
Geo log i cal Quar terly, 2008, 52 (3): 213–224

Palaeomagnetic age of remagnetizations in Si lu rian dolomites,

Rástla quarry (Cen tral Es to nia)

Jüri PLADO, Ulla PREEDEN, Väino PUURA, Lauri J. PESONEN,

Kalle KIRSIMÄE, Tánu PANI and Tiiu ELBRA

Plado J., Preeden U., Puura V., Pesonen L. J., Kirsimäe K., Pani T. and Elbra T. (2008) — Palaeomagnetic age of remagnetizations in
Si lu rian dolomites, Rástla quarry (Cen tral Es to nia). Geol. Quart., 52 (3): 213–224. Warszawa.

Al ter nat ing field and ther mal de mag ne ti za tion of do lo mite sam ples from the Si lu rian (Llandovery) hor i zon tally-bed ded se quence of
cen tral Es to nia re veal two sec ond ary mag ne ti za tion com po nents (A and B) both of chem i cal or i gin. A low-coercivity (de mag ne tized at
£50 mT) com po nent A (D = 60.7°, I = 7.7°, a95 = 16.6°) with high dis per sion (k  = 14.2), yields a palaeopole at 18.2°N and 139.5°E that
points to wards the Late De vo nian — Mississipian seg ment of the Baltica APWP (Ap par ent Po lar Wan der Path). A high-coercivity
com po nent B (D = 13.5°, I = 60.7°, k = 67.0, a95 = 4.7°) car ries both nor mal and re versed po lar i ties. Com par ing the palaeopole (71.1°N
and 173.3°E) with the Eu ro pean APWP re veals a Cre ta ceous age. These two remagnetizations are linked to min eral as sem blages of
mag ne tite and maghemite (A), and he ma tite (B) de ter mined from min er al og i cal (X-ray, SEM and op ti cal mi cros copy) and rock mag -
netic (ac qui si tion and ther mal de mag ne ti za tion of a 3-com po nent IRM; Lowrie-test) stud ies. The re sults sug gest that the first (A)
Palaeozoic remagnetization was caused by low-tem per a ture hy dro ther mal cir cu la tion due to the in flu ence of the Cal edo nian (more
likely) or Hercynian Orog eny af ter the diagenetic dolomitization of car bon ates. He ma tite, car ry ing the com po nent B, and goethite, are
the lat est fer ro mag netic min er als that have pre cip i tated into the ex ist ing pore space (he ma tite) and walls of mi cro scopic frac tures
(goethite) that opened to al low ac cess for ox y gen-rich flu ids dur ing the Late Me so zoic.
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INTRODUCTION

We ap plied rock mag netic and min er al og i cal meth ods to
spec ify the age of mag netic min er als in dolostones from the
Rástla quarry (58.7°N, 25.8°E) Cen tral Es to nia (Fig. 1A) in or -
der to es tab lish their post-sedimentational his tory. The ex posed 
thick ness of the dolostones, mined for build ing stone, is about
7 m. Stratigraphically, the dolomites be long to the Máhküla
Beds that form the up per most part of the Raikküla Stage, dat ing 
to the mid dle Llandovery (443–428 Ma), Early Si lu rian
(Fig. 1B). The beds  formed in  shoal to open shelf con di tions at 
the end of the dif fer en ti a tion stage (late Caradoc–mid
Llandovery) of the Bal tic Palaeobasin (Nestor and Einasto,
1997). The skel e tal re mains of fos sils and lithological char ac -

ter is tics sup port a nor mal ma rine or i gin of pri mary car bon -
ates. Teedumäe et al. (2001), who gave a de tailed de scrip tion
of the Rástla sec tion, noted two dolomitization events as so ci -
ated with the sec tion  at Rástla. Ac cord ing to their in ter pre ta -
tion of the X-ray flu o res cence and geo log i cal data, the first
event oc curred soon af ter de po si tion, prob a bly at the end of
the mid Llandovery (Si lu rian). Later events of min er al iza tion
(in clud ing dolomitization and karstification) have al tered the
rocks along frac ture and dis tur bance zones mainly. Jürgenson
(1970) sug gested that the dolomitization was a long-last ing
pro cess, which took place mainly af ter the De vo nian, whereas 
Vingisaar and Taalmann (1974) pro posed a Late Si lu -
rian–Early De vo nian late diagenetic age for all va ri et ies of Es -
to nian dolomites. Also, a hy dro ther mal or i gin of dolomiti -
zation has been pro posed for the frac ture zone-re lated sul -
phide-bear ing do lo mite bod ies (Vaher et al., 1962).



SAMPLES AND METHODS

Twenty-six hand-sam ples (RR1–RR9, RS1–RS10,
RO1–RO7), which rep re sent three va ri et ies (here af ter I, II and
III) of dolomites, were col lected from the Rástla quarry in dif -
fer ent years (1998, 2004, 2005) and thus, from dif fer ent po si -
tions of the face. The sam ples were ori ented with a geo log i cal
com pass tak ing the ef fect of dec li na tion (~5°) into ac count. Va -
ri ety I co mes from the up per most in ter val of the quarry (sam -
ples RR1–RR3, RS3, RS4, RS8–RS10, RO3, RO4 and RO10).
It rep re sents a finely crys tal line, pale yel low do lo mite with red -
dish nod u lar ar eas. The nod u lar ar eas are coarser and more po -
rous, and have sharply vi o let-tinged rims at the con tacts with
the finely crys tal line parts (Fig. 2A, B). Va ri ety II, mi cro- to

finely crys tal line (Fig. 2C), mainly pale beige, wavy- or nod u -
lar-bed ded ar gil la ceous do lo mite, is rep re sented by sam ples
RR4–RR6, RS1, RS2, RS7, RO1, RO2 and RO6. In places, this 
va ri ety has a black, red or vi o let col our within the lense-like
interbeds of skel e tal-si lici fied grainstone, or, in nod ules. Mas -
sive do lo mite dyke-like bod ies that cross-cut the quarry rep re -
sent the third va ri ety (sam ples RR7–RR9, RS5, RS6 and RO5,
Fig. 2D). These con sist of me dium to coarse-grained (lo cally
green ish-grey) dolomites that do not show any sed i men tary
fea tures but con tain rel a tively vo lu mi nous (up to a sev eral hun -
dreds cm3) cav erns. Over all, the walls of cav erns show large
(up to a few mm) rhombs of do lo mite crys tals with rare rusty
im preg na tion. Most likely, the third va ri ety of dolomites
post-date va ri et ies I and II.

Rep re sen ta tive parts of the hand-sam ples were used for
min er al og i cal and petrophysical (den sity and po ros ity) stud ies
at the De part ment of Ge ol ogy, Uni ver sity of Tartu; and an other
part for mag netic stud ies at the Lab o ra tory for Palaeo -
magnetism, Geo log i cal Sur vey of Fin land and at the Solid
Earth Geo phys ics re search lab o ra tory, Uni ver sity of Hel sinki,
Fin land. Thin sec tions of the sam ples were stud ied mi cro scop i -
cally. The min eral com po si tion of se lected whole-rock sam ples 
and min eral frac tions were in ves ti gated as unoriented pow der
prep a ra tions on a Dron-3M diffractometer us ing Ni-fil tered Cu

Ka ra di a tion from 2 to 55°, 2q with 0.02° 2q step size, and 5 s
count ing time. The quan ti ta tive min eral com po si tion of the
sam ples was found by the full-pro file Rietveld method by us ing 
Siroquant 2.5TM code (Tay lor, 1991). Scan ning elec tron mi cro -
scope and elec tron microprobe stud ies were per formed at the
In sti tute of Elec tron Op tics, Oulu Uni ver sity.

A to tal of 233 cy lin dri cal spec i mens were drilled from
sam ples. The den si ties and po ros i ties of the spec i mens were
de ter mined with the Ar chi me des prin ci ple by weigh ing the
wa ter-sat u rated and oven-dried spec i mens in air and wa ter.
Mea sure ments of mag netic sus cep ti bil ity (c) and nat u ral
remanent mag ne ti za tion (NRM) were made. Most of the spec -
i mens were de mag ne tized stepwise with an al ter nat ing field
(AF) of up to 160 mT. In sev eral cases the de mag ne ti za tion
was stopped ear lier, when the in ten sity of NRM de creased be -
low the level of in stru men tal noise (~0.03 mAm–1). Af ter each 
step the in ten sity and di rec tion of NRM were mea sured us ing
a super con duct ing (SQUID) mag ne tom e ter. Eleven spec i -
mens were ther mally de mag ne tized un til the 680°C or ther mal 
step (usu ally be tween 250 to 500°C) when a dras tic in crease
in mag netic sus cep ti bil ity or remanence oc curred, re flect ing
min er al og i cal changes due to heat ing (goethite/maghemite to
he ma tite, see e.g., Dunlop and Özdemir, 1997). In di vid ual
NRM mea sure ments were sub jected to a joint anal y sis by ste -
reo graphic plots, de mag ne ti za tion de cay curves, or thogo nal
de mag ne ti za tion di a grams (Zijderveld, 1967), and prin ci pal
com po nent anal y sis (Kirschvink, 1980) to ob tain the char ac -
ter is tic remanence di rec tions. Fisher (1953) sta tis tics was
used to cal cu late mean remanence di rec tions. To iden tify the
car ri ers of remanence, eleven sam ples were tested by
coercivity (with a max i mum avail able mag ne tiz ing field of
1.5 T) and un block ing tem per a ture prop er ties (Lowrie, 1990;
Fig. 3) by step-wise heat ing in air.
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Fig. 1A — out crop area of the Raikküla Stage (dark grey) and

Máhküla Beds (light grey) in Cen tral and West ern Es to nia; B — Si lu -
rian strati graphic log in di cat ing the chronostratigraphic po si tion of

the Raikküla Stage and Máhküla Beds

A — thick black line con tours ap prox i mate dis tri bu tion of the car bon ate
rocks of the Raikküla Stage, the thin line con tours the dis tri bu tion of the
Máhküla Beds. The map is re drawn af ter Nestor (1997). It also lo cates
finds of sul phide min er al iza tion (black-and-white squares) af ter Bylino et
al. (1970). B — ages are from Gradstein et al. (2004)
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Fig. 2. Macro- and mi cro scopic pho tos of the Rástla dolomites

A — finely crys tal line yel low do lo mite (va ri ety I) with vi o let he ma tite-rich con cen tra tions that con tain coarser do lo mite crys tals and is more po rous than
the sur round ings rock; B — finely crys tal line do lo mite in plane po lar ized light, sam ple RR1 (va ri ety I). The pho to graph is taken from the sharp vi o -
let-tinged rim rep re sent ing higher he ma tite con cen tra tions. In side the red dish nod ule-like he ma tite-rich masses (the low er most part of the photo) the do lo -
mite crys tals are coarser (0.04–0.15 mm), whereas in the out side part (the up per most part of the photo) the crys tals are finer, with di am e ters of <0.05 mm; C
— do lo mite (paler) crys tals and he ma tite (darker) sur round ing an ~1.5 mm open void (sam ple RR4; va ri ety II). The con cen tra tion of he ma tite is higher ad -
ja cent to the void; D  — con cen tra tion of darker min er als is higher along the cracks (spec i men RO5–4, va ri ety III); E — spheres of goethite (dark) oc cur -
ring on the walls of do lo mite (pale crys tals; sam ple RR2; va ri ety I); F — SEM back scat tered im age of pale ra dial ag gre gates (goethite ac cord ing to
mor pho log i cal pa ram e ters; com posed of 81 wt.% of iron ox ide ac cord ing to Elec tron Probe Microanalyzer — EPMA data) fill ing the cracks (black) in do -
lo mite (dark grey; sam ple RO3; va ri ety I)
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Fig. 3A and B — pro gres sive ac qui si tion of IRM (iso ther mal remanent mag ne ti za tion); C–H — ther mal de mag ne ti za tion of a three-com po nent
IRM pro duced by mag ne tiz ing the sam ple in 1500 mT along its z-axis, fol lowed by 400 mT along the y-axis, and fi nally 120 mT along the x-axis



RESULTS

MINERALOGY

Based on XRD data the sam ples are dolomites to ar gil la -
ceous dolomites (Ta ble 1). Most of the sam ples rep re sent pure
dolostones with a do lo mite con tent from 92 to 97%. In three
sam ples of va ri ety II the do lo mite con tent is some what lower
(71–76%), the rest be ing clay min er als, quartz and K-feld spar.
The only mag netic min eral rec og nized in whole-rock sam ples
in a de tect able amount (i.e. >0.5%) is he ma tite, which com -
prises up to 2.2% of the com po si tion of va ri ety II. Bin oc u lar
mi cro scopic and SEM ob ser va tions re veal that, apart from he -
ma tite, the pres ence of goethite that oc curs as sec ond ary red -
dish to dark-brown spherolitic ag gre gates in the form of sur -
face coat ings on frac ture planes and dis so lu tion mould walls
(Fig. 2E, F).

The yel low ish and red dish ar gil la ceous finely crys tal line
do lo mite of va ri et ies I and II is com posed of mi cro-to-finely
crys tal line (<0.05 mm) masses of tightly in ter lock ing
anhedral-to-subhedral do lo mite crys tal mo sa ics, which may
con tain float ing, me dium-crys tal line (0.05–0.2 mm) do lo mite
euhedral rhombs. Do lo mite crys tals are cloudy and both in
plane and po lar ized light are un zoned. The subhedral crys tals
have mostly pla nar bound aries (Fig. 2B)

Va ri et ies I and II con tain patches and laminaes of me -
dium-to-coarsely crys tal line (0.05–0.5 mm) do lo mite po rous
frame works, which are fre quently found around frac tures and
(cri noid) dis so lu tion moulds. The inter gra nu lar pores of these
ar eas are filled with sub mi cro scopic he ma tite masses giv ing a
red dish or dark vi o let col our (Fig. 2A–C). He ma tite in red -
dish-col oured ar eas and belts of the finely-to-microcrystalline

do lo mite oc curs along the inter gra nu lar con tacts of the do lo -
mite crys tal lites and it is pref er en tially con cen trated along the
bound aries with the me dium-to-coarse do lo mite ar eas
(Fig. 2B).

Va ri ety III is com posed of replacive me dium-to-coarse
crys tal line (>0.2 mm) anhedral-to-euhedral do lo mite rhombs
that vary in grain size, and which are re mark ably more
coarse-grained (up to sev eral mm) to wards the abun dant frac -
tures and cav i ties. The crys tals are tur bid and com monly comp -
lexly zoned in plane po lar ized light. The crys tal bound aries of 
the euhedral do lo mite crys tal lites are mainly nonplanar (tan -
gen tial) and crys tal bound aries are rarely partly curved. The
euhedral do lo mite in di vid ual crys tals are in most cases ce -
mented by inter gra nu lar xenomorphic do lo mite, which shows 
sec tor-like extinctionin po lar ized light.

The ac qui si tion curves of iso ther mal remanent mag ne ti za -
tion (IRM; Fig. 3A, B) re veal steep (at <0.3 to 0.4 T) and gen tle
(at >0.3 to 0.4 T) gra di ents with no sat u ra tion reached in 1.5 T.
Ther mal de mag ne ti za tion curves of the 3 axes IRM from va ri -
ety I sam ples (Fig. 3C–F) show a rel a tively smooth de cay at the
soft and hard frac tions in di cat ing a dom i na tion of he ma tite at a
wide range of coercivities. The de mag ne ti za tion curve of the
me dium (0.12 to 0.4 T) frac tion shows, ad di tion ally to the sig -
nal by he ma tite (Fig. 3C, F), slightly steeper gra di ents be tween
350 to 400°C (Fig. 3C, F) and 520 to 560°C in di cat ing the pres -
ence of some maghemite and mag ne tite. Sig nal of he ma tite at
the low-coercivity frac tion curves may be due to the pres ence
of large multi-do main grains or in di cates heat-caused min er al -
og i cal changes dur ing the treat ment. Va ri et ies II and III re veal
he ma tite pro duc ing the high (0.4 to 1.5 T) coercivity com po -
nent (Fig. 3G, H) whereas mag ne tite and pos si bly some
maghemite (Fig. 3H) are re spon si ble for the de mag ne tiz ing be -
hav iour of the soft and me dium coercivity frac tions. No clear
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T a  b l e  1

 Quan ti ta tive min eral com po si tion of Rástla dolomites by XRD pow der pat terns

Spec i men PS Chlorite Illite Quartz K-feld spar Al bite Do lo mite He ma tite

va ri ety I

RR1-3c A+BN – 2.4 ±0.8 1.5 ±0.2 2.3 ±0.5 2.1 ±0.4 91.7 ±1.0 tr

RR2-1c A+BN – 2.7 ±0.8 1.9 ±0.2 2.9 ±0.5 tr 92.5 ±0.9 –

RR3-1c A+BN – 1.4 ±0.6 1.1 ±0.1 1.4 ±0.3 0.7 ±0.3 95.4 ±0.7 –

va ri ety II

RR4-1d A+BR 2.7 ±0.4 7.9 ±0.6 8.1 ±0.1 8.5 ±0.3 – 70.6 ±0.6 2.2 ±0.1

RR5-3d A+BN 2.5 ±0.4 6.1 ±0.6 6.7 ±0.1 8.1 ±0.4 – 75.4 ±0.6 1.2 ±0.1

RR6-1f A 1.9 ±0.4 6.2 ±0.6 6.2 ±0.1 8.6 ±0.4 – 76.0 ±0.6 1.1 ±0.1

RS1-3a A+BN – tr 1.6 ±0.2 1.9 ±0.3 1.4 ±0.3 94.3 ±0.5 tr

RS2-3d – – tr 1.8 ±0.2 1.1 ±0.5 0.6 ±0.5 96.5 ±0.7 tr

va ri ety III

RR7-6c – – 2.8 ±0.7 1.0 ±0.2 1.6 ±0.4 1.4 ±0.4 93.2 ±0.8 –

RR8-3c – – 3.8 ±0.6 1.4 ±0.1 1.7 ±0.3 1.2 ±0.3 91.9 ±0.7 –

RR9-3c – – 2.8 ±1.2 1.2 ±0.2 1.0 ±0.7 tr 94.4 ±1.4 –

PS — palaeomagnetic sig na ture (see text and Ta ble 3 for ex pla na tions), where A (B) de notes pres ence of two dif fer ent
remanence di rec tions. Subindex N(R) de notes nor mal (re versed) po lar ity of the char ac ter is tic remanence; tr — traces of
min eral ob served



in di ca tions of goethite, which has been found by min er al og i cal
stud ies, have been found dur ing the IRM test. It’s pos si ble that
goethite has not been sat u rated due to the rel a tively low field
used to mag ne tize the sam ples, or is non-mag netic.

PHYSICAL PROPERTIES

The grain den si ties of the Rástla dolomites (Ta ble 2) are
lower than that of the o ret i cal do lo mite (2866 kg m–3; e.g., John -

son and Olhoeft, 1984) and the con trasts be tween dif fer ent va -
ri et ies are neg li gi ble. Va ri et ies I and II have high po ros i ties
(Ta ble 2 and Fig. 4), which are most likely due to vol ume re -
duc tion by re place ment of orig i nal car bon ates (mainly cal cite)
by do lo mite, as the lat ter has a smaller mo lar vol ume. Va ri ety
III has rel a tively low dif fer ences be tween grain and wet den si -
ties as mir rored in their low po ros ity (Ta ble 2). How ever, due to 
the rel a tively small sizes of spec i mens (~11 cm3), the ef fect of
macro-po ros ity is not, taken into ac count thus the over all po -
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T a  b l e  2

Phys i cal properties of dolomites from the Rástla quarry

Var. PS NS
rG

[kg m–3]

rW

[kg m–3]

f

[%]

c

[´ 10–6 SI]

NRM

[mA m–1]

Q

[–]

I A+B 11 2801 ±16 2596 ±43 11.4 ±2.7   8 ±2 0.78 ±0.46 4.6 ±3.8

II A+B 9 2800 ±15 2635 ±77   9.2 ±3.6  18 ±12 0.28 ±0.41 0.4 ±0.3

III – 6 2806 ±38 2740 ±65   3.7 ±1.7 15 ±7 0.07 ±0.03 0.2 ±0.2

To tal 26 2802 ±22 2643 ±83  8.9 ±4.1 13 ±9 0.44 ±0.48 2.1 ±3.2

Var. — va ri ety of sam pled dolomites (see text for I, II, and III), PS — palaeomagnetic sig na ture, where A, B

de notes pres ence of two dif fer ent remanence di rec tions, NS  — num ber of sam ples, rG — grain den sity, rW —

wet den sity, f — po ros ity, c — mag netic sus cep ti bil ity (vol ume nor mal ized), NRM — in ten sity of the nat u ral
remanent mag ne ti za tion, Q — Koenigsberger ra tio

Fig. 4A — po ros ity vs. grain den sity; B — grain den sity vs.
mag netic sus cep ti bil ity; C — in ten sity of nat u ral remanent
mag ne ti za tion (NRM) vs. mag netic sus cep ti bil ity for do lo mite

spec i mens from the Rástla quarry

In C the Koenigsberger ra tio (Q) is in di cated by in clined lines; in -
ten sity of NRM and mag netic sus cep ti bil ity are given on a log a rith -
mic scale



ros ity of the va ri ety III type of dolomites is higher than the lab -
o ra tory po ros ity due to the pres ence of vis i ble vugs, which are
com pa ra ble to the sizes of the spec i mens.

Based on the val ues of nat u ral remanent mag ne ti za tion in -
ten sity, the sam ples are di vided into two groups with rel a tively
high and low val ues of NRM. The first group, rep re sented by
the first va ri ety of dolomites, re veals high in ten si ties (NRM
>0.4 mA m–1). The ferruginous-rich spec i mens of va ri ety II be -
long to this group as well (Fig. 4C). The sec ond group, with
much lower in ten sity (NRM <0.4 mA m–1), is rep re sented by
va ri ety III (Ta ble 2) and the light-col oured (non-ferruginous)
spec i mens of the sec ond va ri ety be long also to group 2. Be -
cause of the high in ter nal min er al og i cal and mag netic inhomo -
geneity of va ri ety II the stan dard de vi a tion of NRM in ten si ties
is large (Ta ble 2). The two groups can be dif fer en ti ated also by
their Koenigsberger ra tios (group 1: Q > 0.5; group 2: Q < 0.5).
The dis crep an cies in Q are mainly in the vari a tion in NRM,
since the mag netic sus cep ti bil i ties (Fig. 4B, C) are uni form and

rel a tively low (<100 ´ 10–6 SI) in all sam ples. Slightly higher
sus cep ti bil ity val ues were mea sured for va ri ety II; how ever,
these val ues cor re late nei ther with NRM in ten sity data nor with 
the in ten sity of im preg na tion.

PALAEOMAGNETIC BEHAVIOUR

Two remanent mag ne ti za tion com po nents (here af ter called
A and B) were iden ti fied by di rec tional group ings, al ter nat ing
field (AF) coercivity and ther mal spec tra (Figs. 3 and 5). Both
com po nents are pres ent in va ri et ies I and II with NRM in ten si -
ties gen er ally >0.2 mA m–1. Va ri ety III has ex tremely weak
NRM (Ta ble 2) gen er ally with out de tect able remanent mag ne -
ti za tion com po nents. The two com po nents dif fer in their sta bil -
ity against the AF de mag ne ti za tion: com po nent A is softer and
re moved at fields £50 mT whereas com po nent B is more re sis -
tant to AF, as in many spec i mens it has not yet been to tally re -
moved at 160 mT, the max i mum field ap plied (Fig. 5). Spec i -
mens with higher re sis tance against the AF course (e.g., Fig.
5B, D, E) usu ally ex hibit both com po nents of remanence,
whereas spec i mens with lower re sis tance (Fig. 5A and C) show 
up com po nent A only, if at all. Both po lar i ties are pres ent in
com po nent B with an tip o dal sym me try BN (Fig. 5B and G) and
BR (Fig. 5E and F), and they pass the re ver sal test (cat e gory B;
McFadden and McElhinney, 1990). Dur ing the course of ther -
mal de mag ne ti za tion the low coercivity (A) com po nent is ob -
serv able un til 200 to 320°C, be ing partly over shad owed by
tem per a ture-caused changes in car ri ers of remanence. The pale
sam ples with out vis i ble he ma tite con cen tra tions tend to re veal
com po nent A only (e.g., Fig. 5H). The ma jor ity of the ther -
mally de mag ne tized spec i mens show an abrupt in crease in
mag netic sus cep ti bil ity and/or in ten sity of the NRM at be tween 
300 and 400°C, in di cat ing min er al og i cal changes. Com par ing
the de mag ne ti za tion re sults with the mag netic min er al ogy
(Fig. 2), and coercivity spec tra (Fig. 3), we sug gest that com po -
nent A is car ried by mag ne tite, maghemite and pos si bly some
large multidomain he ma tite, whereas he ma tite is re spon si ble
for com po nent B. 

The com bined sam ple-mean di rec tion of B (Ta ble 3) is
slightly shifted from the pres ent Earth’s mag netic field (PEF) at 

the Rtstla site (D » 6°, I » 72°). How ever, the com po nent’s un -
likely to rep re sent vis cous remanent mag ne ti za tion (VRM) as it 
does not de mag ne tize at el e vated tem per a tures. Also, the pres -
ence of the re versed coun ter part does not sup port its vis cous or -
i gin. We sug gest B rep re sents a mag netic over print that, car ried 
by he ma tite, is chem i cal in or i gin. 

The low-coercivity com po nent A1, of sin gle po lar ity, has a
mean di rec tion (Ta ble 3) that is clearly dif fer ent from PEF and
B. To avoid the ef fect of pos si ble over lap be tween the
coercivities of A and B, and to get more re li able ap prox i ma tion, 
we cal cu lated the com po nent A (A2 in Ta ble 3, Figs. 6 and 7)
from seven sam ples that are (i) de mag ne tized ther mally or/and
(ii) lack ing a sig nif i cant sig nal from com po nent B. In spite of
the lower num ber of sam ples, dis per sion is some what higher (k
= 14.2) as com pared with A1. The rel a tively low pre ci sion of
com po nent A is mainly caused by vari a tion in dec li na tions,
whereas the in cli na tion  is more sta ble (Fig. 6). The shal low in -
cli na tion of the com po nent A con cords with palaeogeographic
re con struc tions where Baltica oc cu pied low north erly lat i tudes
on its way north wards at Late De vo nian to Car bon if er ous times 
(e.g., Torsvik, 1998).

DISCUSSION

The uni form very fine-to-fine grain size, un zoned and
cloudy petrographic char ac ter, the pla nar crys tal con tacts of the 
do lo mite crys tal lites, as the well as pres er va tion of pri mary sed -
i men tary tex tures, sug gest diagenetic dolomitization of the va -
ri et ies I and II found at Rtstla. In con trast, the me dium-
 to-coarse crys tal line do lo mite with abun dant nonplanar crys tal
bound aries and zoned overgrowths in cross-cut ting vein-like
bod ies (va ri ety III) sug gests sig nif i cant recrystallization. The
paragenetic re la tion ships of the do lo mite with pos si ble mag -
netic car rier Fe-min er als sug gest that the he ma tite and goethite
post date the diagenetic dolomitization. He ma tite im preg nates
the nod u lar ar eas and goethite oc curs as  sec ond ary coat ings on
the frac ture and mould walls. He ma tite seems to be re spon si ble
for the remanent mag ne ti za tion com po nent B. Low- to me -
dium-coercivity fer ro mag netic min er als such as mag ne tite,
pos si bly some maghemite and large multidomain he ma tite, are
the cause of the com po nent A.

To find the pos si ble ages for com po nents A and B, we plot -
ted them (see Ta ble 3) on the Ap par ent Po lar Wan der Path
(APWP) for Baltica (Fig. 7A) and Eu rope (Fig. 7B; Besse and
Courtillot, 2003). The APWP of Baltica in cludes poles from
sta ble Eu rope of Late- and post-Car bon if er ous times
(200–300 Ma; Torsvik et al., 2001). It was con structed with the
spher i cal spline method with a smooth ing pa ram e ter of 200
weighted ac cord ing to the re li abil ity cri te ria (Q-fac tor; Van der
Voo, 1990) of the avail able poles. We used the GMAP
programme of Torsvik and Smethurst (http://www.geo phys -
ics.ngu.no). The poles with Q-fac tor of 5, 6, and 7 se lected
from the da ta base in Torsvik et al. (1996, 2001) were used.
Com par i son of poles A and B of this study with the APWP sug -
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Fig. 5. Ex am ples of al ter nat ing field (A–E) and ther mal (F–H) de mag ne ti za tion be hav iour char ac ter is tic of the Rástla dolomites

A — spec i men RS1-1a; B — spec i men RS3-1c; C — spec i men RS7-2a; D — spec i men RR4-2d; E — spec i men RO3-2b; F — spec i men RR4-3b; G —

spec i men RR2-3b; H — spec i men RR5-1b; a — are rel a tive in ten sity and sus cep ti bil ity (J/J0 and c/c0) de cay curves, where the de mag ne tiz ing al ter nat ing

field (mT) or tem per a ture (°C) is given on the hor i zon tal axis; b — are ste reo graphic pro jec tions of di rec tional data on de mag ne ti za tion; c — are the or -
thogo nal de mag ne ti za tion di a grams, where open (closed) sym bols de note the ver ti cal (hor i zon tal planes)



gests a Late De vo nian to Car bon if er ous age for A, and an Early 
Cre ta ceous age for B (Fig. 7). How ever, both poles plot off the
Bal tic APWP: be cause the de mag ne ti za tion spec tra of the two
com po nents slightly over lap, the two com po nents may have
been sep a rated im per fectly. There fore, the com po nents, es pe -
cially the low-coercivity com po nent A, may be con tam i nated
by com po nent B. The more re li able ap prox i ma tion, pole A2
from seven sam ples only, gives a slightly older age com pared
to A1 (Fig. 7A). We note that the sam ple-mean di rec tions are
rel a tively sim i lar in their in cli na tions but dif fer in their dec li na -
tions (Fig. 6). The in di vid ual sam ple-mean A poles align
subparallel to the De vo nian–Car bon if er ous sec tion of the
APWP-curve sug gest ing that the A poles may also re flect a
con sid er able time of ac qui si tion. Nei ther A nor B poles point
to wards the Si lu rian, there fore, we de duce that a pri mary mag -
ne ti za tion of Si lu rian age is lost and over printed by youn ger
events. Both remanence com po nents are likely of chem i cal or i -
gin. Con se quently, the diagenetic dolomitization, which

paragenetically pre dates the he ma tite pre cip i ta tion, must have
taken place be fore the ac qui si tion of com po nent B.

The palaeomagnetic sig na tures do not as sess di rectly the
age of the late replacive dolomiti zation event car ried by va ri ety
III dolomites that have com pletely re placed the ear lier car bon -
ates. In a re gional con text, the ex po sure of the Mthküla Beds is
lo cated within  a NE–SW-trending belt of faults, which of ten
carry dolomiti zation and Pb–Zn min er al iza tion in Or do vi cian
to Lower Si lu rian lime stones (Puura and Sudov, 1976). In a lo -
cal view, the Rtstla quarry is sit u ated next to an area with
sparse sul phide min er al iza tion (ga lena, sphalerite, py rite; see,
e.g. Sundblad et al., 1999). About 15 km SWW from Rtstla
(Fig. 1A) in the ex ca vated trench for the Navesti River, the sul -
phide min er al iza tion fills large cav erns, pores and fis sures of
the Mthküla Beds (un pub lished ob ser va tions by Väino Puura
in late 1950’s). At the Navesti lo ca tion, thin sul phide and car -
bon ate veins were ob served to pen e trate the over ly ing De vo -
nian marlstones, sug gest ing a post-De vo nian age for their for -
ma tion. Also, the a post-De vo nian for ma tion is sup ported by
the fact that the sulphides lack signs of weath er ing in spite of
con ti nen tal con di tions in the Late Si lu rian (Nestor, 1997) and
Early De vo nian (Kleesment and Mark-Kurik, 1997) stages.

At Rtstla, the va ri ety III dolomites are spa tially re lated to
the nu mer ous frac tures and cav erns as well as to rare old karst
caves and chan nels 10–30 cm in di am e ter, sug gest ing  in ten sive 
re work ing by rock-wa ter in ter ac tion. Al though sul phide min er -
al iza tion at the Rtstla quarry is poorly rep re sented, we sug gest
that the late replacive diagenetic or low-tem per a ture hy dro ther -
mal dolomitization is of the same age as in the Vthma–Navesti
area. The comp lexly zoned crys tals with a smaller num ber of
un zoned crys tals in di cate mul ti ple ep i sodes of re place ment,
over growth and also nu cle ation, which sug gest a lon ger pe riod
of ac tiv ity of these zones rather than a short sin gle im pulse of
al ter ation. The for ma tion of low-coercivity fer ro mag netic min -
er als at Rtstla could be re lated  to this in ter val. Low-tem per a -
ture orogenically-de rived fluid flows are linked in sev eral stud -
ies world wide, e.g. Perm ian wide spread sec ond ary mag ne ti za -
tion in North Amer i can car bon ate and clastic de pos its (McCabe 
and El more, 1989) and Ter tiary mag ne tism of the Mid dle De -
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T a  b l e  3

Remanence di rec tions and cor re spond ing vir tual geo mag netic pole po si tions 
cal cu lated as means of sam ples

Mag netic
com po nent N (n) Po lar ity D [°] I [°] k a95

Plat
[°N]

Plon
[°E]

dp
[°]

dm
[°]

A1 19 (138) N   47.0  15.4   8.9 11.9  27.9 150.7   6.3 12.2

A2   7 (27) N   60.7    7.7 14.2 16.6  18.2 139.5   8.4 16.7

BN 11 (68) N     2.0  63.1 81.4   5.1  75.9 200.0   6.3   8.0

BR   4 (26) R 201.0 –53.9 86.3   9.9  62.1 166.7   9.7 13.9

Bcomb 15 (94) N+R   13.5  60.7 67.0   4.7  71.1 173.3   5.5   7.2

BN+BR 2 poles N+R – – – –  69.3 176.9 –

N (n) — num ber of sam ples (spec i mens) re veal ing the com po nent, D — dec li na tion, I  — in cli na tion, k —

Fisher’s (1953) pre ci sion pa ram e ter, a95 — ra dius of a cone of 95% con fi dence about the mean; Plat and
Plon — the lat i tude and lon gi tude of the vir tual geo mag netic poles, dp and dm — semiaxes of an oval of 95%
con fi dence of the pole; see text for de scrip tion of mag netic components

Fig. 6. Equal-an gle stereonet pro jec tions of in situ remanence 
di rec tions (sam ple means — left) and the site means (right)

Dots and squares rep re sent com po nents A and B (for data see text and Ta -
ble 3), re spec tively. Open (closed) sym bols de note up wards (down ward)
point ing remanence. The cir cles de note the 95% con fi dences. Di rec tion of
the pres ent Earth field is shown by cross; for other ex pla na tions see the text



vo nian car bon ates of the west ern Can ada Sed i men tary Ba sin
(Lewchuk et al., 2000).

Our re sults fit into the fol low ing scheme of geo log i cal evo -
lu tion in Cen tral Es to nia. Mid Llandovery: de po si tion of al -
most pure bioclastic lime stones in a shal low NE part of the Or -
do vi cian–Si lu rian Bal tic Ba sin (Nestor and Einasto, 1997), fol -
lowed by diagenetic dolomitization of lime stones in some parts 
of the ba sin (Kiipli, 1983). Mid dle Llandovery to Lud low:
burial of the Mthküla Beds un der a pile of car bon ate rocks. It is 
likely that the pri mary iron ox ides were sulphurated due to
anoxic con di tions dur ing the diagenesis and burial. Late Si lu -
rian to Early De vo nian: a far-field ex pres sion of the com pres -
sion by Cal edo nian tec ton ics; for ma tion of sys tems of mainly
NE–SW-ori ented faults plus ero sion and weath er ing of the 

over ly ing Si lu rian de pos its; the Raikküla (in clud ing the Rtstla) 
de pos its be came ex posed (Puura et al., 1999). At Rtstla, sys -
tems con trol ling the youn gest do lo mite bod ies as well as karst
caves and chan nels (in which later superposed do lo mite min er -
al iza tion has de vel oped) prob a bly be long to this age. Mid to
Late De vo nian: burial of the eroded very slightly south erly
slop ing sur face (Puura et al., 1999) un der  transgressive De vo -
nian de pos its some hun dreds of metres thick. A pre dom i nantly
con ti nen tal set ting lasted from the Car bon if er ous to the
Paleogene. Puura and Sudov (1976) sup posed that lead and
zinc sul phide min er al iza tion in as so ci a tion with bar ite and car -
bon ates in NE and Cen tral Es to nia formed due to a post-De vo -
nian re gional hy dro ther mal event. The pres ent study dates the
for ma tion of iron ox ides (likely due to ox i da tion of diagenetic
sulphides) to the Late De vo nian–Car bon if er ous. Pos si bly, the
brines were slightly heated by Mid to Late De vo nian burial
caus ing hy dro ther mal cir cu la tion of flu ids and re dox gradiends. 
The event could be tied to the far-field hy dro ther mal in flu ence
of the Cal edo nian and serve as a source for sec ond ary
dolomitization and va ri ety III dolomites.  Cal edo nian in duced
mo bi li za tion of sev eral el e ments in the Pre cam brian crust of the 
Fennoscandian Shield has been ob served and dated to 450 Ma
(U–Pb, Vaasjoki et al., 2002) and ~400 Ma (Sm–Nd age of flu -
o rite, Alm et al., 2005). Our study can not ex clude the pos si ble
in flu ence of Hercynian tectonism that is some what more co eval 
with the Late De vo nian–Car bon if er ous age of com po nent A.
Hercynian tectonism has been as so ci ated with si mul ta neous
block tec ton ics and mafic in tru sions in NE Po land (Krzemiñska 
et al., 2006) and the south ern part of the Bal tic sea bed (Puura et
al., 1991). 

Dur ing the fol low ing pre dom i nantly con ti nen tal and ox y -
gen-rich hu mid in ter val, he ma tite, which post-dates the
dolomites ac cord ing to the pres ent study, was pre cip i tated into
the pore space of va ri ety I and II dolomites pre dom i nantly. Re -
sults sim i lar to our he ma tite-car ried com po nent B, have been
re ported from Up per De vo nian dolomites from Lat via (Èesis
quarry) and Lith u a nia (Skaistgirys quarry) (Fig. 7). The au thors 
(Katinas and Nawrocki, 2004) have tied the com po nent to
chem i cal remagnetization due to mi gra tion of ox i diz ing flu ids
at faults that were re ac ti vated dur ing the Late Ju ras sic–Early
Cre ta ceous. We also note that the area was sub jected to a pro -
longed pe riod of ero sion dur ing the Me so zoic and Ce no zoic,
al low ing ox i diz ing flu ids to pen e trate deeper and deeper
through time even with out any spe cific tec tonic events. Va ri ety
III dolomites lack the mag netic sig nal of he ma tite sug gest ing
that the inter gra nu lar po ros ity of these dolomites was too low
for fluid flow (see Ta ble 2) and, pre cip i ta tion of sec ond ary he -
ma tite. Dur ing the Neo gene con ti nen tal pe riod, the Raikküla
and Mthküla de pos its be came ex posed and, fi nally, bur ied un -
der a thin cover of Qua ter nary de pos its.

CONCLUSIONS

Two com po nents of remanent mag ne ti za tion have been
iden ti fied in the dolomites of the Mthküla Beds in the Rtstla
quarry by al ter nat ing field and ther mal de mag ne ti za tion.
A north east erly-di rected com po nent (A) with low in cli na tion
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Fig. 7A — com bi na tion of (i) APWP path for Baltica (a dark line with
white dots of ages in Ma) con structed with the spher i cal spline method

(smooth ing pa ram e ter = 200; poles with 5 £ Q £ 7) weighted ac cord ing
to their Q-fac tor by the GMAP programme of Torsvik and Smethurst
(http://www.geo phys ics.ngu.no), and (ii) two in ter pre ta tions of pole A
(A1 and A2) of the pres ent study (black dots); B — com bi na tion of (i)
mas ter APW path for Eu rope for the past 200 Ma (for de tails see Besse 
and Courtillot, 2003), (ii) pole B of the pres ent study (black dots), and
(iii) poles (black squares) by Katinas and Nawrocki (2004)

The a95 con fi dence cir cles are given by grey ovals; 
see text for ex pla na tions and in ter pre ta tions



dates to the end of Palaeozoic, pre sum ably Late De vo nian to
Mississipian, whereas an other much steeper com po nent (B) is
youn ger, Cre ta ceous. There is no in di ca tion of any pri mary Si -
lu rian mag ne ti za tion di rec tions. Min er al og i cal stud ies re vealed 
he ma tite re spon si ble for the high-coercivity com po nent (B).
The co-pres ence of mag ne tite and pos si bly some maghemite
(com po nent A) has been shown by mag netic tests.

We in ter pret the first (A) Palaeozoic remagnetization ep -
och as be ing caused by low-tem per a ture hy dro ther mal cir cu -
la tion due to the in flu ence of the Cal edo nian/Hercynian orog -
eny tak ing place af ter the early diagenetic dolomitization of
car bon ates but serv ing as a pos si ble source for sec ond ary
dolomitization. He ma tite and goethite are the lat est fer ro mag -

netic min er als that have pre cip i tated into the ex ist ing pore
space (he ma tite) and walls of mi cro scopic frac tures (goethite)
that opened to al low ac cess for for ox y gen-rich flu ids dur ing
the Late Me so zoic.
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