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Palaeomagnetism of some Devonian carbonates from the Holy Cross Mts.
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Palaeomagnetic studies of Middle and Upper Devonian carbonate rocks in the Holy Cross Mts. (Central Poland, SW foreland of the East
European Craton — EEC) involved samples from the southern (Kielce) and northern (Lysogéry) unit. Haematite-bearing carbonates
showed syn-folding remagnetisation of Early Permian age. The pole of this component is situated on the apparent polar wander path
(APWP) of the EEC. The syn-folding age implies deformation of the Variscan syncline during Alpine uplift of the Holy Cross Mts. In
dark limestones and dolomites magnetite was a dominant magnetic mineral. The age of magnetisation is interpreted as pre-Late Carbonif-
erous: syn-folding in one locality and either pre- or syn-folding in four others. Four poles calculated from these components are shifted to
the NW from the reference southern APWP for the EEC and one pole is concordant with its Early Carboniferous segment. The occur-
rence of rotated and unrotated palaeomagnetic poles could indicate that some fragments of both Kielce and tysogéry units were sub-
jected to local clockwise rotations during Variscan compression. An alternative explanation might be that Variscan pre- and/or
syn-folding components could be strain modified or resultant magnetisations and they should not be used in palaeotectonic reconstruc-
tion.
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INTRODUCTION

Palaesomagnetic data from the Palaeozoic rocks of the Holy
Cross Mts. (HCM) have been gathered for 20 years. Their in-
terpretation is, however, still controversial. The main point of
debate is the age of final accretion of the HCM area to the East
European Craton (EEC, Baltica continent). The HCM are situ-
ated in the vicinity of the Trans-European Suture Zone —
TESZ (Fig. 1), which is one of the most prominent geological
boundaries in Europe, separating the Palaeozoic maobile belts of
Western Europe from the pre-Cambrian EEC (e.g. Guterch et
al., 1986; Berthelsen, 1993; Pharaoh, 1999). Some geological
models, interpret the TESZ line as a strike-slip zone of Caledo-
nian (e.g. Brochwicz-Lewinski et al., 1981) or Variscan age
(e.g. Badham, 1982; Matte et al., 1990). Models based on
palacomagnetic data suggest either a significant (~1000 km)
Variscan strike-slip displacement of the southern part of the
HCM along the SW border of the EEC (Lewandowski, 1993)

or the relative stability of the area at least since the latest Silu-
rian (Nawrocki, 2000).

New palaecomagnetic and rock magnetic data obtained from
Middle and Upper Devonian carbonates of the HCM area are
presented here. The age and origin of characteristic
magnetisations and their bearing on geodynamic models is dis-
cussed.

GEOLOGICAL SETTING

The Holy Cross Mts. is an area of Palaeozoic rocks that was
uplifted and exposed mainly due to vertical movements at the
end of the Cretaceous and in the Miocene (Kutek and Glazek,
1972). The Palaeozoic core of the HCM consists of two distinct
tectono-stratigraphic units: the northern — t.ysogéry Unit and
the southern — Kielce Unit (Fig. 2). The latter constitutes part
of the Matopolska Block (Pozaryski and Tomczyk, 1968).
These two units are separated by the Holy Cross Dislocation.
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Fig. 1. The location of the Holy Cross Mts. within a tectonic sketch map of Europe; TESZ — Trans-European Suture Zone

They show a different tectonic and facies development, espe-
cially in the Early Palaeozoic and Early Devonian (Stupnicka,
1992; Lewandowski, 1993; Szulczewski, 1995). The Kielce
Unit reveals polyphase tectonics with major angular uncon-
formities between the Middle Cambrian and Lower Ordovician
(Early Caledonian) and between the Silurian and Lower Devo-
nian (Late Caledonian) (e.g. Stupnicka, 1992). In the £ysogory
Unit the Caledonian tectonic phases are not evident. According
to Znosko (1996) and Kowalczewski and Dadlez (1996) the
style of tectonic features in the Lower Palaeozoic of the
Lysogory region accounts for Caledonian deformation.
Stupnicka (1992) and Mizerski (1995), however, point to the
Sudetian phase (Visean/Namurian) of the Variscan orogeny, as
the most important tectonic event in the £ysogdry Unit. Middle

and Upper Devonian carbonate rocks, the subject of the present
palacomagnetic study, are the part of a syn-Variscan structural
unit in both regions. A carbonate platform with variable littoral,
reef and basinal facies developed after cessation of clastic sedi-
mentation by the end of the Emsian (Szulczewski, 1995).
Dolomites form the major part of the Middle Devonian. In the
Eifelian early diagenetic dolomites prevail, while in the
Givetian and Frasnian dolomites are mostly epigenetic in origin
(Narkiewicz, 1991). Differences in the facies development of
the Middle-Upper Devonian are observed between the Kielce
and £ysogary units (Szulczewski, 1995), however, similarities
in the general patterns of subsidence across the Holy Cross Dis-
location might suggest palaeogeographic proximity of both re-
gions in the Devonian (Narkiewicz, 1996). After the Visean
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Fig. 2. Geological sketch map of the Holy Cross Mts. with sampled localities, numbers indicate the position of previously palaesomagnetically studied lo-
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Fig. 3. Orthogonal plots of thermal demagnetisation of typical specimens (upper diagrams) and intensity decay curves (NRM/RM) + magnetic susceptibil-
ity changes during thermal treatment (k/k,) (lower diagrams)

A —locality DO, dolomite; B — locality ZC, dolomite; C — locality MG, dark limestone; D — locality JO, dolomite; E — locality SK, dark limestone; xy,
yz — the planes of projection, intensity units in 10~ A/m; all projections, except a2, after tectonic correction, lyrw — intensity of the natural remanent mag-
netisation; k, — initial magnetic susceptibility
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Table 1
Description of sampled localities

Locality Code Lithology Age Strike/Dip N

Mogitki MG dark limestones Upper Frasnian 10/56‘/17?'8%//?"11' 15
. dark limestones, Givetian/Frasnia 10 (6 limestones,
Jozefka 0 dark dolomites n 56/36 4 dolomites)
Zachetmie ZC dolomites Eifelian/Givetian 12/40 16 (1 hand sample,
15 cores)
dark limestones, dark - R 11 (4 limestones,

Skaty SK dolomites Eifelian/Givetian 25/40 7 dolomites)
Doty Opacie DO dolomites Eifelian/Givetian 192/40 7

N — number of hand samples (cores) collected from the outcrops

both regions were folded due to N-S to NNE-SSW directed
compression (e.g. Lamarche et al., 1999) and uplifted. During
the Permian the area was extensively eroded and then overlain
by conglomerates. Since the Late Permian through the Meso-
zoic the HCM area was covered with marine and terrestrial sed-
iments. They constituted the infill of the Mid-Polish Trough
that developed along the former TESZ and subsided from the
Permian to the Cretaceous (e.g. Dadlez et al., 1995 and refer-
ences therein). During the Maastrichtian-Paleocene a tectonic
inversion of the basin took place (Kutek and Glazek, 1972;
Dadlez et al., 1995) under NE-SW directed compression
(Lamarche et al., 1999). This tectonic event caused mostly brit-
tle deformation of the Palaeozoic strata in the HCM and gener-
ally did not affect the geometry of the Variscan folds
(Lewandowski, 1981; Lamarche et al., 1999). However, as the
Permo-Mesozoic cover is locally strongly folded at the margins
of the Palaeozoic core of the HCM, it has been postulated that
Alpine folding involved the Palaeozoic rocks at the SW part of
the HCM (Lamarche et al., 2000).

SAMPLING LOCALITIES

The localities sampled are situated in the Kielce (Mogitki
— MG, Jozefka— JO) and Lysogory (Zachetmie — ZC, Skaly
— SK and Doty Opacie — DO) units of the HCM (Fig. 2). A
total of 44 hand samples and 15 drill cores was collected and
analysed. The localities were active or abandoned quarries. A
fold test was possible between ZC, SK and DO localities which
are located on the opposite limbs of the Bodzentyn Syncline
(Fig. 2, Tab. 1) — ZC and SK at its southern and DO on its
northern limb. At all these three localities the strata dip
monoclinally and any fold test within the locality could not be
applied. At locality MG the samples were collected from the
thick bedded limestones dipping monoclinally to the N (sam-
ples MG1-10) and from the narrow folds occurring in thin-bed-
ded limestones intercalated with marls (samples MG11-15).
These folds are upright folds, locally slightly inclined towards
N or S, with horizontal axes trending WNW-ESE. They origi-

nated as second rank, slightly disharmonic folds developed
during folding of the thick-bedded limestones during the
Variscan orogeny (Jarosinski, pers. comm.). It was possible to
perform a local fold test within this locality.

Mid to Late Devonian carbonates from the HCM have
never been heated to temperatures higher than 120-150°C
(Belka, 1990). The conodont alteration index (CAIl) varies
from 1 to 3.5 and the highest values were observed along the
Holy Cross Dislocation. CAl values in the localities sampled
ranged from 1.5 in JO through 2.5 in SK to 3.5 in MG. The
thermal event was undoubtedly Variscan (Belka, op. cit.).
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Fig. 4. Stereographic plots of characteristic sample mean components for
localities SK, JO, ZC and DO (after tectonic correction); black dots —
lower hemisphere projection, white dots — upper hemisphere projection
(refers also to Figs. 5, 6 and 10)
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Fig. 5. Stereographic projection of characteristic site mean components at the locality MG before, after 100% tectonic correction, after 30% unfolding and

incremental fold test

Other explanations as in Fig. 4

LABORATORY AND INTERPRETATIVE METHODS

Standard palaeomagnetic specimens 2.5 cm in diameter and
2.2 cmin height were drilled from the hand samples. 3—6 speci-
mens were normally obtained from each hand sample. Natural
remanent magnetisation (NRM) was measured by means of a
JR-5 spinner magnetometer (noise level: 10° A/m), while
magnetic susceptibility during thermal demagnetisation was
monitored with a KLY-2 bridge (sensitivity: 10 SI units). Ani-
sotropy of magnetic susceptibility (AMS) was computed using
the Aniso program (Jelinek, 1977) (details given below). The
rock specimens were thermally demagnetised with a MMTD
non-magnetic oven. Demagnetisation experiments and the
NRM measurements were performed inside Helmholz coils
that reduced the geomagnetic field by about 95%. Characteris-
tic directions were calculated using principal component analy-
sis (Kirschvink, 1980). Palaesomagnetic poles were plotted
using the GMAP for Windows package (Torsvik and
Smethurst, 1994). Apparent polar wander paths (APWP), cali-
bration and dating of palaesomagnetic components was per-
formed using Palmer’s (1983) time scale.

Stepwise acquisition of the isothermal remanence magneti-
sation (IRM) up to 1.3 T and thermal demagnetisation of the 3
axes IRM acquired in fields of 0.1, 0.4 and 1.3 T (Lowrie,
1990) were applied for identification of the magnetic minerals.
IRM was applied using a MMPM pulse magnetiser. Both
methods are routinely applied in rock magnetic investigations
(e.g. Opdyke and Channell, 1996). IRM is an artificial magnet-
isation produced in laboratory, by subjecting a rock specimen
to a magnetic field. Stepwise acquisition of the IRM depends
on subjecting the rock specimen to a progressively increased
magnetic field. The IRM intensity is measured after each step
of magnetisation. Rapid saturation of the specimen in fields up
to 300 mT is indicative of the presence of low coercivity miner-
als: magnetite-titanomagnetite or maghemite-titanomaghemite
series. Saturation fields between 0.5-1.0 T are characteristic for
pyrrhotite, 1.5-5.0 T for haematite, while goethite saturates in
fields higher than 5 T. Thermal demagnetisation of the 3 axes
IRM is used for determining unblocking temperatures of mag-
netic minerals of different coercivities. The strongest field of
1.4 T is applied along the Z axis (hard component), an interme-
diate field of 0.4 T along the Y axis (intermediate component)
and the weakest field of 0.1 T along the X axis (soft compo-
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Table 2
Characteristic palaeomagnetic directions and their poles obtained in this study
Component | D/l btc | ags** | k** D/l Ag5** k** Pole dp | dm n/N
atc lat. N | long. E
252/6
MG 245/-4 | 116 | 44 244)-1 282 | 0351 6 | s | 4| 8 | 484
26% unfolding ' '

JO 78/14 9.0 105 79/-18 115 64.6 0 306 6 12 9/4*
ZC 108/-1 5.7 65.9 107/3 5.4 717 10 277 3 6 11 cores
SK 85/7 5.7 94.1 87/-13 5.7 94.1 3 298 3 6 43/8
DO 50/-58 5.8 249 33/-22 5.8 249 -21 346 3 6 14/4

* — dolomite samples only; ** — statistic parameters calculated for hand samples

Component A
Locality | D/l btc | ag* k* D/l atc | ags* k* n/N
DO 20‘;"1 95 | 651 |211/-51| 95 | 65.1 5/1
SK 2112 5 | 509 | 210/12| 5 | 599 | 1572

* — statistic parameters calculated for specimens component A mean, after
19% unfolding; D = 208, | = -20, pole: —43° lat. N, 341° long. E

D/I btc (atc) — declination/inclination of the ChRM before (after) tectonic correction; ags , kK — Fisher statistics parameters; lat. N
— northern latitude; long. E — eastern longitude; parameters of the palaeomagnetic pole refer to the palacomagnetic direction
typed in bold font; dp, dm — semiaxes of the 95% confidence ellipse associated with the mean poles; n — number of specimens

used for calculation of the mean direction; N — number of hand samples used for calculation of the mean direction

nent). The magnetised specimen is then subjected to thermal
demagnetisation and the intensity decay of each component is
plotted separately. The hard component is carried either by
goethite (unblocking temperature Ty, < 150°C) or haematite
(T > 600°C). Soft and intermediate components are usually
related to magnetite (Ty, between 450 and 580°C),
titanomagnetite (any Ty, between room temperature and
580°C), maghemite (T, between 300 and 350°C related to
transformation of maghemite to haematite) and pyrrhotite (Tyy,
between 300 and 325°C). The results of the method are some-
times ambiguous, because unblocking temperatures are de-
pendant on grain size or titanium content of magnetite and
haematite, thus very fine-grained magnetite could reveal the
same unblocking temperature as titanomagnetite.

The analysis of AMS is now a widely used method for
studying petrofabrics (see Tarling and Hrouda, 1993;
Borradaile and Henry, 1997). It reflects the preferred orienta-
tion of dia-, para- and ferromagnetic grains. Geometrically the
AMS is represented as an ellipsoid the three axes of which
characterise values of maximum (K1), intermediate (K2) and
minimum susceptibility (K3). The following parameters char-
acterise the AMS ellipsoid:

1 — mean susceptibility K, = (K1 + K2 + K3)/3 calculated
for normalised volume 10 cm?, in 107 SI units;

2 — parameters defining the shape of the anisotropy ellip-
soid: lineation L = K1/K2 and foliation F = K2/K3. The ellip-
soid is prolate if L > F and oblate if F > L;

3 — degree of anisotropy P’ = exp{2[(h,— h)?*+ (h,—h)?+
(hs—hy’I}”?

where: h1 =In K1, hz =In K2; h3 =In K3; h= (h1 + h2+ h3)/3,

4 — the shape parameter T = 2(h, - h3)/(h;—h3) — 1.

The values of T are between 0 and 1 if the AMS ellipsoid is
oblate (foliation prevails) and between —1 and O if the AMS el-
lipsoid is prolate (lineation prevails).

In undeformed sediments the K3 axes are directed perpen-
dicular to the bedding while K1 axes are either randomly ori-
ented or indicate the direction of palaeocurrent flow. Such
magnetic fabric is called depositional or sedimentary. In de-
formed rocks the AMS ellipsoid is quite often co-axial with the
finite strain ellipsoid. This makes AMS a useful tool for investi-
gating internal deformation of the rock structure. In most
weakly deformed sediments, magnetic fabric reflects mostly
the effects of compaction — the K3 axes are still perpendicular
to the bedding, K1 axes cluster parallel to the tectonic stretch-
ing direction and the T > 0. This kind of fabric is called relict
sedimentary fabric (Borradaile and Henry, 1997). As defor-
mation increases the deformational magnetic fabrics de-
velop. The AMS ellipsoid becomes more prolate (T decreases)
and subsequently foliation poles create a girdle perpendicular
to the lineation direction. Further increase in deformation re-
sults in clustering of K3 axes perpendicular to cleavage, while
K1 and K2 axes lie within the cleavage plane. The scheme is
valid for normal magnetic fabric. In carbonate rocks an inverse
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Other explanations as in Fig. 4

or intermediate tectonic fabric sometimes occurs (Rochette,
1988; Rochette et al., 1992). The K1 and K3, K2 and K3 or K1
and K2 axes might exchange their positions due to mineralogi-
cal effects and not tectonic deformations. This is commonly re-
ported from carbonate rocks and may arise from a magnetic
fabric related to iron bearing carbonate minerals (ferroan cal-
cite or dolomite) and single domain magnetite. An intermediate
fabric might be observed when a mixture of minerals with nor-
mal and inverse magnetic fabric occur in the rocks, for example
multi-domain (MD) and single-domain (SD) magnetite. An in-
verse or intermediate nature of magnetic fabric must be taken
into account while interpreting the AMS data.

RESULTS

CHARACTERISTIC COMPONENTS AND FOLD TESTS

Initial NRM intensities range between 0.55 and 47 x 107
A/m. The intensities were lower in light limestones (between 1
and 3 x 10~* A/m) and higher in dark carbonates and those con-
taining a reddish pigment (generally close to 10 A/m or
more). Thermal demagnetisation was applied to the entire col-
lection. In all samples a low temperature characteristic
remanent magnetisation (ChRM) occurred which was un-
blocked between 250 and 350°C (Fig. 3). It is exclusively of
normal polarity and its direction is very similar to the present
day field direction. Therefore it is most probably a recent vis-
cous remanent magnetisation of no palaeomagnetic impor-
tance. Afterwards, in 90% of the collection, a well defined
component appeared which was unblocked between 350 and
450°C (Fig. 3A1, B-E).The component clusters well within a
single locality (Tab. 2, Figs. 4 and 5). However, the directions
between localities are dispersed before as well as after tectonic
correction. Therefore the magnetisation from each locality is
treated as a separate component (Tab. 2).

About 10% of the collection revealed different behaviour
during demagnetisation. After unblocking of the viscous over-
print a hard component A appeared which was stable up to
610-630°C. It occurred in one sample from locality DO
(Fig. 3A2), in two samples from locality SK and some cores
from locality ZC. In the latter locality, a stable end point was

not reached during thermal demagnetisation, probably because
of overlapping blocking temperature spectra of two anti-paral-
lel magnetisations.

A McFadden’s (1990) fold test reveals, that the best cluster-
ing of component A is obtained after 19% unfolding of both
limbs of the syncline (Fig. 6) thus component A reveals a
syn-folding geometry. A fold test for the components with an
unblocking temperature range of 350-450°C could be applied
only for locality MG. Also, there, the best cluster of directions
(maximum value of the parameter k) occurs after 26% of un-
folding (Fig. 5). Both tests are significant at the 95% confi-
dence level. It is difficult to speculate about the age of
components DO, JO, ZC and SK because fold tests could not
be applied within these localities. Their age must be inferred
from geological constraints and comparison with the APWP of
EEC and Variscan Europe.

MAGNETIC CARRIERS AND ANISOTROPY OF MAGNETIC
SUSCEPTIBILITY (AMS)

Low minerals prevail in the samples where components oc-
cur with unblocking temperatures of 350-450°C of syn-folding
or undefined age (Fig. 7A1, B1 — IRM acquisition curves re-
veal rapid saturation of the specimens). High coercivity miner-
als are of minor importance. The maximum unblocking
temperatures of 500-550°C, obtained during thermal demag-
netisation of the 3 axes IRM (Fig. 7A2, B2) are indicative of
magnetite.

Rock magnetic properties of the samples that revealed hard
component A are different. High coercivity minerals constitute
the majority of the magnetic fraction (Fig. 7C1). Haematite
with a maximum unblocking temperature of 650°C is the most
important magnetic mineral in sample DO7 (Fig. 7C2), with a
minor contribution of a magnetic phase with an unblocking
temperature of 500-550°C. Component A in this sample
(Fig. 3A2) is undisputably carried by haematite.

The magnetic fabric in dolomites from the localities SK,
ZC, DO and JO is poorly developed and is not discussed here.
The dark limestones from locality MG reveal mostly a sedi-
mentary/compactional magnetic fabric with K3 axes mostly a
perpendicular to the bedding (Fig. 8A). The anisotropy degree
P’ is always less than 10%. Mean susceptibility values are no
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Fig. 7. IRM properties of representative specimens: 1 — IRM acquisition curve; 2 — thermal demagnetisation of the 3 axis IRM (Lowrie, 1990); A — lo-
cality MG, dark limestone, B — locality JO, dark dolomite, C — locality DO, reddish dolomite

more than 100 x 107° Sl units therefore its anisotropy could be
related to a paramagnetic matrix. Magnetic foliation generally
prevails (positive values of parameter T — see Fig. 8B).
Lineation is also developed, preferentially along N-S and E-W
directions which are sub-parallel and sub-perpendicular to the
fold axes. This magnetic fabric accounts for the relatively weak
internal deformation of the host rock (Borradaile and Henry,
1997). In two samples (MG12 and MG14) an anomalous mag-
netic fabric was observed with K2 and K1 axes at steep angles
to the bedding (Fig. 8A). This might indicate either develop-
ment of a secondary foliation plane, perpendicular to the bed-
ding, or a mineralogical effect common in limestones
(Rochette, 1988; Rochette et al., 1992), related to interchang-
ing anisotropy axes due to the presence of an inverse magnetic
fabric. The latter seems more likely, since the samples MG12
and MG14 were taken from beds that do not differ macroscopi-

cally from the neighbouring beds MG13 and MG15 which
reveal a normal magnetic fabric.

DISCUSSION

PALAEOMAGNETIC DATA BASE FOR THE HOLY CROSS MTS.
— AREVIEW

Before interpreting the new palacomagnetic results obtained
in this study, a brief comment on the existing palacomagnetic
data base from the HCM is necessary. The most reliable results
(quality index Q3 3, see Van der Voo, 1993) are listed in Table 3
and plotted in Figure 9 against the reference APWP for Baltica
(Torsvik et al., 1992, 1996). It should be noted that the interpre-
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Fig. 8. Magnetic fabric at the locality MG

A — stereographic projection of the principal susceptibility axes (after tectonic correction); squares — maximum, triangles — intermediate, circles —
minimum susceptibility axes, each stereogram denotes single site (MG1-10) or hand sample (MG12-15) with distinct bedding orientation; B — a plot of

the shape parameter T and degree of anisotropy P’ for specimens revealing normal magnetic fabric (site MG1-10, MG13, MG15)

tation of these data is strongly dependent on the reliability of the
reference APWP. The APWP of Torsvik et al. (op. cit.) is now
widely used (e.g. Zwing and Bachtadse, 2000). Its Late Carbon-
iferous and later segments are well documented. On the other
hand the entire Mid to Late Devonian segment is an extrapola-
tion between the Early Devonian palaeopoles from the Ukraine
(Smethurst and Khramov, 1992) and Spitshergen (Jeleriska and
Lewandowski, 1986) and the Early Carboniferous poles from
Spitsbergen (Watts, 1985). It is believed that the Early Carbonif-
erous poles from Spitsbergen are representative for the EEC, be-
cause the Early Devonian and Permian palaeomagnetic poles
from this area are fully convergent with those from the EEC
(Nawrocki, 1999).

The palaecomagnetic data in Figure 9 indicate that, since the
Late Carboniferous, only minor rotations in the HCM might
disturb their position in relation to the EEC (see also
Lewandowski, 1999). Late Palaeozoic remagnetisation, a well
known phenomenon reported widely from North America
(McCabe and Elmore, 1989) and Variscan Europe with its
foreland (Edel and Coulon, 1984; Nowaczyk and Bleil, 1985;
Thominski et al., 1993; McCabe and Channell, 1994;
Molina-Garza and Zijderveld, 1996) also affected both regions
of the HCM. Secondary poles obtained in the Devonian and
Carboniferous carbonates of the Kielce Unit (Tab. 3, entries
1-3) and Upper Cambrian clastics of the £ysogory Unit (en-
tries 8h, c) are situated roughly along the reference APWP.
Some minor uncertainties and inconsequencies, however, still
exist in their interpretation. For example palaeopole 8b from
Wisniowka, interpreted as pre-folding by Lewandowski
(1993), seems to be younger than the post-folding palaeopole

8c from the same locality. Palaeopole 3, interpreted by
Grabowski and Nawrocki (1996) as Early Permian remagnet-
isation, is slightly rotated from the reference APWP. This was
interpreted as an effect of local tectonic rotation, which proba-
bly affected also palaeopole 2 (both localities are situated in
neighbouring quarries) — that is why two alternative ages of
the pole 2 are given in the Table 3.

Interpretation of pre-Late Carboniferous palacomagnetic
results is also a matter of serious debate. Investigations in the
Lysogoéry (Lewandowski et al., 1987; Lewandowski, 1993) ap-
parently confirm the assumption that this block constituted a
part of the EEC at least since the Silurian. Upper Cambrian and
Lower Devonian quartzites (Tab. 3, entries 7-9) revealed sta-
ble  pre-folding directions comparable with the
palaeodirections expected for the EEC. This conclusion is still
valid although the age of some poles given by Lewandowski
(1993) is not exactly the same as the age interpreted from the
APWP used here (e.g. the “Silurian” palaeopole 8a is very
close to the Carboniferous segment of the APWP, while
palaeopole 7 matches rather the inferred Late Devonian age).
On the other hand the Early Devonian palaeopoles from the
Kielce Unit (Tab. 3, entries 4 and 5) strongly deviate from the
reference APWP of EEC. This was interpreted as evidence for
large scale dextral strike-slip movement of the Kielce Unit
along the SW margin of the EEC (Lewandowski, 1993) that
took place between Emsian and Late Carboniferous times.
However, the new palaeopole from the Silurian diabases of the
Kielce Unit (Nawrocki, 2000; Tab. 3, entry 6b) fits well the co-
eval segment of the reference APWP for the EEC, indicating a
relative stability of the Kielce Unit at least since Early Devo-
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O palaeopoles from the Kielce Unit

(O palaeopoles from the tysogéry Unit

Fig. 9. Silurian-Late Carboniferous palacomagnetic poles from the HCM
(listed in the Tab. 3) at the background of the APWP for the EEC (after
Torsvik et al., 1996); centre of projection 0°N, 330°E; age calibration of
the APWP after Palmer’s (1983) time scale

nian and thus setting serious constraints to more mobilistic in-
terpretations.

AGE OF CHARACTERISTIC MAGNETISATIONS

All characteristic components obtained in this study are
summarised in Table 2. Stereographic projection of character-
istic directions is presented in Figure 10. An attempt at their
dating might be performed by direct comparison with the exist-
ing APWP for Baltica (Torsvik et al., 1992, 1996).
Palaesomagnetic poles are plotted against a background of the
reference path (Fig. 11).

Palaecomagnetic poles of hard component A are situated on
the Early Permian (280-260 Ma) segment of the APWP
(Fig. 11). Therefore its age might be assigned to that time span.
It confirms the results of previous palaeomagnetic studies
which indicate that the Late Carboniferous and later
palaeopoles from the HCM are situated close to the APWP of
the EEP (Lewandowski, 1981, 1993, 1999; Nawrocki, 1984;
Grabowski and Nawrocki, 1996).

The pole of the syn-folding MG component is located far
from the Frasnian and younger poles (Fig. 11) and its interpre-
tation is not straightforward. Its inclination is concordant with
expected Early Permian (294-282 Ma) and Middle Devo-
nian-Early Carboniferous (384-356 Ma) palaeoinclinations.
However, an Early Permian age of component MG is hardly
acceptable. This would imply a tectonic rotation by almost 40°
after remagnetisation. As trends of Variscan folds in Mogitki
are roughly the same as in the other parts of the HCM (W-E to

WNW-ESE) the post-Early Permian rotation of such
magnitude must be excluded. Thus the Late Devonian-Early
Carboniferous age of the MG component is favoured here (see
next section for more discussion).

The component DO is most likely a pre-folding Early Car-
boniferous remagnetisation as could be inferred from the pole
position (Fig. 11). Its post-folding age (D = 50, | = -57) cannot
be accepted because this would situate the area in a high south-
erly latitude in the Late Paleozoic which does not agree with
palacomagnetic and facies data (e.g. Lewandowski, 1999).
Components ZC, SK and JO should be considered as pre- or
syn-folding Variscan (Eifelian-Visean). Were they post-folding
or syn-folding younger than the Late Carboniferous, a large
70-90° clockwise rotation should be introduced in the Kielce
and kysogory units after their acquisition. Abundant Late
Palaeozoic palacomagnetic data from the HCM (Lewandowski,
1981, 1993; Nawrocki, 1984; Grabowski and Nawrocki, 1996)
as well as the position of palaeopole A, of presumed Early Perm-
ian age, on the APWP contradict this option.

Observations could be summarised as follows:

1. The syn-folding palaeopole A of the Early Permian age
and pre-folding Early Carboniferous palacopole DO are situ-
ated more or less on the predicted APWP.

2. Middle Devonian-Early Carboniferous palaeopoles MG,
SK, JO and ZC of pre- or syn-folding origin are shifted to the
NW from the Baltic APWP.

GEOLOGICAL CONSIDERATIONS

Remagnetisations of Early Permian age (component A) oc-
cur in the rocks containing significant amounts of haematite.
Then it is very likely that these remagnetisations are related to

Fig. 10. Stereographic projection of characteristic components obtained in
this study (after Tab. 3); arrows indicate the predominant direction of fold
axes in the HCM; note the great circle distribution of components DO, JO,
SKand ZC; 95% confidence ovals are indicated for each component; other
explanations as in the Fig. 4
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Summary of the Late Silurian-Late Carboniferous palacomagnetic data from
the Holy Cross Mts.Palaeomagnetism of some Devonian carbonates from the Holy Cross Mts.
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dexes A and B indicate if the magnetisation is interpreted as pre-folding (A) or post-folding (B); numbering of localities refers to

Fig. 2

an increase in Eh caused by migration of oxidising fluids or
subaerial exposure of the rocks after the Variscan orogeny. Ap-
parently older directions are encountered in dark rocks with
magnetite which were not subjected to extensive oxidation.
The syn-folding origin of the component A implies a steepen-
ing of dips in the Bodzentyn Syncline that might have taken
place after the Early Permian, probably during the Alpine uplift
of the HCM in the Maastrichtian-Paleocene (Kutek and
Glazek, 1972; Lamarche et al., 1999 and references therein).
The conclusion about Alpine modification of Variscan struc-
tures in the £ysogdry Unit must be treated as preliminary, since
the palaeomagnetic evidence is based on three hand samples
only. Nevertheless it requires some attention because Alpine
involvement of the Palaeozoic basement of the HCM has al-
ready been postulated (Kutek and Gtazek, 1972; Lamarche et
al., 2000).

The interpretation of the magnetite-related component is
somewhat ambiguous. A problem arises from the apparent
syn-folding age of the MG component. As already pointed out,
it does not fall on the Carboniferous segment of the APWP, as
should be expected from the presumed Visean/Namurian age
of the Variscan folding in the HCM, but is located near the in-
ferred date 383-375 Ma (Eifelian-Givetian). On the other hand
post-folding magnetisations of Late Carboniferous age in the
Kostomioty (Tab. 3, entry 2) and pre-folding DO component fit
quite well to the reference APWP. Pre-folding components
concordant with the Late Silurian and Early Carboniferous di-
rections of the EEC were reported also from Silurian diabases
in the Kielce Unit (Nawrocki, 2000; Tab. 3, entries 6a, b).

A possible explanation for anomalous position of the MG
pole might be that the locality was affected by local tectonic rota-
tion. Earlier palacomagnetic studies of the area adjacent to local-
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(O palaeopoles from the Kielce Unit

O palaeopoles from the Lysogory Unit

Fig. 11. Palaeomagnetic poles of characteristic components obtained in
this study (after Tab. 2) and other poles from the HCM (listed in the Tab. 3)
at the background of the APWP for the EEP (after Torsvik et al., 1996);
centre of projection 0°N, 330°E; age calibration of the APWP after
Palmer’s (1983) time scale

ity MG, in the NW part of the Kielce Unit (Kostomtoty and
Laskowa quarries) (Grabowski and Nawrocki, 1996; Tab. 3, en-
tries 2 and 3) indicated the possibility of local post-Variscan
clockwise rotations of magnitude ca. 13° (20° if compared with
the reference APWP applied here). Indeed the MG palaeopole
might be matched with the reference path after 16-23° rotation
dating at 358-350 Ma (Tournaisian/Viséan). This date might be
interpreted as the onset of Variscan folding in this locality. It
would imply significant diachronism of folding between locality
MG (NW part of the Kielce Unit) and DO (northern part of the
Lysogory Unit). In the latter locality the pre-folding ChRM
might be dated as 335 Ma old (Late Viséan). The possibility of
diachronous Variscan folding in the HCM has already been sug-
gested by Lewandowski (1997). However, because the entire
Late Devonian-Early Carboniferous segment of the reference
APWP is poorly constrained, the considerations above are no
more than speculations to be tested by more extensive studies.
Rotation of magnetic minerals due to internal deformation
of host rocks might be an alternative interpretation of the MG
component. Strain was reported to be a factor affecting the
characteristic magnetisation in some Permo-Triassic red beds
in the Swiss Alps at the Glarus overthrust (Hirt et al., 1986), in
the Silurian Bloomsburg Formation (Stamatakos and Kodama,
1991a) and Mississipian Mauch Chunk Formation in the Appa-
lachians (Stamatakos and Kodama, 1991b). Strong suspicion
of strain modified palaeomagnetic directions was also sug-
gested for some sites in the Lower Old Red Sandstone of south-

ern Wales (Setiabudidaya et al., 1994; Kirker and McClelland,
1997). Molina-Garza and Zijderveld (1996) described a
syn-folding magnetisation from Devonian red beds in Belgium.
Its pole (long. 302°E, lat. 19°S) is surprisingly close to the MG
pole. They rejected this direction as an artefact of remanence
acquisition or deformation processes. In studies of Appala-
chian red beds, Stamatakos and Kodama (1991a, b) proved that
the pre-folding characteristic magnetisation was reoriented
during deformation and mimicked the apparent syn-folding
magnetisation. Zwart and Oele (1966) observed, in phyllites,
magnetite grains that had been mechanically rotated due to tec-
tonic stress. It might be that the same mechanisms could have
disturbed the magnetisation at locality MG. This hypothesis is
not supported by the AMS studies. Investigations of magnetic
fabric in most samples revealed apparently low degrees of in-
ternal deformation. However, it is not certain whether preser-
vation of the “primary” (presumably paramagnetic) fabric
definitely implies that ferromagnetic minerals were not af-
fected by stress. The hypothesis of strain modification is not
likely in the case of syn-folding component A of Early Permian
age because the Alpine deformations of Palaeozoic rocks were
much weaker than those of the Variscan.

Palaeopoles of the ZC, SK and JO components are situated
far from the reference APWP. However, they fill the gap be-
tween the rotated, presumably Early Devonian palaeopoles of
Lewandowski (1993) from the Kielce Unit (Tab. 3, entries 4 and
5, Fig. 11) and non-rotated post-folding remagnetisations in both
HCM units (Fig. 11). They might be interpreted in two ways.
First, they might reflect local tectonic rotation. We do not favour
here the model of dextral strike-slip movement of the entire
HCM or of its southern part along the EEC margin
(Lewandowski, 1993) because of the occurrence of non-rotated
pre-folding directions of Early Carboniferous or earlier age, iso-
lated in both regions of the HCM (Tab. 3, entries 6-9, palaeopole
DO — this work). The rotations that affected the localities SK
and ZC (possibly also JO) must have taken place between the
Middle-Late Devonian and Early Permian. A post-folding
non-rotated Early Permian component is documented in the lo-
calities SK and DO in this paper (component A), while Lower
Triassic strata unconformably overlying dolomites at locality ZC
also yielded a primary component concordant with the reference
APWP (Nawrocki and Kuleta, pers. comm.). This implies that a
possible Alpine age of tectonic rotation must be excluded. In al-
most all localities (except JO) the bedding strike is concordant
with the general trend of Variscan structures in the HCM
(WNW-ESE) so, it is very unlikely that these rotation were
younger than Variscan folding in the area. The lower age limit
for the rotation is not certain, because it is not known if the com-
ponents are pre- or syn-folding. Nevertheless a rotation between
40-60° is required to match the pre-folding palaeopoles ZC, SK
and JO with the reference APWP. Up till now, no structural evi-
dences for such pre-folding rotations of Middle-Upper Devonian
rocks are known.

Alternatively, the SK, JO and ZC components might be
strain modified or resultant directions. A peculiar feature of these
components is the stepwise shallowing of their inclinations to-
wards the WNW-ESE which is the direction of the local fold
axes (Fig. 10). Together with component DO they form a perfect
great circle. This might be interpreted either as stepwise rotation



Palaeomagnetism of some Devonian carbonates from the Holy Cross Mts. 177

of the palaeomagnetic vector towards the tectonic stretching di-
rection or an effect of the distribution of resultant vectors be-
tween two anti-parallel components similar to DO.

CONCLUSIONS

Syn-folding haematite-related palacomagnetic directions
are of Early Permian age. They confirm the presence of exten-
sive post-Variscan remagnetisation in the HCM and the possi-
bility of slight modification of some Variscan folds during
Alpine uplift of the HCM.

Definite tectonic interpretation of some Devonian and
Early Carboniferous palacomagnetic directions from the Devo-
nian carbonates in the HCM is not possible. The

palacomagnetic data apparently indicate large tectonic rota-
tions of pre-Early Permian age in both regions of the HCM, but
no structural data exist to support this conclusion. Alterna-
tively, palacomagnetic directions might be interpreted as strain
modified or resultant vectors.

Acknowledgements. Thanks are due to K. Narkiewicz and
S. Skompski for determination of the CAI indexes and to M.
Jarosinski for discussion of some structural problems. Special
thanks are also for S. Skompski for guidance in the field. The
critical reviews of J. Lamarche, W. Mizerski and R.
Junosza-Szaniawski considerably helped to improve the paper.
The authors gratefully acknowledge the financial support of the
Foundation of Environmental Protection (project no.
2.94.0003.00.0 of the Polish Geological Institute).

REFERENCES

BADHAM G. P. N. (1982) — Strike-slip orogens — an extrapolation for
Hercynides. J. Geol. Soc. London, 139: 493-504.

BELKAZ. (1990) — Thermal maturation and burial history from conodont
colour alteration data, Holy Cross Mountains, Poland. Courier Forsch.
Inst. Senckenberg, 118: 241-251.

BERTHELSEN A. (1993) — Where different geological philosophies
meet: the Trans-European Suture Zone. Publ. Inst. Geophys. Pol.
Acad. Sc., A-20 (255): 19-31.

BORRADAILE G. J. and HENRY B. (1997) — Tectonic applications of
magnetic susceptibility and its anisotropy. Earth-Sc. Rev., 42 (1-2):
49-93.

BROCHWICZ-LEWINSKI W., POZARYSKI W. and TOMCZYK H.
(1981) — Large-scale strike-slip movements along SW margin of the
East-European Platform in the Early Paleozoic (in Polish with English
summary). Prz. Geol., 29 (8): 385-397.

DADLEZR.,NARKIEWICZ M., STEPHENSONR. A., VISSERM. T. M.
and Van WEES J.-D. (1995) — Tectonic evolution of the Mid-Polish
Trough: modelling implications and significance for central European
geology. Tectonophysics, 252 (1-4): 179-195.

EDEL J. B. and COULON M. (1984) — Late Hercynian remagnetization
of the Tournaisian series of the Laval syncline, Armorican massif,
France. Earth Planet. Sc. Lett., 68: 343-350.

GRABOWSKI J. and NAWROCKI J. (1996) — Multiple remagnetizations
in the Devonian carbonates in the northwestern part of the Kielce re-
gion (Holy Cross Mts, southern part). Geol. Quart., 40 (1): 47-64.

GUTERCH A., GRAD M., MATERZOK R. and PERCHUC E. (1986) —
Deep structure of the Earth’s crust in the contact zone of the Paleozoic
and Precambrian Platforms in Poland. Tectonophysics, 128: 251-279.

HIRT A. M., LOWRIE W. and PFIFFNER O. A. (1986) — A
paleomagnetic study of tectonically deformed red beds of the Lower
Glarus nappe complex, Eastern Switzerland. Tectonics, 5: 723-731.

JELENISKA M. and LEWANDOWSKI M. (1986) — A paleomagnetic
study of Devonian sandstone from central Spitsbergen. Geophys. J.
Roy. Astr. Soc., 87: 617-632.

JELINEK V. (1977) — The statistical theory of measuring anisotropy of
magnetic susceptibility of rocks and its application. Geofyz. Brno:
1-88.

KIRKER A. I. and McCLELLAND E. (1997) — Deflection of magnetic
remanence during progressive cleavage development in the
Pembrokeshire Old Red Sandstone. Geophys. J. Int., 130: 240-250.

KIRSCHVINKJ. L. (1980) — The last square line and plane and the analy-
sis of paleomagnetic data. Geophys. J. Roy. Astr. Soc., 62: 699-718.

KOWALCZEWSKI Z. and DADLEZ R. (1996) — Tectonics of the Cam-
brian in the Wisniéwka area (Holy Cross Mts, Central Poland). Geol.
Quart., 40 (1): 23-46.

KUTEK J. and GLAZEK J. (1972) — The Holy Cross area, Central Po-
land, in the Alpine cycle. Acta Geol. Pol., 22 (4): 603-652.

LAMARCHE J., MANSY J. L., BERGERAT F, AVERBUCH O.,
HAKENBERG M., LEWANDOWSKI M., STUPNICKA E.,
SWIDROWSKA J., WAJSPRYCH B. and WIECZOREK J. (1999) —
Variscan tectonics in the Holy Cross Mountains (Poland) and the role
of structural inheritance during Alpine tectonics. Tectonophysics, 313
(1-2): 171-186.

LAMARCHE J., MANSY J. L., SZULCZEWSKI M. and
LEWANDOWSKI M. (2000) — Pre-Variscan, Variscan and Alpine
partitioning deformation in the Holy Cross Mts. (Poland). Joint Meet-
ing of Europrobe (TESZ) and Pace Projects, Zakopane/Holy Cross
Mts., September 16-23, 2000.

LEWANDOWSKI M. (1981) — Post-folding characteristic remanent
magnetization of the Upper Devonian Kostomtoty Beds in the Holy
Cross Mts. Acta Geol. Pol., 31 (3-4): 3-4.

LEWANDOWSKI M. (1993) — Paleomagnetism of the Paleozoic rocks of
the Holy Cross Mts (Central Poland) and the origin of the Variscan
orogen. Publ. Inst. Geophys. Pol. Acad. Sc., A-23 (265).

LEWANDOWSKI M. (1997) — Paleomagnetism of Early Paleozoic ter-
ranes between Baltica and Avalonia. Terra Nostra, 11: 69-72.

LEWANDOWSKI M. (1999) — A paleomagnetic study of fracture fills in
the Holy Cross Mts of Central Poland and its application in dating tec-
tonic processes. Geophys. J. Int., 137: 783-792.

LEWANDOWSKI M., JELENSKA M. and HALVORSEN E. (1987) —
Paleomagnetism of the Lower Devonian sandstones from the Holy
Cross Mountains, Central Poland: part 1. Tectonophysics, 139 (1-2):
21-29.

LOWRIE W. (1990) — Identification of ferromagnetic minerals in a rock
by coercivity and unblocking temperature properties. Geophys. Res.
Lett., 17: 159-162.

MATTE P., MALUSKI H., RAJLICH P. and FRANKE W. (1990) —
Terrane boundaries in the Bohemian Massif: results of large-scale
Variscan shearing. Tectonophysics, 177: 151-170.

McCABE C. and CHANNELL J. E. T. (1994) — Late Paleozoic
remagnetization in limestones of the Craven Basin (northern England)
and the rock magnetic fingerprint of remagnetized sedimentary car-
bonates. J. Geophys. Res., 99 (B3): 4603-4612.

McCABE C. and ELMORE R. D. (1989) — The occurrence and origin of
Late Paleozoic remagnetization in the sedimentary rocks of North
America. Rev. Geophys., 27 (4): 471-494.

McFADDEN P. L. (1990) — A new fold test for paleomagnetic studies.
Geophys. J. Int., 103: 163-169.



178 Jacek Grabowski and Jerzy Nawrocki

MIZERSKI W. (1995) — Geotectonic evolution of the Holy Cross Mts in
Central Europe (in English with Polish summary). Biul. Pafistw. Inst.
Geol., 372: 5-47.

MOLINA-GARZA R. S. and ZIJDERVELD J. D. A. (1996) —
Paleomagnetism of Paleozoic strata, Brabant and Ardennes Massifs,
Belgium: implications of prefolding and postfolding Late Carbonifer-
ous secondary magnetizations for European apparent polar wander. J.
Geophys. Res., 101 (B7): 15 799-15 818.

NARKIEWICZ M. (1991) — Mesogenetic dolomitization processes: an
example from the Givetian to Frasnian of the Holy Cross Mts, Poland
(in Polish with English summary). Pr. Panstw. Inst. Geol., 132.

NARKIEWICZ M. (1996) — Subsidence analysis of the Paleozoic se-
quences in the Holy Cross Mts.: preliminary results and implications
for the TESZ. In: EUROPROBE Transeuropean Suture Zone, Work-
shop, Wroctaw, 1996.

NAWROCKI J. (1984) — Magnetostratygrafia osadéw wybranych lejow
krasowych z zachodniej czeéci Gor Swietokrzyskich. Arch. UW.
Warszawa.

NAWROCKI J. (1999) — Paleomagnetism of Permian through Early Tri-
assic sequences in central Spitsbergen: implications for
paleogeography. Earth Planet. Sc. Lett., 169 (1-2): 59-70.

NAWROCKI J. (2000) — Late Silurian paleomagnetic pole from the Holy
Cross Mts: constraints for the post-Caledonian tectonic activity of the
Trans European Suture Zone. Earth Planet. Sc. Lett., 179 (2): 325-334.

NOWACZYK N. and BLEIL U. (1985) — Paleomagnetic reconaissance
study of Paleozoic rocks from the Hohes Venn area (West Germany).
N. Jb. Geol. Pal&ont. Abh., 171: 351-362.

OPDYKE N. D.and CHANNELL J. E. T. (1996) — Magnetic stratigraphy.
Academic Press. San Diego.

PALMER A. R. (1983) — The decade of North American geology
(DNAG) 1983 geologic time scale. Geology, 11: 503-504.

PHARAOH T. (1999) — The Trans-European Suture Zone: a tectonic
overview. Tectonophysics, 314 (1-3): 17-41.

POZARYSKI W. and TOMCZYK H. (1968) — Assyntian orogen in
south-east Poland. Biul. Inst. Geol., 237: 13-28.

ROCHETTE P. (1988) — Inverse fabric in carbonate bearing rocks. Earth
Planet. Sc. Lett., 90: 229-237.

ROCHETTEP., JACKSON M. J. and AUBOURG C. (1992) — Rock mag-
netism and the interpretation of anisotropy of magnetic susceptibility.
Rev. Geophys., 30: 209-226.

SETIABUDIDAYA D., PIPER J. D. A. and SHAW J. (1994) —
Paleomagnetism of the (Early Devonian) Lower Old Red sandstones
of South Wales: implications to Variscan overprinting and differential
regional rotations. Tectonophysics, 231: 257-280.

SMETHURST M. A. and KHRAMOV A. N. (1992) — A new
paleomagnetic pole from the Russian platform and Baltica and related
apparent polar wander path. Geophys. J. Int., 108: 179-192.

STAMATAKOS J. and KODAMA K. P. (1991a) — The effects of
grain-scale deformation on the Bloomsburg Formation Pole. J. Geoph.
Res., 96 (B11): 17 919-17 933.

STAMATAKOS J. and KODAMA K. P. (1991b) — Flexural flow folding
and the paleomagnetic fold test: an example of strain reorientation of
remanence in the Mauch Chunk formation. Tectonics, 10: 807-819.

STUPNICKAE. (1992) — The significance of the Variscan orogeny in the
Swietokrzyskie Mountains (Mid Polish Uplands). Geol. Rdsch., 81
(2): 561-570.

SZULCZEWSKI M. (1995) — Depositional evolution of the Holy Cross
Mts. (Poland) in the Devonian and Carboniferous — a review. Geol.
Quart., 39 (4): 471-488.

TARLING D. H. and HROUDA F. (1993) — The Magnetic Anisotropy of
Rocks. Chapman and Hall. London.

THOMINSKI H. P., WOHLENBERG J. and BLEIL U. (1993) — The
remagnetization of Devono-Carboniferous sediments from the
Ardenno-Rheinisch Massif. Tectonophysics, 225 (4): 411-431.

TORSVIK T. H. and SMETHURST M. A. (1994) — GMAP for Windows
(version 1.0). Geographic mapping and paleoreconstruction package
(manuscript).

TORSVIK T. H., SMETHURST M. A., MEERT J. G., Van der VOO R.,
McKERROW W. S., BRASIER M. D., STURT B. A. and
WALDERHAUG H. J. (1996) — Continental break-up and collision
in the Neoproterozoic and Paleozoic — a tale of Baltica and Laurentia.
Earth Sc. Rev., 40 (3-4): 229-258.

TORSVIK T. H., SMETHURST M. A., Van der VOO R., TRENCH A.,
ABRAHAMSEN N. and HALVORSEN E. (1992) — Baltica. A syn-
opsis of Vendian-Permian paleomagnetic data and their paleotectonic
implications. Earth Sc. Rev., 33: 133-152.

Van der VOO R. (1993) — Paleomagnetism of the Atlantic, Thetys and
lapetus oceans. Cambridge Univ. Press.

WATTS D. R. (1985) — Palaeomagnetism of the Lower Carboniferous
Billefjorden Group, Spitsbergen. Geol. Mag., 122: 383-388.

ZNOSKO J. (1996) — Tectonic style of the Early Paleozoic sequences in
the Holy Cross Mountains. Geol. Quart., 40 (1): 1-22.

ZWART H. J. and OELE J. A. (1966) — Rotated magnetite crystals from
the Rocroi massif (Ardennes). Geol. Mijn., 45: 70-74.

ZWING A. and BACHTADSE V. (2000) — Paleoposition of the northern
margin of Armorica in Late Devonian times: Paleomagnetic and rock
magnetic results from the Frankenstein Intrusive Complex (Mid-German
crystalline Rise). J. Geophys. Res., 105 (B9): 21 445-21 456.



