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Palaeomagnetic stud ies were car ried out in the De vo nian–Early Car bon if er ous car bon ates of the Moravo-Silesian Zone — MSZ (Czech
Re pub lic) in or der to eval u ate the tim ing and or i gin of late Variscan mag netic over print ing. Sam pling lo cal i ties were spread out along the
strike of the MSZ from the SW to NE.  Pre vi ously pub lished ther mal ma tu rity data have dem on strated a sig nif i cant gra di ent from SW 
(burial tem per a tures 150–200°C) to NE of the re gion (250–300°C). A late Variscan remagnetization di rec tion (com po nent A), car ried by
mag ne tite, was iden ti fied in 6 lo cal i ties.  Three phases of the remagnetization in the MSZ might be dis tin guished which might be as signed 
to Early to Late Car bon if er ous, Late Car bon if er ous and Early Perm ian. They are co eval with remagnetization events dis tin guished in
Ardennes. A cor re la tion ex ists be tween ther mal in di ces and un block ing tem per a ture spec tra of com po nent A. Ther mal ac ti va tion
nomograms show that com po nent A might be ei ther a thermoviscous or thermochemical remanent mag ne ti za tion ac quired due to a ther -
mal event (deep burial) of 1–10 My du ra tion and sta bi lized dur ing sub se quent up lift. A more an cient com po nent B, iden ti fied  in the SW
part, pre vi ously in ter preted as pri mary, is shown to be a synfolding re mag net isa tion. It in di cates 70° clock wise ro ta tions be fore the ac qui -
si tion of the com po nent A .
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INTRODUCTION 

Sec ond ary magnetizations of vari able age (pre-, syn- and
post-fold ing) are the typ i cal fea tures of orogenic belts. They
are, how ever, widely used for palaeotectonic re con struc tions of 
mo bile belts (e.g., Parés et al., 1994; Van der Voo et al., 1997;

Márton et al., 2000; Szaniawski et al., 2003; VillalaÒn et al.,
2003). In ves ti ga tions per formed in the Moravo-Silesian Zone
more than 10 years ago (Krs and Pruner, 1995; Tait et al.,
1996) proved a strong late Variscan remagnetization of the De -
vo nian car bon ate rocks. It was claimed that the rema -
gnetization took place when the Variscan tec tonic struc tures
ex isted in their pres ent shape. The palaeopoles were roughly
con cor dant with the Late Car bon if er ous–Perm ian sec tor of the
Eu ro pean ap par ent po lar wan der path (APWP). In some lo cal i -
ties Krs and Pruner (1995) and Tait et al. (1996) iden ti fied an -

other di rec tion which they in ter preted as a pri mary De vo nian
mag ne ti za tion. The di rec tion of this mag ne ti za tion in di cates
large clock wise tec tonic ro ta tions of the area dur ing the
Variscan orog eny (Hladil, 1995). Tait et al. (1996) in ter preted
it as ev i dence for an oroclinal bend ing around the NE flank of
the Bo he mian Mas sif. The orocline hy poth e sis was ques tioned
by Edel et al. (2003) who ar gued that dur ing the De vo nian and
Early Car bon if er ous, the Bo he mian Mas sif was too weakly
con sol i dated to act as an in denter, and to de form sed i men tary
for ma tions in its di rect fore land. More over, rel a tively high ther -
mal ma tu ri ties of the Moravo-Silesian De vo nian (Krs et al.,
1995, palaeotemperatures 250–300°C) in di cate that pres er va -
tion of a pri mary mag ne ti za tion is rather un likely in mag ne -
tite-bear ing rocks. In this pa per, we pres ent new palaeo -
magnetic data bring ing more con straints for tim ing of the late
Variscan remagnetization and a na ture of the “pri mary” magne -
tizations in the car bon ate rocks of the Moravo-Silesian Zone.  



GEOLOGICAL SETTING  

The Moravo-Silesian Zone (MSZ) is lo cated at the east ern
mar gin of the Bo he mian Mas sif (Fig. 1), in the east ward ex ten -
sion of the Rhenohercynian and Subvariscan zones of the Eu -
ro pean Variscides (Dvoøák and Paproth, 1969; Franke, 1995).
To the west, the MSZ is bor dered by Variscan crys tal line
nappes along the Moravo-Silesian Fault Zone (Schulmann et
al., 1991). To the east, it is cov ered by Me so zoic and Ter tiary
sed i ments of the Outer West ern Carpathians. In the north, the
MSZ ex tends to the Ham burg–Cra cow Fault Zone in South ern
Po land (Kalvoda et al., 2003). 

Rock suc ces sions of the MSZ can be di vided into
preorogenic and synorogenic fa cies. The preorogenic fa cies of
Pragian to Viséan age were de pos ited dur ing the extensional
phase of the Moravo-Silesian Ba sin, a pre cur sor of the MSZ
(Ziegler, 1988; Franke, 1989; Hladil, 1994). The ex ten sion led
to tec tonic dif fer en ti a tion of the ba sin fill into the shelf part lo -
cated to the east and the basinal part lo cated to the west
(Chlupáè, 1965, 1988; Hladil, 1994). The shelf part (so-called
Moravian Karst fa cies do main) com prises a suc ces sion of
rocks of Mid dle De vo nian (Eifelian) to Early Car bon if er ous
(Viséan) age (Fig. 2). These are terrigenous and shal low-ma -
rine siliciclastics, coral-stromatoporoid plat form car bon ates
(Macocha For ma tion) and deep-wa ter nod u lar lime stones,
calciturbidites and shales (Líšeò Fm.). The basinal part
(so-called Drahany and Vrbno fa cies do mains) com prises a

suc ces sion of sand stones, fossiliferous shales, crinoidal lime -
stones, car bon ate turbidites, shales, radiolarian cherts and al -
kali- to subalkali bas alts and ba saltic tuffs of Early De vo nian
(Pragian) to Early Car bon if er ous (Tournaisian) age. The syn -
orogenic fa cies com prise rhyth mic al ter ation of turbidite sand -
stones, siltstones, mudstones and con glom er ates (the so-called
Culm fa cies) de pos ited in an Early Viséan trench ba sin to late
Viséan to early Namurian ma rine fore land ba sin (Kumpera and
Martinec, 1995; Hartley and Otava, 2001). The synorogenic
flysch pass grad u ally up ward to Namurian and Westphalian
paralic and con ti nen tal coal-bear ing cyclothems of the Up per
Silesian Coal Ba sin, rep re sent ing the fi nal depositional phase in 
the evo lu tion of the Moravo-Silesian Ba sin.

The MSZ is con sid ered to rep re sent a Palaeozoic accre -
tionary wedge, which de vel oped be tween the over rid ing nappe
stack of the Moldanubian and Tepla–Barrandian units, and the
subducted Brunovistulian crys tal line base ment (Dallmeyer et al., 
1992; Fritz and Neubauer, 1995; Chadima et al., 2006). Struc -
ture of the MSZ is in ter preted as an im bri cate stack of NW-dip -
ping tec tonic slices (Cháb, 1986; Èížek and Tomek, 1991; Bábek 
et al., 2006). The main fold ing and thrust ing events took place in
the Late Car bon if er ous, most prob a bly close to the
Westphalian/Stephanian bound ary (“Asturian phase”).

There is a wide da ta base of ther mal-ma tu rity data from the
MSZ, in clud ing vitrinite reflectance, illite crystallinity and
cono dont col our al ter ation data (Dvoøák and Wolf, 1979;
Belka, 1993; Dvoøák et al., 1997; Francù et al., 1999, 2002;
Bábek and Francù, 2006). Two re gional trends could be rec og -
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Fig. 1. Struc tural sketch map of the Moravo-Silesian Zone and ad ja cent ar eas, with sam pling lo cal i ties in di cated

In sert in the up per left — lo ca tion of the Moravo-Silesian Zone in the Eu ro pean Variscides



nized in the data. First, a to SE-to-NW trend of in creas ing ther -
mal mat u ra tion is ob served,  from the outer to in ner parts of the
MSZ (Fig. 3A). To the SE of Brno (in the subsurface of the
West ern Carpathians in Moravia), the ther mal over print is rel a -
tively low, reach ing dry-gas/oil-win dow zone (tem per a tures
from 100 to 200°C). In the NW part of the MSZ in Moravia, the 
ther mal ma tu rity is much higher, reach ing up to the
anchimetamorphic grade (tem per a tures up to 330°C). The dis -
tri bu tion of the Rr and illite crystallinity was ex plained in a
model of a deep, mainly tec toni cally driven burial with lower
heat flow in the in ner part of the orogen and rel a tively shal low
sed i men tary burial with equal or slightly higher heat flow in the 
E fore land of the ba sin (Francù et al., 2002). How ever an other
trend seems to be ob served along the strike of the orogen, from
SW to NE:  car bon ates of the Brno area (SW) seem to be less
heated (150 to 200°C) than the Olomouc re gion (prob a bly
more than 300°C, see Fig. 3B). The peak ther mal mat u ra tion in
the Moravia was achieved dur ing the Late Car bon if er ous to
ear li est Perm ian (~300–310 Ma; Maluski et al., 1995). Iso -
therms in the ther mal mat u ra tion maps cut across the Variscan
fold-and-thrust struc tures, so they are youn ger than or syn chro -
nous to the Variscan de for ma tion (~Westphalian). As there is a
dis tinct out ward-de creas ing meta mor phism in the whole
Variscan orogen in Moravia in clud ing the ther mal al ter ation of
the MSZ (Francù et al., 2002), the source of heat must have
been due to Variscan orog eny and not later. Anal y sis of late
Variscan syntectonic cal cite veins from the Brno area in di cates
vein for ma tion from flu ids of 120 to 170°C at a depth be tween
2.1 to 3.2 km, ac cord ing to fluid in clu sions data (Slobodník,
2002; Slobodník et al., 2006).

New palaeomagnetic data from the Palaeozoic carbonates of the Moravo-Silesian Zone 323

Lo cal ity

Geogr. co or di nates
Li thol ogy Age Microfacies Ther mal al ter ation

Hranice

49°33´7.10´´N;
17°45´58.45´´E

lime stone, thin-bed ded mid dle–up per
Frasnian

packstone-grainstone, mixed shal low/deep wa ter
biota, turbidite or i gin

CAI: 5; 

IC: 0.2 D°2Q;

T: ~250 to >300°C

Ústí

49°31´25.84´´N;
17°45´19.0´´E

lime stone, nod u lar and
thick-bed ded

up per Famennian to
up per Tournaisian

pe lagic lime mudstone, wackestone; grainstone
with mixed shal low/deep wa ter biota

CAI: 5;

T: ~250 to >300°C

Grygov

49°31´41.78´´N;
17°18´55.5´´E

lime stone, thick-bed ded up per Famennian packstone/grainstone, mixed shal low/deep wa ter
biota, grain-flow or i gin

CAI: 5 to 5.5;

IC: 0.16 to 0.2 D°2Q;

T: ~250 to >300°C

Èelechovice

49°31´54.9´´N;
17°5´9.86´´E

do lo mite, lime stone,
thick-bed ded

up per Eifelian/lower
Givetian

coarse crys tal line do lo mite, subordinately lime
mudstone, al gal lam i na tion, fenestral fab ric

CAI: 5;

T: </~ 300°C

Lesní lom

49°13´17.77´´N;
16°41´38.88´´E

lime stone, thin-bed ded Famennian–lower
Tournaisian

grainstone-packstone, shal low wa ter biota,
turbidite or i gin

CAI: 3.5 to 4; 

IC: 0.72 D°2Q;

T: ~150 to 200°C

Zetor

49°11´41.85´´N;
16°41´33.83´´E

lime stone, thin-to thick
bed ded

up per Tournaisian to
mid dle Viséan

wacke/packstone, shal low wa ter biota, turbidite 
or i gin

CAI: 3.5 to 4;

T: ~150 to 200°C

Mokrá

49°13´57.47´´N;
16°45´20.20´´E

lime stone, thick-bed ded
and nod u lar

up per Frasnian to 
up per Fammenian

peritidal lime stones (wacke/packstone, fenestral
fab ric, al gal lam i na tion) pass ing up wards into deep 

subtidal/pe lagic lime mudstones

CAI 3.5 to 4; 

Rr: 1.38 to 1.5%;

T: ~150 to ~200°C

CAI — Cono dont Al ter ation In dex; IC — Illite Crystallinity; Rr — vitrinite reflectance; T — max i mum burial tem per a ture es ti mated form ther mal in dexes

T a  b l e  1

Geo log i cal data for the sam pled lo cal i ties

Fig. 2. Strati graphi cal scheme of the De vo nian 
and Lower Car bon if er ous in the Moravo-Silesian Zone



SAMPLING AND METHODS

39 hand sam ples and 52 drill cores taken with a gas o line
pow ered drill were col lected from 7 lo cal i ties (Ta ble 1). They
were dis trib uted along the strike of the MSZ struc tures, from
the SW (Brno area) to NE (Olomouc area) and fur ther to E, up
to the Carpathian overthrust (Figs. 1 and 3). The lo cal i ties were
ei ther ac tive (Hranice, Mokrá) or aban doned quar ries. The
rocks sam pled were pre dom i nantly shal low-wa ter lime stones
of the Macocha and and pe lagic lime stones of the Líšeò For ma -
tion (Fig. 2). Dolomitic rocks (Macocha Fm.) were sam pled in
the aban doned quarry at Èelechovice (Fig. 1). More de tailed
litho- and chronostratigraphic data are in cluded in the Fig ure 2.
Thin sec tions were pre pared from rep re sen ta tive sam ples from
each lo cal ity, in or der to eval u ate microfacies, min er al iza tion,
and in ter nal de for ma tions. Duc tile de for ma tion in north east erly 
lo cal i ties (Hranice, Ústí, Grygov) can be in ferred from curved
twin lamellae in sparry cal cite, sheared peloids and de for ma -
tion of cono dont el e ments. Rocks from lo cal i ties Èelechovice

and Lesní lom are not in ter nally de formed as can be seen in the
mi cro scope. Localites Èelechovice and Mokrá were stud ied
palaeomagnetically by Krs and Pruner (1995; see Ta ble 2). 

Nat u ral remanent mag net is ation (NRM) was mea sured
with a JR-5 spin ner mag ne tom e ter (AGICO, Brno; noise level
10–5 A/m) in the palaeomagnetic lab o ra tory of Pol ish Geo log i -
cal In sti tute (PGI) in War saw. Sam ples were de mag net ised
ther mally us ing the non-mag netic oven  MMTD (Mag netic
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Fig. 3. Ther mal ma tu rity data in the Moravo-Silesian Zone: vitrinite reflectance (A) and CAI in dexes (B) 

Lo cal ity com po nent D I a95 k Dc Ic a95 k

Èelecho
vice

A 222   10   6 68 222     3 6 67

B 107 –41 11 45 105 –33 10 59

Mokrá A 214     2   3 60 no data

D/I — dec li na tion/in cli na tion be fore tec tonic cor rec tion; Dc/Ic — dec li na -

tion/in cli na tion af ter tec tonic cor rec tion; a95, k — Fisher sta tis tics pa ram e ters

T a  b l e  2

Palaeomagnetic re sults from the lo cal i ties Èelechovice and Mokrá 
(af ter Krs and Pruner, 1995)



Mea sure ments, UK, rest field <10 nT).  The NRM mea sure -
ments and de mag neti sa tion ex per i ments were car ried in the
mag net i cally shielded space (a low-field cage, Mag netic Mea -
sure ments, UK, which re duces the am bi ent geo mag netic field
by about 95%). Mag netic sus cep ti bil ity was mon i tored with a
KLY-2 bridge (AGICO, Brno; sen si tiv ity 10–8 SI units) af ter
each ther mal de mag neti sa tion step. Char ac ter is tic remanence
mag net is ation (ChRM) di rec tions were cal cu lated by prin ci pal
com po nent anal y sis (Kirschvink, 1980) us ing the PALMAG
pack age of Lewandowski et al. (1997). Mean di rec tions were
cal cu lated at the sam ple level (usu ally three spec i mens) and
then sam ple means were used for cal cu la tion of site or lo cal ity
mean di rec tion.  Fold tests were per formed us ing the method of
Wat son and Enkin (1993). Rock mag netic stud ies in cluded 
stepwise ac qui si tion of the iso ther mal remanent mag net is ation
(IRM) and ther mal de mag neti sa tion of a com pos ite IRMs ac -
quired along 3 per pen dic u lar axes (Lowrie, 1990). The IRM
was im parted us ing the MMPM1 pulse mag net iser pro duced by 
Mag netic Mea sure ments (UK). Palaeopoles and Ap par ent po -
lar Wan der Paths were plot ted and con structed with GMAP
softwere (Torsvik, 2002).

ROCK MAGNETISM

The rocks re vealed quite a broad range of bulk sus cep ti bil ity
and NRM val ues. The high est NRM val ues of sev eral mA/m
were ob served in Hranice and Èelechovice (Fig. 4A). Quite
strong NRM in ten si ties were found in the pe lagic lime stones in
the Mokrá Quarry (site 6). In other lo cal i ties, mean NRM val ues

New palaeomagnetic data from the Palaeozoic carbonates of the Moravo-Silesian Zone 325

Fig. 4. NRM in ten si ties (A) and bulk sus cep ti bil ity data (B) 
in the stud ied lo cal i ties

pl.carb — plat form car bon ates; pel. sed.—  pe lagic sed i ments

Fig. 5. Rock mag netic data of rep re sen ta tive spec i mens

 Lo cal ity Hranice (A) and Lesní lom (B); 1 — stepwise IRM ac qui si tion; 2 — ther mal de mag ne ti za tion of the 3 axes IRM



did not ex ceed 1 mA/m, and in Zetor, they were even be low
0.1 mA/m. 

The high est sus cep ti bil ity val ues were re vealed in

dolomitised rocks at Èelechovice (well above 100 ´ 10–6 SI
units) and  in pe lagic lime stones at Mokrá (Fig. 4B). 

IRM ac qui si tion curves in di cate that low and high
coercivity min er als oc cur in the stud ied rocks: the sat u ra tion
mag ne ti za tion is not fully achieved in the fields as high as 1.4 T
(Fig. 5), al though a low coercivity frac tion pre dom i nates.
Three-axis ther mal de mag ne ti za tion re veals that the low 
coercivity frac tion is mag ne tite, be cause max i mum un block ing 
tem per a tures are be tween 500–580°C (Fig. 5). The me dium
coercivity frac tion un blocks largely in the tem per a tures be -
tween 250 and 350°C, which might be in ter preted as pyrrhotite. 
Pres ence of this min eral is not un likely due to high ther mal al -
ter ations (e.g., Rochette et al., 1992; Crouzet et al., 2003). Sub -
or di nate pres ence of pyrrhotite in the mag ne tite, dom i nated
remagnetized Palaeozoic car bon ates was re cently re ported by
Zwing et al. (2005). A ma jor kink in the de mag ne ti za tion curve 
of the high coercivity frac tion be tween 100 and 150°C in di -
cates goethite which might be a prod uct of re cent weath er ing. 

  CHARACTERISTIC DIRECTIONS

The De vo nian and Lower Car bon if er ous car bon ates proved 
to be quite suit able rocks for palaeomagnetic stud ies. Only in
Zetor the rocks were too weakly mag ne tized. Ther mal de mag -
ne ti za tion re vealed the pres ence of a dom i nant com po nent A in
all lo cal i ties (Ta ble 3). The com po nent was most strongly de -
vel oped in Hranice. This was the only com po nent of mag ne ti -
za tion iso lated in this lo cal ity. It was sta ble be tween 250 and
500°C (Fig. 6A). The com po nent, in geo graphic co or di nates,
re veals SW dec li na tions and equa to rial in cli na tions (Fig. 7A).
The Wat son and Enkin (1993) fold test gave neg a tive re sults,
which in di cates a post-fold ing age, at least in the site 2 (Ta -
ble 3). The com po nent A was doc u mented also in other lo cal i -
ties. The fold test could not be per formed in Ústí, due to very
small dif fer ences in the bed ding at ti tude, how ever, the char ac -
ter is tic mag ne ti za tion iso lated be tween 200 and 450°C
(Fig. 6B) was quite sim i lar to that in Hranice (Fig. 7B). The
same re sults were ob tained in the rocks from  Grygov (Figs. 6C
and 7C), and Èelechovice, (Figs. 6D and 7D), where the fold
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Lo cal ity Site D/I a95 k Dc/Ic a95 k
Palaeopole
(long. E/
lat. N)

Dp/Dm N/No

Hranice

Site 1 222/–3 10.5 78 221/1 10.5 78 4/4

Site 2 216/4   5.1 92 214/5 13.4     13.9 10/10

Com bined 218/2   4.5 79 216/6   9.6 18 332/–30 2/4 14/14

Ústí

Site 1 214/–9   6.2 118  217/–24   6.2 118  6/9

Site 2 212/–7 12.5 38 213/–26 12.5 38 5/5

Site 3 215/–5 11.8 27 216/–26 11.8 27 7/7

Com bined 214/–7   5.2 45 216/–26   5.2 45 333/–36 3/5 18/21*

Grygov 216/–9   6.3 386  235/23 11.2 123  330/–36 3/6 3/3

Èelechovice 213/12   7.9 73 213/–10   9.8 47 339/–28 4/8 6/6

Lesní lom

Site 1 202/7 11.9 108  201/–24 16.6 56 3/3

Site 2 206/–7   8.3 222  177/42 10.0 153  3/3

Site 3 208/–2 – – 209/–17 – – 1/4

Site 4 205/9   6.9 321  205/–6   7.4 279  3/3

Com bined 205/3   5.4   79.5 197/1 20.1     6.7 – – 10/13

16% tect. corr. 205/3     3.8 159.2 346/–35 2/4

Mokrá

Site 1 210/15 13.0 35 199/29 13.0 35 5/6*

Site 2 196/7 – – 192/6 – – 2/2*

Site 3 207/5   5.6 272  201/26   5.6 272  4/4*

Site 4 209/2 – – 206/7 – – 2/2*

Site 5 219/21   7.7 33 212/1   7.7 33 12/12*

Site 6 205/22   6.8 58 205/–8   6.8 58 9/9*

Com bined 208/12   9.3 52 203/10 13.4 26 – – 6 sites

34% tect. corr. 206/12     7.3 86 347/–30 4/7

Dp/Dm — pa ram e ters of 95% con fi dence of palaeopole es ti ma tion; N/No — num ber of hand sam ples used for cal cu la tion of the mean di rec -
tion/num ber of sam ples eval u ated; *num ber of cy lin dri cal sam ples; di rec tions ac cepted for geo log i cal in ter pre ta tions due to re sult of fold tests
and used for a cal cu la tion of palaeopole are in di cated with bold; other ex pla na tions as in Ta ble 2

T a  b l e  3

Char ac ter is tic magnetizations — com po nent A (this study)



tests in di cate post-fold ing age of the com po nent A. The fold
tests per formed in the lo cal i ties Mokrá and Lesní lom (Figs.
6E–G and 7E–F) gave a late synfolding age (af ter 33 and 16%
of un fold ing re spec tively) for com po nent A (Ta ble 3). In the
Mokrá sites 1–5, the NRM con sisted ex clu sively of the com po -
nent A with max i mum un block ing tem per a tures up to
415–480°C (Fig. 6E). The com po nent A was more eas ily re -
moved (be tween 200 and 380°C) in the site 6 of this lo cal ity.
Sub se quently, a com po nent B ap peared with east erly dec li na -
tion and shal low neg a tive in cli na tion (Fig. 6F). Un for tu nately
the end points were not reached dur ing ther mal de mag ne ti za -
tion and the com po nent could not be sta tis ti cally eval u ated.

How ever, in the Lesní lom lo cal ity, af ter sub trac tion of the
com po nent A at the tem per a tures 350–375°C (Fig. 6G) a com -
po nent B emerged which was sta tis ti cally sig nif i cant in the sites 
1 and 2 from this lo cal ity (Ta ble 4). To tal num ber of 6 sam ples
(18 cy lin dri cal spec i mens) was eval u ated in these sites. In most
spec i mens (15), it was pos si ble to eval u ate com po nent B  us ing
the Kirschvink’s al go rithm (1980). In three cases  the method
of remagnetization cir cles (McFadden and McElhinny, 1988)
was ap plied. It ap peared that best clus ter ing is ob tained af ter
33% tec tonic cor rec tion (Fig. 8), thus the com po nent B is in ter -
preted as synfolding. 
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Fig. 6. Ther mal de mag ne ti za tion of the rep re sen ta tive spec i mens from the stud ied lo cal i ties (be fore tec tonic cor rec tion) — or thogo nal pro jec tions

squares — hor i zon tal plane pro jec tion, dots — ver ti cal plane pro jec tion; A —  Hranice; B — Ústí; C — Grygov; D — Èelechovice; E — Mokrá, plat form
car bon ates; F — Mokrá, pe lagic car bon ates; G — Lesní lom

Lo cal ity D/I a95 k Dc/Ic a95 k Palaeopole (long. E/ lat. N) Dp/Dm N/No

Lesní lom
98/–18 17.4 15.8 105/–45 34.5   4.7

6/6
33% tect. corr. 97/–28   9.6 49.2 292/15 6/11

Other ex pla na tions as in Ta bles 2 and 3

T a  b l e  4

Char ac ter is tic magnetizations — com po nent B (this study), Lesní lom Quarry, sites 1 and 2 com bined



AGE OF THE COMPONENT A

Palaeopoles of the com po nent A fall in the vi cin ity of the
Late Car bon if er ous–Early Perm ian sec tion of the Ap par ent Po -
lar Wan der Path for the Eu ro pean plate (Fig. 9). They un doubt -
edly rep re sent the late Variscan remagnetization ac quired dur -
ing the Permo-Car bon if er ous re versed superchron and al ready
noted in the stud ied area by Krs and Pruner (1995, their com po -
nent B) and Tait et al. (1996, their com po nent A). The NE lo -
cal i ties (Hranice, Ústí, Grygov) are ap par ently ro tated more to
the NW from the ref er ence curve (Fig. 9), which might ac count 
for a mi nor tec tonic ro ta tion of the MSZ to the E and SE of
Olomouc. We at tempt to date the late Variscan over print in our
study area in a more de tailed way. It is usu ally done by com par -
i son of the ref er ence in cli na tion curve with palaeoinclinations
ob served. Use of a ref er ence palaeoinclination curve is quite a
sen si tive tool for dat ing of the Late Car bon if er ous–Perm ian

magnetizations, since the Eu ro pean plate gen er ally drifted
north ward at that time, and in the Perm ian the lat i tu di nal ve loc -
ity of this drift was as high as 4 cm/yr (Torsvik and Cocks,
2005). Our ref er ence curve in the in ter val 300–250 Ma was
con structed us ing data from well dated and de mag ne tized vol -
ca nic rocks (Van der Voo and Torsvik, 2004), while be tween
350 and 300 Ma Bal tic APW of Torsvik and Cocks (2005) was
ap plied. It is ev i dent that remagnetization phe nom ena started as 
early as in the Late Car bon if er ous (Westphalian) in
Èelechovice and Mokrá, and con tin ued up to the Early Perm ian 
in Grygov and Ústí (Fig. 10A). 

The late Variscan (Late Car bon if er ous/Early Perm ian)
remagnetization seems to be ubiq ui tous all over the Variscan
Eu rope. It was noted in the Holy Cross Mts. and Lublin Ba sin
in Po land (Lewandowski, 1981; Grabowski and Nawrocki,
1996; Grabowski et al., 2002, 2006; Szaniawski, 2008),
Rheinish Mas sif in Ger many (Nowaczyk and Bleil, 1985;
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Fig. 7. Ste reo graphic pro jec tion of the com po nent A from the stud ied lo cal i ties

A–D — be fore tec tonic cor rec tion; E — af ter 34% tec tonic cor rec tion; F — af ter 16% tec tonic cor rec tion; re sults of in cre men tal tilt test are shown 
(ex cept B); open (full) sym bols — up per (lower) hemi sphere pro jec tion
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Fig. 8. Lesní lom, char ac ter is tic di rec tions  of com po nent B 
cal cu lated from hand sam ples

A — be fore tec tonic cor rec tion; B — af ter 33% tec tonic cor rec -
tion; C — af ter 100% tec tonic cor rec tion; D — in cre men tal fold
test for com po nent B; other ex pla na tions as in Fig ure 7

Fig. 9. Palaeopoles of the com po nent A ob tained in
this study (grey squares, 1–6) at the back ground of
the Car bon if er ous–Perm ian seg ment of APWP for

Baltica  (af ter Torsvik and Cocks, 2005) 



Zwing et al., 2002; Zwing et al., 2005) Ardennes
(Molina-Garza and Zijderveld, 1996; Márton et al., 2000;
Szaniawski et al., 2003; Zegers et al., 2003), Cra ven Ba sin in
Eng land (McCabe and Channell, 1994) and
Cantabrian/Asturian arc in North ern Spain (Van der Voo et al.,
1997).  Most of data fall within the in ter val be tween 320 and
286 Ma, as in the case of Ardennes (Fig. 10B). 

The remagnetization in Moravian Karst is co eval with late
Variscan mag ne tite remagnetizations in other parts of Eu rope.

Most au thors re port dis tinct phases of remagnetizations that
were iden ti fied by the mag netic car ri ers and time of their ac qui -
si tion in re la tion to de for ma tions. In Ardennes, all au thors men -
tion remagnetization at least two remagnetization phases: (1)
early Variscan remagetization be tween 320 and 310 Ma (com -
po nents C and HT in the Fig. 10B), which is mostly pre-fold -
ing, (Molina-Garza and Zijderveld, 1996; Zegers et al., 2003);
(2) Late Variscan remagnetization, be tween 300 and 286 Ma
(com po nents B, P and LT in the Fig. 10B) which is post-fold ing 
(Molina-Garza and Zijderveld, 1996; Márton et al., 2000;
Zegers et al., 2003). In re sults from Moravian Karst, com po -
nent A from Ústí and Grygov (2 and 3 in the Fig. 10A), and old
re sults of Krs and Pruner (1995) and Tait et al. (1996) from
Josefov area (JED and JOS in the Fig. 10A) might be as signed
to the late Variscan remagnetization phase. This phase is
post-fold ing in Ardennes, as well as in Moravian Karst. 

We do not take into ac count the re sults of Tait et al. (1996)
from Hady lime stones. The late Variscan  over print is poorly de -
fined in these rocks. Mean of sites HAD2 and HAD3 was based
on two sam ples only (out of seven and eight taken re spec tively),
while mean di rec tion of site HAD1 (based on four out of eight
sam ples taken) has very large er ror (a95 = 19.8°). This dis persal 
is sur pris ing be cause usu ally a com po nent A is ubiquituous and
rel a tively well clus tered (see Ta ble 3 and Fig. 7).  

Re sults from Hranice and Lesní lom (1 and 5 in the
Fig. 10A) and older re sults from Mokrá (Krs and Pruner, 1995;
MOK in Fig. 10A) as well as red clastics from Brno and
Znojmo (Tait et al., 1996; BRN + ZNO in Fig. 10A) seem co -
eval with the early Variscan remagnetization in Ardennes. This
phase is late synfolding (Lesní lom) to post-fold ing  in our area.
This might in di cate that de for ma tion pro cesses in the Moravian 
Karst were more ad vanced at this time than in the Ardennes,
where this phase is mostly pre-fold ing. Sec ond ary
magnetizations re ported from Cantabrian Arc (Van de Voo et
al., 1997; Weil et al., 2001) seem to cor re spond to that phase,
they are how ever syn- to post-tilt ing in age, sim i larly as our
Moravian data. 

Remagnetization in Èelechovice (4 and CEL in Fig. 10A)
and our re sults from Mokrá is ap par ently co eval with phase A
of Márton et al. (2000). This phase, in Ardennes, was re ported
only from the Boulonnais area and in ter preted as post-fold ing.
This in ter pre ta tion  was ques tioned by Zegers et al. (2003) who
in ter preted it as pri mary De vo nian com po nent. In our area,
posfolding age of this mag ne ti za tion is well es tab lished in
Èelechovice. As to Mokrá Quarry, our re sults are not fully con -
cor dant with those of Krs and Pruner (1995), their re sults in di -
cate slightly youn ger age of remagnetization. This might re sult
from in ac cu ra cies in tec tonic cor rec tion: our re sult in di cate
synfolding age in Mokrá, while ac cord ing to Krs and Pruner
(1995) remagnetization is post-fold ing, how ever they have not
checked the pos si bil ity of its synfolding age.

ORIGIN OF THE COMPONENT A

Two modes of remagnetization are usu ally con sid ered in
mag ne tite-bear ing car bon ates (McCabe and El more, 1989):
(1) Thermoviscuous remagnetization (TVRM) is ac quired in
el e vated tem per a tures dur ing deep burial and up lift, re gional or
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Fig. 10. Dat ing of Late Variscan remagnetizations 
in the MSZ (A) and Ardennes (B) 

A — palaeoinclinations of the com po nent A  from lo cal i ties stud ied in the
MSZ (this study, Krs and Pruner, 1995; Tait et al., 1996) com pared to the
ref er ence palaeoinclination curve for the Eu ro pean plate (350–300, af ter
Torsvik and Cocks, 2005; 300–250 Ma, af ter Van der Voo and Torsvik,
2004); 1 — Hranice, 2 — Ústí, 3 — Grygov, 4 — Èelechovice, 5 — Lesní
lom, 6 — Mokrá (this study); HAD1–3 — Hady lime stone, JED — Josefov
lime stone, BRN, ZNO — De vo nian clastics  (Tait et al., 1996); KRT —
Krtiny, JOS — Josefov, MOK — Mokrá, CEL — Èelechovice (Krs and
Pruner, 1995); B —  palaeoinclinations of the late Variscan
remagnetizations from Ardennes (af ter Molina-Garza and Zijderveld,
1996; Marton et al., 2000; Zegers et al., 2003), re cal cu lated for the geo -
graphic co or di nates of the Moravian Karst, com pared to the ref er ence
palaeoinclination curve for the Eu ro pean plate



con tact meta mor phism.  TVRM re sets the mag ne ti za tion in ex -
ist ing mag ne tite grains. (2) Chem i cal remagnetization (CRM)
is re lated to growth of a new mag netic phase due to some
chem i cal al ter ations usu ally caused by fluid flow. Typ i cal ex -
am ples of CRM were doc u mented in rocks which were not
heated to tem per a tures higher than 80–120°C. Or i gin of CRM
due to burial diagenesis (e.g., Banerjee et al., 1997; Katz et al.,
2000; Blumstein et al., 2004) is also pos si ble. Re cently a
thermochemical remagnetization (TCRM) is men tioned as vi a -
ble remagnetization mech a nism, re sult ing from chem i cal trans -
for ma tion of mag netic car ri ers pro moted by el e vated tem per a -
tures (e.g., Costanzo-Alvarez et al., 2000; Woods et al., 2002).

It should be noted that sta bil ity of com po nent A against
ther mal de mag ne ti za tion is higher in the rocks with el e vated
ther mal ma tu rity. Max i mum un block ing tem per a tures in the lo -
cal i ties Hranice, Ústí, Grygov and Èelechovice are up to
450–500°C (see Fig. 6A–D), while in Lesní lom and Mokrá
rarely ex ceed 400°C (Fig. 6E–G). 

Cor re la tion of the ther mal in dexes with sta bil ity of mag ne -
ti za tion would im ply that com po nent A might have been ac -
quired dur ing deep burial and sta bi lized dur ing up lift. This
would sup port the model of Hladil et al. (1998) who ar gued
that the late Variscan remagnetization in the area of Mokrá was
ac quired dur ing an iso static up lift of the area dur ing the lat est
phases of the orog eny. Two mod els for or i gin of the com po nent 
A might be con sid ered: 
1. Com po nent A is a typ i cal TVRM that orig i nated due to

ther mal re set ting of ex ist ing mag ne tite grains.
2. Com po nent A is a TCRM ac quired e.g. due to ox i da tion of

py rite to mag ne tite in el e vated tem per a tures.
 The com monly ap plied method to dis tin guish be tween

pure TVRM and CRM is a us age of ther mal ac ti va tion
nomograms show ing de pend ence be tween un block ing tem per -
a tures and re lax ation time (see Fig. 11).  The lab o ra tory un -
block ing tem per a ture for a TVRM ac quired  at a given time and 
tem per a ture might be pre dicted. Nomograms pub lished by 
Pullaiah et al. (1975) and  Middle ton and Schmidt (1982) were
elab o rated for SD mag ne tite but us ing dif fer ent sin gle do main
the o ries (see McCabe and El more, 1989). The nomograms of
Middle ton and Schmidt (1982) ap pear to fit better ex per i men tal 
data for rocks con tain ing mix ture of mag ne tite grains of vari -
able size (Kent, 1985). There fore this nomogram is used here. 
Max i mum un block ing tem per a tures of com po nent A amount
to 450 and 500°C in lo cal i ties with higher ther mal al ter ation
(Hranice, Ústí, Grygov, Èelechovice) and 380–420°C in lo cal i -
ties less al tered (Mokrá, Lesní lom). If com po nent A is of
thermoviscous or i gin, the ob served un block ing tem per a tures
would cor re spond to 1–10 My last ing ther mal event of mag ni -
tude 250–300°C  in the for mer and 150–200°C in the lat ter lo -
cal i ties. This is in a very good agree ment  with es ti mated max i -
mum palaeotemperatures from the Ta ble 1. The dif fer ence in
ther mal al ter ation ex plains why in less al tered lo cal i ties (Mokrá 
and Lesní lom) com po nent B, was pre served. There fore model
1 might be ac cept able. How ever cor re la tion of ther mal in dexes
with sta bil ity of mag ne ti za tion might im ply that sec ond ary fine
grained mag ne tite was formed in el e vated tem per a tures. High
sus cep ti bil i ties in the dolomitic rocks in lo cal ity Èelechovice
(Fig. 4) might ac count for pres ence of ul tra fine mag ne tite
which is con sid ered as a fin ger print of chem i cal

remagnetization mech a nism (e.g., Zwing et al., 2005). There -
fore a ther mally con di tioned min er al og i cal changes might be
also re spon si ble for the remagnetization (model 2),  We can not 
dis tin guish now which model (or the com bi na tion of both) was
re spon si ble for the remagnetizations in the MSZ. Nev er the less
all data prove strong link be tween ther mal his tory and ac qui si -
tion of the com po nent A. 

It seems that in the south ern part of the MSZ , if data of Tait
et al. (1996) from  Hady lime stone (HAD1–3) are not taken
into ac count (for rea sons, see above), there is a trend of youn ger 
age of com po nent A to wards the north, from Brno (lo cal i ties
Mokrá, Lesní lom and ZNO + BRN of Tait et al. 1996, and  lo -
cal i ties of Krs and Pruner, 1995) to the Krtiny–Blansko area. It
also fol lows a trend of in creas ing ther mal mat u ra tion (see
Fig. 3), what again might sup port that com po nent A is some -
how cor re lated with ther mal phe nom ena. This model how ever
needs con fir ma tion from a more ex ten sive data set. Com po nent 
A from Hady lime stone (Tait et al., 1996) might ac count that
remagnetization in the Brno area was sig nif i cantly ex tended in
time (Fig. 10A). Com po nent A in the north ern part of the MSZ
does not show any trend, broad spec trum of remagnetization
di rec tion is pres ent from  ap par ently the old est in Èelechovice,
through “in ter me di ate” in Hranice to the youn gest in Grygov
and Ústí (Fig. 10A). 

DISCUSSION — COMPONENT B

The synfolding na ture of the com po nent B im plies that it
must be of Car bon if er ous (pre-Namurian age). Its di rec tion ob -
tained here is quite con cor dant with the pre vi ous stud ies
(Fig. 12). It should be noted that com po nent B was re ported only
from the Brno area thus from the SW part of the Moravo-Silesian 
Zone (Krs and Pruner, 1995; Tait et al., 1996).

Tait et al. (1996) re ported a pos i tive re sult of the McFadden 
(1990) fold test for the com po nent B. How ever, they av er aged

New palaeomagnetic data from the Palaeozoic carbonates of the Moravo-Silesian Zone 331

Fig. 11. Ther mal ac ti va tion nomogram for SD mag ne tite 
(af ter Middle ton and Schmidt, 1982)

Stip pled lines rep re sent a TVRM com po nents with  lab o ra tory un block -
ing tem per a tures 400 and 475°C (grey cir cles) and which were ac quired

in 1–10 My time span (grey squares)



re sults from the clastic Old Red and car bon ate Mid dle–Up per
De vo nian lo cal i ties. When the fold test is per formed for 4 car -
bon ate lo cal i ties only, the re sults in di cate the synfolding na ture
of com po nent B (79% of un fold ing). Even if only the
Fammenian Hady lime stones lo cal i ties are con sid ered (3 lo cal -
i ties), the com po nent B also ap pears to be synfolding (78%).
This means that a synfolding ge om e try of the com po nent B ob -
tained by Tait et al. (1996) is not caused by av er ag ing com po -
nents from a broad strati graphic in ter val but is a real fea ture
point ing to the sec ond ary char ac ter of com po nent B, at least in
the car bon ate rocks. In ter pre ta tion of synfolding com po nents
poses some prob lems for palaeomagnetists, and it is not ev i dent 
whether they cor re spond to any true field di rec tion at any stage
of de for ma tion (e.g., Dinares-Turell and McClelland, 1991;
Stamatakos and Kodama, 1991; Halim et al., 1996; Shipunov
1997). The palaeopole of the com po nent B is sit u ated far from
the ref er ence APWP for Baltica. The or i gin of the com po nent
B in the MSZ is un clear and its firm geo log i cal in ter pre ta tion is
not pos si ble at this time.   It is as sumed that the tec tonic po si tion 
of the crustal blocks at the SE mar gin of the Bo he mian Mas sif

was firmly es tab lished by the Visean/Namurian bound ary (ca.
326 Ma), which is the age of the Moldanubian thrust (Franke
and ¯elaŸniewicz, 2002). Edel et al. (2003) ar gue, based on 
palaeomagnetic ev i dence, for ca. 45° clock wise ro ta tions as
late as in the late Namurian–Westphalian (320–305 Ma).  If
com po nent B is a real synfolding mag ne ti za tion of Car bon if er -
ous age,  the large al most 70° clock wise tec tonic ro ta tion must
have oc curred dur ing the Car bon if er ous (Edel et al., 2003).
This might have hap pened dur ing the underthrusting of the
Brunovistulicum to wards the SW. 

CONCLUSIONS

1. Late Variscan over print (com po nent A) of  Car bon if er -
ous–Early Perm ian age is ubiq ui tous in car bon ate rocks of
MSZ in Czech Re pub lic. Its age is roughly sim i lar as in the
other parts of Variscan Eu rope (e.g., Ardennes and
Cantabrian/Asturian arc). Three phases of Variscan
remagnetizations might be dis tin guished in the MSZ, which are 
eas ily cor re lated with their coun ter parts in Ardennes. The
youn gest phase of Early Perm ian age (ca. 300–290 Ma) is
post-fold ing in MSZ as well as in Ardennes. The mid dle phase
of Late Car bon if er ous age is late syn- to post-fold ing in the
MSZ and Cantabria, but mostly pre-fold ing in Ardennes. The
old est phase of remagnetization in the MSZ is also syn- to
postfolding and its age might be  Early/Late Car bon if er ous. Al -
to gether the data would in di cate diachronism of Variscan fold -
ing in the MSZ area, as well as be tween MSZ and Ardennes. 

2. Com po nent A  is car ried by mag ne tite and it might be re -
lated to a ther mal event (deep burial and up lift). Its un block ing
tem per a tures cor re late with de gree of ther mal al ter ation. The
un block ing tem per a tures 450–500°C were ob served in the
more ther mally af fected NE and cen tral part of the MSZ
(Olomouc–Hranice area), while un block ing spec tra
385–425°C are typ i cal for less ther mally al tered SW part (Brno
area). Also in this area older com po nent B was pre served.

3. The pres ence of pri mary magnetizations, pre vi ously re -
ported from the car bon ates of the MSZ (Krs and Pruner, 1995;
Tait et al., 1996)  has not been con firmed. The com po nent B
that ac counts for large tec tonic ro ta tions in the MSZ (“orocline
hy poth e sis” of Tait et al., 1996) re veals a synfolding ge om e try
and it might rep re sent an Early Car bon if er ous over print. 

Ac knowl edge ments. The in ves ti ga tions were sup ported by 
the Pol ish Com mit tee for Sci en tific Re search and Min is try of
En vi ron ment (pro ject PCZ-007-21 “Palaeozoic Ac cre tion of
Po land”). 
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