposited chaotically during fast flood
sedimentation. This irregular fabric of weak anisotropy might
have been overprinted by tectonic lineation, which, if greater
than foliation (L > F), can result in a negative shape parameter
(T <0). Fluvial channel lithofacies St, having coarser grains with
higher quartz content than lithofacies Fm, has a low but coher-
ent degree of anisotropy and oblate shape of anisotropy. This
rock is cohesive due to some clay mineral content which proba-
bly causes noticeable anisotropy. Considering the remarkable
current strength in rivers with trough cross-bedding, clay miner-
als might have been transported as silt- and sand-sized
intraclasts or lithoclasts. Sample Gmm has a wide variety of ani-
sotropy P values (from 1.005 to 1.063) and shape parameter T
(0.236 to 0.927), and is similar to heterolithic sample Hf 5. This
is because both of them are heterogeneous samples consisting
of clayey to sandy grains.

Since the high susceptibility (Km > 300 x 107° [SI]) is gener-
ally dominated by an additional (unknown) component in rock
mineral composition, it should reveal its own anisotropy in the
anisotropy (P) to susceptibility (Km) plot (Fig. 7). According to
the plot with all specimens, excluding sample FI (Fig. 7A), three
arbitrary groups of specimens have been introduced. Group 1
represents specimens with low susceptibility (Km < approx. 250
x 107 [SI]) and dense Km distribution within the sample.
Groups 2 and 3 represent specimens with high susceptibility
and sparse Km distribution. Groups 2 and 3 differ in respect of
the degree of anisotropy (P), suggesting two different mecha-
nisms or mineral components responsible for high susceptibili-
ties. Group 2, having high P values, appears only within
lithofacies Gmm, CL, and CL2 (Fig. 7B), while group 3, having
low P, appears mainly within lithofacies Fm, Fm_4, and St (Fig.
7C). Both groups seem to have a downward trend. This sug-
gests that the strong Km component has rather low anisotropy
and its raising content decreases P value inherited from the
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Fig. 7A - plot of anisotropy degree (P) vs. mean susceptibility (Km); specimens with Km > 250
x107° [SI] fall into two separate groups; B — plot for samples constituting group 2; C — plot for
samples constituting group 3; note a downward trend within both groups 2 and 3, suggesting
that the high susceptibility component has a lower anisotropy degree than the clay-quartz

matrix

anisotropic compound of clay minerals and quartz. If the strong
susceptibility component is a kind of early diagenetic phase it
might have gathered around detrital grains causing anisotropy
imitating grain shapes. This possibility might have led to high
anisotropy within group 2 (Fig. 7B) due to higher content of platy
clay minerals, and to low anisotropy within group 3 (Fig. 7C)
with higher content of isometric quartz grains.

X-RAY DIFFRACTION

Twenty-five specimens with various magnetic susceptibility
and degree of anisotropy have been investigated in powder
X-ray diffraction in order to find a correlation between magnetic
properties and mineral composition. It has been found that all
specimens contain the following minerals in major quantities:
quartz, smectite, chlorite, and illite/mica (Fig. 5). Kaolinite as
well as mixed-layer clay minerals were found in minor quantities
in a detailed clay minerals study. The specimens contain also
minor quantities of calcite, dolomite and plagioclase (<5%). Six
specimens contain pyrite and five specimens contain gypsum
in trace amounts. However, these two minerals show high con-
centrations in coaly claystone (CCL) lithofacies abundant in or-
ganic matter. In four specimens, rhodochrosite was found. No
noticeable siderite amount was recorded, but Fe in dolomite or
rhodochrosite structure is possible.

This compound of minerals has a large number of parame-
ters which can be involved in determining magnetic susceptibil-
ity: contents of at least four main components, as well as
smectites and chlorites type, especially amount of Fe in the
chlorite structure. This makes detailed recognition of clay min-
erals, quantification and susceptibility modelling very complex.
Therefore a simplified approach has been used for the purpose
of this paper, based on the idea introduced by Chung (1974a,
b). The method involves comparing reflection intensity of miner-
als within a specimen without internal standard and reference
intensity. Every intensity value for mineral peak i is equal:

|i=Xi'Ki'A

where: | — peak intensity, X — volume of mineral causing reflection, K
— constant parameter dependent on the instrument and mineral
characteristics, and A —mass absorption being a function of all min-
erals in sample.

The parameter A is unknown and constant but different for
every measured sample. However, when comparing intensities
of chosen reflection of two minerals in a single sample,
parameter A is not needed:

LXK A
LXK A

]

x|

i

where: m = Ky/K; is unknown but constant for minerals i and j thor-
ough all samples; li/lj is not exactly the ratio of mineral contents Xi/X;,
but is always proportional to it and this proportion can be compared
across samples and serve as a parameter for correlations with mag-
netism.

Several 20 angles have been chosen to determine intensi-
ties for quartz, chlorite, illite/mica as well as for calcite, dolomite,
rhodochrosite, gypsum and pyrite (Fig. 5, see reflections with
an asterisk). llite and mica reflections overlap, so they will be
considered here together and referred to as illite. Smectites do
not show any usable reflection, but appear as an alteration of
XRD trace at low 26 angles which can be seen: between FI2
and CI2 lithofacies (4—10°), between specimens #5 and #21 of
lithofacies CI2 (7°), and between specimens #9 and #3 of
lithofacies Fm_4 (4—10°). Smectites were though neglected in
this analysis. The intensity values have been measured from
the reflection top to the level of trace background, which was lin-
early interpolated under reflection.

The basic ratios studied here are: illite to quartz (ill/Q), and
chlorite to quartz (chl/Q), which were used to construct Figure 8.
Additionally, the proportion of (ill/Q) to (chl/Q) equals:
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il/Q ill
= — = tan(o)
chl/Q chl

so the illite to chlorite ratio can be also obtained from this plot
from the tangent of angle between specimen point-origin line
and horizontal axis.

The (ill/Q) and (chl/Q) ratios revealed good linear correla-
tion (Fig. 8; Pearson coefficient corr = 0.89), which means that
the ill/chl ratio is similar for all specimens, while the quartz to
clay minerals ratio varies (however, smectite content is not
known and probably not constant). The exception is lithofacies
Fm_4, where all three specimens have lower chlorite content —
this fact will be discussed hereatfter.

The above observation has sedimentological implication —
chlorite and illite have been probably transported and deposited
together, but separately from quartz. Moreover, various sedi-
mentary environments — from distal offshore lake through river
channel and floodplain to swamp lithofacies — have had the
same source for chlorite and illite. Lithofacies Gmm, which was
interpreted as debris-flow sediment containing eroded and dis-
integrated rocks of older underlying unit — mudstones and
sandstones of the Podhale Synclinorium (fozinski et al., 2015),
also fits the discussed illite/chlorite ratio. This supports a hy-
pothesis that the Podhale Synclinorium was the main source of
clastic material for the Orava-Nowy Targ Basin infill in the study
area. The variable ratio of clays to quartz might have been the
result of transportation as grains of different sizes. This was
positively verified in grain-size analysis (Fig. 6) of two speci-
mens #4 and #25 from the offshore lake lithofacies FI2 with dif-
ferent chlorite/quartz and illite/quartz ratios (Fig. 8), as men-
tioned before.

The most unusual ill/chl ratio has been recorded in speci-
men Fm_4#3. This specimen contains also an unusual concen-
tration of rhodochrosite which was found in smaller quantities in
three other specimens (Fig. 8, see asterisk). This mineral,
which occurs in specimens with high Km values (200-800 x
107%), has been also noted in lithofacies Fm_4 by Bojanowski et
al. (2016). It has been found that rhodochrosite had cemented
rhizoliths and occurred in siderite-bearing horizons which origi-

nated in an anoxic zone with bacterial methanogenesis below
an active peat. Specimen Fm_4#3, collected from a sider-
ite-bearing horizon (but not a concretion), has revealed
rhodochrosite but no siderite. It contains also relatively much
smectite (Fig. 5). Other specimens Fm_4#9 and Fm_4#20 col-
lected up to 2 m above Fm_4#3 also have a high illite/chlorite
ratio (Fig. 8). This suggests that the whole sediment in this area
might have undergone geochemical and/or microbial pro-
cesses related to further rhodochrosite and siderite precipitation
and alteration of clay minerals. It is also likely that these pro-
cesses might have been responsible for the origin of minerals or
amorphous phase in rhodochrosite-bearing specimens. How-
ever, high Km values cannot be treated as an indicator for
rhodochrosite occurrence which is rare.

As shown above, chlorite and illite can be considered as
one component with an approximately constant chlorite-illite ra-
tio. They also have the highest magnetic susceptibility among
minerals recorded in the XRD study (Table 1A). Thus, the
chlorite-quartz or illite-quartz ratio is expected to have a positive
correlation with magnetic susceptibility (Fig. 9A). This should be
true for specimens which do not have susceptibility determined
by strong ferromagnetic grains, so the comparison was re-
stricted to specimens with Km < 350 x 107 [SI]. The chlorite-
-quartz towards Km plot shows weak positive correlation (corr =
0.59), however, it is insufficient for ill/chl ratio calculation from
Km. The chl/Q variation at the same Km value may be very high
— specimen Gmm has above 3 times higher chl/Q than speci-
men St at Km = 160 x 107 [SI]. This suggests that some other
unknown factor is involved and bulk mean susceptibility Km
cannot be used to compare the content of two different
lithofacies. Trends within coherent samples Fm_4, FI2, and CI2
(Fig. 9A, colour dotted lines) are upward as expected, while in-
coherent heterolithic sample Hs_5 contains two specimens with
a downward trend. Perhaps, this method could be useful within
one coherent lithofacies.

The chl/Q relation to the degree of anisotropy is expected to
show some correlation because clays have magnetocrystalline
anisotropy while quartz is isotropic. This correlation is surpris-
ingly very poor (Fig. 9B; corr = 0.25), which means that the de-

gree of anisotropy parameter cannot be used as an
indicator for the chl/Q ratio. And, likewise the chl/Q
. to Km relation, some other factor must be responsi-
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Fig. 8. Plot showing the relative volume ratios of: chlorite to quartz (hori-
zontal axis), illlite + mica to quartz (vertical axis), and illite + mica to chlorite
(tangent o) based on the comparison of chosen XRD reflection intensities

Dashed line shows linear approximation of data; specimens containing rhodo-
chrosite are marked with (*); specimens show a good correlation (Pearson coeffi-
cient — corr) between illite + mica and chlorite content, except for lithofacies
Fm_4; note that the ill/Q and chl/Q ratios are proportional but not equal to the ac-
tual volume ratios for these minerals; for other explanations see text and Figure 5

rected randomly. This can be slightly modified if the
deposition undergoes in a current resulting in elon-
gated sediment grains lying parallel to the current
direction (Hrouda, 1982 and references therein) or
perpendicular, if grains are rolling (Tarling and
Hrouda, 1993). This results in separation of k1 from
k2, with k1 oriented along the current direction or
along the rolling axis, depending on the transport
regime. The same effect of separation can be also
obtained if a tectonic stress field is applied. It was
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Fig. 9A — relation of the chlorite to quartz ratio (chl/Q) to mean magnetic susceptibility (Km);
B - relation of chlorite to quartz ratio (chl/Q) to anisotropy degree (P)

Trends within lithofacies (colour dotted lines) are variable, although the general trend (black dotted lines) is upward; the weak correlation
(corr) in both plots shows that Km and P parameters cannot be used directly as an indicator for the chl/Q ratio; specimens presented
here are restricted to Km < 350 x 107° [SI] in both plots

observed (Winkler et al., 1997; Parés et al., 1999) that k1 axis
rotates towards the smallest compression direction, while k3 to-
wards the largest. Therefore, burial compaction, which can be
treated as vertical deformation, generally strengthens the origi-
nal sedimentary AMS pattern (Parés, 2015). If the deformation
is raising, axes k3 rotate towards the strongest deformation di-
rection, going through an intermediate AMS pattern when axes
k2 and k3 are mixed along a common circle. This relation of the
AMS characteristics to sedimentary and tectonic processes
brings a question what interpretation can be achieved from
AMS directions in our study area.

A plot of all measured specimens and the mean susceptibil-
ity directions (Fig. 10A; statistics of Jelinek, 1978) reveals a
sedimentary pattern with k1 and k2 distinguishable but not ap-
parently separated from each other. This points to the “earliest
deformation stage” according to Parés et al. (1999). Rocks are
generally tilted ca. 10—25° to the north, as is clearly visible from
k3 axis tilted 14° from vertical direction.

Since the sampling method involves some compression im-
pact on specimen towards the sampling direction, it can over-
print the anisotropy fabric of geological origin. This should be
traceable in a specimen coordinate system projection as k1 di-
rections preferably lying perpendicularly to sampling direction
(projection north), assuming that different sampling azimuths
have been applied. However, this effect has not been observed
within the group of studied specimens (Fig. 10B). Assuming
that separation of k1 from k2 is of tectonic origin, N-S contrac-
tion or W-E extension might have occurred. Axes grouping
seems to comply with bedding dip direction with k1 lying nor-
mally (Fig. 10C).

This general view becomes more complex in details be-
cause lithofacies vary from each other. The most unusual
lithofacies is Gmm, which was the only one that revealed cha-
otic distribution of susceptibility axes directions (Fig. 11A). This
pattern does not fit any of the AMS patterns discussed above,
because none of the principal susceptibility axis within Gmm is
grouped around its mean direction. This lithofacies is a breccia
consisting of heavily weathered sandstones and mudstones
(tozinski et al., 2015). The matrix contains probably the same
silty and clayey components as clasts but disintegrated. This
sediment was interpreted as a result of “cohesive, clay-rich de-
bris flow” which was probably moving on a slope. The AMS re-
sults of specimens collected from the breccia matrix confirm

this interpretation very well, revealing a chaotic structure of dis-
integrated, moved and rotated rock mass. They deny also a
river setting origin, where a clast-supported structure would be
made first. Free spaces in between would be filled afterwards
with horizontally laminated deposits, but in this case the AMS
results show no consistent bedding. Scattered k3 directions
show some tendency to be tilted southward. This can be specu-
latively attributed to a southward palaeoslope inclination sup-
porting the interpretation of palaeorelief gradient conclusions in-
ferred from transport directions (fozinski et al., 2015). Anyway,
the AMS method seems to be very useful for recognizing and
analysing debris-flow deposits, especially if heavily disinte-
grated clasts cannot be observed macroscopically.

Lithofacies Gmm is directly overlain by lithofacies CL — the
sedimentary contact is confirmed by topmost breccia clasts be-
ing surrounded by laminated deposits. Lithofacies CL has the
sedimentary AMS pattern with axes k1 and k2 distributed
sparsely in the bedding plane with weak separation of those two
axes (Fig. 11B). This pattern is also present within all clay-rich
lithofacies: FI, CL_1, CL2, and CCL, while other silt- and fine
sand-rich lithofacies have axes k1 and k2 grouped around their
means (Fig. 11C). It is important to note that k1 and k2 direc-
tions distribution should not be treated as the unequivocal de-
formation indicator because it seems to be clay-content de-
pendent. It may also happen that many lithofacies with coherent
k1 and k2 directions presented together in a single plot result in
incoherent k1 and k2 directions of the total set, because the
mean directions of axes k1 and k2 differ between lithofacies. In
this sense, the AMS pattern type may turn out to be dependent
on the number of specimens.

A high value of bulk magnetic susceptibility implies the pres-
ence of an additional mineral phase having strong susceptibil-
ity. This phase (sometimes individual grains) may alter the mag-
netic pattern in a random manner. This is shown in Figure 11
where direction axes have been shown depending on the sus-
ceptibility magnitude (if Km >300 x 107 [SI] then the symbol is
unfilled). Most of high-susceptibility specimens are close to
mean directions, but a few specimens represent random direc-
tions (Fig. 11C). The latter may worsen the precision of analy-
sis, however, this issue has been neglected in this paper due to
low number (2%) of such “unfitted” specimens.

With a very weak tectonic alteration, the AMS pattern re-
veals the main sedimentary feature — axis k3 being perpendicu-
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Fig. 10. Distribution of k1 (blue), k2 (green, only A), and k3 (violet) axes directions of the mean magnetic susceptibility
tensor for all 322 specimens (lower hemisphere equal-area projection), and distributions of sampling
and bedding dip directions (grey bars)

A —distribution in geographic coordinate system; contour lines show a density model of direction distribution; the mean magnetic susceptibil-
ity tensor represents sedimentary fabric tilted 14° northward with a weak tectonic overprint from N—S contraction or W-E extension; B — distri-
bution in specimen coordinate system showing no preferable k1 direction related to sampling direction due to sampling forces; C —
distribution in bedding coordinate system showing indistinct perpendicularity of k1 axes to bedding dip direction

lar to bedding. Since the rocks are diversely tilted and axes k3
show variations from the mean direction, the question arises of
how accurately the bedding orientation can be inferred from the
k1-k2 plane (which is perpendicular to axis k3)? This may have
a practical meaning in measuring bedding orientation within
lithofacies having no lamination visible, which is common within
massive siltstone lithofacies Fm. To test this, true bedding has
been measured or extrapolated from neighbouring lithofacies.
This makes a problem itself, because bedding is sometimes un-
easy to measure and may have +5° variations of dip angle and
+10° variations of dip direction within 10-20 cm of rock expo-
sure. This diversity may be responsible for variations in k3 di-
rection as well. The mean measured bedding orientation has
been used as a local coordinate system — every specimen sus-
ceptibility ellipsoid has been rotated about a horizontal axis per-
pendicular to dip direction through a dipping angle. After this op-
eration, all principal susceptibility axes are such as if the bed-
ding was horizontal (Fig. 12).

The worse coincidence between ideal (vertical) axis and k3 is
shown by lithofacies Gmm, due to the depositional mechanism
discussed before. Lithofacies CL_1, Fm_4, Hs_5, and Hs_3 are
not reliable, because of the sampling technique which included
sampler turning to overcome rock friction and probably might
have led to specimen rotation in the sampler. Other specimens
collected precisely revealed good coincidence between the bed-
ding and mean k1-k2 plane. The deviation between the ideal
(vertical) and k3 axes ranged from 2.5 to 11.5°. Inaccuracy of
sampling is estimated to be around +5°, so improving sampling
precision can probably reduce the deviation range further to a

few degrees. Additionally, the rock has observable bedding vari-
ations, which explain the gained range enough. Lithofacies com-
parison shows that the coincidence between the AMS k1-k2
plane and true bedding is independent of lithofacies type, which
was surprising considering various degrees and shapes of aniso-
tropy. Taking all above into account, interpreting the bedding ori-
entation from the mean k1-k2 plane seems to be an acceptable
method having accuracy at around 10°.

Directions of axes k1 can be interpreted as either sedimen-
tary- or tectonic-determined. As mentioned before, the mean k1
direction of all specimens is W—E, which complies with the in-
ferred N-S contraction that probably has led to northward tilting.
However, a few lithofacies have k1 direction which does not fit
this trend: CL_1, Hf_2, FI2, Hs, Hs_3, Hs_5, and Fm_3 (Fig. 12).
If a local stress direction differed from the main N-S trend, as
shown by the variations in the bedding dip direction and angle
(Fig. 2B), axis k1 would probably follow this local stress and re-
main perpendicular to the dip direction. This has been tested,
however, k1 directions cannot be explained in this way. Another
possibility is to look for a sedimentary factor which might have de-
termined these directions. Four lithofacies: Hf 2, FI2, Hs, and
Hs_5 have been collected at exposures where ripple cross-lami-
nation has been examined for palaeotransport directions
(tozinski et al., 2015). This means that a current was an impor-
tant factor during deposition and might have led to a specific
grain orientation and appropriate magnetic anisotropy. The com-
parison between axes k1 and the corresponding palaeotransport
measurements is shown in Figure 13. Although some correspon-
dence can be observed, transport directions are wide-range
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Fig. 11. Different principal direction distributions (geographic coordinate system) determined by lithofacies type

A - lithofacies Gmm represents chaotic distribution of principal directions being a result of debris-flow deposition; B — lithofacies
CL directly overlying lithofacies Gmm has dense distribution of k3 axes around its mean direction and sparse distribution of k1
and k2 axes; this is almost a perfect sedimentary AMS fabric, although some distinction between k1 and k2 is present; C —
lithofacies Fm has well-defined dense distribution of axes directions around their means; note that some large susceptibility
specimens (Km > 300 x 107 [SI], unfilled symbols) have their principal directions far from mean directions (sample Fm)

180

Fig. 12. Principal directions of mean tensors for all
samples rotated according to a bedding coordinate
system of corresponding sample

Closer the k3 axis (violet) to the midpoint of the graph,
better the coincidence of rock bedding and k1-k2 plane of
oblate ellipsoid (see text for interpretations); sample Gmm
is poorly fitting this pattern due to its chaotic anisotropy re-
sulted from the debris-flow sedimentation process; colo-
urs and symbols as in Figure 10

trending from S to NW, thus there is a huge chance that any axis
would fit some transport direction. Moreover, a superposing of
sedimentary and tectonic effect might have been involved. The
other sedimentary feature — oblate grains imbrication may result
in a k1-k2 plane tilting from the bedding plane (Tarling and
Hrouda, 1993). However, this subtle feature probably cannot be
determined due to weak measuring accuracy. A sedimentary ex-
planation for unusual k1 directions seems to be the best so far,
especially because it concerns lithofacies deposited under the
influence of a weak current which favoured the formation of deli-
cate sedimentary structures, and probably preferred grain orien-
tation as well. However, we believe that data presented here is
not sufficient to prove this.

DISCUSSION

FACTORS DETERMINING AMS

The comparison of bulk magnetic susceptibility with mineral
composition obtained from X-ray diffraction (Fig. 9A) shows that
this dependency is ambiguous. It was expected that magnetic
susceptibility should provide a useful tool to determine the clay
minerals to quartz ratio, but this two-component model is gener-
ally not satisfying for investigated multi-mineral deposits. How-
ever, this model could be applied to homogeneous deposits
such as offshore-lake clayey and silty lithofacies CL, Fl, and Hs.
Also, the bulk magnetic susceptibility Km is still useful for deter-
mining the presence of some high-susceptibility components,
probably iron compounds, which represent different contents
depending on lithofacies type.

The magnetic susceptibility and its anisotropy analysis al-
ways raises the question of which geological factors determine
the acquired AMS fabric. While the bulk magnetic susceptibility
reflects general specimen mineral composition, the anisotropy
fabric is believed to be dependent on mineral composition, as
well as sedimentary environment and tectonic deformation (see
Hrouda, 1982 and references therein). The anisotropy of mag-
netic susceptibility can be also altered by the sampling process,
especially when sediment is fresh and weakly consolidated
(e.g., Copons et al., 1997; Shimono et al., 2014). When the
hammered sampler is used, the largest sampling force appears
in the direction of sampling, and the corresponding reorientation
of k1 and k2 axes may occur. This can be verified by compari-
son of results obtained in different sampling directions, as per-
formed within this study. However, no such correlation is ob-
served showing that the deposits have been sufficiently consoli-
dated before. The obtained AMS fabric represents predomi-
nantly oblate anisotropy with k3 axes perpendicular to bedding
and k1 and k2 axes concentrated in the W—E and N-S direc-
tions (respectively, Fig. 10A) regardless of sampling direction.

The ellipsoid axes directions have been widely used to ana-
lyse weak deformations in sedimentary basins (e.g., Graham,
1966; Winkler et al., 1997; Parés et al., 1999; Kanamatsu et al.,
2001; Kawamura and Ogawa, 2004). According to the method-
ology used, the k1 and k2 axes concentration near the W-E and
N-S directions within studied specimens suggests that the orig-
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Fig. 13. Comparison of palaeotransport directions (grey bars; Lozinski et al., 2015)
with k1 directions of corresponding samples

The coincidence of those two may be related to the orientation of elongated grains, determined by a current during sedimenta-
tion; the number of AMS specimens is n, and the number of transport direction measurements is nt; the mean k1 direction al-
most fits transport directions within sample FI2 and Hs (A), and quite well within samples Hs_5 (B) and Hf_2 (C); however, the
diversity of transport directions is high, so there is a chance of random fitting; blue squares and lines, large square = mean

value; rotated — see Figure 12

inal sedimentary AMS fabrics has been weakly overprinted by
tectonic deformation. A sedimentary factor being a result of cur-
rent-driven grain orientation can be present as well, however,
the tectonic factor is confirmed by the fact that axes grouping
occurs within all samples representing different sedimentary re-
gimes including suspension-fallout sedimentation. The sedi-
mentary factor might have led to deviation of k1 and k2 axes
from the common W—E and N-S directions, but the wide range
of transport directions and obtained measuring accuracy make
the importance of this factor ambiguous.

Tectonically induced AMS fabric with k1 oriented in the
W-E direction implies the largest tectonic compression in the
N-S direction. However, the AMS fabric itself does not deter-
mine the tectonic regime; N-S contraction, W-E extension or
oblique strike-slip movements are possible. The general com-
pression close to the N-S direction is accepted by most authors
using different approaches, e.g. fractured clasts studies (NE to
NNE compression; Tokarski and Zuchiewicz, 1998), geophysi-
cal surveys (NNE compression; Pomianowski, 2003), and de-
tailed structural investigations (NNW compression near the
Oravica outcrop; Struska, 2008). It coincides also with the
northward bedding inclination in the Oravica section as a result
of NS contraction (k1 axes being mostly perpendicular to the
bedding dip direction; Fig. 10C). However, normal faults exist-
ing in the Oravica section (Lozinski et al., 2015) and the general
W-E basin extension suggested by Peskova et al. (2009) can
support the extensional AMS fabric origin as well. Neverthe-
less, the maximal tectonic compression in the N-S direction
seems to be well-confirmed.

AMS FACIES

Studied samples have revealed a wide variety of AMS fea-
tures showing that the AMS method may offer a tool for recogniz-
ing sedimentary aspects of investigated deposits. However, a set
of at least 20 specimens from one lithofacies is advisable to en-
sure a good statistic sample. A set of unique AMS features char-
acteristic for each lithofacies within the Oravica section is intro-
duced in Table 2. The very good estimation of sedimentary envi-
ronment can be obtained for a lacustrine setting, where all dis-
cussed parameters: Km, P, and T are coherent (Fig. 4). More-

over, Km and T parameters decrease upward the lake se-
quence, which probably reflects increment of deposition of
quartz-bearing silts during lake filling. Both bulk susceptibility Km
and degree of anisotropy P of initial (CL) and terminal (Hs_5)
lake deposits are varied, showing that coherent susceptibility pa-
rameters may be found only within offshore long-lasting lake set-
tings where grain sorting is strongest. The opposite characteris-
tics are represented by debris-flow lithofacies Gmm, having a
wide variety of those parameters and the unique chaotic distribu-
tion of principal directions (Fig. 11A). Thus, the AMS method re-
veals a great potential in recognizing the internal structure of the
conglomerate and breccia matrix, and may allow distinguishing
between debris-flow and river/alluvial fan deposits.

The floodplain lithofacies Fm can be recognized easily with
the low degree of anisotropy P and the shape parameter T be-
ing low or negative (Fig. 4). The presence of negative T values
(lineation is greater that foliation) within one lithofacies type
(samples Fm, Fm_3, Fm_4) is probably a result of weak tec-
tonic overprint within deposits that originally gained even
weaker sedimentary oblate fabric due to root bioturbation and a
chaotic process of floodplain deposition. This example shows
that negative T values may appear as a result of interplay be-
tween sedimentary and tectonic factors, especially if a general
degree of anisotropy is low.

The ephemeral lake (e.g., oxbow lake, marsh) lithofacies CI2
and the swamp lithofacies CCL have considerably high aniso-
tropy P and shape T parameters, but not coherent. This can be
explained by instability of terrestrial environment: floods bringing
detrital material, changing water level and plant vegetation, as
well as formation of iron compounds in geochemical/microbial
processes within a palaeosol, resulting in a high susceptibility of
some specimens. Sample CL is similar to sample CL2 and was
probably influenced by the same processes at the initial stage of
the long-lasting lake. The clay minerals and plant detritus com-
pound is the most anisotropic sediment, as observed within coaly
claystone CCL. The river lithofacies St has coherent P and T pa-
rameters being similar to lake deposits, but it has lower aniso-
tropy P (1.1-1.3) and incoherent susceptibility Km (Fig. 4). Simi-
larly, the heterolithic lithofacies Hs has various values of Km and
P, probably due to the variable quartz/clay minerals ratio. How-
ever, these two lithofacies are not well-constrained in AMS mea-
surements.
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Table 2

Unique AMS features within the Oravica section allowing lithofacies and sedimentary

environment estimation

(é_ri\t\n?é?\?ri\%snt) Samples Unique AMS f?gkhjgefsagifesst)udied samples Quali’te}/sggqlggg;acies
Km: low (100-200 x 107 [SI])
CCL (swamp) CCL P: high (1.06-1.12) average
T: high (0.5-1.0)
CL (lake wi . Km: incoherent
ianLEean(?e\)Nlth terrestrial CL, CL2 P:.incoherent average
T: high (0.0-1.0)
Fm, 20-30% of specimens are prolate (T <0)
Fm (floodplain) Fm_3, P: low (1.00-1.04) good
Fm_4 T: various (-0.7 to 0.8)
St (river) St - poor
Hs (lake-nearshore) Hs_5 - poor
Hs (lake-offshore) :38’3 Km, P, and T: coherent
Hf (lake-offshore) Hf__2 Km: average (120-405 x 107 [SI]) good for determining
FI (lake-offshore) FI, FI2 P: average (1.02-1.03) lacustrine setting
T: high (0.5-1.0)
CL (lake-offshore) CL_1
Gmm (colluvium) Gmm chaotic k3 directions good

Since the presented key for lithofacies recognition is con-
ceptual and has been created for the Oravica outcrop only, it
should be pointed out here that the AMS features in other out-
crops may vary. However, the AMS fabric has been proved to
be responsive to many subtle phenomena including: suspen-
sion fallout/current deposition, fluctuations of quartz-clay miner-
als, organic matter admixtures, bioturbation, and Fe redistribu-
tion in diagenetic processes. The AMS method has a great
practical potential in recognizing sedimentary features and bed-
ding orientation of deposits, especially when they are not visible
macroscopically or the studied outcrop is small. Since the mas-
sive structure of deposits is very common in the Orava-Nowy
Targ Basin, the AMS analysis may provide a considerable
support for the basin study.

CONCLUSIONS

— Mineral composition of studied deposits is multicom-
ponent, thus the correlation between mineral content and bulk
susceptibility Km is ambiguous. However, samples with a nar-
row susceptibility range provide parameter Km as a rough indi-
cator for the clay mineral to quartz ratio. This tool may be ap-
plied to analyse offshore lacustrine deposits.

— AMS ellipsoid directions have been determined mainly by
weak tectonic deformation with the highest tectonic compres-
sion being N-S.

— Bulk magnetic susceptibility, anisotropy degree and ani-
sotropy shape are strongly determined by the lithofacies type.

— Five AMS facies distinguished here allow recognizing the
following sedimentary settings: debris-flow deposition, offshore
lake, nearshore/ephemeral lake, floodplain, and swamp.

— Sedimentological transport impact on the AMS directions is
ambiguous due to the method accuracy and tectonic overprint.

— Mean k1-k2 plane orientation can be used as a bedding
estimation with 10° error. This may be useful especially when
analysing apparently massive sediments.

— Similar contents and X-ray traces of clay minerals within
basement colluvium and overlying sediments suggest that
studied deposits have been derived from one source area, the
Podhale Synclinorium.
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