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The ani so tropy of mag netic sus cep ti bil ity (AMS) of sed i men tary rocks has been used for in ter pret ing a wide range of pro -
cesses: early rock de for ma tion, palaeotransport di rec tions, as well as the evo lu tion of min eral con tent. Var i ous sed i men tary
fac tors which may de ter mine mag netic sus cep ti bil ity within lac us trine, river, floodplain and swamp de pos its have been ex -
am ined in the Oravica sec tion of the Orava-Nowy Targ Ba sin. Mul ti ple com po nents of min eral con tent: illite, chlorite,
smectite, kaolinite and quartz, as well as an un iden ti fied high sus cep ti bil ity phase make the AMS in ter pre ta tion of this con -
tent am big u ous. How ever, this method may be use ful for trac ing early diagenetic geo chem i cal/mi cro bial pro cesses where
iron is in volved. Some sed i men tary pro cesses may be rec og nized from AMS when an as sem blage of pa ram e ters is stud ied
to gether: bulk sus cep ti bil ity, the de gree and shape of ani so tropy, prin ci pal di rec tions, and the dis tri bu tion of all these pa ram -
e ters within a set of spec i mens. De bris-flow pro cesses, as well as lac us trine and floodplain sed i men ta tion are es pe cially
well-de fined in AMS re sults. Palaeotransport di rec tions are am big u ous be cause the rocks have un der gone weak de for ma -
tion that over prints this sed i men tary fea ture. Most spec i mens rep re sent an ob late shape of ani so tropy and show a good cor -
re la tion of min i mum sus cep ti bil ity axis and nor mal to bed ding plane.
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INTRODUCTION

The idea of us ing mag netic sus cep ti bil ity of rocks for geo -
log i cal in ter pre ta tions was first in tro duced by Ising (1942) to in -
ves ti gate clay-rich sed i ment. Ising (1942) noted that mag netic
sus cep ti bil ity of sed i men tary rocks is anisotropic with con sid er -
ably lower (10–20%) sus cep ti bil ity in the di rec tion nor mal to
bed ding. How ever, the true de vel op ment of the method ap pli -
ca tion in ge ol ogy took place af ter the note of Gra ham (1954)
who in di cated the po ten tial of study ing this petrofabric fea ture.
Since that time it has been dis cov ered that mag netic sus cep ti -
bil ity can re cord an ex ten sive va ri ety of sed i men tary and
diagenetic pro cesses as well as tec tonic de for ma tion (e.g.,
Tarling and Hrouda, 1993; Parés, 2015). Since the bulk value of 
mag netic sus cep ti bil ity of rock sam ple is the sum of all min er als’ 
sus cep ti bil ity of the sam ple, it is a sen si tive tool for trac ing vari a -
tions in min eral com po si tion gained at the de po si tion time. This
can re cord e.g., quartz/clay min er als ra tio, spe cial in ter ca la -
tions like pyroclastic lay ers, and even a change in clay min eral
com po si tion. The lat ter pro vides a sen si tive tool for ana lys ing
cli mate changes af fect ing weath er ing pro cesses and its prod -

uct – clay min er als de pos ited in a sed i men tary ba sin
(Zió³kowski and Hinnov, 2010). The ani so tropy of mag netic sus -
cep ti bil ity (AMS) is gained at the sed i men ta tion time and is a re -
sult of ini tial ori en ta tion of sed i ment grains hav ing prolate or ob -
late shapes, and min er als’ magnetocrystalline ani so tropy. This
fa vours in gen eral ob late char ac ter of mag netic ani so tropy cor -
re spond ing to the depositional sur face, but can also re sult in an
ani so tropy re lated to sed i ment trans port di rec tion (see sum -
mary in Hrouda, 1982). This sed i men tary fab ric of AMS can be
al tered af ter wards due to re ori en ta tion of grains dur ing com pac -
tion and tec tonic de for ma tion, as well as crystallisation and/or
so lu tion of min er als within the rock mass.

It was stated that AMS re cords even a very slight grade of
de for ma tion which usu ally does not re sult yet in a pres ence of
mac ro scopic folds and faults (Parés et al., 1999). This makes
the method use ful for study ing non- and weakly-de formed sed i -
men tary bas ins, where both sed i men tary and tec tonic AMS fab -
ric may be ob served (e.g., Mazzoli et al., 2012). These fea tures
char ac ter ize the intramontane Orava-Nowy Targ Ba sin (Fig. 1),
which is ex pected to of fer a good op por tu nity for AMS in ves ti ga -
tions. 

The wide range of pos si ble sed i men tary and tec tonic fac -
tors af fect ing AMS fab ric can cause un cer tainty in in ter pre ta tion 
of this kind of stud ies. The knowl edge of pos si ble range of AMS
pa ram e ters re lated to li thol ogy and sed i men tary pro cesses
would be a re mark able im prove ment in fur ther AMS anal y sis of
the ba sin, but to achieve this the tec tonic fac tor must be ex -
cluded or min i mized. For the pur poses of this pa per, one sec -
tion of con tin u ous Mio cene sed i men tary se quence has been

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

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



stud ied. This al lows as sum ing the same re gional tec tonic im -
pact for all AMS re sults within this se quence. The dis cussed
sec tion crops out in the Oravica riverbed near the vil lage of
Èimhová (Slovakia). The de tailed li thol ogy of rocks and sed i -
men tary en vi ron ment in ter pre ta tion can be found in £oziñski et
al. (2015), while the dis cus sion on or ganic-geo chem i cal pro -
cesses within the for mer peat and concretionary sid er ite for ma -
tion is pro vided in Bojanowski et al. (2016). This pa per in tro -
duces an in no va tive ap proach of de tailed sedimentological
anal y sis com pared with a large num ber of AMS mea sure -
ments. The aim of this study is to de ter mine the re la tion be -
tween AMS pa ram e ters and ter res trial lithofacies char ac ter is -
tics within the well-con strained sec tion of the Oravica River, and 
to test whether the clas si cal in ter pre ta tion of tec tonic de for ma -
tion from AMS fab ric can be ap plied to Orava-Nowy Targ Ba sin
de pos its.

GEOLOGICAL SETTING

The Orava-Nowy Targ Ba sin is lo cated at the Pol ish -
-Slovakian bor der within the West ern Carpathians (Fig. 1A) and 
strad dles across the In ner/Outer Carpathians bor der. It was
formed in the Mid dle Mio cene within a tec tonic de pres sion dur -
ing the Carpathian strike-slip move ments 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 ba sin infill is com posed mainly of claystones,
clayey siltstones, sand stones and con glom er ates   with in ter ca -
la tions of lig nite, pyroclastics, and fresh wa ter lime stones
(Sikora and Wieser 1974; Watycha, 1976; Ko³con and Wag ner,
1991; Jaroszewicz et al., 2013; £oziñski et al., 2015) de pos ited
in river, al lu vial fan, lake, and swamp set tings. De tri tal ma te rial
is rep re sented mainly by quartz, or ganic mat ter and clay min er -
als: beidellite, chlorite and illite (Wiewióra and Wyrwicki, 1980).
A clastic sed i men tary se quence of the ba sin infill, up to 1.3 km
thick, orig i nated pre sum ably from older struc tural units ex posed 
in the ba sin vi cin ity: the Magura Nappe, Pieniny Klippen Belt

and Pod hale Synclinorium (Fig. 1B). They are of Ju ras sic–Early 
Mio cene age and rep re sent sed i men tary se quences gen er ally
com posed of ma rine lime stones, sand stones, and mudstones.
The south ern part of the ba sin in the study area is un der lain by
the Podhale Synclinorium be ing part of the Cen tral Carpathian
Paleogene Ba sin. It is com posed of the Lutetian–Bartonian to
Egerian sand stones, mudstones, cal car e ous claystones and
rare con glom er ates de pos ited mainly from tur bid ity cur rents
(Gross et al., 1993; Olszewska and Wieczorek, 1998; Soták,
1998a, b; Garecka, 2005). Mar ginal parts of the Orava-Nowy
Targ Ba sin un der went up lift ing prob a bly in the Pleis to cene
(Tokarski et al., 2012) re sult ing in tilt ing up to 25° and ero sion.

The out crop is lo cated near the south ern mar gin of the ba sin
along the Oravica River banks (Fig. 2). £oziñski et al. (2015)
have de scribed an over 80 m sed i men tary se quence de pos ited
in lake, river, floodplain and swamp en vi ron ments. Sev eral
lithofacies from the lower and mid dle parts of the se quence have
been sub jected to a de tailed study (Fig. 2). The sed i men ta tion
be gan with the ma trix-sup ported dis or ga nized monomict brec cia
(Gmm) con sist ing of muddy ma trix with heavily weath ered sand -
stone and mudstone clasts from the un der ly ing Pod hale
Synclinorium. This is fol lowed by the lac us trine sed i men tary se -
quence: from claystones (CL) and lam i nated siltstones and
claystones (Fl) de pos ited from sus pen sion, to heterolithic silty
(Hf) and sandy (Hs) de pos its of low-den sity tur bid ity cur rents.
These are over lain by a ter res trial se quence de pos ited gen er ally
in a river set ting: mas sive siltstones (Fm) with lo cal oc cur rences
of sid er ite and rhodochrosite con cre tions (Bojano wski et al.,
2016) de pos ited on floodplains, and trough (St) and pla nar
cross-bed ded sand stones de pos ited in flu vial chan nels. This is
fol lowed by an al ter na tion of river, floodplain, and swamp se -
quences rep re sented by cross-bed ded sand stones, mas sive
siltstones (Fm), coals (C), coaly claystones ex tremely rich in
plant de tri tus (CCL), and pure claystones ac com pa ny ing coals
and coaly claystones de pos ited prob a bly in small ephem eral
lakes (named here CL2 to dis tin guish from off shore lac us trine
clays CL and CL_1). Two lithofacies oc cur as unique in ter ca la -
tions: the tuffite layer (T) and the fresh wa ter lime stone layer (L).
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Fig. 1. Sche matic map of the north ern part of the Cen tral West ern Carpathians (A) with the lo ca tion of the Oravica sec tion
near the vil lage of Èimhová (B) (af ter Lexa et al., 2000; £oziñski et al., 2015, mod i fied)



METHODS

The study was con ducted on cyl in der-shaped spec i mens (n 
= 322, di am e ter 25.4 mm, and length 22 mm) col lected us ing
15 cm long brass sam plers (Fig. 3) ham mered with a rub ber
ham mer into de posit ex posed in the field. The ma te rial col -

lected with the sam pler was pushed out with a spe cial tool (Fig.
3), and then cut into 22 mm long spec i mens (from 1 to 3 spec i -
mens). Sam pler po si tion was hor i zon tal and sam pler az i muth
was mea sured dur ing sam pling in the field. The sta tis ti cal ap -
proach was in tended to give the pic ture of mag netic sus cep ti bil -
ity pa ram e ters on the two an a lyt i cal lev els: within a group of
spec i mens col lected from one lithofacies, and be tween groups
of spec i mens col lected from dif fer ent lithofacies and from dif fer -
ent ar eas of the out crop. To achieve this, 15 spots rep re sent ing
dif fer ent lithofacies were se lected within the out crop. Within
each lithofacies a set of spec i mens has been col lected with the
same az i muth. A set of spec i mens (up to 25) col lected from one 
lithofacies and within 0.5 m of out crop will be re ferred to as a
“sam ple” in this ar ti cle. A sam ple name is a lithofacies ab bre vi a -
tion and, some times, a sam ple num ber (e.g., 3 sam ples of mas -
sive siltstone are: Fm, Fm_3, and Fm_4; Fig. 2). Spec i mens
were mea sured at field in ten sity 2 ÷ 200 A/m and fre quency
976 Hz us ing a MFK1-FA kappabridge with a spin ning holder
(AGICO, Czech Re pub lic), at the In sti tute of Geo phys ics, Pol ish 
Acad emy of Sci ences. The coal (C), tuffite (T), and lime stone
(L) lithofacies rep re sent lithified rocks, what ex cluded the pos si -
bil ity of us ing a ham mered sam pler. In stead, the bulk sus cep ti -
bil ity of non-ori ented spec i mens was mea sured with a por ta ble
MS3 mag netic sus cep ti bil ity me ter equipped with a MS2E sen -
sor (Bartington In stru ments, UK) at the Eu ro pean Cen tre for
Geo log i cal Ed u ca tion in Chêciny.

All mag netic sus cep ti bil ity pa ram e ters dis cussed here [mean
mag netic sus cep ti bil ity (Km), ani so tropy de gree (P), ani so tropy
shape (T), lineation (L), fo li a tion (F), and el lip soid ori en ta tion] are
de ter mined by a mag netic sus cep ti bil ity ten sor of rank two
(Jelínek, 1977). This ten sor can be rep re sented as a sym met ric
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Fig. 2A – lower part of the Oravica sec tion sed i men tary log (af ter £oziñski et al., 2015), sam pling po si tion and num bers of anal y sis:
ani so tropy of mag netic sus cep ti bil ity (AMS), X-ray dif frac tion (XRD) with num bers of pow der/ori ented anal y sis, and la ser dif frac -
tion grain-size anal y sis; B – sche matic geo log i cal map show ing groups of lithofacies (af ter £oziñski et al., 2015; Bojanowski et al.,
2016, mod i fied) ac cord ing to the sed i men tary en vi ron ment; sam pling lo ca tions are marked with grey boxes

Fig. 3. AMS sam pling equip ment

Brass 15 cm long sam plers which are ham mered into
sed i ment, and an alu minum tool for push ing out and cut -
ting ac quired ma te rial into Æ = 25.4 x 22 mm cyl in der
AMS spec i mens



ma trix 3 x 3, which has been ob tained for each spec i men from a
MFK1 -FA kappa bridge, and trans formed be tween geo gra phic,
spec i men, and bed ding co or di nate sy s tems. Most con ve nient for 
the anal y sis are three prin ci pal sus cep ti bil i ties k1 ³ k2 ³ k3 and
their cor re spond ing di rec tions of axes in space. The mean sus -
cep ti bil ity value Km = (k1 + k2 + k3)/3 is an im por tant in di ca tor for 
the min eral con tent of spec i men. 

The ac quired data has been pro cessed us ing the Anisoft
4.2 soft ware (Chadima and Jelínek, 2009),
and the R lan guage and en vi ron ment for
sta tis ti cal com put ing (R Core Team, 2015)
with the ggplot2 mod ule (Wick ham, 2009)
and the RStudio in te grated en vi ron ment
(RStudio Team, 2015).

The min eral com po si tion was ex am ined 
with X-ray diffractometry (XRD) us ing a
X’Pert PRO MPD in stru ment equi pped with
a co balt lamp (PANalytical B.V., the Neth er -
lands) at the In sti tute of Geo chem is try, Min -
er al ogy and Pe trol ogy, Fac ulty of Ge ol ogy,
Uni ver sity of War saw. The Bragg -Brentano
ge om e try was used with 2q an gle re corded
within the range of 3.7 ÷ 78.0° and the ac cu -
racy of 0.026°. The 25 pow der sam ples
(mass 4 g, re cord time 3 h) were ob tained
from AMS spec i mens (mass 20 g) to de fine
the re la tion be tween min eral com po si tion
and mag netic sus cep ti bil ity. The five sam -
ples were cho sen for ad di tional clay min eral
anal y sis. They were crus hed and spread in
deionised wa ter with ad mix ture of so dium
pyropho sphate to pre vent co ag u la tion. Af ter 
24 hour sed i men ta tion the re main ing sus -
pen sion was dried on glass plates and re -
corded with an X-ray in stru ment (re cord
time 1 h): pure, eth yl ene gly col sat u rated,
and heated in 500°C for 3 h.

The la ser dif frac tion anal y sis of grain
size was per formed on two me chan i cally
pow dered and wa ter-dis persed spec i mens
af ter 4 min utes of ul tra sonic treat ment, us -
ing a Mastersizer 3000 in stru ment (Mal vern
In stru ments Ltd, UK) at the In sti tute of Ce -
ram ics and Build ing Ma te ri als in War saw.

RESULTS

MAGNETIC SUSCEPTIBILITY AND ITS
MINERALOGICAL CARRIERS

The bulk vol ume mag netic sus cep ti bil ity 
mea sured on 322 spec i mens has re vealed
a wide va ri ety of mean sus cep ti bil ity val ues
(Km) rang ing from 85 to 5560 x 10–6 [SI].
The 50% of spec i mens fall ing in a range be -
tween 25 and 75% quantiles have sus cep ti -
bil ity val ues from 160 to 300 x 10–6 [SI] (Fig.
4, see “all”), which is a rel a tively nar row
range com pared to all ob tained val ues.
Value 300 x 10–6 [SI] is also a good limit for
con sid er ation be cause 11 out of 15 sam -
ples have their me dian value be low this
level (ex cept for Fl, St, Fm and CL2), and
many sam ples have all their spec i mens be -

low this level. The ba sic con tent for all in ves ti gated spec i mens:
quartz, illite, kaolinite, smectite, chlorite and cal cite re vealed in
XRD anal y sis can eas ily ex plain the ob tained range of mean sus -
cep ti bil ity men tioned above (Km <300 x 10–6 [SI]) in a sim ple min -
eral ef fect sum ma tion model (Ta ble 1). This means that a large
num ber of spec i mens has sim i lar min eral con tent with out ad mix -
tures of min eral grains with strong sus cep ti bil ity (mainly fer ro -
mag netic grains). Com po nents con sti tut ing the sus cep ti bil ity
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Fig. 4. Mean sus cep ti bil ity (Km), de gree of ani so tropy (P), and shape of ani so tropy 
(T) dis tri bu tion within sam ples and within the en tire pop u la tion of AMS spec i mens

Quantiles 25 and 75% are shown in the plot of all spec i mens; num ber of spec i mens within
a sam ple is de noted by n; sam ples are col lated with in ter preted sed i men tary en vi ron ments 
(£oziñski et al., 2015); the bulk sus cep ti bil ity of coal (C), tuffite (T), and fresh wa ter lime -
stone (L) spec i mens have been mea sured with a por ta ble sus cep ti bil ity me ter



value within the dis cussed group of spec i mens are rep re sented
by a mix ture of clay min er als, mainly chlorite and illite, which are
wide spread in all ana lysed lithofacies. The com par i son of Km
val ues and sed i men tary en vi ron ments re veals that lake litho -
facies rep re sent sam ples with dense Km dis tri bu tion around their 
me dian with rel a tively small Km val ues (<300 x 10–6 [SI], ex cept
for CL, Fl, and Hs_5 – ini tial and fi nal lake lithofacies), while other 
lithofacies have var i ous Km dis tri bu tions (Fig. 4).

The most com mon min eral of which higher con tent may re -
sult in lower mag netic sus cep ti bil ity is quartz (Ta ble 1A). Other
min er als with low or neg a tive sus cep ti bil ity, i.e. kaolinite, cal cite, 

and do lo mite, are con sid ered to have too small con tents (<5%)
to have a no tice ably de creas ing im pact on the mean sus cep ti -
bil ity. A higher quartz con tent re la tion to lower mag netic sus -
cep ti bil ity was pos i tively ex am ined in two var ied spec i mens
from one co her ent sam ple Fl2 in XRD anal y sis (Fig. 5). Also, a
grain-size mea sure ment was car ried on these two sam ples,
show ing that the lower sus cep ti bil ity sam ple with higher quartz
con tent is en riched in 12–130 mm sizes (10% vol ume), while
0.5–72 mm sizes are com mon for both spec i mens (Fig. 6).
These facts show that the sed i men ta tion of lac us trine clayey
siltstones may have been slightly al tered in terms of grains size

and quartz con tent, re sult ing in sus cep ti bil ity vari a tion
within the range of 160–246 x 10–6 [SI] (val ues for two
dis cussed spec i mens).

Low sus cep ti bil ity val ues can also be a re sult of no -
tice able or ganic mat ter ad mix ture, which can be ob -
served in lithofacies CCL (Km within the range of
104–218 x 10–6 [SI], com pare with low coal sus cep ti bil ity 
in Fig. 4 and Ta ble 1). The pres ence of in de ter min able
or ganic mat ter can be mac ro scop i cally in ferred from
spec i men col our rang ing from dark grey to black. The
sus cep ti bil ity of tuffite spec i mens falls within the range
of 64–87 x 10–6 [SI], and, ac cord ing to XRD anal y sis, it
re flects its dom i nat ing smectite con tent. Al though the
tuffite is a unique layer within the Oravica sec tion, the
smectite oc cur rence within other litho facies, re sult ing
from vol ca nic erup tions or pyroclastics redeposition, is
pos si ble. Ad di tion ally, small val ues of sus cep ti bil ity of
fresh wa ter lime stone, fall ing within the wide range of
–4–135 x 10–6 [SI], have been re corded within the up per
part of the Oravica sec tion.

Only 25% of spec i mens fall within the wide sus cep ti -
bil ity range of 300–5560 x 10–6 [SI] and have gen er ally
sparse dis tri bu tion (Fig. 4). This can be eas ily traced with
the interquartile range value (IQR = quantile 75%  –
quantile 25%) cal cu lated for ev ery sam ple. The sparse
dis tri bu tion is rep re sented by sam ples: Gmm, CL, Hs_5,
Fm_4, St, Fm, and CL2 which have large IQR val ues
within the range of 68-447 x 10–6 [SI]. The dense dis tri bu -
tion is rep re sented by sam ples: Fl, CL_1, Fl2, Hf_2, Hs,
Hs_3, Fm_3, and CCL hav ing IQR 3–38 x 10–6 [SI]. All
sam ples show ing high Km val ues have a high IQR value,
ex cept for un usual sam ple Fl. This sam ple has dense
dis tri bu tion (IQR = 24 x 10–6 [SI]) while hav ing larger Km
val ues: 290–410 x 10–6 [SI], prob a bly due to the high clay
min eral con tent.

Lithofacies and terrestrial sedimentary environments in AMS measurements... 263

T a  b l e  1

Ap prox i mate val ues of bulk mag netic sus cep ti bil ity

A     Mag netic sus cep ti bil ity of rock com po nents

Min eral/rock bulk sus cep ti bil ity [x10–6 SI]

Quartz –13 ÷ –17 1

Illite 410 1

Mus co vite 65 ÷ 402 (mean 110) 2

Mont mo ril lo nite 330 ÷ 350 1; 44 ÷ 103 3

Beidellite 86 ÷ 116 3

Chlorite 210 ÷ 1390 (mean 490) 2

Kaolinite –50

Cal cite –7.5 ÷ –39 1

Sid er ite 1300 ÷ 11000 1

Gyp sum –13 ÷ –29 1

Py rite 35 ÷ 5000 1

Coal (rock) 25 1

B     Mag netic sus cep ti bil ity of com pounds (mod els)

5 – Q, 35 – illite, 35 – smectite,
20 – chlorite, 5 – kaolinite; [in %]

0.05* (–15) + 0.35*400 + 0.35*100 + 
+ 0.20*1400 + 0.05* (–50) = 452

55 – Q, 20 – illite, 20 – smectite, 
5 – chlorite;  [in %]

0.55* (–15) + 0.20*400 + 0.20*100 + 
+ 0.05*1400 = 162

A – bulk mag netic sus cep ti bil ity val ues for min er als oc cur ring in the study
area (ex clud ing mag netic min er als); 1 – Hunt et al. (1995) and ref er ences
therein, 2 – Martín-Hernández and Hirt (2003), 3 – Callaway and McAtee
(1985) – 2.35 g/cm3 for mont mo ril lo nite and 2.15 g/cm3 for beidellite den si -
ties are as sumed for cal cu la tion from mass sus cep ti bil ity; B – mag netic sus -
cep ti bil ity of quartz and clay min eral com pounds show a pos si ble
sus ce p ti bil ity range match ing mea sured val ues

Fig. 5. X-ray traces for six pow der spec i mens (pairs from three lithofacies) with main re flec tions iden ti fied

Re flec tion in ten si ties used in a quan ti ta tive com par i son are marked with (*); var i ous ra tios of chlorites to smectites
can be seen at 2q around 7° as a dif fer en ti ated chlorite peak shape; a higher back ground of Fm_4 #3 spec i men

is a re sult of Mn in rhodochrosite



High Km val ues (Km > 300 x 10–6 [SI]) can not be ex plained
by the model in tro duced be fore (Ta ble 1B). Chlorite, be ing the
only ex am ined min eral which has con sid er ably high mag netic
sus cep ti bil ity, has not been found in XRD anal y sis in nec es sary
quan ti ties to sup port this model. As an ex am ple, two spec i mens 
Cl2#5 and Cl2#21 with sus cep ti bil i ties of 178 and 1543 x
10–6[ SI], re spec tively, have been com pared in terms of XRD
trace but show no sig nif i cant dif fer ence (Fig. 5). The com po nent 
re spon si ble for high Km val ues must be ei ther a non-crys tal line
phase or fer ro mag netic grains with strong mag netic sus cep ti bil -
ity but very low con tent un de tect able in XRD. The sparse dis tri -
bu tion of high Km val ues within the cor re spond ing lithofacies
sug gests that this com po nent has highly ran dom con tent (Fig.
4). It oc curs gen er ally in ter res trial set tings and ex cep tion ally in
ini tial lac us trine lithofacies CL, which is more like lithofacies
CL2 than other lac us trine lithofacies. It is pos si ble that the
strong sus cep ti bil ity com po nent is a de tri tal com po nent (e.g.,
heavy min er als), which has been sep a rated from clays and
quartz dur ing trans port and has not reached a lake set ting. It
might have also been a re sult of some early diagenetic geo -
chem i cal/mi cro bial pro cesses that oc curred only in a ter res trial
set ting. Con sid er ing the fact that high Km val ues are com mon
in claystone lithofacies CL and CL2, the lat ter hy poth e sis is
more prob a ble. The ex pla na tion of the na ture of this com po nent 
re quires ad di tional de tailed anal y sis, which is be yond the scope 
of this pa per.

ANISOTROPY OF MAGNETIC SUSCEPTIBILITY

Com par i son of the prin ci pal sus cep ti bil i ties k1, k2, and k3
leads to de fin ing use ful ani so tropy pa ram e ters: de gree of ani so -
tropy P = k1/k3, lineation L = k1/k2, fo li a tion F = k2/k3, and shape 
of ani so tropy T = [2log(k2)–log(k1)–log(k3))/(log(k1)–log(k3)]
(Hrouda, 1982 and ref er ences therein). The pa ram e ter T >0 de -
notes ob late shape, while T <0 de notes prolate shape. The plot
of T–P is shown in Fig ure 4. Lac us trine sam ples (ex cept for CL
and Hs_5) rep re sent a nar row range and me dium val ues of ani -

so tropy P (1.025–1.050) con firm ing that lac us trine litho facies
are co her ent from mag netic sus cep ti bil ity per spec tive. In creas -
ing con tent of thicker grains within lac us trine sam ples Hs, Hs_3, 
and Hs_5 causes a slight de crease of ani so tropy P. The most
in co her ent sam ple is Hs_5 which is a heterolithic de posit com -
posed of sand stones to claystones. Sam ples Hs and Hs_3 rep -
re sent a deeper and less var ied lake en vi ron ment. Sam ples CL
and CL2 have a sim i lar wide range of ani so tropy P, which may
be caused by an un known strong mag netic com po nent as well
as in ter ca la tions of lithofacies Fm. Sam ple CCL, rich in or ganic
mat ter, has the larg est de gree of ani so tropy P (mean P = 1.077, 
max i mum P = 1.121) among all sam ples, and very ob late ani so -
tropy shape T. It seems that a com pound of clay min er als and
or ganic mat ter (prob a bly plant de tri tus) is the most anisotropic
li thol ogy, al though pure coals are known to have very weak ani -
so tropy (Hrouda, 1982). Floodplain litho facies rep re sented by
sam ples Fm, Fm_3, and Fm_4 have me dium to very low
anisotropies and dif fer ent shapes of ani so tropy T (from –0.80 to 
+0.77). This very unique fea ture has been ob served only within
lithofacies Fm, where 22 ÷ 28% of spec i mens have prolate
shape (T <0). Lithofacies Fm, be ing clayey siltstone, has been
dis tin guished from oth ers on the ba sis of gen er ally mas sive
struc ture with very rare poorly pre served lam i na tion and typ i cal
blu ish-grey col our (£oziñski et al., 2015). Its mas sive struc ture
is in ter preted as a re sult of ei ther un dif fer en ti ated de tri tal com -
po nents or bioturbation. The lat ter may be re lated with a de -
struc tive role of small plant roots. Al though plant rem nants are
gen er ally not re tained within lithofacies Fm, the root traces have 
been pre served within sid er ite con cre tions (Bojanowski et al.,
2016). The bioturbation might have lead to dif fer en ti a tion and
gen eral re duc tion of depositional ani so tropy. Also, de pos its of
floodplain may have con tained a con sid er able amount of
anisotropic muddy clasts de pos ited cha ot i cally dur ing fast flood
sed i men ta tion. This ir reg u lar fab ric of weak ani so tropy might
have been over printed by tec tonic lineation, which, if greater
than fo li a tion (L > F), can re sult in a neg a tive shape pa ram e ter
(T <0). Flu vial chan nel lithofacies St, hav ing coarser grains with
higher quartz con tent than lithofacies Fm, has a low but co her -
ent de gree of ani so tropy and ob late shape of ani so tropy. This
rock is co he sive due to some clay min eral con tent which prob a -
bly causes no tice able ani so tropy. Con sid er ing the re mark able
cur rent strength in rivers with trough cross-bed ding, clay min er -
als might have been trans ported as silt- and sand-sized
intraclasts or lithoclasts. Sam ple Gmm has a wide va ri ety of ani -
so tropy P val ues (from 1.005 to 1.063) and shape pa ram e ter T
(0.236 to 0.927), and is sim i lar to heterolithic sam ple Hf_5. This
is be cause both of them are het er o ge neous sam ples con sist ing 
of clayey to sandy grains.

Since the high sus cep ti bil ity (Km > 300 x 10–6 [SI]) is gen er -
ally dom i nated by an ad di tional (un known) com po nent in rock
min eral com po si tion, it should re veal its own ani so tropy in the
ani so tropy (P) to sus cep ti bil ity (Km) plot (Fig. 7). Ac cord ing to
the plot with all spec i mens, ex clud ing sam ple Fl (Fig. 7A), three
ar bi trary groups of spec i mens have been in tro duced. Group 1
rep re sents spec i mens with low sus cep ti bil ity (Km < approx. 250 
x 10–6 [SI]) and dense Km dis tri bu tion within the sam ple.
Groups 2 and 3 rep re sent spec i mens with high sus cep ti bil ity
and sparse Km dis tri bu tion. Groups 2 and 3 dif fer in re spect of
the de gree of ani so tropy (P), sug gest ing two dif fer ent mech a -
nisms or min eral com po nents re spon si ble for high sus cep ti bil i -
ties. Group 2, hav ing high P val ues, ap pears only within
lithofacies Gmm, CL, and CL2 (Fig. 7B), while group 3, hav ing
low P, ap pears mainly within lithofacies Fm, Fm_4, and St (Fig.
7C). Both groups seem to have a down ward trend. This sug -
gests that the strong Km com po nent has rather low ani so tropy
and its rais ing con tent de creases P value in her ited from the
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Fig. 6A – spec i men pop u la tion of sam ple Fl2 in the
plot of ani so tropy de gree (P) vs. mean mag netic
sus cep ti bil ity (Km) with two in ves ti gated spec i -
mens #4 and #25; B – grain-size anal y sis of those
two spec i mens show ing coarser grain sizes within
lower sus cep ti bil ity spec i men #4



anisotropic com pound of clay min er als and quartz. If the strong
sus cep ti bil ity com po nent is a kind of early diagenetic phase it
might have gath ered around de tri tal grains caus ing ani so tropy
im i tat ing grain shapes. This pos si bil ity might have led to high
ani so tropy within group 2 (Fig. 7B) due to higher con tent of platy 
clay min er als, and to low ani so tropy within group 3 (Fig. 7C)
with higher con tent of iso met ric quartz grains.

X-RAY DIFFRACTION

Twenty-five spec i mens with var i ous mag netic sus cep ti bil ity
and de gree of ani so tropy have been in ves ti gated in pow der
X-ray dif frac tion in or der to find a cor re la tion be tween mag netic
prop er ties and min eral com po si tion. It has been found that all
spec i mens con tain the fol low ing min er als in ma jor quan ti ties:
quartz, smectite, chlorite, and illite/mica (Fig. 5). Kaolinite as
well as mixed-layer clay min er als were found in mi nor quan ti ties 
in a de tailed clay min er als study. The spec i mens con tain also
mi nor quan ti ties of cal cite, do lo mite and plagioclase (<5%). Six
spec i mens con tain py rite and five spec i mens con tain gyp sum
in trace amounts. How ever, these two min er als show high con -
cen tra tions in coaly claystone (CCL) lithofacies abun dant in or -
ganic mat ter. In four spec i mens, rhodochrosite was found. No
no tice able sid er ite amount was re corded, but Fe in do lo mite or
rhodochrosite struc ture is pos si ble.

This com pound of min er als has a large num ber of pa ram e -
ters which can be in volved in de ter min ing mag netic sus cep ti bil -
ity: con tents of at least four main com po nents, as well as
smectites and chlorites type, es pe cially amount of Fe in the
chlorite struc ture. This makes de tailed rec og ni tion of clay min -
er als, quan ti fi ca tion and sus cep ti bil ity mod el ling very com plex.
There fore a sim pli fied ap proach has been used for the pur pose
of this pa per, based on the idea in tro duced by Chung (1974a,
b). The method in volves com par ing re flec tion in ten sity of min er -
als within a spec i men with out in ter nal stan dard and ref er ence
in ten sity. Ev ery in ten sity value for min eral peak i is equal: 

Ii = Xi × Ki × A

where: I – peak in ten sity, X – vol ume of min eral caus ing re flec tion, K
– con stant pa ram e ter de pend ent on the in stru ment and min eral
char ac ter is tics, and A  – mass ab sorp tion be ing a func tion of all min -
er als in sam ple. 

The pa ram e ter A is un known and con stant but dif fer ent for
ev ery mea sured sam ple. How ever, when comparing intensities
of chosen reflection of two minerals in a single sample,
parameter A is not needed:
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where: m = Ki/Kj is un known but con stant for min er als i and j thor -
ough all sam ples; Ii/Ij is not ex actly the ra tio of min eral con tents Xi/Xj,
but is al ways pro por tional to it and this pro por tion can be com pared
across sam ples and serve as a pa ram e ter for cor re la tions with mag -
ne tism. 

Sev eral 2q an gles have been cho sen to de ter mine in ten si -
ties for quartz, chlorite, illite/mica as well as for cal cite, do lo mite, 
rhodochrosite, gyp sum and py rite (Fig. 5, see re flec tions with
an as ter isk). Illite and mica re flec tions over lap, so they will be
con sid ered here to gether and re ferred to as illite. Smectites do
not show any us able re flec tion, but ap pear as an al ter ation of
XRD trace at low 2q an gles which can be seen: be tween Fl2
and Cl2 lithofacies (4–10°), be tween spec i mens #5 and #21 of
lithofacies Cl2 (7°), and be tween spec i mens #9 and #3 of
lithofacies Fm_4 (4–10°). Smectites were though ne glected in
this anal y sis. The in ten sity val ues have been mea sured from
the re flec tion top to the level of trace back ground, which was lin -
early in ter po lated un der re flec tion.

The ba sic ra tios stud ied here are: illite to quartz (ill/Q), and
chlorite to quartz (chl/Q), which were used to con struct Fig ure 8. 
Ad di tion ally, the pro por tion of (ill/Q) to (chl/Q) equals: 
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Fig. 7A – plot of ani so tropy de gree (P) vs. mean sus cep ti bil ity (Km); spec i mens with Km > 250 
x 10–6 [SI] fall into two sep a rate groups; B – plot for sam ples con sti tut ing group 2;  C – plot for
sam ples con sti tut ing group 3; note a down ward trend within both groups 2 and 3, sug gest ing 
that the high sus cep ti bil ity com po nent has a lower ani so tropy de gree than the clay-quartz
ma trix
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so the illite to chlorite ra tio can be also ob tained from this plot
from the tan gent of an gle be tween spec i men point-or i gin line
and hor i zon tal axis.

The (ill/Q) and (chl/Q) ra tios re vealed good lin ear cor re la -
tion (Fig. 8; Pearson co ef fi cient corr = 0.89), which means that
the ill/chl ra tio is sim i lar for all spec i mens, while the quartz to
clay min er als ra tio var ies (how ever, smectite con tent is not
known and prob a bly not con stant). The ex cep tion is lithofacies
Fm_4, where all three spec i mens have lower chlorite con tent –
this fact will be dis cussed here af ter.

The above ob ser va tion has sedimentological im pli ca tion –
chlorite and illite have been prob a bly trans ported and de pos ited 
to gether, but sep a rately from quartz. More over, var i ous sed i -
men tary en vi ron ments – from dis tal off shore lake through river
chan nel and floodplain to swamp lithofacies – have had the
same source for chlorite and illite. Lithofacies Gmm, which was
in ter preted as de bris-flow sed i ment con tain ing eroded and dis -
in te grated rocks of older un der ly ing unit – mudstones and
sand stones of the Podhale Synclinorium (£oziñski et al., 2015),
also fits the dis cussed illite/chlorite ra tio. This sup ports a hy -
poth e sis that the Podhale Synclinorium was the main source of
clastic ma te rial for the Orava-Nowy Targ Ba sin infill in the study
area. The vari able ra tio of clays to quartz might have been the
re sult of trans por ta tion as grains of dif fer ent sizes. This was
pos i tively ver i fied in grain-size anal y sis (Fig. 6) of two spec i -
mens #4 and #25 from the off shore lake lithofacies Fl2 with dif -
fer ent chlorite/quartz and illite/quartz ra tios (Fig. 8), as men -
tioned be fore.

The most un usual ill/chl ra tio has been re corded in spec i -
men Fm_4#3. This spec i men con tains also an un usual con cen -
tra tion of rhodochrosite which was found in smaller quan ti ties in
three other spec i mens (Fig. 8, see as ter isk). This min eral,
which oc curs in spec i mens with high Km val ues (200–800 x
10–6), has been also noted in lithofacies Fm_4 by Bojanowski et
al. (2016). It has been found that rhodochrosite had ce mented
rhizoliths and oc curred in sid er ite-bear ing ho ri zons which orig i -

nated in an anoxic zone with bac te rial methanogenesis be low
an ac tive peat. Spec i men Fm_4#3, col lected from a sid er -
ite-bear ing ho ri zon (but not a con cre tion), has re vealed
rhodochrosite but no sid er ite. It con tains also rel a tively much
smectite (Fig. 5). Other spec i mens Fm_4#9 and Fm_4#20 col -
lected up to 2 m above Fm_4#3 also have a high illite/chlorite
ra tio (Fig. 8). This sug gests that the whole sed i ment in this area
might have un der gone geo chem i cal and/or mi cro bial pro -
cesses re lated to fur ther rhodochrosite and sid er ite pre cip i ta tion 
and al ter ation of clay min er als. It is also likely that these pro -
cesses might have been re spon si ble for the or i gin of min er als or 
amor phous phase in rhodochrosite-bear ing spec i mens. How -
ever, high Km val ues can not be treated as an in di ca tor for
rhodochrosite oc cur rence which is rare.

As shown above, chlorite and illite can be con sid ered as
one com po nent with an ap prox i mately con stant chlorite-illite ra -
tio. They also have the high est mag netic sus cep ti bil ity among
min er als re corded in the XRD study (Ta ble 1A). Thus, the
chlorite-quartz or illite-quartz ra tio is ex pected to have a pos i tive 
cor re la tion with mag netic sus cep ti bil ity (Fig. 9A). This should be 
true for spec i mens which do not have sus cep ti bil ity de ter mined
by strong fer ro mag netic grains, so the com par i son was re -
stricted to spec i mens with Km < 350 x 10–6 [SI]. The chlorite -
-quartz to wards Km plot shows weak pos i tive cor re la tion (corr =
0.59), how ever, it is in suf fi cient for ill/chl ra tio cal cu la tion from
Km. The chl/Q vari a tion at the same Km value may be very high 
– spec i men Gmm has above 3 times higher chl/Q than spec i -
men St at Km = 160 x 10–6 [SI]. This sug gests that some other
un known fac tor is in volved and bulk mean sus cep ti bil ity Km
can not be used to com pare the con tent of two dif fer ent
lithofacies. Trends within co her ent sam ples Fm_4, Fl2, and Cl2
(Fig. 9A, col our dot ted lines) are up ward as ex pected, while in -
co her ent heterolithic sam ple Hs_5 con tains two spec i mens with 
a down ward trend. Per haps, this method could be use ful within
one co her ent lithofacies.

The chl/Q re la tion to the de gree of ani so tropy is ex pected to
show some cor re la tion be cause clays have magnetocrystalline
ani so tropy while quartz is iso tro pic. This cor re la tion is sur pris -
ingly very poor (Fig. 9B; corr = 0.25), which means that the de -

gree of ani so tropy pa ram e ter can not be used as an
in di ca tor for the chl/Q ra tio. And, like wise the chl/Q
to Km re la tion, some other fac tor must be re spon si -
ble for this ob ser va tion.

DIRECTIONS OF AMS ELLIPSOID

The great ad van tage of the AMS method is the
pos si bil ity to ob tain a three-di men sional pic ture of
mag netic ani so tropy which can be af ter wards ap -
plied to geo log i cal in ter pre ta tion. There are sev eral
geo log i cal pro cesses which can be in volved in al ter -
ing the AMS pat tern. Sus cep ti bil ity sym met ri cal
about ver ti cal axis k3 (per pen dic u lar to bed ding) is
gained at the de po si tion time, with prin ci pal sus cep -
ti bil ity k1 ap prox i mately equal to k2 and axes di -
rected ran domly. This can be slightly mod i fied if the
de po si tion un der goes in a cur rent re sult ing in elon -
gated sed i ment grains ly ing par al lel to the cur rent
di rec tion (Hrouda, 1982 and ref er ences therein) or
per pen dic u lar, if grains are roll ing (Tarling and
Hrouda, 1993). This re sults in sep a ra tion of k1 from
k2, with k1 ori ented along the cur rent di rec tion or
along the roll ing axis, de pend ing on the trans port
re gime. The same ef fect of sep a ra tion can be also
ob tained if a tec tonic stress field is ap plied. It was
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Fig. 8. Plot show ing the rel a tive vol ume ra tios of: chlorite to quartz (hor i -
zon tal axis), illlite + mica to quartz (ver ti cal axis), and illite + mica to chlorite 

(tan gent a) based on the com par i son of cho sen XRD re flec tion in ten si ties

Dashed line shows lin ear ap prox i ma tion of data; spec i mens con tain ing rhodo -
chrosite are marked with (*); spec i mens show a good cor re la tion (Pearson co ef fi -
cient – corr) be tween illite + mica and chlorite con tent, ex cept for lithofacies
Fm_4; note that the ill/Q and chl/Q ra tios are pro por tional but not equal to the ac -
tual vol ume ra tios for these min er als; for other ex pla na tions see text and Fig ure 5



ob served (Winkler et al., 1997; Parés et al., 1999) that k1 axis
ro tates to wards the small est com pres sion di rec tion, while k3 to -
wards the larg est. There fore, burial com pac tion, which can be
treated as ver ti cal de for ma tion, gen er ally strength ens the orig i -
nal sed i men tary AMS pat tern (Parés, 2015). If the de for ma tion
is rais ing, axes k3 ro tate to wards the stron gest de for ma tion di -
rec tion, go ing through an in ter me di ate AMS pat tern when axes
k2 and k3 are mixed along a com mon cir cle. This re la tion of the
AMS char ac ter is tics to sed i men tary and tec tonic pro cesses
brings a ques tion what in ter pre ta tion can be achieved from
AMS di rec tions in our study area.

A plot of all mea sured spec i mens and the mean sus cep ti bil -
ity di rec tions (Fig. 10A; sta tis tics of Jelínek, 1978) re veals a
sed i men tary pat tern with k1 and k2 dis tin guish able but not ap -
par ently sep a rated from each other. This points to the “ear li est
de for ma tion stage” ac cord ing to Parés et al. (1999). Rocks are
gen er ally tilted ca. 10–25° to the north, as is clearly vis i ble from
k3 axis tilted 14° from ver ti cal di rec tion.

Since the sam pling method in volves some com pres sion im -
pact on spec i men to wards the sam pling di rec tion, it can over -
print the ani so tropy fab ric of geo log i cal or i gin. This should be
trace able in a spec i men co or di nate sys tem pro jec tion as k1 di -
rec tions pref er a bly ly ing per pen dic u larly to sam pling di rec tion
(pro jec tion north), as sum ing that dif fer ent sam pling az i muths
have been ap plied. How ever, this ef fect has not been ob served
within the group of stud ied spec i mens (Fig. 10B). As sum ing
that sep a ra tion of k1 from k2 is of tec tonic or i gin, N–S con trac -
tion or W–E ex ten sion might have oc curred. Axes group ing
seems to com ply with bed ding dip di rec tion with k1 ly ing nor -
mally (Fig. 10C).

This gen eral view be comes more com plex in de tails be -
cause lithofacies vary from each other. The most un usual
lithofacies is Gmm, which was the only one that re vealed cha -
otic dis tri bu tion of sus cep ti bil ity axes di rec tions (Fig. 11A). This
pat tern does not fit any of the AMS pat terns dis cussed above,
be cause none of the prin ci pal sus cep ti bil ity axis within Gmm is
grouped around its mean di rec tion. This lithofacies is a brec cia
con sist ing of heavily weath ered sand stones and mudstones
(£oziñski et al., 2015). The ma trix con tains prob a bly the same
silty and clayey com po nents as clasts but dis in te grated. This
sed i ment was in ter preted as a re sult of “co he sive, clay-rich de -
bris flow” which was prob a bly mov ing on a slope. The AMS re -
sults of spec i mens col lected from the brec cia ma trix con firm

this in ter pre ta tion very well, re veal ing a cha otic struc ture of dis -
in te grated, moved and ro tated rock mass. They deny also a
river set ting or i gin, where a clast-sup ported struc ture would be
made first. Free spaces in be tween would be filled af ter wards
with hor i zon tally lam i nated de pos its, but in this case the AMS
re sults show no con sis tent bed ding. Scat tered k3 di rec tions
show some ten dency to be tilted south ward. This can be spec u -
la tively at trib uted to a south ward palaeoslope in cli na tion sup -
port ing the in ter pre ta tion of palaeorelief gra di ent con clu sions in -
ferred from trans port di rec tions (£oziñski et al., 2015). Any way,
the AMS method seems to be very use ful for rec og niz ing and
ana lys ing de bris-flow de pos its, es pe cially if heavily dis in te -
grated clasts can not be ob served mac ro scop i cally.

Lithofacies Gmm is di rectly over lain by lithofacies CL – the
sed i men tary con tact is con firmed by top most brec cia clasts be -
ing sur rounded by lam i nated de pos its. Lithofacies CL has the
sed i men tary AMS pat tern with axes k1 and k2 dis trib uted
sparsely in the bed ding plane with weak sep a ra tion of those two 
axes (Fig. 11B). This pat tern is also pres ent within all clay-rich
lithofacies: Fl, 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 im por tant to note that k1 and k2 di rec -
tions dis tri bu tion should not be treated as the un equiv o cal de -
for ma tion in di ca tor be cause it seems to be clay-con tent de -
pend ent. It may also hap pen that many lithofacies with co her ent 
k1 and k2 di rec tions pre sented to gether in a sin gle plot re sult in
in co her ent k1 and k2 di rec tions of the to tal set, be cause the
mean di rec tions of axes k1 and k2 dif fer be tween litho facies. In
this sense, the AMS pat tern type may turn out to be de pend ent
on the num ber of spec i mens.

A high value of bulk mag netic sus cep ti bil ity im plies the pres -
ence of an ad di tional min eral phase hav ing strong sus cep ti bil -
ity. This phase (some times in di vid ual grains) may al ter the mag -
netic pat tern in a ran dom man ner. This is shown in Fig ure 11
where di rec tion axes have been shown de pend ing on the sus -
cep ti bil ity mag ni tude (if Km >300 x 10–6 [SI] then the sym bol is
un filled). Most of high-sus cep ti bil ity spec i mens are close to
mean di rec tions, but a few spec i mens rep re sent ran dom di rec -
tions (Fig. 11C). The lat ter may worsen the pre ci sion of anal y -
sis, how ever, this is sue has been ne glected in this pa per due to
low num ber (2%) of such “un fit ted” spec i mens.

With a very weak tec tonic al ter ation, the AMS pat tern re -
veals the main sed i men tary fea ture – axis k3 be ing per pen dic u -
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Fig. 9A – re la tion of the chlorite to quartz ra tio (chl/Q) to mean mag netic sus cep ti bil ity (Km); 
B – re la tion of chlorite to quartz ra tio (chl/Q) to ani so tropy de gree (P)

Trends within lithofacies (col our dot ted lines) are vari able, al though the gen eral trend (black dot ted lines) is up ward; the weak cor re la tion 
(corr) in both plots shows that Km and P pa ram e ters can not be used di rectly as an in di ca tor for the chl/Q ra tio; spec i mens pre sented

here are re stricted to Km < 350 x 10–6 [SI] in both plots



lar to bed ding. Since the rocks are di versely tilted and axes k3
show vari a tions from the mean di rec tion, the ques tion arises of
how ac cu rately the bed ding ori en ta tion can be in ferred from the
k1–k2 plane (which is per pen dic u lar to axis k3)? This may have
a prac ti cal mean ing in mea sur ing bed ding ori en ta tion within
lithofacies hav ing no lam i na tion vis i ble, which is com mon within
mas sive siltstone lithofacies Fm. To test this, true bed ding has
been mea sured or ex trap o lated from neigh bour ing lithofacies.
This makes a prob lem it self, be cause bed ding is some times un -
easy to mea sure and may have ±5° vari a tions of dip an gle and
±10° vari a tions of dip di rec tion within 10–20 cm of rock ex po -
sure. This di ver sity may be re spon si ble for vari a tions in k3 di -
rec tion as well. The mean mea sured bed ding ori en ta tion has
been used as a lo cal co or di nate sys tem – ev ery spec i men sus -
cep ti bil ity el lip soid has been ro tated about a hor i zon tal axis per -
pen dic u lar to dip di rec tion through a dip ping an gle. Af ter this op -
er a tion, all prin ci pal sus cep ti bil ity axes are such as if the bed -
ding was hor i zon tal (Fig. 12).

The worse co in ci dence be tween ideal (ver ti cal) axis and k3 is 
shown by lithofacies Gmm, due to the depositional mech a nism
dis cussed be fore. Lithofacies CL_1, Fm_4, Hs_5, and Hs_3 are
not re li able, be cause of the sam pling tech nique which in cluded
sam pler turn ing to over come rock fric tion and prob a bly might
have led to spec i men ro ta tion in the sam pler. Other spec i mens
col lected pre cisely re vealed good co in ci dence be tween the bed -
ding and mean k1–k2 plane. The de vi a tion be tween the ideal
(ver ti cal) and k3 axes ranged from 2.5 to 11.5°. In ac cu racy of
sam pling is es ti mated to be around ±5°, so im prov ing sam pling
pre ci sion can prob a bly re duce the de vi a tion range fur ther to a

few de grees. Ad di tion ally, the rock has ob serv able bed ding vari -
a tions, which ex plain the gained range enough. Lithofacies com -
par i son shows that the co in ci dence be tween the AMS k1–k2
plane and true bed ding is in de pend ent of lithofacies type, which
was sur pris ing con sid er ing var i ous de grees and shapes of ani so -
tropy. Tak ing all above into ac count, in ter pret ing the bed ding ori -
en ta tion from the mean k1–k2 plane seems to be an ac cept able
method hav ing ac cu racy at around 10°.

Di rec tions of axes k1 can be in ter preted as ei ther sed i men -
tary- or tec tonic-de ter mined. As men tioned be fore, the mean k1
di rec tion of all spec i mens is W–E, which com plies with the in -
ferred N–S con trac tion that prob a bly has led to north ward tilt ing.
How ever, a few lithofacies have k1 di rec tion which does not fit
this trend: CL_1, Hf_2, Fl2, Hs, Hs_3, Hs_5, and Fm_3 (Fig. 12).
If a lo cal stress di rec tion dif fered from the main N–S trend, as
shown by the vari a tions in the bed ding dip di rec tion and an gle
(Fig. 2B), axis k1 would prob a bly fol low this lo cal stress and re -
main per pen dic u lar to the dip di rec tion. This has been tested,
how ever, k1 di rec tions can not be ex plained in this way. An other
pos si bil ity is to look for a sed i men tary fac tor which might have de -
ter mined these di rec tions. Four lithofacies: Hf_2, Fl2, Hs, and
Hs_5 have been col lected at ex po sures where rip ple cross-lam i -
na tion has been ex am ined for palaeotransport di rec tions
(£oziñski et al., 2015). This means that a cur rent was an im por -
tant fac tor dur ing de po si tion and might have led to a spe cific
grain ori en ta tion and ap pro pri ate mag netic ani so tropy. The com -
par i son be tween axes k1 and the cor re spond ing palaeo transport 
mea sure ments is shown in Fig ure 13. Al though some cor re spon -
dence can be ob served, trans port di rec tions are wide -range
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Fig. 10. Dis tri bu tion of k1 (blue), k2 (green, only A), and k3 (vi o let) axes di rec tions of the mean mag netic sus cep ti bil ity 
ten sor for all 322 spec i mens (lower hemi sphere equal-area pro jec tion), and dis tri bu tions of sam pling

and bed ding dip di rec tions (grey bars)

A – dis tri bu tion in geo graphic co or di nate sys tem; con tour lines show a den sity model of di rec tion dis tri bu tion; the mean mag netic sus cep ti bil -
ity ten sor rep re sents sed i men tary fab ric tilted 14° north ward with a weak tec tonic over print from N–S con trac tion or W–E ex ten sion; B – dis tri -
bu tion in spec i men co or di nate sys tem show ing no pref er a ble k1 di rec tion re lated to sam pling di rec tion due to sam pling forces; C – 
dis tri bu tion in bed ding co or di nate sys tem show ing in dis tinct per pen dic u lar ity of k1 axes to bed ding dip di rec tion



trending from S to NW, thus there is a huge chance that any axis
would fit some trans port di rec tion. More over, a superposing of
sed i men tary and tec tonic ef fect might have been in volved. The
other sed i men tary fea ture – ob late grains imbrication may re sult
in a k1–k2 plane tilt ing from the bed ding plane (Tarling and
Hrouda, 1993). How ever, this sub tle fea ture prob a bly can not be
de ter mined due to weak mea sur ing ac cu racy. A sed i men tary ex -
pla na tion for un usual k1 di rec tions seems to be the best so far,
es pe cially be cause it con cerns lithofacies de pos ited un der the
in flu ence of a weak cur rent which fa voured the for ma tion of del i -
cate sed i men tary struc tures, and prob a bly pre ferred grain ori en -
ta tion as well. How e ver, we be lieve that data pre sented here is
not suf fi cient to prove this.

DISCUSSION

FACTORS DETERMINING AMS

The com par i son of bulk mag netic sus cep ti bil ity with min eral
com po si tion ob tained from X-ray dif frac tion (Fig. 9A) shows that 
this de pend ency is am big u ous. It was ex pected that mag netic
sus cep ti bil ity should pro vide a use ful tool to de ter mine the clay
min er als to quartz ra tio, but this two-com po nent model is gen er -
ally not sat is fy ing for in ves ti gated multi-min eral de pos its. How -
ever, this model could be ap plied to ho mo ge neous de pos its
such as off shore-lake clayey and silty lithofacies CL, Fl, and Hs. 
Also, the bulk mag netic sus cep ti bil ity Km is still use ful for de ter -
min ing the pres ence of some high-sus cep ti bil ity com po nents,
prob a bly iron com pounds, which rep re sent dif fer ent con tents
de pend ing on lithofacies type.

The mag netic sus cep ti bil ity and its ani so tropy anal y sis al -
ways raises the ques tion of which geo log i cal fac tors de ter mine
the ac quired AMS fab ric. While the bulk mag netic sus cep ti bil ity
re flects gen eral spec i men min eral com po si tion, the ani so tropy
fab ric is be lieved to be de pend ent on min eral com po si tion, as
well as sed i men tary en vi ron ment and tec tonic de for ma tion (see 
Hrouda, 1982 and ref er ences therein). The ani so tropy of mag -
netic sus cep ti bil ity can be also al tered by the sam pling pro cess,
es pe cially when sed i ment is fresh and weakly con sol i dated
(e.g., Copons et al., 1997; Shimono et al., 2014). When the
ham mered sam pler is used, the larg est sam pling force ap pears
in the di rec tion of sam pling, and the cor re spond ing re ori en ta tion 
of k1 and k2 axes may oc cur. This can be ver i fied by com par i -
son of re sults ob tained in dif fer ent sam pling di rec tions, as per -
formed within this study. How ever, no such cor re la tion is ob -
served show ing that the de pos its have been suf fi ciently con sol i -
dated be fore. The ob tained AMS fab ric rep re sents pre dom i -
nantly ob late ani so tropy with k3 axes per pen dic u lar to bed ding
and k1 and k2 axes con cen trated in the W–E and N–S di re c -
tions (re spec tively, Fig. 10A) re gard less of sam pling di rec tion. 

The el lip soid axes di rec tions have been widely used to ana -
lyse weak de for ma tions in sed i men tary bas ins (e.g., Gra ham,
1966; Winkler et al., 1997; Parés et al., 1999; Kanamatsu et al.,
2001; Kawamura and Ogawa, 2004). Ac cord ing to the meth od -
ol ogy used, the k1 and k2 axes con cen tra tion near the W–E and 
N–S di rec tions within stud ied spec i mens sug gests that the orig -
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Fig. 11. Dif fer ent prin ci pal di rec tion dis tri bu tions (geo graphic co or di nate sys tem) de ter mined by lithofacies type

A – lithofacies Gmm rep re sents cha otic dis tri bu tion of prin ci pal di rec tions be ing a re sult of de bris-flow de po si tion; B – lithofacies 
CL di rectly over ly ing lithofacies Gmm has dense dis tri bu tion of k3 axes around its mean di rec tion and sparse dis tri bu tion of k1
and k2 axes; this is al most a per fect sed i men tary AMS fab ric, al though some dis tinc tion be tween k1 and k2 is pres ent; C –
lithofacies Fm has well-de fined dense dis tri bu tion of axes di rec tions around their means; note that some large sus cep ti bil ity
spec i mens (Km > 300 x 10–6 [SI], un filled sym bols) have their prin ci pal di rec tions far from mean di rec tions (sam ple Fm)

Fig. 12. Prin ci pal di rec tions of mean ten sors for all
sam ples ro tated ac cord ing to a bed ding co or di nate

sys tem of cor re spond ing sam ple

Closer the k3 axis (vi o let) to the mid point of the graph,
better the co in ci dence of rock bed ding and k1–k2 plane of
ob late el lip soid (see text for in ter pre ta tions); sam ple Gmm 
is poorly fit ting this pat tern due to its cha otic ani so tropy re -
sulted from the de bris-flow sed i men ta tion pro cess; colo -
urs and sym bols as in Fig ure 10



i nal sed i men tary AMS fab rics has been weakly over printed by
tec tonic de for ma tion. A sed i men tary fac tor be ing a re sult of cur -
rent-driven grain ori en ta tion can be pres ent as well, how ever,
the tec tonic fac tor is con firmed by the fact that axes group ing
oc curs within all sam ples rep re sent ing dif fer ent sed i men tary re -
gimes in clud ing sus pen sion-fall out sed i men ta tion. The sed i -
men tary fac tor might have led to de vi a tion of k1 and k2 axes
from the com mon W–E and N–S di rec tions, but the wide range
of trans port di rec tions and ob tained mea sur ing ac cu racy make
the im por tance of this fac tor am big u ous.

Tec toni cally in duced AMS fab ric with k1 ori ented in the
W–E di rec tion im plies the larg est tec tonic com pres sion in the
N–S di rec tion. How ever, the AMS fab ric it self does not de ter -
mine the tec tonic re gime; N–S con trac tion, W–E ex ten sion or
oblique strike-slip move ments are pos si ble. The gen eral com -
pres sion close to the N–S di rec tion is ac cepted by most au thors 
us ing dif fer ent ap proaches, e.g. frac tured clasts stud ies (NE to
NNE com pres sion; Tokarski and Zuchiewicz, 1998), geo phys i -
cal sur veys (NNE com pres sion; Pomianowski, 2003), and de -
tailed struc tural in ves ti ga tions (NNW com pres sion near the
Oravica out crop; Struska, 2008). It co in cides also with the
north ward bed ding in cli na tion in the Oravica sec tion as a re sult
of N–S con trac tion (k1 axes be ing mostly per pen dic u lar to the
bed ding dip di rec tion; Fig. 10C). How ever, nor mal faults ex ist -
ing in the Oravica sec tion (£oziñski et al., 2015) and the gen eral 
W–E ba sin ex ten sion sug gested by Peškova et al. (2009) can
sup port the extensional AMS fab ric or i gin as well. Nev er the -
less, the max i mal tec tonic com pres sion in the N–S di rec tion
seems to be well-con firmed.

AMS FACIES

Stud ied sam ples have re vealed a wide va ri ety of AMS fea -
tures show ing that the AMS method may of fer a tool for rec og niz -
ing sed i men tary as pects of in ves ti gated de pos its. How ever, a set 
of at least 20 spec i mens from one lithofacies is ad vis able to en -
sure a good sta tis tic sam ple. A set of unique AMS fea tures char -
ac ter is tic for each lithofacies within the Oravica sec tion is in tro -
duced in Ta ble 2. The very good es ti ma tion of sed i men tary en vi -
ron ment can be ob tained for a lac us trine set ting, where all dis -
cussed pa ram e ters: Km, P, and T are co her ent (Fig. 4). More -

over, Km and T pa ram e ters de crease up ward the lake se -
quence, which prob a bly re flects in cre ment of de po si tion of
quartz-bear ing silts dur ing lake fill ing. Both bulk sus cep ti bil ity Km
and de gree of ani so tropy P of ini tial (CL) and ter mi nal (Hs_5)
lake de pos its are var ied, show ing that co her ent sus cep ti bil ity pa -
ram e ters may be found only within off shore long-last ing lake set -
tings where grain sort ing is stron gest. The op po site char ac ter is -
tics are rep re sented by de bris-flow lithofacies Gmm, hav ing a
wide va ri ety of those pa ram e ters and the unique cha otic dis tri bu -
tion of prin ci pal di rec tions (Fig. 11A). Thus, the AMS method re -
veals a great po ten tial in rec og niz ing the in ter nal struc ture of the
con glom er ate and brec cia ma trix, and may al low dis tin guish ing
be tween de bris-flow and river/al lu vial fan de pos its. 

The floodplain lithofacies Fm can be rec og nized eas ily with
the low de gree of ani so tropy P and the shape pa ram e ter T be -
ing low or neg a tive (Fig. 4). The pres ence of neg a tive T val ues
(lineation is greater that fo li a tion) within one lithofacies type
(sam ples Fm, Fm_3, Fm_4) is prob a bly a re sult of weak tec -
tonic over print within de pos its that orig i nally gained even
weaker sed i men tary ob late fab ric due to root bioturbation and a
cha otic pro cess of floodplain de po si tion. This ex am ple shows
that neg a tive T val ues may ap pear as a re sult of in ter play be -
tween sed i men tary and tec tonic fac tors, es pe cially if a gen eral
de gree of ani so tropy is low.

The ephem eral lake (e.g., ox bow lake, marsh) lithofacies Cl2
and the swamp lithofacies CCL have con sid er ably high ani so -
tropy P and shape T pa ram e ters, but not co her ent. This can be
ex plained by in sta bil ity of ter res trial en vi ron ment: floods bring ing
de tri tal ma te rial, chang ing wa ter level and plant veg e ta tion, as
well as for ma tion of iron com pounds in geo chem i cal/mi cro bial
pro cesses within a palaeosol, re sult ing in a high sus cep ti bil ity of
some spec i mens. Sam ple CL is sim i lar to sam ple CL2 and was
prob a bly in flu enced by the same pro cesses at the ini tial stage of
the long-last ing lake. The clay min er als and plant de tri tus com -
pound is the most anisotropic sed i ment, as ob served within coaly 
claystone CCL. The river lithofacies St has co her ent P and T pa -
ram e ters be ing sim i lar to lake de pos its, but it has lower ani so -
tropy P (1.1–1.3) and in co her ent sus cep ti bil ity Km (Fig. 4). Sim i -
larly, the heterolithic lithofacies Hs has var i ous val ues of Km and
P, prob a bly due to the vari able quartz/clay min er als ra tio. How -
ever, these two lithofacies are not well-con strained in AMS mea -
sure ments.
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Fig. 13. Com par i son of palaeotransport di rec tions (grey bars; £oziñski et al., 2015)
with k1 di rec tions of cor re spond ing sam ples

The co in ci dence of those two may be re lated to the ori en ta tion of elon gated grains, de ter mined by a cur rent dur ing sed i men ta -
tion; the num ber of AMS spec i mens is n, and the num ber of trans port di rec tion mea sure ments is nt; the mean k1 di rec tion al -
most fits trans port di rec tions within sam ple Fl2 and Hs (A), and quite well within sam ples Hs_5 (B) and Hf_2 (C); how ever, the
di ver sity of trans port di rec tions is high, so there is a chance of ran dom fit ting; blue squares and lines, large square = mean
value; ro tated – see Fig ure 12



Since the pre sented key for lithofacies rec og ni tion is con -
cep tual and has been cre ated for the Oravica out crop only, it
should be pointed out here that the AMS fea tures in other out -
crops may vary. How ever, the AMS fab ric has been proved to
be re spon sive to many sub tle phe nom ena in clud ing: sus pen -
sion fall out/cur rent de po si tion, fluc tu a tions of quartz-clay min er -
als, or ganic mat ter ad mix tures, bioturbation, and Fe re dis tri bu -
tion in diagenetic pro cesses. The AMS method has a great
prac ti cal po ten tial in rec og niz ing sed i men tary fea tures and bed -
ding ori en ta tion of de pos its, es pe cially when they are not vis i ble 
mac ro scop i cally or the stud ied out crop is small. Since the mas -
sive struc ture of de pos its is very com mon in the Orava-Nowy
Targ Ba sin, the AMS analysis may provide a considerable
support for the basin study. 

CONCLUSIONS

– Min eral com po si tion of stud ied de pos its is multi com -
ponent, thus the cor re la tion be tween min eral con tent and bulk
sus cep ti bil ity Km is am big u ous. How ever, sam ples with a nar -
row sus cep ti bil ity range pro vide pa ram e ter Km as a rough in di -
ca tor for the clay min eral to quartz ra tio. This tool may be ap -
plied to an a lyse offshore lacustrine deposits.

– AMS el lip soid di rec tions have been de ter mined mainly by
weak tec tonic de for ma tion with the high est tec tonic com pres -
sion being N–S.

– Bulk mag netic sus cep ti bil ity, ani so tropy de gree and ani -
so tropy shape are strongly de ter mined by the litho facies type.

– Five AMS fa cies dis tin guished here al low rec og niz ing the
fol low ing sed i men tary set tings: de bris-flow de po si tion, off shore
lake, nearshore/ephem eral lake, floodplain, and swamp.

– Sedimentological trans port im pact on the AMS di rec tions is 
am big u ous due to the method ac cu racy and tec tonic over print.

– Mean k1–k2 plane ori en ta tion can be used as a bed ding
es ti ma tion with 10° er ror. This may be use ful es pe cially when
an a lysing ap par ently mas sive sediments.

– Sim i lar con tents and X-ray traces of clay min er als within
base ment col lu vium and over ly ing sed i ments sug gest that
stud ied de pos its have been de rived from one source area, the
Podhale Synclinorium.
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