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This pa per re views all avail able geo log i cal data on the Tajno Mas sif that in truded the Paleoproterozoic crys tal line base ment
of NE Po land (Mazowsze Do main) north of the Teisseyre-Tornquist Zone, on the East Eu ro pean Craton. This mas sif (and the 
nearby E³k and Pisz in tru sions) oc curs be neath a thick Me so zoic-Ce no zoic sed i men tary cover. It has first been rec og nized
by geo phys i cal (mag netic and grav ity) in ves ti ga tions, then by drill ing (12 bore holes down to 1800 m). The main rock types
iden ti fied (clinopyroxenites, syenites, carbonatites cut by later multiphase vol ca nic/subvolcanic dykes) al low char ac ter iz ing
this mas sif as a dif fer en ti ated ultra mafic, al ka line and carbonatite com plex, quite com pa ra ble to the nu mer ous mas sifs of the
Late De vo nian Kola Prov ince of NW Rus sia. Re cent geo chron ol ogi cal data (U-Pb on zir con from an albitite and Re-Os on
pyrrhotite from a carbonatite) in di cate that the mas sif was emplaced at ~348 Ma (Early Car bon if er ous). All the rocks, but
more spe cif i cally the carbonatites, are en riched in Sr, Ba and LREE, like many carbonatites world wide, but de pleted in high
field strength el e ments (Ti, Nb, Ta, Zr). The ini tial 87Sr/86Sr (0.70370 to 0.70380) and eNd(t) (+3.3 to +0.7) iso to pic com po si -
tions of carbonatites plot in the de pleted quad rant of the Nd-Sr di a gram, close to the “FO cal ZOne” deep man tle do main. The
Pb iso to pic data (206Pb/204Pb <18.50) do not point to an HIMU (high U/Pb) source. The ranges of C and O sta ble iso to pic com -
po si tions of the carbonatites are quite large; some data plot in (or close to) the “Pri mary Ig ne ous Carbonatite” box, while oth -
ers ex tend to much higher, typ i cally crustal d18O and d13C val ues.
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INTRODUCTION

Carbonatite rocks are the most im por tant source of REE-
 bear ing de pos its on Earth. These de pos its oc cur in neck-like or
ir reg u lar veins usu ally com posed of var i ous car bon ates (mainly
cal cite; sub sid iary do lo mite and/or an ker ite), with REE-bear ing
min er als: bastnäsite, parisite, burbankite and monazite (Maria -
no, 1989; Woolley and Kempe, 1989; Notholt et al., 1990).
Carbonatites are com monly as so ci ated with polyphase al ka line 
in tru sions char ac ter ized by a large va ri ety of rock types: pluto -
nic (clinopyroxenites, var i ous types of syenites and neph el ine
syenites) and/or al ka line volcanics (nephelinites, tra chytes,
pho no lites) and lam pro phyres. 

Carbonatites and their as so ci ated al ka line rocks are empla -
ced mainly in rift zones in con ti nen tal cratonic blocks (Woolley,
1989). Few carbonatite oc cur rences have been re ported from
the oce anic en vi ron ments. On the East Eu ro pean Craton (EEC),
in the Fennoscandian crustal seg ment, carbonatites are known
in the fa mous Kola Al ka line Prov ince (KAP) of Late De vo nian
age (380–360 Ma), which con sists of >20 in tru sions, in clud ing
the Khibina (also known as Khibiny) and Lovozero agpaitic neph -
el ine syenite mas sifs (Kogarko et al., 1995; see Downes et al.,
2005, for a de tailed re view). These in tru sions, called UAC (ultra -
mafic-al ka line-carbonatite) complexes, are char ac ter ized by a
rock tril ogy: ultra mafic cumulates (mainly clinopyroxenites with
sub or di nate peri dot ites), al ka line sil i cate rocks (neph el ine sye -
nites and/or rocks of the ijolite se ries) and carbonatites (with as -
so ci ated phoscorites). Some of these in tru sions host min eral de -
pos its of eco nomic im por tance (e.g., ap a tite, mag ne tite, pyro -
chlore, lopa rite, perovskite, mona zite), which are sources of rare
met als (Nb, Ta, REE, Zr, Hf) (Woolley, 1989; Wall and Zaitsev,
2004). 
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The Late Pro tero zoic crys tal line base ment of NE Po land
(NE of the Teisseyre-Tornquist Zone) be longs to the EEC
(Narkiewicz and Petecki, 2019). It is cov ered by a thick (sev eral
hun dred metres) Phanerozoic sed i men tary pile. 

Prom i nent in tru sive bod ies in this crys tal line base ment
were dis cov ered in the late 1950s us ing re gional mag netic and
grav ity sur veys. Sev eral geo phys i cal anom a lies were iden ti fied
within the crys tal line base ment. They have been ex plored by
nu mer ous drillings, which al low rec og niz ing at least three youn -
ger undeformed al ka line plutonic bod ies: 

  1 – rel a tively small (~12 km2) Tajno clinopyroxenite -
-carbonatite com plex, 

  2 – much big ger (~400 km2) E³k al ka line-neph el ine
syenite in tru sion,

  3 – Pisz gab bro-syenite in tru sion (~170 km2). 

Twelve ver ti cal bore holes, to the max i mum depth of
~1800 m, were drilled to sam ple the Tajno com plex, which al -
lows con duct ing var i ous pet ro log i cal and geo chem i cal in ves ti -
ga tions. The first geo chron ol ogi cal age es ti mates were ob -
tained us ing a sim ple ver sion of the K-Ar method (Depciuch et
al., 1975). They yielded rather im pre cise Pa leo zoic ages in the
range of 318–285 Ma. A pre lim i nary study of the trace el e ment
and REE dis tri bu tion in carbonatites and pyroxenites was pub -
lished by Ryka et al. (1992). Many fur ther re searches pointed to 
the pos si ble re la tion ship of the Tajno Mas sif with the De vo nian
al ka line in tru sions of the Kola Prov ince (Dziedzic, 1973;
Krystkie wicz and Krzemiñski, 1992; Kubicki, 1992; Ryka,
1992). The first at tempt to di rectly com pare the Tajno com plex
with the Kola Al ka line Prov ince was made in the frame work of
Pol ish-Bel gian sci en tific bi lat eral co op er a tion be tween the Pol -
ish Geo log i cal In sti tute – Na tional Re search In sti tute and the
Département des Sci ences de la Terre, Université Li bre in
Bruxelles (see Demaiffe et al., 2005, 2013, for the dis cus sion of
the first re sults). 

This pa per is a con tin u a tion of our fruit ful co op er a tion and
re ports new data on geo phys ics, ma jor and trace el e ments
geo chem is try, and bulk rock iso tope geo chem is try (ra dio genic
Sr, Nd and Pb iso topes) for the main rock types and sta ble C
and O iso tope com po si tions of cal cites ob tained from ion micro -
probe anal y ses. The ob jec tives are (1) to char ac ter ize the var i -
ous carbonatite oc cur rences within the Tajno com plex, and (2)
to dis cuss their petro gen etic re la tions with some of the main
plutonic rock types (clinopyroxenites and syenites) and to iden -
tify the na ture of their sources. 

GEOLOGICAL SETTING AND PREVIOUS
GEOPHYSICAL STUDIES OF THE TAJNO MASSIF

The Pa leo zoic sub-plat form ultra mafic-al ka line and carbo -
na tite Tajno in tru sion, lo cated in NE Po land (Fig. 1A), is hid den
by ~600 m thick Meso-Ce no zoic sed i ments (Ryka, 1992). This
part of the crys tal line base ment be longs to the un ex posed
south ern most mar gin of Fennoscandia. The Tajno ig ne ous
body in truded older crys tal line rocks of the Mazowsze Do main
(Krzemiñska et al., 2017), that is a part of a larger orogenic belt
of 1.85–1.80 Ga known as Pol ish-Lith u a nian Terrane
(Bogdanova et al., 2006). In the Mazowsze Do main, there are
var i ous granitoids and volcanics with a geochemically well-doc -
u mented is land arc tec tonic set ting, formed at 1.84–1.80 Ga
(Krzemiñska et al., 2005); they are ac com pa nied with
greywacke-type sed i ments de pos ited dur ing the last phase of
the Svecofennian Orog eny (Wil liams et al., 2009). The early
geo log i cal de scrip tion em pha sizes the pres ence of a Jotnian

molasse-type de posit form ing the Biebrza com plex that filled a
tec tonic graben in the east ern part of the area (Kubicki, 1992).
The ma ture quartz-rich sed i ments, how ever, are part of very-
 late to post-Svecofennian de pos its meta mor phosed at 1.81 Ga
(Krzemiñski et al., 2019). Apart from a zone of faults (or a tec -
tonic graben) near the Tajno in tru sion (Kubicki, 1992), the
crustal dis con ti nu ities are man i fested by a dyke swarm (con sist -
ing mainly of lam pro phyre) which ex tends up to the north to
Barg³ów IG 2 bore hole, ~8 km north of the Tajno Mas sif. These
al ka line lam pro phyres of camptonite af fin ity com po si tion were
in truded into the Paleoproterozoic orthogneiss base ment at
301.4 to 278.9 ±10.6 Ma (K-Ar cool ing ages; Krze miñski et al.,
2010). 

The Tajno com plex is lo cated also in the vi cin ity of a prom i -
nent re gional mag matic belt – the Mesoproterozoic Mazury
Com plex – which is a typ i cal an or tho site-charnockite- man -
gerite-gran ite as so ci a tion. This AMCG suite trends from NE Po -
land into Lith u a nia and Belarus (Wisznie wska et al., 2002), ev i -
denc ing ma jor lithospheric dis con ti nu ities (Skridlaite et al.,
2003). Af ter con sol i da tion, the Paleoprotero zoic Mazo wsze Do -
main was cross cut by sev eral anorogenic within-plate in tru sions 
emplaced along E–W- tren ding lin ea ments be tween 1.53 and
1.49 Ga (Wiszniewska, 2002; Wisznie wska et al., 2002). 

The al ka line in tru sions iden ti fied by the geo phys i cal meth -
ods were in tensely ex plored by drill ing: the Pisz body is es sen -
tially com posed of gab bros and syenites, the E³k body by
foid-bear ing syenites, and the Tajno body by clinopyroxenites
and syenites, as so ci ated with carbonatites (Fig. 1B). 

Mag netic and grav ity anom aly maps of NE Po land (Fig. 2)
re flect the main struc tural and tec tonic fea tures of the Pre cam -
brian base ment and re veal its com plex pat tern. Clearly iden ti -
fied geo log i cal struc tures were in ter preted as mag matic in tru -
sions (Królikowski and Petecki, 1995; Królikowski et al., 1998;
Petecki and Rosowiecka, 2017). Po ten tial field anom aly anal y -
sis is then a pow er ful tool for in ves ti gat ing the subsurface struc -
ture of the crys tal line base ment. The in ter pre ta tion of the mag -
netic field data is gen er ally more ef fec tive when the crys tal line
base ment is over lain by a thick sed i men tary cover be cause the
mag ne ti za tion con trast be tween sed i men tary and base ment
rocks is usu ally high (Clark, 1997). There fore, the main sources
of the mag netic anom a lies are ex pected to de pend on the base -
ment set ting and its mag netic prop er ties. 

The Tajno grav ity and mag netic anom a lies, cov er ing an
area of ~12 km2, have been dis cov ered for the first time dur ing a 
re gional grav ity sur vey, and sub se quent semi-de tailed grav ity
and mag netic sur veys con ducted in the years 1952–1964
(Cieœla and Kosobudzka, 1992). These high-am pli tude pos i tive
anom a lies are clearly marked in the low-am pli tude re gional
mag netic and grav ity pat terns of north east ern Po land (Fig. 2).
They are both char ac ter ized by a nearly cir cu lar shape and
show a good cor re la tion be tween each other. The data col -
lected dur ing the semi-de tailed stud ies have been used to de -
ter mine the lo ca tion of the first bore hole (marked as Tajno IG 1)
drilled in 1965. Ultra mafic rocks were re corded at the depth in -
ter val of 600–1200 m, be low the Meso-Ce no zoic cover. Due to
the in ter est ing re sults of this first bore hole, four other bore holes
were drilled in 1965–1966 (Tajno IG 2, IG 3, IG 5 and IG 6). Pre -
lim i nary petrographic data ob tained from these bore holes have
clearly in di cated the re la tion ship be tween the geo phys i cal
anom a lies and the al ka line ultra mafic rocks (Kubicki, 1992).
Large mag netic sus cep ti bil ity and den sity con trasts be tween
the al ka line rocks of the Tajno Mas sif and sur round ing rocks of
the base ment have fur ther been es tab lished by lab o ra tory mea -
sure ments of the phys i cal prop er ties of stud ied rocks. 
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Fig. 1A – geo log i cal map of the crys tal line base ment of NE Po land af ter Krzemiñska et al. (2017) show ing lo ca tion 
of the Tajno area (box); B – geo log i cal map of the Tajno Mas sif at 500 m b.s.l. af ter (Ryka, 1992), 

mod i fied, show ing lo ca tion of the deep bore holes



MATERIALS AND ANALYTICAL METHODS

GEOPHYSICAL METHODS 

Very de tailed mag netic and grav ity stud ies were car ried out
over the cen tral part of the anom aly with a grid den sity of
0.15 km and out side the cen tre, on a ba sis of reg u lar 0.3 km
grid. The mag netic and grav ity mea sure ments col lected dur ing
the de tailed stud ies were merged with pre vi ous semi-de tailed
mea sure ments. How ever, the south ern edge of the anom aly is

in suf fi ciently rec og nized due to the pres ence of Tajno Lake and
swamps (Cieœla and Kosobudzka, 1992). The data have been
pro cessed in or der to better vi su al ize struc tural fea tures of the
Tajno struc ture. 

In ter pre ta tion of the geo phys i cal data has been per formed
us ing sev eral meth ods of mag netic and grav ity field trans for ma -
tions. It ap pears that the lo ca tion of the first five bore holes
drilled in 1965–1966 was not  fa vour able with re spect to the lo -
cal mag netic and grav ity anom a lies of the Tajno area (Cieœla
and Kosobudzka, 1992). 
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Fig. 2. Geo phys i cal char ac ter is tics of the base ment in NE Po land

A – to tal in ten sity mag netic anom aly map (in nanoTesla: nT); 
B – Bouguer grav ity anom aly map (in milliGals: mGal)



To en hance the geo phys i cal con trasts, which is crit i cal for
the def i ni tion of the struc tural frame work at the source of the
Tajno anom aly, data pro cess ing in this study was fo cused on
the en hance ment of the short wave length fea tures, which is
more suit able for high-res o lu tion map ping of crys tal line base -
ment. Mag netic data pro cess ing con sisted of re duc tion to the
pole and an a lyt i cal down ward con tin u a tion to a depth of 600 m.
The re sult ing map was then low-pass fil tered. The re duc -
tion-to-the-pole method trans forms the ob served mag netic
ano m a lies into the anom a lies that would have been mea sured if 
both the mag ne ti za tion and am bi ent field were ver ti cal to bring
anom a lies di rectly over their geo log i cal sources (Blakely,
1995). This method re quires knowl edge of the di rec tion of mag -
ne ti za tion, as sumed to be par al lel to the am bi ent field, as would
be the case if remanent mag ne ti za tion is ei ther neg li gi ble or
aligned par al lel to the am bi ent field. Down ward con tin u a tion
trans forms the po ten tial field mea sured on one sur face to the
field that would be mea sured on an other sur face nearer to
sources to en hance de tails of the source dis tri bu tion. As this
trans for ma tion greatly am pli fied the short est wave length anom -
a lies (Blakely, 1995) the low-pass Butterworth fil ter with cut-off
wave lengths equal 1000 m was used to re move spu ri ous high
wave lengths. 

GEOCHEMICAL METHODS

Twenty-five sam ples were ana lysed for ma jor el e ment geo -
chem is try us ing XRF meth ods, and trace el e ments were mea -
sured by FI ICP-mass spec trom e try us ing a one-point “lin ear
through zero” cal i bra tion. The mea sure ments were made on a
Sciex Perkin Elmer ELAN 5000a ICP-MS ma chine. A de tailed
de scrip tion of the pro ce dure for the trace el e ment mea sure -
ments at CRPG, CNRS (Nancy, France) can be found in
Carignan et al. (2001). Geo chem i cal re sults of the 25 sam ples
are pre sented in Ap pen dix 1*.

U-Pb ZIRCON METHOD 

Six zir con grains with con cen tric zon ing were an a lysed at
the Cen tre de Recherches Pétrographiques et Géochimiques
(CRPG, CNRS; Nancy, France). 

The zir con grains sep a rated from the Barg³ów IG 2 and
Tajno IG 5 coun try rock orthogneisses were ana lysed for U-Th -
-Pb age de ter mi na tions us ing the SHRIMP II IIe/MC ion micro -
probe at the Re search School of Earth Sci ences of Aus tra lian
Na tional Uni ver sity (Can berra). Dur ing the an a lyt i cal ses sion
the zir con stan dards FC1 (ra dio genic 206Pb/238U = 0.1859) and
SL13 (U = 238 ppm) and tech niques based on those of Wil liams 
and Claesson (1987) were ap plied. The an a lyt i cal re sults (Ap -
pen dix 2) were cal cu lated and plot ted us ing Isoplot 3 (Lud wig,
2003) geo chron ol ogi cal toolkits for Microsoft Ex cel. 

Re-Os (ID-NTIMS) METHOD 

To ob tain a Re-Os age, sul phide anal y ses from Tajno
carbonatites were done by iso tope di lu tion–neg a tive ther mal
ion mass spec trom e try (ID-NTIMS) at the Ap plied Iso tope Re -
search for In dus try and En vi ron ment (AIRIE Pro gram, Col o -
rado State Uni ver sity, Fort Col lins, USA). 

Rb-Sr AND Sm-Nd METHODS

The an a lyt i cal pro ce dure for the Rb-Sr and Sm-Nd meth ods 
can be found in Ashwal et al. (2002). 

Sam ples for Rb-Sr and Sm-Nd iso to pic anal y ses were dis -
solved in a mixed HF-HNO3 (10:1) so lu tion. Chem i cal sep a ra -
tion of Rb, Sr, Sm and Nd was car ried out by cat ion-ex change
chro ma tog ra phy; pro ce dural blanks were <1 ng. Sr and Nd iso -
to pic ra tios were mea sured on a VG Sec tor 54 multicollector
ther mal ion iza tion mass spec trom e ter housed at the Université
Li bre de Bruxelles, Bel gium. Rep li cate anal y ses of the MERCK
Nd stan dard gave an av er age 143Nd/144Nd value of 0.512742 ±8 
(nor mal ized to 146Nd/144Nd = 0.7219), and mea sure ments of
NBS 987 Sr stan dard yielded an av er age 87Sr/86Sr value of
0.710247 ±7 (nor mal ized to 86Sr/88Sr = 0.1194). On the ba sis of
rou tine lab o ra tory rep li cate anal y ses,147Sm/144Nd and 87Rb/86Sr 
ra tios are re pro duc ible to better than 0.2 and 0.5%, re spec -
tively. Rb-Sr and Sm-Nd iso to pic data are given in Ap pen dix 3.
Ep si lon Nd val ues were cal cu lated as sum ing 147Sm/144Nd =
0.1967 and 143Nd/144Nd = 0.512638 for Chondritic Uni form Res -
er voir (CHUR).

STABLE ISOTOPE METHODOLOGY

Car bon and ox y gen iso tope com po si tions of cal cites se -
lected from the Tajno IG 4 chim ney brec cia were mea sured at
the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute us -
ing the Sec ond ary Ion Mass Spec trom e try (SIMS) tech nique on 
SHRIMP IIe/MC. Sin gle cal cite grains were em bed ded in a 2.5
cm di am e ter ep oxy mount to gether with the NBS-18 cal cite ref -
er ence ma te rial. The mea sured iso tope ra tios are ex pressed as 
d13C and d18O rel a tive to VPDB (Vi enna Pee Dee Bel em nite)
and VSMOW (Vi enna Stan dard Mean Ocean Wa ter), re spec -
tively. Re sults were ex pressed in per mil us ing the con ven tional
d-no ta tion. The ref er ence val ues of NBS-18 and the sum mary
of re sults are listed in Ta ble 1. The de tailed sin gle spot d13C and 
d18O iso tope ra tios are pre sented in Ap pen dix 4.

GEOPHYSICAL IMAGING

The Tajno mag netic and grav ity anom a lies ob tained on the
ba sis of de tailed geo phys i cal mea sure ments sup ple mented by
semi-de tailed data are shown in Fig ure 3A, B, re spec tively. The
Tajno mag netic anom aly has a nearly cir cu lar shape and high
am pli tude of ~1600 nT. It is bor dered by nar row high gra di ent
zones (Fig. 3C). The grav ity anom aly has an am pli tude of
~0.06 m/s2 (6 mGal). It cor re sponds to the shape of the mag -
netic anom aly (Fig. 3D) sug gest ing that both anom a lies (gravi -
metric and mag netic) are caused by the same ig ne ous body
with in tense mag netic sus cep ti bil ity and den sity con trasts be -
tween the in tru sive rocks and their host base ment. 

The trans formed mag netic and gravimetric maps (Fig. 3C,
D) show the com pos ite char ac ter of the Tajno anom a lies. The
pat tern of max ima and min ima and gra di ent zones in the anom -
a lies pro vides the out line of the Tajno mag matic body, in di cat -
ing sig nif i cant lithological di ver sity of the source body. 

The anom aly fields are com posed by a se ries of iso lated
high/low mag netic anom a lies, which can be grouped in two do -
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mains with char ac ter is tic am pli tudes and wave lengths. Down -
ward con tin u a tion of the re duced-to-the-pole mag netic anom aly 
(Fig. 3C) showed that two mag netic do mains can be dis tin -
guished. The first one is lo cated in the cen tral part of the mas sif
and cor re sponds to a cir cu lar mag netic low. The grav ity low is
also marked in the trans formed grav ity field in that area (Fig.
3D); The sec ond one is larger and sur rounds the cen tral do -
main. It is char ac ter ized by large am pli tude mag netic and grav -
ity anom a lies (Fig. 3C, D). At its west ern limit, it has large mag -
netic and grav ity highs with two iso lated anom a lies of large am -
pli tudes. 

The in ter pre ta tion of trans formed geo phys i cal maps sug -
gests that the Tajno Mas sif is a com plex geo log i cal struc ture
char ac ter ized by the pres ence of sev eral dis tinct con trasts in
phys i cal prop er ties of rocks im ply ing large petrophysical di ver -
sity. Rocks with high den sity and strong mag netic prop er ties,
re lated mainly to the pres ence of clinopyroxenites (Kubicki,
1992), are dom i nant es pe cially in the west ern part of the mas -
sif. Re mark able fea tures on the mag netic and grav ity anom aly 
maps are the lows es pe cially strongly man i fested in the mag -
netic field (Fig. 3C), while in the grav ity field they are much
weaker (Fig. 3D). These anom aly lows cover a cir cu lar area of
~0.75 km in di am e ter and are re lated to the crater-fa cies rocks 
(Kubicki, 1992) with weaker mag netic prop er ties and lower
den sity. 

The first five bore holes (Tajno IG 1, IG 2, IG 3, IG 5 and IG
6) were drilled at the pe riph ery of the pos i tive anom a lous zone
(Fig. 3), out of the range of the in ter est ing stron gest anom a lies.
There fore, these bore holes do not al low ex plain ing the or i gin
and source of lo cal mag netic and gravimetric lows, but they re -
vealed the pres ence of ultramafites, hy brid rocks and syenites.
The Tajno IG 5 bore hole pen e trated their host meta mor phic,
orthogneissic base ment. 

To try to un der stand the or i gin of geo phys i cal anom a lies
and their petrographic na ture, five ad di tional bore holes (Tajno
IG 4, IG 7, IG 9, IG 11 and IG 12) were drilled in the years
1984–1987 (Figs. 3C, D and 4) within the lo cal mag netic low
(Fig. 3C). They have pen e trated a palaeovolcanic crater filled
with ex plo sive brec cia and pyroclastic ma te rial cut by mafic
dykes and carbo natite veins con tain ing REE min er als (Kubicki,
1992). The Tajno IG 4 bore hole, lo cated in the cen tral part of
this neg a tive mag netic anom aly, re vealed the pres ence of

chim ney brec cia (chim ney-like mass of brecciated rock ce -
mented with later fine-grained ma trix) com posed mainly of
clinopyroxenite, tra chyte and phonolite cross cut by
calciocarbonatite veins or veinlets and, in some places, by foid
syenite and monzo gabbro/monzodiorite (Fig. 4). The Tajno IG 7 
bore hole is lo cated also in the cen tral part of the chim ney, NW
from the Tajno IG 4. It con tains mainly pyroclastic ma te rial, tuff
and vol ca nic de bris from 880 to 1250 m in ter val. Vol ca nic rocks
(trachyte and phonolite) are pres ent within the vol ca nic pipe
(formed by the rapid erup tion of deep-seated source filled with
so lid i fied magma, vol ca nic brec cia, and frag ments of older
rock). The rocks in the Tajno IG 9 bore hole are sim i lar in com -
po si tion to those in Tajno IG 7. Apart from pyroclastic brec cia,
lay ers of essexite (foid monzogabbro/monzodiorite) and
clinopyroxenite have been en coun tered. In tru sive brec cia of
pyroxenite-foid syenite com po si tion and hybridic (fenitized?)
pyroxenites, essexites and clinopyroxenites were found in the
Tajno IG 10 bore hole. In the Tajno IG 11, the sec tion is com -
posed of chim ney brec cia with clinopyroxenite cut by trachyte
and phonolite (Fig. 4). Calciocarbonatite veins and veinlets with
flu o rite min er al iza tion cross cut the erup tive-ex plo sive chim ney
brec cia ma te rial in most of stud ied bore holes. The rocks of the
crater fa cies are char ac ter ized by much weaker mag netic prop -
er ties than those sur round ing the mas sif (Cieœla and
Kosobudzka, 1992). 

PETROGRAPHIC OVERVIEW 
AND SAMPLING

Petrographic de scrip tions and pre lim i nary in ter pre ta tion of
the Tajno rocks are given in sev eral con tri bu tions (Juskowiak,
1973; Ryka, 1992; Krystkiewicz and Krzemiñski, 1992;
Demaiffe et al., 2005; Brassinnes at al., 2005; Koz³owski et al.,
2005; Krzemiñski et al., 2010). The Tajno com plex is com posed 
mainly of clinopyroxenites (Fig. 1B) sur rounded by syenites with 
a cen tral (800 m in di am e ter) vol ca nic pipe that con tains nu mer -
ous crushed frag ments of al ka line vol ca nic rocks (e.g., tra -
chytes, phonolites, foidites) cross cut and ce mented by carbo -
natite veins of vari able thick ness, which host flu o rite and sul -
phide min er ali sa tion. The bore holes sited within the chim ney
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T a  b l e  1

The sta ble iso tope (O, C) data for cal cite sep a rates from the Tajno IG 4 sam ple, 
depth 570 m 

Sam ple
Min

d13C [‰]
±[‰]

Max

d13C [‰]
±[‰]

Min

d18O[‰]
±[‰]

Max

d18O[‰]
±

[‰] n 

PIC * –7.7 –3.1 5.3 8.4

Tajno IG 4

(Ryka, 1992)
–5.91 – +1.31 – 7.66 13.86

Tajno IG 4 

SHRIMP data

(this study)

–9.33 0.44 6.49 0.48 5.86 0.11 24.39 0.12 79

Tajno IG 4 SHRIMP
av er ages** –2.2 1 13.5 1 79

NBS18

SHRIMP ana lysed
–5.06 0.78

–23.2 (VPDB)

+7.14 (VSMOW)

0.22

0.25

24.39 0.12 66

NBS18 stan dard
ref er ence val ues –5.014 0.04 –23.2 (VPDB) 0.12 +7.20

(VSMOW) 0.1

* – PIC – Pri mary Ig ne ous Carbonatites (Tay lor et al., 1967); ** – sin gle grain cal cites ana lysed by SHRIMP



brec cia (Tajno IG 7, IG 9, IG 10, IG 11 and IG 12; Fig. 4) doc u -
ment a palaeovolcanic crater filled with erup tive-ex plo sive brec -
cia ma te rial in which most rocks, in clud ing pyroclastic ma te rial,
were brecciated and al tered by in fil trat ing flu ids and then cut by
mafic dykes and calciocarbonatite veins. This se quence of geo -
log i cal pro cesses has gen er ated com plex and/or hy brid rocks,
es pe cially dur ing the in ter ac tion of pre vi ously con sol i dated
rocks with carbonatitic melts/flu ids. Some of these hy brid or
deeply trans formed rocks could be called fenites. As a con se -
quence, rock types ob served in bore holes are highly vari able

(Figs. 4 and  5). Many at tempts have been made in the lit er a ture 
to cat e go rize and name these com plex/hy brid rocks (Ryka,
1992; Krystkiewicz and Krzemiñski, 1992). The pres ent con tri -
bu tion is nev er the less fo cused on the gen eral rock no men cla -
ture pro posed by the International Un ion of Geo log i cal Sci -
ences (Le Maitre, 2002). Pho to mi cro graphs of the main rock
types are given in Demaiffe et al. (2005).

Syenites are abun dant in the Tajno Mas sif. They form the
out er most parts of the com plex. Two end-mem bers can be dis -
tin guished (Demaiffe et al., 2005, 2013): 1 – syenites (with mi nor
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Fig. 3. Geo phys i cal char ac ter is tics of the base ment of the Tajno area 

A – to tal in ten sity mag netic anom aly map (in nanoTesla: nT); B – Bouguer grav ity anom aly (in milliGals: mGal); C – re duced-to-the-pole,
down ward-con tin ued and low-pass fil tered to tal in ten sity mag netic anom aly map (in nanoTesla: nT); D – band-pass fil tered grav ity 

anom aly map (in milliGals: mGal); T1–T12 – lo ca tion of the Tajno IG 1–Tajno IG 12 bore holes



melasyenites) con tain ing early-formed tab u lar and weakly zoned 
clinopyroxene (Mg# in the core: 0.76–0.63; low Na2O con tent:
0.75–1.22 wt.%), ti tan ite, and ap a tite em bed ded in large
poikilitic, perthitic al kali feld spars; and 2 – neph el ine syenites with 
large twinned microperthitic al kali feld spar laths and late-stage,
strongly zoned clinopyroxene with colour less augite cores (Mg#:
0.76), dark green aegirine-augite to augite rims (Mg# as low as
0.23; Na2O up to 4.35 wt.%) and auto- and hypautomorphic
neph el ine crys tals. It is very of ten re placed by ag gre gates of fine
blades of cancrinite and spo radic sodalite (Krystkiewicz and
Krzemiñski, 1992). Some syenites con tain lamprophyllite, a typ i -
cal min eral of the agpaitic neph el ine sye nite of the Lovozero in -
tru sion (Kola Pen in sula) (Demaiffe et al., 2005). Typ i cal syenites
were sam pled from 690.4 m (the top of the Tajno in tru sion) to
814.3 m depth in Tajno IG 2 bore hole and down to 1254.6 m
depth (bot tom of the bore hole) in Tajno IG 8. 

Clinopyroxenites have typ i cal cu mu late tex tures, the main 
cu mu lus phases be ing di op side + mag ne tite + ti tan ite with sub -
or di nate amounts of ap a tite and, rarely, of ol iv ine. In ter sti tial
phlogopite, am phi bole and al kali feld spar fill the intercumulus
space (Fig. 6A). Tremolite-bi o tite ag gre gates and ser pen tin -
ite-group min er als spo rad i cally oc cur as sec ond ary phases.
Vari a tions in grain size are com mon with clinopyroxene of two
dis tinct hab its: 

– large (>3 mm), zoned, melt in clu sions-rich augites (Mg# of
the cores: 0.86–0.75) that oc cur lo cally as bro ken clasts
em bed ded in a fine-grained ma trix;

– elon gate, pris matic, un zoned and in clu sion-free augites
(Mg#: 0.78–0.61) (Ryka, 1992; Demaiffe et al., 2005, 2013).
Grain size and de for ma tion tex ture (cataclasis) dif fer from

sam ple to sam ple (Demaiffe et al., 2005, 2013). Rep re sen ta tive 
clino pyroxenites were sam pled in Tajno IG 1 (761 m depth),
Tajno IG 6 (614.5, 708.2 and 1180.4 m depth) and Tajno IG 10
(1049.5 m depth). 

Carbonatites oc cur as veins, rang ing in thick ness from a
few cm up to 50 cm (Figs. 5A–C and 6B, D). Three carbonatite
stages with var i ous REE dis tri bu tions have been rec og nized
(Gaczyñski, 1978; Ryka, 1992; Brassinnes et al., 2005;
Wisznie wska and Sikorska, 2005): 

– the early stage, rep re sented by calciocarbonatites, has only
been found as frag ments in the cen tral brec cia (Fig. 5A); 

– the sec ond stage, which also con sists mainly of cal cite, rep -
re sents the main stage and oc curs as veins and ce ment in
the chim ney brec cia; they cross cut the clinopyroxenites and 
syenites (Fig. 5B, C); 

– late-stage carbonatites, com posed of ferroan do lo mite and
an ker ite, are re lated to late hy dro ther mal ac tiv ity. The grain
size of these carbonatites strongly var ies from vein to vein
and from one bore hole to the other. Most carbonatites are
fine- grained, but the cal cite crys tals can lo cally be >10 mm. 
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Fig. 4. Se lected lithological logs of the Tajno bore holes (L. Krzemiñski, unpubl. data, 2019)

Ar rows in di cate lo ca tions of sam ples for new iso tope in ves ti ga tions



The tex ture is mainly gran u lar, some times porphyroclastic.
Comb tex ture (Fig. 5C) with elon gate cal cite grains (sim i lar to
those ob served in the Kaiserstuhl carbonatite veins; Katz and
Keller, 1981) has been de scribed by Ryka (1992). Cal cite, the
main type of car bon ate, is usu ally Sr-rich; it lo cally con tains nu -
mer ous strontianite in clu sions (Fig. 6). 

Other car bon ates (do lo mite, an ker ite, burbankite, and
REE- bear ing fluorocarbonates; with pri mary and hy dro ther mal
flu o rite) have been iden ti fied, but are of mi nor im por tance. Flu o -
rite oc curs as ce ment in the cen tral brec cia (Fig. 5C, D); its
modal abun dance can be as high as 60% (Koz³owski et al.,
2005). Sulphides, mainly py rite, pyrrhotite and chal co py rite, are
lo cally quite abun dant; they some times oc cur as large (15 mm)
grains (Fig. 5B–D). Mag ne tite is lo cally pres ent. Coarse (up to
10 mm), euhedral, twinned al kali feld spar is the main sil i cate
phase; phlogopite and aegirine are sub or di nate. The typ i cal Nb- 
and/or Zr-rich ac ces sory min er als like pyrochlore, perovskite,

zirconolite and baddeleyite, which are com monly found in many 
carbonatites world wide, are very rare in the Tajno carbonatites
(Fig. 6B). In stead, REE-bear ing min er als, of ten F-bear ing, such 
as burbankite, parisite, synchysite and bastnäsite, are wide -
spread in Tajno. 

Twelve carbonatite sam ples have been se lected: Tajno IG
7 (1128.6, 1134.0, 1138.0, 1138.5 and 1139.2 m depth), Tajno
IG 10 (1059.7, 1062.6, 1083.0, 1085 and 1151.0 m depth) and
Tajno IG 11 (1026 and 1027.5 m depth). 

Dykes of vol ca nic or subvolcanic rocks are abun dant in the
cen tral part of the Tajno in tru sion, es pe cially within the chim ney
brec cia (Fig. 5). 

Tra chytes are com mon: they con tain pri mary al bite pheno -
crysts and sub or di nate al kali feld spar in a fine-grained ma trix.
Subvolcanic dykes cross cut the plutonic se ries. Krystkiewicz and 
Krzemiñski (1992) iden ti fied three groups of rocks: ultra basic
foidites or nephelinites, phonolites-tephrites and tin guaites. Two
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Fig. 5. Se lected  bore hole im ages from the Tajno in tru sion

A – trachyte from the cen tral brec cia pipe mixed with carbonatite of the first stage,
cross cut by sec ond ary carbonatite veinlets with sul phide grains (Tajno IG 10, depth
1060.2 m); B – thick vein of coarse-grained carbonatite with late ap a tite and sul phide
(py rite, pyrrhotite and chal co py rite) min er ali sa tion at the con tact with a trachyte dyke;
the third stage veinlets are vis i ble; Tajno IG 10 (depth 1058–1069 m; C – thick vein of
sul phide min er ali sa tion with flu o rite re plac ing a pri mary carbonatite vein (comb struc -
ture), ce mented chim ney brec cia (Tajno IG 11, depth 1298 m); D – flu o rite-rich
carbonatite veins cross cut ting clinopyroxenite and trachyte from the chim ney brec cia
(Tajno IG 11, depth 1307.0 m); for fig ures B, C and D, the mag ni fi ca tion is twice that of A



vol ca nic sam ples were se lected: a tuff from Tajno IG 7 (1050.5 m 
depth) and a trachyte from Tajno IG 11 (778.6 m depth).

Albitites are com posed mainly of anhedral al bite grains.
Ac ces sory mag ne tite and ap a tite have been found, but Fe-Mg
sil i cates are ab sent. Car bon ates oc cur as small in ter sti tial
grains, some times ag gre gated, some times as dif fuse veinlets.
Zir con grains (50–200 mm) are closely as so ci ated with the car -
bon ate seams. These albitites could re sult from the thor ough
metasomatic trans for ma tion (albitization) of for mer syenites or
for mer coun try rocks in duced by the infiltration of carbonatitic
melts. Two albitite sam ples were se lected: Tajno IG 1 (769.5 m
depth) and Tajno IG 10 (1091 m depth). 

GEOCHEMISTRY

A se lec tion of 25 rep re sen ta tive sam ples of ma jor rock
types from the Tajno Mas sif have been ana lysed for ma jor and
trace el e ments, in clud ing REEs: 13 carbonatites, 5 clino pyro -

xenites, 3 syenites, 2 albitites and 2 vol ca nic rocks (a tuff and a
trachyte). They were col lected from the six dif fer ent bore holes:
IG 1, IG 2, IG 6, IG 7, IG 10 and IG 11. The an a lyt i cal re sults are
listed in Ap pen dix 1 as sup ple men tary ma te rial. 

Pre lim i nary in ter pre ta tion of the geo chem i cal data ob tained
on the above-men tioned Tajno sam ples has been pub lished in
an ex tended ab stract of the Suwa³ki Con fer ence of the Pol ish
Min er al og i cal So ci ety (Demaiffe et al., 2005). We will briefly
sum ma rize some of these data with a spe cial fo cus on carbo -
natites.

The abun dances of ma jor and trace el e ments have been
plot ted on bi nary di a grams (Fig. 7) ver sus La con tent (ppm, log -
a rith mic scale) to il lus trate the ob vi ous geo chem i cal dif fer ences 
be tween the sil ica-poor carbonatites and the al ka line sil i cate
rocks (syenites and clinopyroxenites). The lat ter have sig nif i -
cantly higher TiO2 con tent due to the pres ence of ac ces sory ti -
tan ite (Fig. 6).

Com pared to av er age carbonatites world wide, the Tajno
carbonatites have very low Nb con tent (from 0.5 to 4.7 ppm)

The Tajno ultra mafic-al ka line-carbonatite mas sif, NE Po land: a re view 411

Fig. 6. Back-scat tered elec tron (BSE) im ages ob tained with a HITACHI Su3500 elec tron mi cro scope, show ing 
rep re sen ta tive oc cur rences of clinopyroxenite and carbonatite and their main min eral as sem blages

A – clinopyroxenite (Tajno IG 10, depth 1064.6 m) close to carbonatite con tact. Typ i cal mafic ag gre gate of aegirine-augite and
Mn-rich il men ite with spo radic euhedral ti tan ite and ap a tite. Note a ti tan ite co rona on il men ite. B – carbonatite with Sr-rich cal cite
and il men ite, in clud ing a very rare pyrochlore grain (Tajno IG 11, depth 1306.4 m). C – same carbonatite with Sr-rich cal cite that
hosts strontianite and REE car bon ate-flu o ride min er als. D – carbonatite (Tajno IG 10, depth 1025.9m) with Sr-rich cal cite con tain -
ing dis persed strontianite and REE car bon ate-flu o ride in clu sions; Ab – al bite, Aeg – aegirine, Ap – Ap a tite, Cal-Sr – Sr-bear ing
cal cite, Ilm – il men ite, Ilm-Mn – Mn-bear ing il men ite; Pcl – pyrochlore, Str – strontianite, Ttn – ti tan ite; all fig ures are pre sented at
the same mag ni fi ca tion

https://gq.pgi.gov.pl/rt/suppFiles/26361/
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Fig. 7. Trace-el e ment and se lected ma jor el e ments ver sus La bi nary di a grams of the Tajno carbonatites and re lated rocks



which re flects the very low modal abun dances of Nb-bear ing
min er als (perovskite and pyrochlore groups). As a con se -
quence, the Nb/Y ra tio is al ways <1 (Ap pen dix 1) im ply ing der i -
va tion from the man tle rather than from metasomatic flu ids
(Pilet et al., 2004). Nev er the less, one sam ple con tains 200 ppm 
Nb. Clinopyroxenites and syenites have sig nif i cantly higher
con tent of Nb (21 to 165 ppm) pre sum ably in cluded in ti tan ite. 

The Tajno carbonatites are highly en riched in LILE (Sr, Ba
and LREE) com pared to the sil i cate rocks. La en rich ment is
well-cor re lated with the en rich ments of Ca, Sr and Ba. The Sr
con tent is par tic u larly high (28,000–49,000 ppm), which re flects 
the oc cur rence of nu mer ous strontianite in clu sions in the cal cite 
grains. The Th and U con tents in carbonatites are gen er ally low
(0.14–10.5 ppm and <1 ppm, re spec tively) ex cept for one sam -
ple (65 ppm Th and 22.9 ppm U). The HFS el e ments (Nb, Ta,
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Fig. 8. Chondrite-nor mal ized REE abun dance pat terns

A – carbonatites and as so ci ated sil i cate rocks from Tajno; B – com par i son of the Tajno carbonatites with those of
the Kovdor and Khibiny in tru sions of the Kola Pen in sula (Verhulst et al., 2000; 

Zaitsev et al., 2014); chondrite val ues from Boynton (1984)
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Fig. 9. Prim i tive man tle (PM)-nor mal ized trace-el e ment abun dance pat terns

A – carbonatites and as so ci ated sil i cate rocks from Tajno;
B – com par i son of the Tajno carbonatites with se lected carbonatites

 from Kovdor and Khibiny; PM man tle val ues from McDonough and Sun (1995)
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Zr, Hf, and Ti) are typ i cally de pleted rel a tive to the LREE (see
Fig. 9A). 

The chondrite-nor mal ized REE abun dances of Tajno rocks
are shown in Fig ure 8. All sam ples have LREE-en riched pat -
terns with out Ce and Eu anom a lies. Carbonatites have sig nif i -
cantly higher (La/Yb)N ra tios (60–220) than the clinopyroxenites 
(32 to 57) and the LaN abun dances are in the range of
1870–2650. The sum of the REE con tents ranges from 1307 to
2013 ppm for carbonatites and from 318 to 754 ppm for
clinopyroxenites. 

REE-bear ing min er als (as the ac ces sory HFSE-rich min er -
als; Chakhmouradian, 2006) are dis trib uted very het er o ge -
neously in the thin carbonatite dykes/veins and in the carbo -
natitic ce ment of the chim ney brec cia, so that it is ex tremely dif -
fi cult to es ti mate the av er age REE con tent. Kubicki (1992) re -
ported the REE2O3 con tent vary ing be tween 0.1 and 0.5%,
while Ryka (1992) gave an av er age of 0.71% (rang ing from 0.2
to 1.3%). Ryka (1992) also noted that some rare carbonatites
(not stud ied in this pa per) have the REE2O3 con tent rang ing
from 2 to 9.5%. In this study, the REE con tent var ies from 1307
to 2013 ppm. Carbonatite sam ples are also ex tremely en riched
in flu o rine (up to 15% F), sug gest ing that the REEs can be
hosted in fluorites of low-tem per a ture or i gin. The low-tem per a -
ture hy dro ther mal F-rich flu ids could eas ily mo bi lize REE, re -
sult ing in their en rich ment. 

On the prim i tive man tle-nor mal ized multi-el e ment di a gram
(Fig. 9), all Tajno rocks broadly dis play the same pat tern of
strong in com pat i ble el e ment en rich ments rel a tive to the prim i -
tive man tle, and strong neg a tive anom a lies for Rb, K, P and Ti
and, to a lesser ex tent, for Zr. 

A sig nif i cant fea ture is the low Nb con tent in Tajno carbo -
natites (119 ppm on av er age; Ryka, 1992) com pared to the av -

er age carbonatite (1204 ppm, but rang ing up to 15 000 ppm;
Woolley and Kempe, 1989).

ISOTOPE GEOCHEMISTRY

Sr, Nd AND Pb RADIOGENIC 
ISOTOPE GEOCHEMISTRY 

The Sr and Nd iso to pic com po si tions have been mea sured
on a se lec tion of 25 sam ples from dif fer ent bore holes that
cross cut the Tajno Mas sif: 13 carbonatites, 5 clinopyroxenites,
3 syenites, 2 albitites and 2 vol ca nic rocks (tuff and trachyte).
The data are given in Ap pen dix 3 and plot ted in the Nd-Sr iso to -
pic di a gram (Fig. 10). The ini tial iso to pic com po si tions have
been re cal cu lated for an age of 348 Ma (the zir con U-Pb age of
albitite; see above and Demaiffe et al., 2013). Carbonatites se -
lected from three bore holes (Tajno IG 7, IG 8, IG 11) are re -
mark ably ho mo ge neous: the ini tial 87Sr/86Sr ra tios fall in the very 
nar row range of 0.70370-0.70380 and the eNd(t) val ues range
from +3.3 to +0.7. Clinopyroxenites have slightly, but sys tem at i -
cally higher ini tial Sr iso to pic ra tios (from 0.7039 to 0.7048) and
more dis persed eNd val ues (from +5.73 to –0.68). The iso to pic
com po si tions of the syenites are com pletely over lap ping those
of the clinopyroxenites, sug gest ing their comagmatic/cogenetic
or i gin. Albitites, al though in ter preted as metasomatic rocks, are
com pa ra ble to carbonatites. 

Bell and Ryka (unpubl. data, 1992) mea sured a few carbo -
natites, syenites and sep a rated apatites: their val ues are in very 
good agree ment with our data. They also mea sured the iso to pic 
com po si tions of five fluorites: the re cal cu lated com po si tions at

Fig. 10. Nd-Sr iso to pic di a gram

The ini tial eNd and 87Sr/86Sr iso to pic ra tios of the Tajno carbonatites and as so ci ated sil i cate rocks have been 
re cal cu lated at 348 Ma. Com par i son with the data of the Vuoriyarvi, Kovdor and Khibina in tru sions 
of the Kola Pen in sula (data from: Verhulst et al., 2000; Brassinnes et al., 2003; Zaitsev et al., 2014)

https://gq.pgi.gov.pl/rt/suppFiles/26361/


380 Ma (87Sr/86Sr: 0.7038 to 0.7040; eNd(t): +2.34 to –0.50) fall
in the range of Tajno carbonatites. 

The Pb iso to pic com po si tions have been mea sured for 11
Tajno sam ples (7 carbonatites, 2 clinopyroxenites and 2
syenites). The seven carbonatites are tightly clus tered around
206Pb/204Pb= 17.90 to 18.50; 207Pb/204Pb = 15.49 to 15.53 and
208Pb/204Pb ~37.6-38. The two syenites have slightly higher
206Pb/204Pb ra tios, around 19.0–19.2. 

C AND O STABLE ISOTOPE 
SIGNATURES 

Carbonatites, es pe cially when they oc cur as small veins or
small bod ies, are eas ily sub jected to sec ond ary al ter ation pro -
cesses which can mod ify their pri mary sta ble (C and O) iso tope
com po si tion. Be sides early Ray leigh frac tion ation pro cesses,
CO2 de gas sing and fur ther sub-sol i dus re-equil i bra tion (Ticho -
mirova et al., 2012 and ref er ences therein), carbonatites can be
af fected by late-stage com plex in ter ac tion pro cesses with var i -
ous hy drous and/or car bon ate-bear ing flu ids un der vari able con -
di tions both in the deep and up per crust. More over, in fil tra tion of
late carbonatite melts is a com mon pro cess within many al ka line
in tru sions that can mod ify the pri mary geo chem i cal dis tri bu tions
and iso to pic sig na tures of car bon ates and even of sil i cate
phases like zir con. This is well-ev i denced by sta ble C and O iso -
tope com po si tions of the Tajno car bon ates. 

Dur ing early in ves ti ga tions, bulk-rock car bon ate frac tions
from Tajno carbonatites were ana lysed for C and O iso tope
com po si tions by the con ven tional method at UMCS of Lublin
(Ryka, 1992): d13C and d18O val ues range from –5.91 to

+1.31‰ and from 7.66 to 13.86‰, re spec tively. Sta ble iso tope
com po si tions of bulk-rock car bon ates are dif fi cult to in ter pret
due to the pos si ble pres ence of sev eral car bon ate gen er a tions
and of sec ond ary al ter ation pro cesses. 

New in ves ti ga tions on se lected sin gle cal cite grains have
been per formed by the SHRIMP ion microprobe with sec ond ary 
ion mass spec trom e try (SIMS) tech nique. To char ac ter ize the
iso to pic com po si tion vari a tions of the var i ous gen er a tions of
cal cite, a com plex carbonatite sam ple was col lected from the
chim ney brec cia at 570 m depth in the Tajno IG 4 bore hole.
Sev enty-nine anal y ses have been ob tained: sum mary and av -
er age data are re ported in Ta ble 1. The whole data set is com -
piled in Ap pen dix 4 as sup ple men tary ma te rial. The d13C val ues 
range from –9.33 ±0.44‰ to +6.49 ±0.48‰ (av er age –2.2‰
±1) and the d18O are from 5.86 ±0.11‰ to 24.39 ±0.12‰ (av er -
age 13.5 ±1‰). These quite broad ranges sug gest the co ex is -
tence of three gen er a tions of cal cite within the up per part of the
chim ney brec cia. 

These re sults are com pared (Fig. 11) with the field of “pri -
mary ig ne ous carbonatites” (PIC) (Tay lor et al., 1967), which
rep re sents the un mod i fied “pri mary iso tope com po si tions” of
typ i cal carbonatites and the large do main of Phanerozoic lime -
stones (Bell and Simonetti, 2010). The d18O and d13C val ues
for PICs range from 6 to 10‰ and from –4 to –8‰, re spec -
tively. Keller and Hoefs (1995) mea sured nar rower ranges 
from 5.5 to 7‰  and from –7 to –5‰  re spec tively for fresh and
un al tered natrocarbonatites from Oldoinyo Lengai vol cano
(OL in Fig. 6). Pandit et al. (2002) con sider that OL rep re sents
the under gassed, un con tam i nated man tle com po si tion. This
in ter pre ta tion, how ever, is not unan i mously ac cepted; some
au thors (e.g., Niel sen and Veksler, 2002) have shown that
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Fig. 11. Car bon (d13CPDB) and ox y gen (d18OSMOW) iso to pic com po si tions (in ‰) of the Tajno
chim ney brec cia carbonatites, mea sured on sin gle car bon ate grains by ion microprobe

https://gq.pgi.gov.pl/rt/suppFiles/26361/
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natro carbo natites of OL do not cor re spond to the HT liquidus
min eral as sem blage but more prob a bly to “a cog nate fluid
con den sate”.

GEOCHRONOLOGY

PREVIOUS DATA 

The em place ment age of the Tajno Mas sif was first ob -
tained by the K-Ar method on sep a rated al kali feld spars;
Depciuch et al. (1975) gave age es ti mates of ~327 and ~289
Ma on feld spars from coarse-grained syenite and microsyenite, 
re spec tively. Demaiffe et al. (2013) de ter mined em place ment
ages for carbonatite based on zir cons ex tracted from car bon -
ate-rich-pock ets in an albitite on the one hand and on pyrrhotite
se lected from a carbonatite vein on the other. The ages mea -
sured by both meth ods (U-Th-Pb on zir con and Re-Os on
pyrrhotite) clus ter in the nar row range of 354–345 Ma, which
cor re sponds to the Tournaisian (Early Car bon if er ous). These
ages are sig nif i cantly youn ger than the Late De vo nian age
(380–360 Ma) of the nu mer ous in tru sions of the Kola Pen in sula 
al ka line and carbonatite prov ince in NW Rus sia and Karelia
(Kramm et al., 1993; see re view and dis cus sion in Downes et
al., 2005). 

NEW DATA 

AGE OF THE COUNTRY ROCKS OF THE TAJNO AREA 

The Tajno ultra mafic and al ka line plutonic body and its as -
so ci ated carbonatites were emplaced into a Pre cam brian crys -
tal line base ment con sist ing of orthogneisses, quartzites and
schists. The geo chron ol ogy of the crys tal line base ment within
the MD has been re viewed by Krzemiñska (2010). 

Two bore holes lo cated in the close vi cin ity of the Tajno
com plex have been used in this study. Zir cons were sep a rated
from two strongly de formed fel sic orthogneisses at 706 m depth 
in the Barg³ów IG 2 bore hole and at 894 m in the Tajno IG 5
bore hole (Fig. 1). The ex tracted zir con grains are mostly trans -
par ent, mas sive, euhedral to subhedral crys tals. Cathodo -
lumine scence in ves ti ga tions show a con cen tric os cil la tory
zona tion with thin meta mor phic overgrowths. 

Six zir con grains (an a lyt i cal data re ported in Ap pen dix 2)
from Barg³ów IG 2 and five from Tajno IG 5 yield nearly con cor -
dant (within an a lyt i cal un cer tainty) but slightly scat tered (Fig.
12A, B) U-Th-Pb ages of 1838 ±17 Ma (MSWD = 0.14) and
1839 ±20 Ma (MSWD = 0.30), re spec tively, which is in ter preted 
as the crys tal li za tion age of ig ne ous, prob a bly volcanogenic
protoliths. The age de ter mi na tions and chem is try (Bogdanova
et al., 2015; Krzemiñska et al., 2017) of the avail able Paleo -
proterozoic ig ne ous rocks from the Mazowsze Do main in Po -
land to cen tral Lith u a nia sug gest that this part of the EEC was
an ac tive con ti nen tal mar gin es tab lished at 1.86–1.84 Ga, while 
some rock com plexes in its west ern and south ern parts (in clud -
ing the gab bro from £om¿a) were emplaced later at 1.82–1.80
Ga (Krze miñska et al., 2005). The for ma tion and evo lu tion of
the host rocks of the Tajno com plex can be re lated to late
Svecofennian oro genic pro cesses (Krzemiñska, 2010). 

AGE OF THE TAJNO ALKALINE 
COMPLEX

In prac tice, dat ing carbonatite-as so ci ated ultra mafic and al -
ka line com plexes is a great an a lyt i cal chal lenge. This is par tic u -
larly true for the Tajno com plex, as the carbonatitic veins do not
con tain typ i cal U-Th-rich ac ces sory min er als (e.g., pyrochlore,
perovskite, baddeleyite) that are com monly used to date carbo -
natites and kimberlites (e.g., Cox and Wil ton, 2006). 

How ever, U-Th-Pb age de ter mi na tions have been per for -
med on zir cons ex tracted from metasomatic albitite that is
closely as so ci ated with car bon ate-rich pock ets and/or dif fuse
veinlets (Demaiffe et al., 2013). Zir con grains are large
(>200 mm), gen er ally euhedral to subhedral, with os cil la tory
zon ing; they have thick, po rous, deeply cor roded overgrowths,
which sug gested sec ond ary pro cesses. The U con tent is high,
845–1150 ppm. 

 The mea sure ments of 12 spots on six grains with quite vari -
able U and Th con tents (81–715 ppm U and 78–720 ppm Th)
pro vided iso to pic ra tios close to con cordia or slightly dis cor dant. 
They yielded an in ter cept age of 348 ±15 Ma on the Tera-
 Wasserburg di a gram (Demaiffe et al., 2013). Us ing the same
data set, we have se lected the most con cor dant spots from four
grains; they yield a con cordia age at 346.8 ±14 Ma (95% con fi -
dence) and MSWD = 0.30 (Fig. 12C). 

For com par i son, zir con age de ter mi na tions for the neigh -
bour ing E³k syenite mas sif and Pisz gab bro-syenite mas sif
gave ages at 347.7 ±7.9 Ma and 345.5 ±5.1 Ma, re spec tively
(Demaiffe et al., 2013). 

Fine-grained pyrrhotite (as so ci ated with py rite min er al iza -
tion) ex tracted from a carbonatite vein (Tajno IG 10 bore hole,
depth 1047.0 m) was used to ob tain a Re-Os age. The Re con -
cen tra tion of the pyrrhotite was 17.06 ±0.03 ppb; the to tal Os
con tent was 0.096 ±0.007 ppb. As the com mon Os was very
low (192Os: 0.0056 ppb), a Re-Os age of 348 Ma was ob tained,
as sum ing an ini tial 187Os/188Os of 0.2 (Demaiffe et al., 2013).
The an a lyt i cal er ror, com bined with the 187Re de cay con stant,
put the un cer tainty of the Re-Os age at <0.5% (<~1.7 Ma). 

This new re cal cu lated zir con U-Pb age and the Re-Os
pyrrhotite age for The Tajno Mas sif are within the Early Car bon -
if er ous range of pre vi ously pub lished data. Age con sis tency
sug gests syn chro nous for ma tion of the three al ka line- carbo -
natite com plexes. 

DISCUSSION

The Tajno Mas sif, as most carbonatite-bear ing in tru sions, is 
lo cated within sta ble intra-plate set tings con trolled by deep frac -
ture zones and rift ing. 

The ra dio genic (Sr, Nd, and Pb) and sta ble (C and O) iso to -
pic com po si tions of rep re sen ta tive Tajno rocks pro vide ev i -
dence for a man tle source of the pa ren tal magma (or mag mas)
of the Tajno com plex. 

In deed, all ini tial Nd-Sr iso tope data of the Tajno carbo -
natites plot in the de pleted man tle quad rant (eNd >0; 87Sr/86Sr
<0.7040) of the Nd-Sr di a gram, which means that the pa ren tal
magma was de rived most prob a bly from an Rb- and LREE-de -
pleted up per man tle source. This can be eas ily ex plained be -
cause carbonatites have much higher Sr (30,000 up to
49,000 ppm) and Nd (150 to 230 ppm) abun dances than av er -
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age crustal ma te ri als. There is a slight but sig nif i cant iso to pic
dif fer ence be tween the carbonatites and the as so ci ated al ka -
line sil i cate rocks (clinopyroxenites and syenites): the later still
have pos i tive ini tial eNd val ues, but their Sr iso to pic ra tios tend
to be higher (0.7039–0.7048). This im plies ei ther that carbo -
natites and sil i cate rocks were de rived from slightly dif fer ent
man tle sources (het er o ge neous man tle) or that the sil i cate
rocks were con tam i nated (more spe cif i cally Sr) by crustal ma te -
ri als dur ing their em place ment or dur ing crys tal li za tion. 

The de pleted man tle source sig na ture of the Tajno carbo -
natites and of the nu mer ous Kola carbonatites and al ka line
com plexes (i.g. Zaitsev and Bell, 1995; Verhulst et al., 2000;
Brassinnes et al., 2003; Bell and Rukhlov, 2004; Downes et al.,
2005) is dif fi cult to rec on cile with the strong LILE and LREE en -
rich ment ob served in these rocks. This would re quire a very low
de gree of par tial melt ing of the man tle or would in di cate a re cent 
(Late Pro tero zoic/Early Phanerozoic?) metasomatic en rich -
ment of the man tle source. The lithospheric struc ture be neath
the East Eu ro pean Craton (Artemieva, 2003) sug gests the ex is -
tence of such a metasomatic event dur ing a rift ing stage that oc -
curred be tween 1 Ga and 650 Ma. 

It is well-known (Bell and Tilton, 2002; Bell and Rukhlov,
2004; Downes et al., 2005) that the iso to pic com po si tions of
carbonatites and al ka line com plexes are quite sim i lar to those
of oce anic bas alts (OIB in gen eral) and plot close to the FOZO
(“fo cal zone”) deep man tle res er voir which is con sid ered as rel -
a tively prim i tive. 

The range of Sr-Nd iso to pic com po si tions of the Tajno
fluorites (Bell and Ryka, unpubl. data, 1992) is com pletely over -
lap ping the nar row range of Tajno carbonatite val ues (this pa -
per), which sug gests that flu o rite crys tal lized di rectly from the
carbonatite melt as was also re ported by Bühn et al. (2002) for
the Cre ta ceous Okorusu carbonatite and as so ci ated fluorites
from Namibia. Jago and Gittins (1991) have shown ex per i men -
tally that 8% of flu o rine can lower the melt ing and liquidus tem -
per a ture of carbonatite melts. 

The Tajno carbonatites have rel a tively low 206Pb/ 204Pb val -
ues, <18.5. This in fers that the par tic i pa tion of the highly ra dio -
genic HIMU man tle com po nent can be ruled out. The pres -
ent-day Pb iso to pic com po si tions of the Tajno rocks plot slightly
to the right of the geochron (not shown) and the carbonatites fall 
within the FOZO do main, which strength ens the con clu sions
de rived from Sr and Nd data. 

A closer look at the po si tion of the Tajno cal cite sam ples in
the C-O iso tope di a gram (Fig. 11) sug gests the pos si ble ex is -
tence of three groups of cal cite: 

– some cal cites (~25%) plot in, or close to, the PIC do main.
They can be con sid ered typ i cal man tle-de rived carbo na tites; 

– a ma jor ity of cal cites (>50%) show both higher d18O (10 to
15‰) and d13C (–5 to +2‰) val ues. Con trary to what is of ten 
ob served, there is a large range of C iso to pic com po si tion
for rather lim ited O iso to pic vari a tions; 

– a group of cal cites (~25%) with still higher d18O (15 to 24‰)
and d13C (3 to 7‰), which partly over laps the field of
Phanerozoic lime stones. 
Al ter na tively, one could sug gest that the iso to pic com po si -

tions of Tajno cal cites re cord rather a con tin u ous shift of com -
po si tion from the pri mary mag matic val ues (in side or close to
PIC) to wards the high C and O val ues that char ac ter ized the
Phanerozoic lime stones. The pas sage of group 1 to group 2
could be in dic a tive ei ther of Ray leigh frac tion ation dur ing mag -
matic dif fer en ti a tion (frac tional crys tal li za tion, de gas sing) or to 
sec ond ary hy dro ther mal pro cesses. The pas sage to group 3
would re cord an iso to pic ex change dur ing fluid in ter ac tions
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Fig. 12. Zir con ages for the Tajno area

A – Tera-Wasserburg di a gram for the coun try rock orthogneiss of
the Barg³ów IG 2 bore hole, B – Tera-Wasserburg di a gram for the
coun try rock orthogneiss of the Tajno IG 5 bore hole; C – Wether ill di -
a gram for the Tajno IG 10 albitite (sam ple 10–1091). The con cordia
age was re cal cu lated us ing se lected zir con iso to pic ra tios from the
data set pub lished by Demaiffe et al. (2013). This age is con strained 
on four zir con grains and spots: 7.3, 8.2, 9.1, 10.1
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and/or a fluid mix ing with lower-tem per a ture flu ids (be low
300°C) or me te oric wa ters, at dif fer ent tem per a tures and with
var i ous H2O/CO2 ra tios. Con tam i na tion of the late-stage Tajno 
flu ids by lime stone-de rived flu ids could also be in voked. 

Open-sys tem CO2-de gas sing and con com i tant Ray leigh
frac tion ation pro cesses, as well as low-tem per a ture mag matic
fluid-re lated pro cesses, have the po ten tial to change pri mary
sta ble iso tope com po si tions, as il lus trated by ar rows in the C–O 
di a gram (Fig. 11). 

Tajno carbonatites are en riched in sul phur with an av er age 
SO3 con tent of 4.03% (Ryka, 1992), which is much higher than 
the av er age (0.41% S) given by Woolley and Kempe (1989). It
thus ap pears that the pa ren tal magma of the Tajno com plex
was strongly en riched in F and S, but rel a tively poor in P. 

Con sid er ing the close prox im ity in both geo graph ical lo ca -
tion (on the East Eu ro pean Craton) and em place ment ages
(Late Pa leo zoic) be tween the Tajno al ka line-carbonatite com -
plex of NE Po land and the nu mer ous in tru sions of the Kola
Prov ince (NW Rus sia and Fin land), it is in ter est ing to com pare 
these two oc cur rences. The main dif fer ence be tween both
com plexes is the dis pro por tion in the size and the scale of the
pro cesses. Petrographic sim i lar i ties are ob vi ous be tween the
Tajno rocks and the Kola rocks: they both con tain abun dant
ultra mafic cumulates (es sen tially clinopyroxenites), var i ous
sye nites (rocks of the ijolite-melteigite se ries) and sev eral gen -
er a tions of carbonatites, mainly calciocarbonatites with sub or -
di nate magnesiocarbonatites and ferrocarbonatites. Sub tle
dif fer ences can nev er the less be noted: dunites (called “olivi -
nites” by Rus sian sci en tists be cause they can con tain abun -
dant mag ne tite), as so ci ated with clinopyroxenites in Kola, and
melilitic rocks do not oc cur in Tajno; phoscorites are typ i cally
re lated to carbonatites in Kola (Wall and Zaitsev, 2004), but
are not ob served in Tajno. Some min er al og i cal dif fer ences
have also been re ported (see Demaiffe et al., 2005). Felds -
pathoids are sig nif i cantly less abun dant in Tajno rocks where
syenites pre dom i nate over agpaitic neph el ine-syenites (the
re verse is ob served in Kola). Tajno carbonatites do not con -
tain foids but al kali feld spars in stead. In ter est ingly, perovskite
is mined as loparite (Ce,Na,Ca)2(Ti,Nb)2O6 in Kola (Lovozero
in tru sion), but it is ab sent in Tajno, while ti tan ite is abun dant,
oc cur ring as a cu mu lus phase in the Tajno clinopyroxenites.
These min er al og i cal dif fer ences would sug gest that the sil ica
ac tiv ity was higher in the Tajno pa ren tal magma than in the
Kola ones. The typ i cal Zr- and/or Nb-rich min er als (baddele -
yite, zirconolite, pyro chlore, perovskite), fre quent in many
carbonatites world wide, are ex tremely rare in Tajno. By con -
trast, flu o rite is com mon in Tajno carbonatites, es pe cially in
the chim ney brec cia, where its modal abun dance can be as
high as 50 wt.% (Ryka, 1992). 

The REE con tent of the Tajno carbonatites var ies from 1307
to 2013 ppm. In the Kola carbonatites, the REE con tent is also
quite vari able from mas sif to mas sif. The Turiy Mts. and Kovdor
carbonatites (Verhulst et al., 2000; Zaitsev et al., 2014) have
much lower con tents than Tajno, while the Khibina and

Vuoriyarvi carbonatites (Zaitsev et al., 1998; Brassinnes et al.,
2003; Zaitsev et al., 2014) have higher con tents (Fig. 8B).

CONCLUSIONS

The Tajno plutonic com plex is a multi-phase (dif fer en ti ated)
in tru sion that con sists mainly of clinopyroxenites (cumulates),
syenites, sev eral gen er a tions of carbonatite (mainly calcio -
carbonatites) and nu mer ous vol ca nic to subvolcanic mafic to
fel sic dykes. 

This in tru sion (with two other sim i lar but carbonatite-free
mas sifs: E³k and Pisz) was iden ti fied from de tailed mag netic
and grav ity in ves ti ga tions in NE Po land. It is hid den be neath a
thick Meso-Ce no zoic sed i men tary cover and in truded the
Paleo proterozoic (1.84 Ga) base ment of the Mazowsze Do -
main formed dur ing the Svecofennian Orog eny (part of the East 
Eu ro pean Craton) dur ing the Early Car bon if er ous (348 Ma).

Carbonatites (and, to a lesser ex tent, the as so ci ated al ka -
line sil i cate rocks) are strongly en riched in LIL el e ments (par tic -
u larly Sr, Ba and LREEs), in F (abun dant flu o rite) and S, but are
rel a tively poor in HFS el e ments and no ta bly in Nb. The typ i cal
Nb-bear ing min er als (pyrochlore) are ab sent. 

Ra dio genic (Sr, Nd and Pb) and sta ble (C and O) iso to pic
com po si tions of carbonatites point to a de pleted up per man tle
source for the pa ren tal magma, close to the FOZO do main.
This source has prob a bly been en riched by a metasomatic
event just be fore magma gen er a tion.

A pro gres sive and con tin u ous shift of sta ble iso tope com po -
si tion is ob served for cal cites, from the pri mary ig ne ous val ues
(in side or close to the PIC box) to wards the high C and O val -
ues, re flect ing sec ond ary pro cesses with no sig nif i cant changes 
for ra dio genic iso topes.
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