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Palaeomagnetic stud ies of Mid dle and Up per De vo nian car bon ate rocks in the Holy Cross Mts. (Cen tral Po land, SW fore land of the East
Eu ro pean Craton — EEC) in volved sam ples from the south ern (Kielce) and north ern (Łysogóry) unit. Hae ma tite-bear ing carbonates
showed syn-folding re mag net isa tion of Early Perm ian age. The pole of this com po nent is sit u ated on the ap par ent po lar wan der path
(APWP) of the EEC. The syn-folding age im plies de for ma tion of the Variscan syncline dur ing Al pine up lift of the Holy Cross Mts. In
dark lime stones and dolomites mag ne tite was a dom i nant mag netic min eral. The age of mag net is ation is in ter preted as pre-Late Car bon if -
er ous: syn-folding in one lo cal ity and ei ther pre- or syn-folding in four oth ers. Four poles cal cu lated from these com po nents are shifted to
the NW from the ref er ence south ern APWP for the EEC and one pole is con cor dant with its Early Car bon if er ous seg ment. The oc cur -
rence of ro tated and unrotated palaeomagnetic poles could in di cate that some frag ments of both Kielce and Łysogóry units were sub -
jected to lo cal clock wise ro ta tions dur ing Variscan com pres sion. An al ter na tive ex pla na tion might be that Variscan pre- and/or
syn-folding com po nents could be strain mod i fied or re sul tant magnetisations and they should not be used in palaeotectonic re con struc -
tion.
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INTRODUCTION

Palaeomagnetic data from the Palaeozoic rocks of the Holy
Cross Mts. (HCM) have been gath ered for 20 years. Their in -
ter pre ta tion is, how ever, still con tro ver sial. The main point of
de bate is the age of fi nal ac cre tion of the HCM area to the East
Eu ro pean Craton (EEC, Baltica con ti nent). The HCM are sit u -
ated in the vi cin ity of the Trans-Eu ro pean Su ture Zone —
TESZ (Fig. 1), which is one of the most prom i nent geo log i cal
bound aries in Eu rope, sep a rat ing the Palaeozoic mo bile belts of 
West ern Eu rope from the pre-Cam brian EEC (e.g. Guterch et
al., 1986; Berthelsen, 1993; Pha raoh, 1999). Some geo log i cal
mod els, in ter pret the TESZ line as a strike-slip zone of Cal edo -
nian (e.g. Brochwicz-Lewiński et al., 1981) or Variscan age
(e.g. Badham, 1982; Matte et al., 1990). Mod els based on
palaeomagnetic data sug gest ei ther a sig nif i cant (~1000 km)
Variscan strike-slip dis place ment of the south ern part of the
HCM along the SW bor der of the EEC (Lewandowski, 1993)

or the rel a tive sta bil ity of the area at least since the lat est Si lu -
rian (Nawrocki, 2000). 

New palaeomagnetic and rock mag netic data ob tained from 
Mid dle and Up per De vo nian car bon ates of the HCM area are
pre sented here. The age and or i gin of char ac ter is tic
magnetisations and their bear ing on geodynamic mod els is dis -
cussed.

GEOLOGICAL SETTING 

The Holy Cross Mts. is an area of Palaeozoic rocks that was 
up lifted and ex posed mainly due to ver ti cal move ments at the
end of the Cre ta ceous and in the Mio cene (Kutek and Głazek,
1972). The Palaeozoic core of the HCM con sists of two dis tinct 
tectono-strati graphic units: the north ern — Łysogóry Unit and
the south ern — Kielce Unit (Fig. 2). The lat ter con sti tutes part
of the Małopolska Block (Pożaryski and Tomczyk, 1968).
These two units are sep a rated by the Holy Cross Dis lo ca tion.



They show a dif fer ent tec tonic and fa cies de vel op ment, es pe -
cially in the Early Palaeozoic and Early De vo nian (Stupnicka,
1992; Lewandowski, 1993; Szulczewski, 1995). The Kielce
Unit re veals polyphase tec ton ics with ma jor an gu lar un con -
formi ties be tween the Mid dle Cam brian and Lower Or do vi cian 
(Early Cal edo nian) and be tween the Si lu rian and Lower De vo -
nian (Late Cal edo nian) (e.g. Stupnicka, 1992). In the Łysogóry
Unit the Cal edo nian tec tonic phases are not ev i dent. Ac cord ing 
to Znosko (1996) and Kowalczewski and Dadlez (1996) the
style of tec tonic fea tures in the Lower Palaeozoic of the
Łysogóry re gion ac counts for Cal edo nian de for ma tion.
Stupnicka (1992) and Mizerski (1995), how ever, point to the
Sudetian phase (Visean/Namurian) of the Variscan orog eny, as 
the most im por tant tec tonic event in the Łysogóry Unit. Mid dle

and Up per De vo nian car bon ate rocks, the sub ject of the pres ent 
palaeomagnetic study, are the part of a syn-Variscan struc tural
unit in both re gions. A car bon ate plat form with vari able lit to ral, 
reef and basinal fa cies de vel oped af ter ces sa tion of clastic sed i -
men ta tion by the end of the Emsian (Szulczewski, 1995).
Dolomites form the ma jor part of the Mid dle De vo nian. In the
Eifelian early diagenetic dolomites pre vail, while in the
Givetian and Frasnian dolomites are mostly epigenetic in or i gin 
(Narkiewicz, 1991). Dif fer ences in the fa cies de vel op ment of
the Mid dle-Up per De vo nian are ob served be tween the Kielce
and Łysogóry units (Szulczewski, 1995), how ever, sim i lar i ties
in the gen eral pat terns of sub si dence across the Holy Cross Dis -
lo ca tion might sug gest palaeogeographic prox im ity of both re -
gions in the De vo nian (Narkiewicz, 1996). Af ter the Visean
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Fig. 1. The lo ca tion of the Holy Cross Mts. within a tec tonic sketch map of Eu rope; TESZ — Trans-European Su ture Zone

Fig. 2. Geo log i cal sketch map of the Holy Cross Mts. with sam pled lo cal i ties, num bers in di cate the po si tion of pre vi ously palaeomagnetically stud ied lo -
cal i ties listed in the Ta ble 3
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Fig. 3. Or thogo nal plots of ther mal de mag neti sa tion of typ i cal spec i mens (up per di a grams) and in ten sity de cay curves (NRM/RM) + mag netic sus cep ti bil -
ity changes dur ing ther mal treat ment (k/ko) (lower di a grams)

A — lo cal ity DO, do lo mite; B — lo cal ity ZC, do lo mite; C — lo cal ity MG, dark lime stone; D — lo cal ity JO, do lo mite; E — lo cal ity SK, dark lime stone; xy,
yz — the planes of pro jec tion, in ten sity units in 10–4 A/m; all pro jec tions, ex cept a2, af ter tec tonic cor rec tion, INRM — in ten sity of the nat u ral remanent mag -
net is ation; ko — ini tial mag netic sus cep ti bil ity 



both re gions were folded due to N–S to NNE–SSW di rected
com pres sion (e.g. Lamarche et al., 1999) and up lifted. Dur ing
the Perm ian the area was ex ten sively eroded and then over lain
by con glom er ates. Since the Late Perm ian through the Me so -
zoic the HCM area was cov ered with ma rine and ter res trial sed -
i ments. They con sti tuted the infill of the Mid-Pol ish Trough
that de vel oped along the for mer TESZ and sub sided from the
Perm ian to the Cre ta ceous (e.g. Dadlez et al., 1995 and ref er -
ences therein). Dur ing the Maastrichtian-Paleocene a tec tonic
in ver sion of the ba sin took place (Kutek and Głazek, 1972;
Dadlez et al., 1995) un der NE–SW di rected com pres sion
(Lamarche et al., 1999). This tec tonic event caused mostly brit -
tle de for ma tion of the Palaeozoic strata in the HCM and gen er -
ally did not af fect the ge om e try of the Variscan folds
(Lewandowski, 1981; Lamarche et al., 1999). How ever, as the
Permo-Me so zoic cover is lo cally strongly folded at the mar gins 
of the Palaeozoic core of the HCM, it has been pos tu lated that
Al pine fold ing in volved the Palaeozoic rocks at the SW part of
the HCM (Lamarche et al., 2000). 

SAMPLING LOCALITIES

The lo cal i ties sam pled are sit u ated in the Kielce (Mogiłki
— MG, Józefka — JO) and Łysogóry (Zachełmie — ZC, Skały 
— SK and Doły Opacie — DO) units of the HCM (Fig. 2). A
to tal of 44 hand sam ples and 15 drill cores was col lected and
ana lysed. The lo cal i ties were ac tive or aban doned quar ries. A
fold test was pos si ble be tween ZC, SK and DO lo cal i ties which 
are lo cated on the op po site limbs of the Bodzentyn Syncline
(Fig. 2, Tab. 1) — ZC and SK at its south ern and DO on its
north ern limb. At all these three lo cal i ties the strata dip
monoclinally and any fold test within the lo cal ity could not be
ap plied. At lo cal ity MG the sam ples were col lected from the
thick bed ded lime stones dip ping monoclinally to the N (sam -
ples MG1-10) and from the nar row folds oc cur ring in thin-bed -
ded lime stones in ter ca lated with marls (sam ples MG11–15).
These folds are up right folds, lo cally slightly in clined to wards
N or S, with hor i zon tal axes trending WNW–ESE. They orig i -

nated as sec ond rank, slightly disharmonic folds de vel oped
dur ing fold ing of the thick-bed ded lime stones dur ing the
Variscan orog eny (Jarosiński, pers. comm.). It was pos si ble to
per form a lo cal fold test within this lo cal ity. 

Mid to Late De vo nian car bon ates from the HCM have

never been heated to tem per a tures higher than 120–150°C
(Belka, 1990). The cono dont al ter ation in dex (CAI) var ies
from 1 to 3.5 and the high est val ues were ob served along the
Holy Cross Dis lo ca tion. CAI val ues in the lo cal i ties sam pled
ranged from 1.5 in JO through 2.5 in SK to 3.5 in MG. The
ther mal event was un doubt edly Variscan (Belka, op. cit.).
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   Lo cal ity Code               Li thol ogy         Age     Strike/Dip            N

Mogiłki  MG dark lime stones Up per Frasnian      6/76, 0/37,
10/54, 188/44 15

Józefka  JO
dark lime stones, 

dark dolomites
Givetian/Frasnia

n        56/36
10 (6 lime stones,

4 dolomites)

Zachełmie  ZC dolomites Eifelian/Givetian        12/40
16 (1 hand sam ple,

15 cores)

Skały  SK dark lime stones, dark
dolomites Eifelian/Givetian        25/40

11 (4 lime stones,

7 dolomites)

Doły Opacie  DO dolomites Eifelian/Givetian        192/40 7

N — num ber of hand sam ples (cores) col lected from the out crops

T a  b l e  1

De scrip tion of sam pled lo cal i ties

Fig. 4. Ste reo graphic plots of char ac ter is tic sam ple mean com po nents for
lo cal i ties SK, JO, ZC and DO (af ter tec tonic cor rec tion); black dots —
lower hemi sphere pro jec tion, white dots — up per hemi sphere pro jec tion
(re fers also to Figs. 5, 6 and 10) 



LABORATORY AND INTERPRETATIVE METHODS

Stan dard palaeomagnetic spec i mens 2.5 cm in di am e ter and 
2.2 cm in height were drilled from the hand sam ples. 3–6 spec i -
mens were nor mally ob tained from each hand sam ple. Nat u ral
remanent mag net is ation (NRM) was mea sured by means of a
JR-5 spin ner mag ne tom e ter (noise level: 10–5 A/m), while
mag netic sus cep ti bil ity dur ing ther mal de mag neti sa tion was
mon i tored with a KLY-2 bridge (sen si tiv ity: 10–8 SI units). Ani -
so tropy of mag netic sus cep ti bil ity (AMS) was com puted us ing
the Aniso pro gram (Jelinek, 1977) (de tails given be low). The
rock spec i mens were ther mally de mag net ised with a MMTD
non-magnetic oven. De mag neti sa tion ex per i ments and the
NRM mea sure ments were per formed in side Helmholz coils
that re duced the geo mag netic field by about 95%. Char ac ter is -
tic di rec tions were cal cu lated us ing prin ci pal com po nent anal y -
sis (Kirschvink, 1980). Palaeomagnetic poles were plot ted
us ing the GMAP for Win dows pack age (Torsvik and
Smethurst, 1994). Ap par ent po lar wan der paths (APWP), cal i -
bra tion and dat ing of palaeomagnetic com po nents was per -
formed us ing Palmer’s (1983) time scale. 

Step wise ac qui si tion of the iso ther mal remanence mag ne ti -
sa tion (IRM) up to 1.3 T and ther mal de mag ne ti sa tion of the 3
axes IRM ac quired in fields of 0.1, 0.4 and 1.3 T (Lowrie,
1990) were ap plied for iden ti fi ca tion of the mag netic min er als.
IRM was ap plied us ing a MMPM pulse mag ne tiser. Both
meth ods are rou tinely ap plied in rock mag netic in ves ti ga tions
(e.g. Opdyke and Channell, 1996). IRM is an ar ti fi cial mag net -
is ation pro duced in lab o ra tory, by sub ject ing a rock spec i men
to a mag netic field. Step wise ac qui si tion of the IRM de pends
on sub ject ing the rock spec i men to a pro gres sively in creased
mag netic field. The IRM in ten sity is mea sured af ter each step
of mag net is ation. Rapid sat u ra tion of the spec i men in fields up
to 300 mT is in dic a tive of the pres ence of low coercivity min er -
als: mag ne tite-titanomagnetite or maghemite- titanomaghemite
se ries. Sat u ra tion fields be tween 0.5–1.0 T are char ac ter is tic for 
pyrrhotite, 1.5–5.0 T for haematite, while goethite sat u rates in
fields higher than 5 T. Ther mal de mag neti sa tion of the 3 axes
IRM is used for de ter min ing un block ing tem per a tures of mag -
netic min er als of dif fer ent coercivities. The stron gest field of
1.4 T is ap plied along the Z axis (hard com po nent), an in ter me -
di ate field of 0.4 T along the Y axis (in ter me di ate com po nent)
and the weak est field of 0.1 T along the X axis (soft com po -
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Fig. 5. Stereographic pro jec tion of char ac ter is tic site mean com po nents at the lo cal ity MG be fore, af ter 100% tec tonic cor rec tion, af ter 30% un fold ing and
in cre men tal fold test

Other ex pla na tions as in Fig. 4 



nent). The mag net ised spec i men is then sub jected to ther mal
de mag neti sa tion and the in ten sity de cay of each com po nent is
plot ted sep a rately. The hard com po nent is car ried ei ther by

goethite (un block ing tem per a ture Tub < 150°C) or haematite

(Tub > 600°C). Soft and in ter me di ate com po nents are usu ally

re lated to mag ne tite (Tub be tween 450 and 580°C),
titanomagnetite (any Tub be tween room tem per a ture and

580°C), maghemite (Tub be tween 300 and 350°C re lated to
trans for ma tion of maghemite to hae ma tite) and pyrrhotite (Tub

be tween 300 and 325°C). The re sults of the method are some -
times am big u ous, be cause un block ing tem per a tures are de -
pend ant on grain size or ti ta nium con tent of mag ne tite and
hae ma tite, thus very fine-grained mag ne tite could re veal the
same un block ing tem per a ture as titanomagnetite. 

The anal y sis of AMS is now a widely used method for
study ing petrofabrics (see Tarling and Hrouda, 1993;
Borradaile and Henry, 1997). It re flects the pre ferred ori en ta -
tion of dia-, para- and fer ro mag netic grains. Geo met rically the
AMS is rep re sented as an el lip soid the three axes of which
char ac ter ise val ues of max i mum (K1), in ter me di ate (K2) and
min i mum sus cep ti bil ity (K3). The fol low ing pa ram e ters char -
ac ter ise the AMS el lip soid:

1 — mean sus cep ti bil ity Km = (K1 + K2 + K3)/3 cal cu lated
for nor mal ised vol ume 10 cm3, in 10–6 SI units;

2 — pa ram e ters de fin ing the shape of the ani so tropy el lip -
soid: lineation L = K1/K2 and fo li a tion F = K2/K3. The el lip -
soid is prolate if L > F and ob late if F > L;

3 — de gree of ani so tropy P’ = exp{2[(η1 – η)2 + (η2 – η)2 +

(η3 – η)2]}1/2

where: η1 = ln K1; η2 = ln K2; η3 = ln K3; η = (η1 + η2 + η3)/3;

4 — the shape pa ram e ter T = 2(η2 – η3)/(η1 – η3) – 1. 
The val ues of T are be tween 0 and 1 if the AMS el lip soid is

ob late (fo li a tion pre vails) and be tween –1 and 0 if the AMS el -
lip soid is prolate (lineation pre vails).

In undeformed sed i ments the K3 axes are di rected per pen -
dic u lar to the bed ding while K1 axes are ei ther ran domly ori -
ented or in di cate the di rec tion of palaeocurrent flow. Such
mag netic fab ric is called depositional or sed i men tary. In de -
formed rocks the AMS el lip soid is quite of ten co-axial with the
fi nite strain el lip soid. This makes AMS a use ful tool for in ves ti -
gat ing in ter nal de for ma tion of the rock struc ture. In most
weakly de formed sed i ments, mag netic fab ric re flects mostly
the ef fects of com pac tion — the K3 axes are still per pen dic u lar
to the bed ding, K1 axes clus ter par al lel to the tec tonic stretch -
ing di rec tion and the T > 0. This kind of fab ric is called rel ict
sed i men tary fab ric (Borradaile and Henry, 1997). As de for -
ma tion in creases the deformational mag netic fab rics de -
velop. The AMS el lip soid be comes more prolate (T de creases)
and sub se quently fo li a tion poles cre ate a gir dle per pen dic u lar
to the lineation di rec tion. Fur ther in crease in de for ma tion re -
sults in clus ter ing of K3 axes per pen dic u lar to cleav age, while
K1 and K2 axes lie within the cleav age plane. The scheme is
valid for nor mal mag netic fab ric. In car bon ate rocks an in verse
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Com po nent D/I btc α95** k**
D/I 
atc

α95** k**
Pole

dp dm n/N
lat. N long. E

MG 245/–4 11.6 44
252/6

244/–1
26% un fold ing

24.5
 8.1

10.5
92.9 –16 312 4 8 48/14

JO   78/14   9.0  105  79/–18 11.5 64.6 0 306 6 12 9/4*

ZC 108/–1   5.7 65.9    107/3   5.4 71.7   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

* — do lo mite sam ples only; ** — sta tis tic pa ram e ters cal cu lated for hand sam ples

                                  Com po nent A

Lo cal ity D/I btc α95* k* D/I atc α95* k* n/N

DO 204/–1
3   9.5 65.1 211/–51 9.5 65.1   5/1

SK 211/–2
8      5 59.9   210/12    5 59.9 15/2

 * — sta tis tic pa ram e ters cal cu lated for spec i mens com po nent A mean, af ter 
19% un fold ing; D = 208, I = –20, pole: –43o lat. N, 341o long. E

T a  b l e  2

Char ac ter is tic palaeomagnetic di rec tions and their poles ob tained in this study

D/I btc (atc) — dec li na tion/in cli na tion of the ChRM be fore (af ter) tec tonic cor rec tion; α95 , k — Fisher sta tis tics pa ram e ters; lat. N
— north ern lat i tude; long. E — east ern lon gi tude; pa ram e ters of the palaeomagnetic pole re fer to the palaeomagnetic di rec tion
typed in bold font; dp, dm — semiaxes of the 95% con fi dence el lipse as so ci ated with the mean poles; n — num ber of spec i mens
used for cal cu la tion of the mean di rec tion; N — num ber of hand sam ples used for cal cu la tion of the mean direction



or in ter me di ate tec tonic fab ric some times oc curs (Rochette,
1988; Rochette et al., 1992). The K1 and K3, K2 and K3 or K1
and K2 axes might ex change their po si tions due to min er al og i -
cal ef fects and not tec tonic de for ma tions. This is com monly re -
ported from car bon ate rocks and may arise from a mag netic
fab ric re lated to iron bear ing car bon ate min er als (ferroan cal -
cite or do lo mite) and sin gle do main mag ne tite. An in ter me di ate 
fab ric might be ob served when  a mix ture of min er als with nor -
mal and in verse mag netic fab ric oc cur in the rocks, for ex am ple 
multi-domain (MD) and sin gle-domain (SD) mag ne tite. An in -
verse or in ter me di ate na ture of mag netic fab ric must be taken
into ac count while in ter pret ing the AMS data.

RESULTS

CHARACTERISTIC COMPONENTS AND FOLD TESTS

Ini tial NRM in ten si ties range be tween 0.55 and 47 x 10–4

A/m. The in ten si ties were lower in light lime stones (be tween 1
and 3 x 10–4 A/m) and higher in dark car bon ates and those con -
tain ing a red dish pig ment (gen er ally close to 10–3 A/m or
more). Ther mal de mag neti sa tion was ap plied to the en tire col -
lec tion. In all sam ples a low tem per a ture char ac ter is tic
remanent mag net is ation (ChRM) oc curred which was un -

blocked be tween 250 and 350°C (Fig. 3). It is ex clu sively of
nor mal po lar ity and its di rec tion is very sim i lar to the pres ent
day field di rec tion. There fore it is most prob a bly a re cent vis -
cous remanent mag net is ation of no palaeomagnetic im por -
tance. Af ter wards, in 90% of the col lec tion, a well de fined
com po nent ap peared which was un blocked be tween 350 and

450°C (Fig. 3A1, B–E).The com po nent clus ters well within a
sin gle lo cal ity (Tab. 2, Figs. 4 and 5). How ever, the di rec tions
be tween lo cal i ties are dis persed be fore as well as af ter tec tonic
cor rec tion. There fore the mag net is ation from each lo cal ity is
treated as a sep a rate com po nent (Tab. 2). 

About 10% of the col lec tion re vealed dif fer ent be hav iour
dur ing de mag neti sa tion. Af ter un block ing of the vis cous over -
print a hard com po nent A ap peared which was sta ble up to

610–630°C. It oc curred in one sam ple from lo cal ity DO
(Fig. 3A2), in two sam ples from lo cal ity SK and some cores
from lo cal ity ZC. In the lat ter lo cal ity, a sta ble end point was

not reached dur ing ther mal de mag neti sa tion, prob a bly be cause
of over lap ping block ing tem per a ture spec tra of two anti-par al -
lel magnetisations. 

A McFadden’s (1990) fold test re veals, that the best clus ter -
ing of com po nent A is ob tained af ter 19% un fold ing of both
limbs of the syncline (Fig. 6) thus com po nent A re veals a
syn-fold ing ge om e try. A fold test for the com po nents with an
un block ing tem per a ture range of 350–450°C could be ap plied
only for lo cal ity MG. Also, there, the best clus ter of di rec tions
(max i mum value of the pa ram e ter k) oc curs af ter 26% of un -
fold ing (Fig. 5). Both tests are sig nif i cant at the 95% con fi -
dence level. It is dif fi cult to spec u late about the age of
com po nents DO, JO, ZC and SK be cause fold tests could not
be ap plied within these lo cal i ties. Their age must be in ferred
from geo log i cal con straints and com par i son with the APWP of
EEC and Variscan Eu rope.

MAGNETIC CARRIERS AND ANISOTROPY OF MAGNETIC
SUSCEPTIBILITY (AMS)

Low min er als pre vail in the sam ples where com po nents oc -

cur with un block ing tem per a tures of 350–450°C of syn-fold ing 
or un de fined age (Fig. 7A1, B1 — IRM ac qui si tion curves re -
veal rapid sat u ra tion of the spec i mens). High coercivity min er -
als are of  mi nor im por tance. The max i mum un block ing

tem per a tures of 500–550°C, ob tained dur ing ther mal de mag -
neti sa tion of the 3 axes IRM (Fig. 7A2, B2) are in dic a tive of
mag ne tite.

Rock mag netic prop er ties of the sam ples that re vealed hard
com po nent A are dif fer ent. High coercivity min er als con sti tute
the ma jor ity of the mag netic frac tion (Fig. 7C1). Haematite

with a max i mum un block ing tem per a ture of 650°C is the most
im por tant mag netic min eral in sam ple DO7 (Fig. 7C2), with a
mi nor con tri bu tion of a mag netic phase with an un block ing

tem per a ture of 500–550°C. Com po nent A in this sam ple
(Fig. 3A2) is undisputably car ried by haematite.

The mag netic fab ric in dolomites from the lo cal i ties SK,
ZC, DO and JO is poorly de vel oped and is not dis cussed here.
The dark lime stones from lo cal ity MG re veal mostly a sed i -
men tary/compactional mag netic fab ric with K3 axes mostly a
per pen dic u lar to the bed ding (Fig. 8A). The ani so tropy de gree
P’ is al ways less than 10%. Mean sus cep ti bil ity val ues are no

Palaeomagnetism of some Devonian carbonates from the Holy Cross Mts. 171

Fig. 6. Fold test for the high tem per a ture com po nent A from lo cal i ties DO and SK; A — be fore tec tonic cor rec tion, B — af ter tec tonic cor rec tion, C — af -
ter 19% un fold ing; note the syn-folding na ture of the com po nent; ovals of 95% con fi dence are in di cated around each direction

Other ex pla na tions as in Fig. 4



more than 100 x 10–6 SI units there fore its ani so tropy could be
re lated to a para mag netic ma trix. Mag netic fo li a tion gen er ally
pre vails (pos i tive val ues of pa ram e ter T — see Fig. 8B).
Lineation is also de vel oped, pref er en tially along N–S and E–W 
di rec tions which are sub-par al lel and sub-per pen dic u lar to the
fold axes. This mag netic fab ric ac counts for the rel a tively weak 
in ter nal de for ma tion of the host rock (Borradaile and Henry,
1997). In two sam ples (MG12 and MG14) an anom a lous mag -
netic fab ric was ob served with K2 and K1 axes at steep an gles
to the bed ding (Fig. 8A). This might in di cate ei ther de vel op -
ment of a sec ond ary fo li a tion plane, per pen dic u lar to the bed -
ding, or a min er al og i cal ef fect com mon in lime stones
(Rochette, 1988; Rochette et al., 1992), re lated to in ter chang -
ing ani so tropy axes due to the pres ence of an in verse mag netic
fab ric. The lat ter seems more likely, since the sam ples MG12
and MG14 were taken from beds that do not dif fer mac ro scop i -

cally from the neigh bour ing beds MG13 and MG15 which
re veal a nor mal mag netic fab ric. 

DISCUSSION

PALAEOMAGNETIC DATA BASE FOR THE HOLY CROSS MTS.
 — A REVIEW 

Be fore in ter pret ing the new palaeomagnetic re sults ob tained
in this study, a brief com ment on the ex ist ing palaeomagnetic
data base from the HCM is nec es sary. The most re li able re sults

(qual ity in dex Q ≥ 3, see Van der Voo, 1993) are listed in Ta ble 3
and plot ted in Fig ure 9 against the ref er ence APWP for Baltica
(Torsvik et al., 1992, 1996). It should be noted that the in ter pre -
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Fig. 7. IRM prop er ties of rep re sen ta tive spec i mens: 1 — IRM ac qui si tion curve; 2 — ther mal de mag neti sa tion of the 3 axis IRM (Lowrie, 1990); A —  lo -
cal ity MG, dark lime stone, B — lo cal ity JO, dark do lo mite, C — lo cal ity DO, red dish do lo mite



ta tion of these data is strongly de pend ent on the re li abil ity of the
ref er ence APWP. The APWP of Torsvik et al. (op. cit.) is now
widely used (e.g. Zwing and Bachtadse, 2000). Its Late Car bon -
if er ous and later seg ments are well doc u mented. On the other
hand the en tire Mid to Late De vo nian seg ment is an ex trap o la -
tion be tween the Early De vo nian palaeopoles from the Ukraine
(Smethurst and Khramov, 1992) and Spitsbergen (Jeleńska and
Lewandowski, 1986) and the Early Car bon if er ous poles from
Spitsbergen (Watts, 1985). It is be lieved that the Early Car bon if -
er ous poles from Spitsbergen are rep re sen ta tive for the EEC, be -
cause the Early De vo nian and Perm ian palaeomagnetic poles
from this area are fully con ver gent with those from the EEC
(Nawrocki, 1999). 

The palaeomagnetic data in Fig ure 9 in di cate that, since the
Late Car bon if er ous, only mi nor ro ta tions in the HCM might
dis turb their po si tion in re la tion to the EEC (see also
Lewandowski, 1999). Late Palaeozoic re mag net isa tion, a well
known phe nom e non re ported widely from North Amer ica
(McCabe and El more, 1989) and Variscan Eu rope with its
fore land (Edel and Coulon, 1984; Nowaczyk and Bleil, 1985;
Thominski et al., 1993; McCabe and Channell, 1994;
Molina-Garza and Zijderveld, 1996) also af fected both re gions
of the HCM. Sec ond ary poles ob tained in the De vo nian and
Car bon if er ous car bon ates of the Kielce Unit (Tab. 3, en tries
1–3) and Up per Cam brian clastics of the Łysogóry Unit (en -
tries 8b, c) are sit u ated roughly along the ref er ence APWP.
Some mi nor un cer tain ties and inconsequencies, how ever, still
ex ist in their in ter pre ta tion. For ex am ple palaeopole 8b from
Wiśniówka, in ter preted as pre-fold ing by Lewandowski
(1993), seems to be youn ger than the post-fold ing palaeopole

8c from the same lo cal ity. Palaeopole 3, in ter preted by
Grabowski and Nawrocki (1996) as Early Perm ian re mag net -
isa tion, is slightly ro tated from the ref er ence APWP. This was
in ter preted as an ef fect of lo cal tec tonic ro ta tion, which prob a -
bly af fected also palaeopole 2 (both lo cal i ties are sit u ated in
neigh bour ing quar ries) — that is why two al ter na tive ages of
the pole 2 are given in the Ta ble 3. 

In ter pre ta tion of pre-Late Car bon if er ous palaeomagnetic
re sults is also a mat ter of se ri ous de bate. In ves ti ga tions in the
Łysogóry (Lewandowski et al., 1987; Lewandowski, 1993) ap -
par ently con firm the as sump tion that this block con sti tuted a
part of the EEC at least since the Si lu rian. Up per Cam brian and
Lower De vo nian quartzites (Tab. 3, en tries 7–9) re vealed sta -
ble pre-fold ing di rec tions com pa ra ble with the
palaeodirections ex pected for the EEC. This con clu sion is still
valid al though the age of some poles given by Lewandowski
(1993) is not ex actly the same as the age in ter preted from the
APWP used here (e.g. the “Si lu rian” palaeopole 8a is very
close to the Car bon if er ous seg ment of the APWP, while
palaeopole 7 matches rather the in ferred Late De vo nian age).
On the other hand the Early De vo nian palaeopoles from the
Kielce Unit (Tab. 3, en tries 4 and 5) strongly de vi ate from the
ref er ence APWP of EEC. This was in ter preted as ev i dence for
large scale dextral strike-slip move ment of the Kielce Unit
along the SW mar gin of the EEC (Lewandowski, 1993) that
took place be tween Emsian and Late Car bon if er ous times.
How ever, the new palaeopole from the Si lu rian diabases of the
Kielce Unit (Nawrocki, 2000; Tab. 3, en try 6b) fits well the co -
eval seg ment of the ref er ence APWP for the EEC, in di cat ing a
rel a tive sta bil ity of the Kielce Unit at least since Early De vo -
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Fig. 8.  Mag netic fab ric at the lo cal ity MG

A — ste reo graphic pro jec tion of the prin ci pal sus cep ti bil ity axes (af ter tec tonic cor rec tion); squares — max i mum, tri an gles — in ter me di ate, cir cles —
min i mum sus cep ti bil ity axes, each stereogram de notes sin gle site (MG1-10) or hand sam ple (MG12–15) with dis tinct bed ding ori en ta tion; B — a plot of
the shape pa ram e ter T and de gree of ani so tropy P’ for spec i mens re veal ing nor mal mag netic fab ric (site MG1-10, MG13, MG15)



nian and thus set ting se ri ous con straints to more mobilistic in -
ter pre ta tions.

AGE OF CHARACTERISTIC MAGNETISATIONS

All char ac ter is tic com po nents ob tained in this study are
sum ma rised in Ta ble 2. Ste reo graphic pro jec tion of char ac ter -
is tic di rec tions is pre sented in Fig ure 10. An at tempt at their
dat ing might be per formed by di rect com par i son with the ex ist -
ing APWP for Baltica (Torsvik et al., 1992, 1996).
Palaeomagnetic poles are plot ted against a back ground of the
ref er ence path (Fig. 11). 

Palaeomagnetic poles of hard com po nent A are sit u ated on
the Early Perm ian (280–260 Ma) seg ment of the APWP
(Fig. 11). There fore its age might be as signed to that time span.
It con firms the re sults of pre vi ous palaeomagnetic stud ies
which in di cate that the Late Car bon if er ous and later
palaeopoles from the HCM are sit u ated close to the APWP of
the EEP (Lewandowski, 1981, 1993, 1999; Nawrocki, 1984;
Grabowski and Nawrocki, 1996).

The pole of the syn-fold ing MG com po nent is lo cated far
from the Frasnian and youn ger poles (Fig. 11) and its in ter pre -
ta tion is not straight for ward. Its in cli na tion is con cor dant with
ex pected Early Perm ian (294–282 Ma) and Mid dle De vo -
nian-Early Car bon if er ous (384–356 Ma) palaeoinclinations.
How ever, an Early Perm ian age of com po nent MG is hardly

ac cept able. This would im ply a tec tonic ro ta tion by al most 40°
af ter re mag net isa tion. As trends of Variscan folds in Mogiłki
are roughly the same as in the other parts of the HCM (W–E to

WNW–ESE) the post-Early Perm ian ro ta tion of such
mag ni tude must be ex cluded. Thus the Late De vo nian-Early
Car bon if er ous age of the MG com po nent is fa voured here (see
next sec tion for more dis cus sion). 

The com po nent DO is most likely a pre-fold ing Early Car -
bon if er ous re mag net isa tion as could be in ferred from the pole
po si tion (Fig. 11). Its post-fold ing age (D = 50, I = –57) can not
be ac cepted be cause this would sit u ate the area in a high south -
erly lat i tude in the Late Pa leo zoic which does not agree with
palaeomagnetic and fa cies data (e.g. Lewandowski, 1999).
Com po nents ZC, SK and JO should be con sid ered as pre- or
syn-fold ing Variscan (Eifelian-Visean). Were they post-fold ing
or syn-fold ing youn ger than the Late Car bon if er ous, a large

70–90° clock wise ro ta tion should be in tro duced in the Kielce
and Łysogóry units af ter their ac qui si tion. Abun dant Late
Palaeozoic palaeomagnetic data from the HCM (Lewandowski,
1981, 1993; Nawrocki, 1984; Grabowski and Nawrocki, 1996)
as well as the po si tion of palaeopole A, of pre sumed Early Perm -
ian age, on the APWP con tra dict this op tion. 

Ob ser va tions could be sum ma rised as fol lows:
1. The syn-folding palaeopole A of the Early Perm ian age

and pre-folding Early Car bon if er ous palaeopole DO are sit u -
ated more or less on the pre dicted APWP.  

2. Mid dle De vo nian-Early Car bon if er ous palaeopoles MG, 
SK, JO and ZC of pre- or syn-folding or i gin are shifted to the
NW from the Bal tic APWP.

GEOLOGICAL CONSIDERATIONS

Remagnetisations of Early Perm ian age (com po nent A) oc -
cur in the rocks con tain ing sig nif i cant amounts of hae ma tite.
Then it is very likely that these remagnetisations are re lated to
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Fig. 9. Si lu rian-Late Car bon if er ous palaeomagnetic poles from the HCM
(listed in the Tab. 3) at the back ground of the APWP for the EEC (af ter

Torsvik et al., 1996); cen tre of pro jec tion 0°N, 330°E; age cal i bra tion of
the APWP af ter Palmer’s (1983) time scale

Fig. 10. Ste reo graphic pro jec tion of char ac ter is tic com po nents ob tained in
this study (af ter Tab. 3); ar rows in di cate the pre dom i nant di rec tion of fold
axes in the HCM; note the great cir cle dis tri bu tion of com po nents DO, JO,
SK and ZC; 95% con fi dence ovals are in di cated for each com po nent; other
ex pla na tions as in the Fig. 4



an in crease in Eh caused by mi gra tion of oxidising flu ids or
subaerial ex po sure of the rocks af ter the Variscan orog eny. Ap -
par ently older di rec tions are en coun tered in dark rocks with
mag ne tite which were not sub jected to ex ten sive ox i da tion.
The syn-folding or i gin of the com po nent A im plies a steep en -
ing of dips in the Bodzentyn Syncline that might have taken
place af ter the Early Perm ian, prob a bly dur ing the Al pine up lift 
of the HCM in the Maastrichtian-Paleocene (Kutek and
Głazek, 1972; Lamarche et al., 1999 and ref er ences therein).
The con clu sion about Al pine mod i fi ca tion of Variscan struc -
tures in the Łysogóry Unit must be treated as pre lim i nary, since
the palaeomagnetic ev i dence is based on three hand samples
only. Nev er the less it re quires some at ten tion be cause Al pine
involvement of the Palaeozoic base ment of the HCM has al -
ready been pos tu lated (Kutek and Głazek, 1972; Lamarche et
al., 2000). 

The in ter pre ta tion of the mag ne tite-re lated com po nent is
some what am big u ous. A prob lem arises from the ap par ent
syn-fold ing age of the MG com po nent. As al ready pointed out,
it does not fall on the Car bon if er ous seg ment of the APWP, as
should be ex pected from the pre sumed Visean/Namurian age
of the Variscan fold ing in the HCM, but is lo cated near the in -
ferred date 383–375 Ma (Eifelian-Givetian). On the other hand
post-fold ing magnetisations of Late Car bon if er ous age in the
Kostomłoty (Tab. 3, en try 2) and pre-fold ing DO com po nent fit 
quite well to the ref er ence APWP. Pre-fold ing com po nents
con cor dant with the Late Si lu rian and Early Car bon if er ous di -
rec tions of the EEC were re ported also from Si lu rian diabases
in the Kielce Unit (Nawrocki, 2000; Tab. 3, en tries 6a, b). 

A pos si ble ex pla na tion for anom a lous po si tion of the MG
pole might be that the lo cal ity was af fected by lo cal tec tonic ro ta -
tion. Ear lier palaeomagnetic stud ies of the area ad ja cent to lo cal -
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Cm3 — Up per Cam brian, S2 — Up per Si lu rian, D1, D2, D3 — (Lower, Mid dle and Up per) De vo nian, C1— Lower Car bon if er ous; in -
dexes A and B in di cate if the mag net is ation is in ter preted as pre-fold ing (A) or post-fold ing (B); num ber ing of lo cal i ties re fers to
Fig. 2

T a  b l e  3

Sum mary of the Late Si lu rian-Late Car bon if er ous palaeomagnetic data from 
the Holy Cross Mts.Palaeomagnetism of some De vo nian car bon ates from the Holy Cross Mts.



ity MG, in the NW part of the Kielce Unit (Kostomłoty and
Laskowa quar ries) (Grabowski and Nawrocki, 1996; Tab. 3, en -
tries 2 and 3) in di cated the pos si bil ity of lo cal post-Variscan

clock wise ro ta tions of mag ni tude ca. 13° (20° if com pared with
the ref er ence APWP ap plied here). In deed the MG palaeopole

might be matched with the ref er ence path af ter 16–23° ro ta tion
dat ing at 358–350 Ma (Tournaisian/Viséan). This date might be
in ter preted as the on set of Variscan fold ing in this lo cal ity. It
would im ply sig nif i cant diachronism of fold ing be tween lo cal ity
MG (NW part of the Kielce Unit) and DO (north ern part of the
Łysogóry Unit). In the lat ter lo cal ity the pre-fold ing ChRM
might be dated as 335 Ma old (Late Viséan). The pos si bil ity of
diachronous Variscan fold ing in the HCM has al ready been sug -
gested by Lewandowski (1997). How ever, be cause the en tire
Late De vo nian-Early Car bon if er ous seg ment of the ref er ence
APWP is poorly con strained, the con sid er ations above are no
more than spec u la tions to be tested by more ex ten sive stud ies. 

Ro ta tion of mag netic min er als due to in ter nal de for ma tion
of host rocks might be an al ter na tive in ter pre ta tion of the MG
com po nent. Strain was re ported to be a fac tor af fect ing the
char ac ter is tic mag net is ation in some Permo-Triassic red beds
in the Swiss Alps at the Glarus overthrust (Hirt et al., 1986), in
the Si lu rian Bloomsburg For ma tion (Stamatakos and Kodama,
1991a) and Mississipian Mauch Chunk For ma tion in the Ap pa -
la chians (Stamatakos and Kodama, 1991b). Strong sus pi cion
of strain mod i fied palaeomagnetic di rec tions was also sug -
gested for some sites in the Lower Old Red Sand stone of south -

ern Wales (Setiabudidaya et al., 1994; Kirker and McClelland,
1997). Molina-Garza and Zijderveld (1996) de scribed a
syn-folding mag net is ation from De vo nian red beds in Bel gium. 

Its pole (long. 302°E, lat. 19°S) is sur pris ingly close to the MG
pole. They re jected this di rec tion as an arte fact of remanence
ac qui si tion or de for ma tion pro cesses. In stud ies of Ap pa la -
chian red beds, Stamatakos and Kodama (1991a, b) proved that 
the pre-folding char ac ter is tic mag net is ation was re ori ented
dur ing de for ma tion and mim icked the ap par ent syn-folding
mag net is ation. Zwart and Oele (1966) ob served, in phyllites,
mag ne tite grains that had been me chan i cally ro tated due to tec -
tonic stress. It might be that the same mech a nisms could have
dis turbed the mag net is ation at lo cal ity MG. This hy poth e sis is
not sup ported by the AMS stud ies. In ves ti ga tions of mag netic
fab ric in most sam ples re vealed ap par ently low de grees of in -
ter nal de for ma tion. How ever, it is not cer tain whether pres er -
va tion of the “pri mary” (pre sum ably para mag netic) fab ric
def i nitely im plies that fer ro mag netic min er als were not af -
fected by stress. The hy poth e sis of strain mod i fi ca tion is not
likely in the case of syn-folding com po nent A of Early Perm ian 
age be cause the Al pine de for ma tions of Palaeozoic rocks were
much weaker than those of the Variscan.  

Palaeopoles of the ZC, SK and JO com po nents are sit u ated
far from the ref er ence APWP. How ever, they fill the gap be -
tween the ro tated, pre sum ably Early De vo nian palaeopoles of
Lewandowski (1993) from the Kielce Unit (Tab. 3, en tries 4 and
5, Fig. 11) and non-ro tated post-fold ing remagnetisations in both 
HCM units (Fig. 11). They might be in ter preted in two ways.
First, they might re flect lo cal tec tonic ro ta tion. We do not fa vour
here the model of dextral strike-slip move ment of the en tire
HCM or of its south ern part along the EEC mar gin
(Lewandowski, 1993) be cause of the oc cur rence of non-ro tated
pre-fold ing di rec tions of Early Car bon if er ous or ear lier age, iso -
lated in both re gions of the HCM (Tab. 3, en tries 6–9, palaeopole 
DO — this work). The ro ta tions that af fected the lo cal i ties SK
and ZC (pos si bly also JO) must have taken place be tween the
Mid dle-Late De vo nian and Early Perm ian. A post-fold ing
non-ro tated Early Perm ian com po nent is doc u mented in the lo -
cal i ties SK and DO in this pa per (com po nent A), while Lower
Tri as sic strata un con form ably over ly ing dolomites at lo cal ity ZC 
also yielded a pri mary com po nent con cor dant with the ref er ence
APWP (Nawrocki and Kuleta, pers. comm.). This im plies that a
pos si ble Al pine age of tec tonic ro ta tion must be ex cluded. In al -
most all lo cal i ties (ex cept JO) the bed ding strike is con cor dant
with the gen eral trend of Variscan struc tures in the HCM
(WNW–ESE) so, it is very un likely that these ro ta tion were
youn ger than Variscan fold ing in the area. The lower age limit
for the ro ta tion is not cer tain, be cause it is not known if the com -
po nents are pre- or syn-fold ing. Nev er the less a ro ta tion be tween

40–60° is re quired to match the pre-fold ing palaeopoles ZC, SK
and JO with the ref er ence APWP. Up till now, no struc tural ev i -
dences for such pre-fold ing ro ta tions of Mid dle-Up per De vo nian 
rocks are known. 

Al ter na tively, the SK, JO and ZC com po nents might be
strain mod i fied or re sul tant di rec tions. A pe cu liar fea ture of these 
com po nents is the stepwise shallowing of their in cli na tions to -
wards the WNW–ESE which is the di rec tion of the lo cal fold
axes (Fig. 10). To gether with com po nent DO they form a per fect 
great cir cle. This might be in ter preted ei ther as stepwise ro ta tion
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Fig. 11. Palaeomagnetic poles of char ac ter is tic com po nents ob tained in
this study (af ter Tab. 2) and other poles from the HCM (listed in the Tab. 3)  
at the back ground of the APWP for the EEP (af ter Torsvik et al., 1996);

cen tre of pro jec tion 0°N, 330°E; age cal i bra tion of the APWP af ter
Palmer’s (1983) time scale 



of the palaeomagnetic vec tor to wards the tec tonic stretch ing di -
rec tion or an ef fect of the dis tri bu tion of re sul tant vec tors be -
tween two anti-par al lel com po nents sim i lar to DO.

CONCLUSIONS

Syn-folding hae ma tite-related palaeomagnetic di rec tions
are of Early Perm ian age. They con firm the pres ence of ex ten -
sive post-Variscan remagnetisation in the HCM and the pos si -
bil ity of slight mod i fi ca tion of some Variscan folds dur ing
Al pine up lift of the HCM. 

Def i nite tec tonic in ter pre ta tion of some De vo nian and
Early Car bon if er ous palaeomagnetic di rec tions from the De vo -
nian car bon ates in the HCM is not pos si ble. The

palaeomagnetic data ap par ently in di cate large tec tonic ro ta -
tions of pre-Early Perm ian age in both re gions of the HCM, but
no struc tural data ex ist to sup port this con clu sion. Al ter na -
tively, palaeomagnetic di rec tions might be in ter preted as strain
mod i fied or re sul tant vec tors. 
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