
INTRODUCTION

Ophiolites, formed at the oceanic bottom due to spreading
processes and emplaced on land, may bring very useful infor-
mations about formation and evolution of the oceanic lithos-
phere. Rock-magnetic study together with geochemical in-
vestigation give data concerning alteration of magnetic min-
erals that leads to formation of secondary components of
magnetic remanence due to remagnetization processes. The
results obtained play a principal role in interpreting the origin
and age of the natural remanence NRM and help in answer-
ing questions about the tectonic setting of the studied ophi-
olitic bodies (see for example Trench et al., 1990; Didenko,
1992; Coulton and Harper, 1995; Gnos and Perrin, 1996). 

The present paper discusses the magnetic mineralogy of
the Gogo∏ów-Jordanów (GJ) massif of Paleozoic serpen-
tinites in the Sudetes. The thorough study of the magnetic
minerals - carriers of natural magnetic remanence - is funda-
mental for the proper interpretation of paleomagnetic data.
The preliminary paleomagnetic report was already presented
(KÌdzia∏ko-Hofmokl and Jeleńska, 1998); the results dis-
cussed in the present paper will serve as basis for their final
interpretation which is outside the aim of this study.

GEOLOGICAL SETTING

The Sudetes, the eastern part of the Bohemian Massif
form the easternmost portion of the European Variscans (Fig.
1a). They are built of a mosaic of blocks of various origin
and lithology, among which some ophiolitic fragments also
occur. The most important of them is the so called Sudetic
ophiolite consisting of several massifs surrounding the Sowie
Góry Mts gneissic block (SG, Fig. 1b). The geochemical
study of this ophiolite, shows that it is a „surviving” fragment
of an obducted rock series formed in a MOR regime
(Dubińska and Gunia, 1997; Z´elaźniewicz et al.,1998; J´dry-
sek at al.,1991; J´drysek 1995; Abdel Wahad and Mierzejew-
ski, 1998; Abdel Wahad, 1999; Floyd et al., 2000). 

The paleomagnetic and rock-magnetic study of this ophi-
olite began several years ago with investigations of the gab-
broic massif of Âlź́a (SL), the gabbroic massif of ZÌbkow-
ice (ZA) and gabbros, diabases and pillow lavas of Nowa
Ruda (NR) (Jeleńska et al., 1995). The preliminary results
obtained for GJ serpentinites are published in KÌdzia∏ko-
Hofmokl and Jeleńska (1998), the present paper presents
more thoroughly the rock-magnetic part of the study. 

The studied GJ serpentinite massif covers an area of about
90 km2 situated between the SL gabbroic massif associated
with sheeted dykes and some pillow lavas found recently
(Floyd et al., 2000) to the N, and the SG Mts. to the S. To the
NW it is bounded by the Strzegom-Sobótka (SS) Carbonifer-
ous granitoid intrusion. The Mt Sleza gabbros were dated
with the Sm-Nd method (Pin et al., 1989) to 353±21 Ma, with
the Pb-Pb on zircons to 420±20 Ma (Oliver et al.,1993). For
the serpentinite massif, the only isotopic age is 400±4 Ma
(Źelaźniewicz et al., 1998), obtained with the U-Pb method
on zircon crystals found in a rondingitized plagiogranite with-
in serpentinite. The Sm-Nd 353 Ma age is now interpreted as
the age of the metamorphism rather than the age of the rock.
The U-Pb age of gabbros is close to the Pb-Pb age of the ser-
pentinite massif, both pointing to an Early Devonian age of
the ophiolite. In the Late Devonian (360-370 Ma), the ophio-
lite was uplifted together with the GS gneisses (van Breemen
et al., 1988; Z´elaźniewicz et al., 1998) that are dated through
REE concentration in garnet from peridotite to 402 Ma
(Brueckner et al., 1996). Whether the ophiolite underlies or
overlies the SG block remains still an open question.

The SS granitoids, according to the 87Sr/86Sr age determi-
nation (Pin et al., 1989) were emplaced in two stages dated
to about 280 Ma and 325 Ma. Another author (Jarmo∏owicz-
Szulc, 1987) suggests that the intrusive activity could have
even occurred in three phases, at about 280, 310 and 330
Ma, respectively. 

The parent rock of the GJ serpentinite was harzburgite
with minor amounts of lherzolite, dunite and wherlite
(Dubińska and Gunia, 1997). The first phase of alteration of
these rocks - oceanic serpentinization - started close to the
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ABSTRACT

The Sudetic ophiolite is composed of several dismembered fragments of obducted rock series formed in a MOR regime. One of them - the Gogo∏ów - Jor-
danów massif is built of totally serpentinized ultramafic rocks. The oceanic serpentinization and several later episodes of continental alteration took place in
hydrothermal regime and at temperatures lower than the hydrothermal ones. The alteration resulted in the formation of several phases of magnetite partly
transformed into martite and maghemite. Some fine-grained magnetites underwent single phase low temperature oxidation leading to formation of a thin
maghemite coating around a magnetite core which influenced the rock-magnetic characteristics. 



spreading centre shortly after formation of the rocks and took
place at temperatures lower than the hydrothermal ones, per-
haps even as low as about 230°C. This is supported by pres-
ence of rodingites within the serpentinite body (Dubińska and
Gunia, 1997) and study of hydrogen and oxygen isotopes
(J d́rysek et al., 1991). Later stages of alteration took place in
continental conditions, mainly at temperatures of 200 -250ºC,
as indicated by lizardite-chrysotile formation (Dubińska and
Gunia, 1997) and in weathering conditions. Similar tempera-
tures are suggested by occurrence of ophicarbonates that
formed at temperatures of 190-303ºC, partly in an oceanic en-
vironment and partly during to continental metamorphism re-
lated to the Variscan tectonics: uplift of the SG and intrusion
episodes of SS granitoids (J´drysek, 1995). 

The rocks for the present study were sampled in four
quarries where exposed serpentinites were relatively fresh
(Fig. 1c): Gogo∏ów G - 8 samples, Kie∏czyn K - 9 samples,
S∏upice S - 14 samples and Przemi∏ów P - 9 samples. 

EXPERIMENTAL METHODS

The multiple alteration episodes that affected the studied
serpentinites caused their magnetic mineralogy to change

several times; good identification of magnetic minerals is
therefore a crucial problem in the interpretation of paleo-
magnetic data. Microscopic and thermomagnetic methods
were used for this purpose, their results were combined with
the analysis of hysteresis parameters and bulk susceptibility
against temperature.
– Microscopic methods consisted in the analysis of pol-

ished sections with ore microscope (performed by J.
SiemiÌtkowski from the State Geological Institute,
Wroc∏aw, Poland),several representative specimens were
analyzed with the electron microscope (SEM) with mi-
croprobe (Jeo135 with EDS ISIS, performed by B. Kaz-
imierska and £Ìcki from the State Geological Institute,
Warsaw, Poland) and Stereoscan of Cambridge Instru-
ments with Link Analytical (performed with the help of
M. Hanzlik from Freising University, Freising, Ger-
many).

– Thermomagnetic analysis consisted in a study of the de-
cay curve of the remanence (Ir) acquired in the field of
1T during heating to 650-700∞C in the field-free space
using the home-made device (KÌdzia∏ko-Hofmokl and
Kruczyk, 1976). This method gave values of blocking
temperature Tb. The same procedure was repeated twice
for the same specimen in order to see the influence of
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Fig. 1 - Geological sketch maps of the studied area. a) Location of the Sudetes in the European Variscan Belt. b) Fragments of Sudetic ophiolite surrounding
the Sowie Góry Mts. block. SL- Âl´źa gabbroic massif; GJ- Gogo∏ów - Jordanów serpentinite massif; ZA- Zabkowice massif; NR- Nowa Ruda massif; SS-
Strzegom - Sobótka granitoids; MSF- Marginal Sudetic Fault. Inset: Sampling area. (c)- sampling sites: G- Gogo∏ów, K- Kie∏czyn, S- S∏upice, P- Przemi∏ów,
SG- Sowie Góry Mts. Block. 1- serpentinite, 2- gabbro, 3- diabase, 4- granitoids, 5- gneisses. 



heating in the air on its mineral state (curve 1 and curve 2
on respective plots). For few specimens thermomagnetic
analysis of magnetization in different external fields was
performed (performed with help of N. Petersen in Uni-
versity of Muenchen, Muenchen, Germany.

– Measurements of hysteresis parameters were conducted
for three typical specimens before heating and after heat-
ing to several chosen temperatures with a vibrating mag-
netometer VSM by Molspin Ltd 

– Changes of magnetic minerals influenced by heating
were monitored by measurements of bulk magnetic sus-
ceptibility (Km) before beginning of heating procedure
and after consecutive heating steps with the KLY-2
bridge by Geofyzika Brno.

MICROSCOPIC AND ROCK-MAGNETIC STUDY

Microscopic investigations

A study of polished sections revealed presence of several
varieties of magnetite. The serpentinites are rich in chromite
grains which are of magmatic origin. During serpentiniza-
tion they became partly altered to magnetite; often interme-
diate phases of chromium magnetite, „ferritchromium”,
were also visible. Other magnetite varieties present as well
belong to: blastic magnetites formed by recrystallization,
post-pyroxene magnetite lamellae, fine grained (1mm and
less) magnetite grains disseminated within serpentines,
olivines and pyroxenes; in some cases post-pyroxene mag-
netites form parallel successions of grains of various sizes.
Part of magnetite grains was formed due to serpentinization
and chloritization processes in oceanic conditions, part of
them - later in continental environments. Presence of small
amount of magnetite grains remaining from the magmatic
stage is also possible. Some small magnetite grains are part-
ly oxidized to martite, some maghemite is not excluded. In
some specimens, especially from the K quarry, small post-
pyroxene hematite plates occur. As minor minerals, some
Fe-hydroxides, and sulphides (pyrite and chalcopyrite) were
identified. A typical result obtained with SEM showing a
partly altered chromite grain and a succession of magnetite
grains is presented in Fig. 2.

Thermomagnetic study

The method applied to isothermal remanence Ir revealed
the presence of magnetite with Tb of about 570-580°C, ac-
companied in most specimens by a more or less distinct
phase that became demagnetized between 150°C and 200°C
(Fig. 3a). In order to interpret this low-temperature phase
the same specimens were investigated with the Curie bal-
ance method when heated in the external field. The curves
of magnetization (M) vs temperature (T) reveal presence
uniquely of magnetite when heated in fields of several tens
of mT or higher (Fig. 3c). Magnetization M of the sister
specimens heated in field of several mT behaves differently:
it increases during heating to about 300-400ºC, and after-
wards it decreases following a characteristic pattern for
magnetite (Fig. 3b and d). The mean low field susceptibility
(Km) measurements after consecutive heating steps and, for
one specimen, during heating (performed by O. Orlicky
from the Institute of Geophysics of SAS, Bratislava, Slovak
Republic) also reveal increase of Km values up to 300°C,
before their decrease at higher temperatures (Fig. 4a and b).

The cooling curve in Fig. 4b shows an important decrease of
susceptibility due to heating. According to Orlicky (private
comm.) this indicates presence of maghemite rather than
magnetite in the studied specimen.

Study of hysteresis parameters

In order to explain this unexpected behaviour of rema-
nence, magnetization and susceptibility, hysteresis parame-
ters before heating and after consecutive heating steps were
measured for specimens from the same hand samples as
used for thermomagnetic experiments. Hysteresis parame-
ters obtained for investigated specimens before heating: sat-
uration magnetization (Ms), saturation remanence (Mr), co-
ercive force (Hr), remanent coercivity (Hcr) and the satura-
tion field are characteristic for magnetite (Table 1). Heating
was done at temperatures from 100°C to 600∞C with heat-
ing steps of 100∞C. Fig. 5 shows the results for specimen n.
13; results obtained for other specimens are similar. 

The heating procedure yields an increase of Ms up to
300º C before its successive decrease, Mr decreases due to
heating, attaining the lowest value at 300ºC, Hc and Hcr
both decrease and are the lowest between 200 and 300ºC.
These temperatures are close to the temperature ranges of
decrease of Ir (Fig. 3a) and increase of M (Fig. 3b, d). Very
similar results for changes of remanence, magnetization and
coercivities due to heating were obtained for ophiolitic rocks
from the Mongolian ophiolite (Petchersky and Tikhonov,
1988; Didenko, 1992) and also for marine sediments by van
Welzen (1992). This work, although performed on sedi-
ments, shows very clearly the characteristics of the same
process as observed in ophiolites. All cited authors interpret
the observed results as connected to the presence of very
small grains of magnetite that became surface oxidized to
thin maghemite coating due single phase oxidation of mag-
netite (Colombo et al., 1964, Gapeev et al., 1991, Gallagher
et al., 1968) at temperatures as low as 200°C and less, even
during weathering. Maghemite that has smaller crystalline
parameters than magnetite induces stresses on the magnetite
core of oxidized grains that leads to an increase of rema-
nence and coercivity and decrease susceptibility and magne-
tization. Heating reduces strains and leads to an increase of
susceptibility and magnetization and decrease of remanence,
Hc and Hcr, as observed in this study. This configuration
may lead to formation of piezomagnetic remanence, viscous
or chemoviscous remanence often with recent field direction
(Dunlop and Özdemir, 1996).

CONCLUSIONS

– The prevailing magnetic mineral in serpentinites is sec-
ondary magnetite occurring in various phases, formed in
various times from various minerals , but always at low
temperatures.

– Magnetite is accompanied by maghemite partly due to
single-phase oxidation of small magnetite grains, and mi-
nor amount of hematite, often in the form of martite.

– The presence of small amounts of magmatic magnetite
formed at high temperatures before or during extrusion
of the ophiolitic rocks is also possible.

– The diversity of magnetic phases is reflected in the diver-
sity of components of natural remanence present in the
studied serpentinites (see KÌdzia∏ko-Hofmokl and
Jeleńska, 1998). Their interpretation needs further study.
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Fig. 2 - Typical SEM and microprobe results for a serpentinite specimen showing: (a) chromite grain partly altered to magnetite x 550. (b) parallel succesion
of post-pyroxene magnetite grains x 300. SE- secondary electrons, maps show distribution of Fe, Cr, Al. and Mg. magnetite (white) is labeled 1, chromite
(dark grey) is labeled 2. 
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Fig. 3 - Results of thermomagnetic analysis. (a). Ir- T curves for specimens
13 and 34 magnetized in 1T. 1- curve of the first heating; 2- curve of the
second heating. Ir2/Ir1 (remanence before heating/remanence after first
heating) is 5 for the sample 13 and 0.9 for the sample 34. Stippled lines in
the plot for specimen 34 indicate change of range. (b). M - T curves for the
specimen 34 obtained in the field of 4 mT. (c). M - T curves for specimen
34 obtained in the field of 40 mT. (d). M - T curves for the specimen 13
obtained in the field of 4 mT. M in arbitrary units.

a

c

b

d

Fig. 4 - (a). Mean susceptibility Km measured after consecutive heating steps for specimens 13 (circles) 23 (triangles) and 34 (squares). (b). Bulk susceptibili-
ty K against temperature for the specimen 13.Fig. 4 - (a). Mean susceptibility Km measured after consecutive heating steps for specimens 13 (circles) 23 (tri-
angles) and 34 (squares). (b). Bulk susceptibility K against temperature for the specimen 13.

a b



Acknowledgements

The presented study was performed in the frame of Pro-
ject 5/1997-1998 of the Institute of Geophysics of the Pol-
ish Academy of Sciences. Thanks are due to dr. L. Jamrozik
for drawing the exposures and helping in the field work, as
well as to MSc. T.Werner. 

REFERENCES
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(c). coercivity Hc and remanence coercivity Hcr.
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