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Geo log i cal and geo phys i cal data are used to model the 3D ge om e try of the Tajno al ka line mas sif in truded dur ing the Early
Car bon if er ous in NE Po land. The mas sif con sists mainly of pyroxenite, mafic in tru sive and vol ca nic rocks, and carbonatites
con tain ing rare earth el e ments (REE) and other im por tant min eral re sources. The deep struc ture of the mas sif, and its thick -
ness, shape and in ter nal struc ture, has been poorly known mak ing it im pos si ble to prop erly search for use ful min eral re -
sources. In or der to better con strain the dis tri bu tion, ge om e tries and re la tion ships be tween the main rock types, a 3D
geo log i cal model of the Tajno mas sif has been de vel oped. The in put data com prise a set of geo log i cal cross-sec tions built on 
an up dated subsurface geo log i cal map, and bore hole, mag netic and grav ity data. 3D Geomodeller soft ware was ap plied to
in te grate geo log i cal data into a co her ent and geo log i cally fea si ble model of the mas sif us ing geostatistical anal y sis. The
mag netic and grav ity data were used to con strain the 3D geo log i cal mod el ling re sults. The fi nal 3D model is thus com pat i ble
with the geo log i cal data, as well as with geo phys i cal data. The most im por tant con clu sions ob tained from the mod el ling are
as fol lows: (i) a higher pro por tion of neph el ine syenites or tuffs and pyroclastic brec cia in re la tion to pyroxenites; and, (ii) a
smaller pro por tion of chim ney brec cia rel a tive to chim ney-hosted tuffs and vol ca nic brec cia than pro posed in pre vi ous geo -
log i cal in ter pre ta tion. These re sults are im por tant for fur ther stud ies on the evo lu tion of the Tajno mas sif and its as so ci ated
carbonatites.
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INTRODUCTION

The al ka line-carbonatite plutonic-vol ca nic Tajno mas sif be -
longs to the mag matic struc tures formed dur ing Pa leo zoic time
in the west ern part of the East Eu ro pean Craton (EEC), in NE
Po land (Krzemiñska et al., 2017; Fig. 1). The mas sif in truded
the Paleoproterozoic crys tal line base ment and is cov ered by
600 m of sed i men tary over bur den.

The Tajno mas sif was dis cov ered as a re sult of drill ing into
re mark able pos i tive mag netic and grav ity anom a lies in NE Po -
land (Cieœla and Kosobudzka, 1992). These in ves ti ga tions re -
vealed the pres ence of al ka line ultra mafic rocks within the crys -
tal line base ment (Kubicki, 1992). Be ing a po ten tial site of REE
ore de pos its, the Tajno mas sif has been stud ied geophysically,
pet ro log i cally and struc tur ally (Cieœla and Kosobudzka, 1992;
Kubicki, 1992; Ryka, 1992; Ryka et al., 1992; Wiszniewska et

al., 2020). Mag netic and grav ity in ves ti ga tions have out lined the 
ma jor struc tural fea tures of the Tajno mas sif. Di rect in for ma tion
on the na ture and struc ture of the base ment is lim ited to 12 un -
evenly dis trib uted deep bore holes. Due to this sparse geo log i -
cal data it has not been pos si ble to con struct more than one re li -
able geo log i cal cross-sec tion through the mas sif (Kubicki,
1992).

De spite the pre vi ous stud ies, the deep struc ture of the mas -
sif is still not well un der stood. There fore, with ex ist ing geo log i -
cal data, it is dif fi cult to pro pose a co her ent model of the 3D
geo log i cal ar chi tec ture of the mas sif that would en able its ex -
plo ra tion as re gards po ten tially eco nomic ac cu mu la tions of
REE min er al iza tion.

Re solv ing the ge om e try and in ter nal struc ture of the mas sif
are key aims of geo log i cal and geo phys i cal in ter pre ta tion, and
in this study we con strain the spa tial struc ture of the Tajno mas -
sif by means of 3D geo log i cal mod el ling. The GeoModeller soft -
ware pack age was used to cre ate a re al is tic 3D geo log i cal
model con strained by all avail able geo log i cal data. Anal y sis of
the geo phys i cal data took place in the pro cess of cre at ing an
ini tial 3D geo log i cal model of the mas sif. Fur ther more, 3D for -
ward mod el ling of the grav ity and mag netic fields was car ried
out to eval u ate the re li abil ity of this model, and to fur ther re fine
the model ge om e try.
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GEOLOGICAL CONTEXT

The Tajno al ka line-carbonatite mas sif is one of the group of
in tru sive struc tures within the crys tal line base ment of the EEC
in north east ern Po land. The mas sif, cov er ing an area of 5 km2,
is bur ied be neath 600 m of Me so zoic and Ce no zoic sed i men -
tary rocks. It is lo cated within a nar row al ka line mag matic belt in
the Paleoproterozoic Mazowsze Do main, which trends E–W
from SW Lith u a nia to NE Po land, along the south ern rim of the
Mesoproterozoic Mazury Com plex (Fig. 1; Bogdanova et al.,
2015; Krzemiñska et al., 2017; Wiszniewska et al., 2020). In the 
Mazowsze Do main the most typ i cal rocks are mafic to fel sic
meta vol can ics and granitoids (Fig. 2A; Wiszniewska et al.,
2020).

In ad di tion to the Tajno mas sif, at least four other al ka line
mas sifs: the E³k al ka line syenite mas sif, the Pisz gab -
bro-syenite in tru sion, and the M³awa and the Olsztynek syenite

in tru sions were orig i nally dis cov ered by the Pol ish Geo log i cal
In sti tute (PGI) us ing grav ity, mag netic and drill ing data (Fig. 1;
Kubicki and Ryka, 1982; Krzemiñska et al., 2017). Three in tru -
sions (Pisz, E³k and Tajno) have been dated: U-Pb dat ing on
zir cons from Pisz, E³k and Tajno rocks gave ages
345.5 ±5.1 Ma, 347.7 ±7.9 Ma and 348 ±15 Ma, re spec tively;
and,a pyrrhotite from a Tajno carbonatite vein dated us ing the
Re-Os method yielded an age of 348 Ma (Demaiffe et al.,
2013).

Twelve bore holes have been drilled up to a max i mum depth 
of 1800 m into rocks of the Tajno mas sif by the PGI (Fig. 2B).
These bore holes re vealed that the Tajno mas sif is a
multi-phase vol cano-plutonic in tru sion pen e trat ing meta mor -
phic, orthogneissic base ment. The bore holes lo cated in the
cen tral part of the struc ture pen e trated a palaeovolcanic vent
filled with in tru sive brec cia and pyroclastic and vol ca nic rocks of 
the chim ney brec cia, cut by mafic dykes (Kubicki, 1992).
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Fig. 1. Ma jor crustal do mains of crys tal line base ment in the Pol ish part of the East Eu ro pean
Plat form mod i fied af ter Krzemiñska et al. (2017)

Fault zones: TTZ – Teisseyre-Tornquist Zone, FSS – Fennoscandia–Sarmatia Su ture; crustal do mains: MC –
Mazury Com plex, MD – Mazowsze Do main, DD – Dobrzyñ Do main, MLSZ – Mid-Lith u a nian Su ture Zone, WLD 
– West Lith u a nian Do main, ELD – East Lith u a nian Do main, BPGB – Belarus–Podlasie Granulite Belt, OHB –
Okolovo–Holeszów Belt, IBZ – Ivano–Borisov Zone, OMIB – Osnitsk–Mikashevichi Ig ne ous Belt;
Mesoproterozoic mas sifs and in tru sions: SAM – Suwa³ki Anorhosite Mas sif, KAM – Kêtrzyn Anorhosite Mas sif; 
Pa leo zoic mas sifs and in tru sions: 1 – Olsztynek, 2 – M³awa, 3 – Pisz, 4 – E³k, 5 – Tajno
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Fig. 2B – geo log i cal map of the crys tal line base ment of NE Po land (af ter Krzemiñska et al., 2017) and  lo ca tion
of the Tajno area (box); B – geo log i cal map of the Tajno mas sif area at the level of 500 m b.s.l. based on

in te grated geo log i cal and geo phys i cal data in ter preted in this pa per

T1–T12: lo ca tion of the Tajno IG 1 – Tajno IG 12 bore holes



The in tru sion, con sist ing mainly of clinopyroxenites, hy brid
rocks (fenitized pyroxenites), essexites, syenites and var i ous
vol ca nic rocks, is cut by carbonatite veins of vari able thick ness
(up to 50 cm, though 95% up to 1 cm) with po ten tially eco nomic
ac cu mu la tion of REEs (Krystkiewicz and Krzemiñski, 1992;
Kubicki, 1992; Ryka, 1992; Ryka et al., 1992). REE-bear ing
min er als (burbankite, parisite, synchysite and bastnaesite)
which are highly en riched in such el e ments as Sr, Ba and
LREE, are com mon in Tajno carbonatites (Ryka, 1992). These
min er als are dis trib uted very het er o ge neously in the
carbonatite veins and in the carbonatitic ce ment of the chim ney
brec cia. There fore, Kubicki (1992) es ti mated a REE2O3 con tent 
vary ing be tween 0.1 and 0.5%, whereas Ryka (1992) sug -
gested val ues rang ing from 0.2 to 1.3%.

MAGNETIC AND GRAVITY DATA

Po ten tial field anom aly anal y sis is a use ful tool for in ves ti -
gat ing the subsurface struc ture of the Tajno mas sif. There fore,
this study pro vides an in ter pre ta tion of the avail able mag netic
and grav ity data to ex am ine the spa tial dis tri bu tion of lithologies
within the mas sif.

De tailed mag netic and grav ity stud ies were car ried out over
the cen tral part of the mag netic and grav ity anom a lies re lated to 
the Tajno mas sif, with grid den sity of 0.15 km and out side the
cen tral part on a reg u lar 0.3 km grid ba sis (Cieœla and
Kosobudzka, 1992). The south ern edges of the anom a lies are
in suf fi ciently doc u mented due to the pres ence of Lake Tajno
and ad join ing swamps. How ever, mag netic mea sure ments
have been car ried out on Lake Tajno (Cieœla and Kosobudzka,
1992).

The mag netic data from the Tajno area (Fig. 3A) is rep re -
sented as a to tal mag netic in ten sity anom aly map. The to tal
mag netic in ten sity anom aly was ob tained by sub tract ing the
mag ni tude of an ap pro pri ate DGRF (De fin i tive Geo mag netic
Ref er ence Field) 1982.5 re gional field from the to tal field mea -
sure ment (Petecki and Rosowiecka, 2017).

The grav ity data is rep re sented by a Bouguer anom aly map
(Fig. 3B). The grav ity mea sure ments are tied to the in ter na -
tional IGSN71 (In ter na tional Grav ity Stan dard iza tion Net of
1971) grav ity ref er ence and re duced to sim ple Bouguer anom a -
lies us ing the GRS 80 (Geo detic Ref er ence Sys tem of 1980)
for mula for the the o ret i cal grav ity, and a re duc tion den sity of
2250 kg/m3 (Królikowski and Petecki, 1995).

Based on the avail able data, the Tajno mas sif ap pears as
large pos i tive, mag netic (1550 nT) and grav ity (6.5 mGal)
anom a lies that are clearly marked in the low-am pli tude re gional 
mag netic and grav ity pat terns. They are both char ac ter ized by
a nearly cir cu lar shape, bounded by high gra di ent zones, and
show a good cor re la tion be tween each other sug gest ing that
both anom a lies 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. Petrographic data
ob tained from 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; Wiszniewska et al., 2020). 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 the rocks stud ied.

Geo phys i cal in ves ti ga tions that in cluded de tailed ground
mag netic and grav ity data were used to con straint the 3D geo -
log i cal mod el ling of the Tajno mas sif. The avail able mag netic
and grav ity data have been pro cessed for better vi su al iza tion of 
struc tural fea tures of the Tajno mas sif. Mag netic data pro cess -
ing in cluded re duc tion to the pole (RTP) and an a lyt i cal down -

ward con tin u a tion to a depth of 600 m. The RTP method trans -
forms the ob served mag netic anom 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. 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 (Blakely, 1995).

The re sult ing RTP map is shown in Fig ure 4A. Re duc tion to
the pole, in com par i son with the orig i nal to tal in ten sity mag netic
map (Fig. 3A), re sults in a slightly north wards mi gra tion of the
mag netic anom a lies, due to the elim i na tion of the in cli na tion
and dec li na tion of the mag netic field in this area. The pos i tive
mag netic anom aly max i mum, for merly lo cated over Lake Tajno
(Fig. 3A), is now sit u ated on the RTP map (Fig. 4A) near the
Tajno IG 8 bore hole.

Down ward con tin u a tion of the RTP map to the crys tal line
base ment top (600 m depth; Fig. 4B) greatly en hanced the pat -
tern of anom aly max ima and min ima and gra di ent zones, pro -
vid ing a more de tailed out line of the Tajno mas sif. The grav ity
anom aly map (Fig. 3B) has been trans formed us ing the
band-pass Butterworth fil ter with wave length cut-offs at 800 m
and 2500 m. The petrophysical di ver sity of the Tajno mas sif is
also vis i ble in this grav ity anom aly map (Fig. 4C).

Anal y sis of the trans formed mag netic and grav ity anom a lies 
(Fig. 4B, C) sug gests sep a ra tion of anom aly pat terns into two
main do mains, with char ac ter is tic am pli tudes, i.e. a cir cu lar
zone of mag netic and grav ity lows, es pe cially strongly man i -
fested in the mag netic field, lo cated in the cen tral part of the
mas sif, and a sec ond do main of mag netic and grav ity highs sur -
round ing the cen tral do main. The bore holes sit u ated within the
cen tral do main (e.g., Tajno IG 4 bore hole) pen e trated the vent
of a palaeovolcano filled with chim ney brec cia and pyroclastic
ma te ri als (Kubicki, 1992; Wiszniewska et al., 2020). These
rocks are char ac ter ized by weak mag netic prop er ties and low
den si ties (Cieœla and Kosobudzka, 1992). Rocks with strong
mag netic prop er ties and of high den sity are dom i nant in the
sec ond do main (Cieœla and Kosobudzka, 1992), es pe cially in
its west ern and north ern parts (Tajno IG 8 bore hole), and are
re lated mainly to the pres ence of clinopyroxenites (Kubicki,
1992; Wiszniewska et al., 2020).

ROCK PROPERTY DATA

In for ma tion on the prop er ties of rocks from the Tajno mas sif 
was an a lyzed us ing ar chi val data from the Na tional Geo log i cal
Ar chive as an im por tant part of the 3D geo log i cal mod el ling pro -
ce dure. A rel a tively large num ber of den sity and mag netic prop -
erty mea sure ments are avail able to com pute the grav ity and
mag netic re sponse of the 3D geo log i cal model. The mean den -
sity and mag netic prop erty mea sure ments of the crys tal line
base ment core rock sam ples from the bore holes are shown in
Ta ble 1, and the av er age den sity and mag netic prop erty val ues
for sed i men tary for ma tions and each ma jor rock type are given
in Ta ble 2. How ever, the vari abil ity of phys i cal prop er ties within
the rock types makes it dif fi cult to re li ably es ti mate the av er age
den sity, mag netic sus cep ti bil ity (MS), nat u ral remanent mag ne -
ti za tion (NRM) and di rec tion of mag ne ti za tion val ues of the
main rocks types. In ad di tion, due to the wide compositional
range, par tic u lar sam ples used for the mea sure ments may not
be rep re sen ta tive. There fore, the av er age (mean) phys i cal
prop erty val ues for each ma jor rock type are taken to be rep re -
sen ta tive of the phys i cal prop erty vari a tions, and are used as
the ini tial es ti mates for grav ity and mag netic for ward mod el ling
(Ta ble 2).
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Fig. 3A – total in ten sity mag netic anom aly map; B – Bouguer grav ity anom aly map

T1–T12 as in Figure 2



DENSITY DATA

The es ti mated mean den si ties from bore hole data in di cate
that the Tajno in tru sion has vari able den si ties of
2770–3360 kg/m3 with high den si ties gen er ally dom i nat ing (Ta -
ble 1). The mean den sity of rocks di rectly bor der ing the Tajno
mas sif, i.e. orthogneisses, has a mod er ate value of 2710 kg/m3, 
based on mea sure ments from one bore hole (Tajno IG 5), dis -
tinctly less than that of the mas sif rocks. This re sults in a high
grav ity anom aly re lated to the mas sif.

The den si ties of pyroxenites and fenitized pyroxenites that
form the main part of the Tajno mas sif are high, 3010 and
3430 kg/m3, re spec tively (Ta ble 2). High den si ties, with a mean
value of 3030 kg/m3, are also re lated to essexite en coun tered in
the Tajno IG 2 bore hole, and in tru sive brec cia (2900 kg/m3).
The den sity of crater fa cies rocks (chim ney brec cias, tuff and
pyroclastic brec cias) ranges from 2750 to 2850 kg/m3. The
mean den sity of rocks de rived from the Tajno IG 4 bore hole
which pen e trated the crater of a palaeovolcano has an av er age
value of 2770 kg/m3 (Ta ble 1). The syenite rocks that were
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Fig. 4A – re duced-to-the-pole (RTP) to tal in ten sity mag netic anom aly map; B – re duced-to-the-pole, down ward-con tin ued to a
depth of 600 m and low-pass fil tered with a cut-off wave length of 1000 m to tal in ten sity mag netic anom aly map with max ima of hor i -
zon tal gra di ent (pur ple dots) su per im posed; C – re sid ual grav ity anom aly map com puted us ing band-pass Butterworth fil ter with
wave length cut-offs 800 m and 2500 m

T1 – T12 as in Figure 2



drilled by the Tajno IG 8 bore hole (Fig. 5) have the low est av er -
age den sity of all rock types of the mas sif (2660 kg/m3; Ta ble 2).

MAGNETIC PROPERTY DATA

The mean MS from bore holes drilled in the Tajno mas sif
var ies be tween 0.019 and 0.268 SI (Ta ble 1). The low est mean
MS char ac ter izes the crater-rock fa cies drilled by the Tajno IG 4 
bore hole while the rocks drilled by the bore holes sit u ated out -
side the crater dis play dis tinctly higher MS. The mean MS of
rocks bor der ing the Tajno mas sif has a value of 0.05 SI (Tajno
IG 5 bore hole). How ever, the MS of base ment rocks from the

Tajno area shows con sid er able scat ter. For ex am ple, MS was
found to vary be tween 0.003 and 0.475 SI for rocks drilled by
the Tajno IG 8 bore hole (Fig. 5).

The MS of pyroxenites and hy brid rocks (fenitized
pyroxenites) are high on av er age, 0.28 and 0.20 SI, re spec -
tively (Ta ble 2). These rocks are also char ac ter ized by high val -
ues of NRM (28 and 16.6 A/m), de cid edly dom i nat ing their in -
duc tive mag ne ti za tion (Cieœla and Kosobudzka, 1992). The
NRM in cli na tions of are pos i tive, with an av er age value of 69°
as ob served in the Tajno IG 8 bore hole.

Essexite shows high MS (0.2 SI), the same as for in tru sive
brec cia (0.14 SI). The chim ney brec cia is char ac ter ized by low
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Bore hole Den sity
[kg/m3]

Mag netic sus cep ti bil ity
[SI] 

NRM in ten sity
[A/m]

Koenigsberger
co ef fi cient

In cli na tion [°]

n – sam ples

Tajno IG 1 2960 0.136596 4.99 1.03 N/A

Tajno IG 2 3030 0.204706 3.93 0.7
+77.5 (n=150)

–77.7 (n=44)

Tajno IG 3 3250 0.208853 7.10 0.9 N/A

Tajno IG 4 2770 0.018975 1.10 0.44
+42 (n=75)

–37 (n=26)

Tajno IG 5 2710 0.050642 0.88 0.4 N/A

Tajno IG 6 3360 0.267915 7.55 0.7 N/A

Tajno IG 8 3010 0.166504 17.03 2.41 +69 (n=55)

Tajno IG 9 N/A 0.084521 N/A N/A N/A

Tajno IG 10 N/A 0.086142 N/A N/A N/A

Tajno IG 11 N/A 0.037699 N/A N/A N/A

Tajno IG 12 2830 0.109327 0.9 0.3
+50 (n=64)

–52 (n=16)

T a  b l e  1

Av er age den sity and mag netic prop er ties of crys tal line base ment rocks in the bore holes

Geo log i cal for ma tion
Den sity

[kg/m3]
Mag netic sus cep ti bil ity

[SI]
NRM in ten sity

[A/m]
Koenigsberger

co ef fi cient In cli na tion [°]

Ce no zoic 1700 0 0 0 0

Cre ta ceous 1750 0 0 0 0

Ju ras sic 1780 0 0 0 0

Tri as sic 2150 0 0 0 0

Chim ney brec cia 2750 0.02 1.1 0.44 21.6

Fel sic vol ca nic rocks N/A N/A N/A N/A N/A

Melanephelinite 2990 0.15 1 0.2 50

Tuff, pyroclastic brec cia 2850 0.125 0.9 0.1 40

In tru sive brec cia 2900 0.14 15 2 69

Neph el ine syenite 2660 0.06 2 0.87 69

Essexite
(foid monzogabro
/monzodiorite)

3030 0.20 3.93 0.7 42.3

Hy brid rock
(fenitized pyroxenite)

3170 0.20 16.6 2.3 69

Pyroxenite 3300 0.28 28 2.7 69

Orthogneiss 2710 0.05 0.88 0.4 30

T a  b l e  2

Av er age den sity and mag netic prop er ties of sed i men tary suc ces sions and crys tal line base ment rock types



MS (0.02 SI) but tuff and pyroclastic brec cia (0.125 SI) and
melanepheline (0.15 SI) have dis tinct mag netic prop er ties.

The ra tio of the in ten sity of NRM to in duced mag ne ti za tion,
termed the Koenigsberger co ef fi cient or Q, ranges from 0.3 to
2.41 (Ta ble 1), and is com monly less than 1.0 in all but two of
the bore holes. The low val ues of the Q ra tio dem on strate that
in duced mag ne ti za tion would ei ther dom i nate or be com pa ra -
ble to that of the remanent mag ne ti za tion. At all bore holes, the
di rec tion of the NRM in cli na tion var ies largely but is pre dom i -
nantly pos i tive (80% of mea sure ments show pos i tive in cli na -
tion).

In con trast, the mea sured NRM in cli na tions of sam ples
from the Tajno IG 8 bore hole are all pos i tive with an av er age
value of +69°, sim i lar to that of the pres ent Earth mag netic field

(Ta ble 1). Mea sure ments on sam ples of pyroxenite and hy brid
rock (fenitized pyroxenite) from this bore hole (Fig. 5) in di cate
the pres ence of sig nif i cant NRM dom i nat ing the to tal mag ne ti -
za tion (Q=2.41).

IDEAL-BODY ANALYSIS OF THE GRAVITY DATA

The ideal-body in ver sion has been ap plied to the grav ity
pro file over the Tajno mas sif us ing the pro gram de scribed by
Huestis and Ander (1983), mod i fied by Petecki (2019), to be ca -
pa ble of treat ing the 2.5 D in ter pre ta tion ap proach. The ob jec -
tive of this method is to find the bounds on den sity con trast,
depth, and min i mum thick ness of the caus ative body that can
ex plain the grav ity anom aly within a given mis fit (Parker, 1974,
1975).

In or der to ob tain the best rep re sen ta tion of the short wave -
length na ture of the Tajno grav ity anom aly, a high-pass fil ter
with a cut-off wave length of 20 km was ap plied to the Bouguer
anom aly (Fig. 6).

To con strain the small est den sity con trast and min i mum
thick ness of the Tajno mas sif, the ideal body in ver sion was per -
formed on the 9 data sam pled from the re sid ual grav ity anom aly 
map along pro file A–A’ (Fig. 6). A depth to anom a lous body of
0.6 km was es ti mated from deep bore holes lo cated over the
anom aly. There fore, the in verse cal cu la tion as sumed that the
ideal body top is con fined be low 0.6 km. The do main in which
the ideal body is al lowed to be lo cated was di vided into a se ries
of 2.5D rect an gu lar prisms whose hor i zon tal and ver ti cal di -
men sions along the pro file were 0.1 km and 0.1 km, re spec -
tively, while their lat eral ex tent was ±1.5 km in the di rec tion per -
pen dic u lar to the pro file. A mis fit of 0.1 mGal was as sumed for
the grav ity val ues used in the cal cu la tions.

The small est max i mum den sity con trasts are plot ted
against cor re spond ing val ues of thick ness of the Tajno anom a -
lous body on the trade-off curve (Fig. 7). The small est max i mum 
den sity con trast is equal to 310 kg/m3, with a max i mum al low -
able thick ness of 2 km for the source body. In other words, mod -
els with the den sity con trast at or above 310 kg/m3 fit the grav ity
data within the spec i fied (0.1 mGal) mis fit level.

On the other hand, Fig ure 7 shows the min i mum thick ness
of the ideal body if the max i mum den sity con trast of the source
can be as sumed as a re sult of drill ing stud ies, or on the ba sis of
geo log i cal in for ma tion.

To find the larg est rea son able den sity con trast it was as -
sumed the rocks of the mas sif with a den sity of 3360 kg/m3

(Tajno IG 6) are sur rounded by orthogneisses (Tajno IG 5) with
a den sity of 2710 kg/m3 (Ta ble 1). Tak ing these val ues into con -
sid er ation the max i mum den sity con trast will be 650 kg/m3. For
this max i mum den sity con trast the min i mum thick ness of ideal
body is 0.5 km.

As sum ing that a more re al is tic den sity for the source of the
Tajno anom aly is the av er age den sity of mas sif rocks
(3030 kg/m3), the den sity con trast will be 320 kg/m3. This hy po -
thet i cal den sity con trast is based on 2251 den sity mea sure -
ments of mas sif rock sam ples. If the max i mum pos si ble den sity
con trast is only 320 kg/m3, the source body can be no thin ner
than 1.48 km.

Sum ma riz ing, if the max i mum den sity con trast is not greater 
than 320 kg/m3 , then the min i mum thick ness of source can not
be less than 1.48 km (Fig. 7), be cause the ideal bod ies and
there fore all so lu tions con fined to smaller thick nesses have
den si ties ex ceed ing 320 kg/m3.

The ideal body in ver sion re sults helped re duce am bi gu ity in
the in ter pre ta tion of the grav ity anom aly field, and were used as
con straints in the 3D mod el ling pro cess.
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Fig. 5. Mag netic sus cep ti bil ity in the Tajno IG 8 bore hole

https://gq.pgi.gov.pl/article/view/26188


3D GEOLOGICAL AND GEOPHYSICAL MODELLING 
OF THE TAJNO MASSIF

The 3D geo log i cal model of the Tajno mas sif was cre ated
us ing GeoModeller soft ware (BRGM and In trepid Geo phys ics
Com pany) for mod el ling com plex three-di men sional geo log i cal
struc ture, tak ing into ac count avail able geo log i cal data, namely
the geo log i cal map, a dig i tal ter rain model (DTM), struc tural
data re lated to the geo log i cal bound aries, bore hole data, and
geo log i cal in ter pre ta tions (Calcagno et al., 2008). This method

has been checked suc cess fully in com plex geo log i cal con di -
tions (Martelet et al., 2004; Maxelon and Mancktelow, 2005;
Putz et al., 2006; Schreiber et al., 2010).

METHODOLOGY

The orig i nal method im ple mented in GeoModeller makes
use of ob ser va tions that de fine the lo ca tion of in ter faces
(bound aries) be tween geo log i cal for ma tions, struc tural ob ser -
va tions that pro vide the ori en ta tion of these in ter faces, and a
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Fig. 6. Re sid ual grav ity anom aly map ob tained us ing a high-pass fil ter with a cut-off wave length 
of 20 km ap plied to the Bouguer grav ity anom aly; the grav ity data along the A–A’ grav ity pro file 

were used to cal cu late ideal body pa ram e ters



geo log i cal col umn (or pile) that shows chro no log i cally or dered
geo log i cal for ma tions of a re gion, and the geo met ri cal re la tion -
ships be tween par tic u lar geo log i cal for ma tions. The geo log i cal
in ter face is con sid ered as an iso-sur face of a sca lar po ten tial
field which is con tin u ously de fined in 3D space, and its dip is
rep re sented by the gra di ent of the po ten tial (Lajaunie et al.,
1997). Com plex ge ol ogy, where geo log i cal for ma tions cut
across or onlap onto each other, is mod elled by com bin ing mul -
ti ple po ten tial field iso-sur faces re lated to sev eral geo log i cal in -
ter faces. A unique so lu tion for the 3D ge om e try of the in ter faces 
be tween geo log i cal for ma tions that hon our all the data is ob -
tained us ing the cokriging method and geo log i cal col umn which 
de fines the chro no log i cal or der of the in ter faces and the re la -
tion ships be tween ad ja cent geo log i cal for ma tions, coded as ei -
ther “erode” or “onlap”.

Fault re la tion ships can also be de fined, al low ing com plex
fault net works and tim ing re la tion ships be tween faults and geo -
log i cal for ma tions. A com plete de scrip tion of the 3D
Geomodeller method is de scribed by Calcagno et al. (2008).

A com ple men tary meth od ol ogy has been de vel oped to val i -
date a geo log i cal model by for ward mod el ling and sto chas tic in -
ver sion of geo phys i cal data, and im ple mented in GeoModeller
(Guillen et al., 2008). In this case, the geo log i cal model is rep re -
sented as an as sem bly of ho mo ge neous vol ume el e ment
(‘voxel’), and the geo log i cal model is discretized into a 3D ma -
trix of ‘voxels’, or ‘voxet’. For each ‘voxel’, the ap pro pri ate geo -
log i cal for ma tion is as signed. Then, each ‘voxel’ is as signed
petrophysical pa ram e ters such as den sity, MS and NRM rep re -
sen ta tive of the geo log i cal for ma tion, and the a pri ori prob a bil ity
den sity func tion (in the case of in ver sion) for each petrophysical 
pa ram e ter and for each geo log i cal for ma tion. The com puted
grav ity or mag netic ef fect of the 3D geo log i cal model can be
com pared to the cor re spond ing mea sured po ten tial fields.

Given the un known un cer tain ties in de ter min ing the lo ca tion 
of the lithological bound aries and phys i cal prop erty dis tri bu tions 

as signed to each geo log i cal for ma tion of the Tajno mas sif, only
for ward mod el ling was per formed in this pro ject.

BUILDING THE 3D GEOLOGICAL MODEL

To build a 3D geo log i cal model of the Tajno mas sif, a dig i tal
ter rain model (DTM), geo log i cal data from twelve bore holes, an
in ter preted subsurface geo log i cal map (Fig. 2B) and three
cross-sec tions (Fig. 8), grav ity and mag netic data (Fig. 3), and a 
set of mod el ling as sump tions were used. The model cov ers an
area 10 ´ 10 km and ex tends to a depth of 2 km.

The first step of the mod el ling pro cess is to con struct the
geo log i cal pile for the model. Bore hole data have been used to
se lect geo log i cal for ma tions to be mod elled. The stra tig ra phy of 
the sed i men tary cover and the li thol ogy of the base ment rocks
de duced from the bore holes al lowed dis tinc tion of 15 mod elled
geo log i cal for ma tions (plus 3 un con formi ties). Two of these are
not pres ent in the fi nal model. These are veins of fel sic vol ca nic
rock and melanephelinite. Both rock types oc curs in small
amounts in the geo log i cal cross-sec tions (Fig. 8) – too small to
in flu ence the gravimetric or mag netic re sponse of the model.
The re la tion ships be tween each geo log i cal for ma tion, i.e.
‘onlap’ or ‘erode’ have been es tab lished. All ig ne ous for ma tions
have been clas si fied as ‘erode’, and this should not be un der -
stood as a clas sic strati graphic dis con ti nu ity but as a youn ger
rock in trud ing an older one. The geo log i cal re la tion ship has
been as signed for the base of each for ma tion to prop erly map
the lower sur faces of the for ma tions. The se quence of the geo -
log i cal for ma tions, chro no log i cally or dered, and their geo log i cal
re la tion ships (geo log i cal pile) for the 3D model of the Tajno
mas sif is shown in Fig ure 9. Den sity and mag netic prop er ties
were as signed to each of the geo log i cal for ma tions of the pile,
based on es ti mates in di cated in Ta ble 2. Next, the in ter preted
bound ary of geo log i cal for ma tions along geo log i cal cross-sec -
tions (Fig. 8) and from the map of the crys tal line base ment
(Fig. 2B), were in cor po rated into the GeoModeller soft ware.
Ge ol ogy ori en ta tion data were as sumed to be or thogo nal to the
geo log i cal bound aries. Three main faults sur round ing the whole 
mas sif are in serted into model struc ture. Each of these is pres -
ent on the geo log i cal maps and is in ter preted from bore hole
data.

An ini tial co her ent 3D geo log i cal model of the mas sif based
on in te gra tion of geo log i cal data in the GeoModeller soft ware
was tested by com par ing com puted 3D grav ity and mag netic ef -
fects with maps of mea sured grav ity and mag netic anom a lies.
The re sults of the for ward grav ity and mag netic mod el ling show
spa tial dif fer ences be tween the ob served and the cal cu lated
anom a lies. The mis fit val ues of ini tial model were be tween –3
and 2.1 mGal for grav ity data and be tween –350 and 420 nT for
mag netic data. Such dis crep an cies sug gested that the model
ge om e try or the phys i cal prop er ties of the rocks (and prob a bly
both of these) were not cor rect.

To over come this prob lem the geo log i cal cross-sec tions
were mod i fied and ex tra sec tions were added for the pur pose of 
better model con struc tion. In those cases where the mis match
be tween ob served and cal cu lated anom a lies was mod er ate,
the phys i cal prop er ties of the rocks were slightly mod i fied un til a
better match was ob tained. More over, it was found that the as -
sumed val ues of mag netic prop er ties of pyroxenite, hy brid
rocks and in tru sive brec cia (Ta ble 2) were too large to ex plain
the mag netic anom a lies ob served. In this case, the remanent
magnetizations of these rock units were re duced un til a better fit 
was ob tained.

Geo log i cal and geo phys i cal for ward mod el ling were run in
the sub se quent it er a tion mode. Af ter each it er a tion the com -
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Fig. 7. Trade-off curve for as sumed den sity con trast ver sus min i -
mum thick ness of the caus ative grav ity source, where its top is
0.6 km be low the sur face, and al low ing for up to 0.1 mGal of mis fit

Black dots rep re sent cal cu lated min i mum den sity con trasts for a
given thick ness of the ideal body



Zdzis³aw Petecki et al. / Geo log i cal Quar terly, 2022, 66: 10 11

Fig. 8. Geo log i cal cross-sec tion 1, 2 and 3 (lo ca tion Fig. 2B) of the Tajno mas sif



puted and ob served grav ity and mag netic anom a lies were com -
pared. On the ba sis of these com par i sons re vi sions were made
to the 3D geo log i cal model un til the re sult ing model was com -
pat i ble with ob served grav ity and mag netic anom a lies.

This pro ce dure re sulted in con sid er ably im proved fits be -
tween the fi nal mod elled and the ob served grav ity and mag -
netic anom a lies (Fig. 10). The mis fit val ues were mostly be -
tween –0.5 and 0.5 mGal for grav ity data (where val ues of mea -
sured Bouguer anom a lies vary in the range from 12 to 24 mGal, 
am pli tude: 12 mGal) and be tween –100 and 100 nT for mag -
netic data (where val ues of mea sured mag netic anom a lies vary 
in the range from –70 to 1860 nT, am pli tude 1930 nT), in the
spa tial zone cov er ing the mas sif. The fi nal phys i cal prop er ties
of the rocks form ing the Tajno mas sif fol low ing 3D geo phys i cal
mod el ling are shown in Ta ble 3. The high est dis crep ancy – ex -
cess of rock mass – in the den sity model ap pears at the south -
ern and north ern pe riph er ies of the mod eled block, where no
geo log i cal con straints (bore holes) ex ist. The same is true for
the north-east ern cor ner of the mag netic model.

In the cen tre of the Tajno mas sif there is a mass def i cit in
the den sity model with a good fit to the mag netic model. Some

con sen sus had to be made in any model, and a better fit of the
mag netic model was cho sen in this case.

Il lus tra tion of the fi nal 3D model of the Tajno mas sif is
shown in Fig ure 11, and the geo log i cal sec tions through the
model (Fig. 12) are along the lines of the orig i nal geo log i cal sec -
tions (Fig. 8). Gen er ally the fi nal model sup ports the orig i nal
struc ture shown in geo log i cal cross-sec tions (Fig. 8) but some
sig nif i cant changes had to be made. A much larger pro por tion
of neph el ine syenite dis plac ing pyroxenite ap pears at the north -
ern and south ern parts of  cross-sec tions 1 and 2. At the east -
ern part of cross-sec tion 3, pyroxenite is par tially re placed by
tuff and pyroclastic brec cia - which re sults in a wider vol ca nic
chim ney. The vol ca nic chim ney is now di rectly in con tact with
essexite (foid monzogabbro/monzodiorite). More over, such
change in the struc ture causes de crease of the fault dip (com -
pare pro file 3 in Figs. 8 and 12).

There is a small but dis tinct mag netic anom aly to the east of
the Tajno mas sif. There is no geo log i cal data de scrib ing the
source of such an anom aly. In the pres ent model the anom aly
was ex plained by a ver ti cally ori ented body of pyroxenite pen e -
trat ing the sur round ing orthogneisses. The body shape is a ver -
ti cal prism with the top sur face at 900 m b.s.l.

DISCUSSION AND CONCLUSIONS

Our re search has mod elled the spa tial struc ture of the bur -
ied al ka line-carbonatite Tajno mas sif sit u ated in the west ern
part of the East Eu ro pean Craton, in NE Po land (Fig. 1). The
Tajno mas sif is a very prom is ing pros pect for REE de pos its. In
the Tajno mas sif, the carbonatite rocks oc cur as REE-bear ing
veins, ce ment of the chim ney brec cia and metasomatites, and
are mainly lim ited to the diatreme (Ryka, 1992). There fore, es -
tab lish ing the 3D ge om e try of the whole Tajno mas sif in clud ing
the diatreme con tain ing po ten tially eco nomic ac cu mu la tions of
REE, and pre cise de ter mi na tion of the diatreme bound ary, are
of great im por tance. So far, the diatreme bound ary has been
de ter mined on the ba sis of geo phys i cal maps as well as upon
anal y ses of pet ro log i cal and chem i cal data (Cieœla and
Kosobudzka, 1992; Ryka, 1992; Wiszniewska et al., 2020).

A 3D geo log i cal model was built with the 3D GeoModeller
soft ware which in ter po lates com plex ge ol ogy us ing a po ten tial
field method. Pre vi ously, knowl edge of the deep struc ture of the 
en tire mas sif was based on a few, un evenly dis trib uted bore -
holes and one geo log i cal cross-sec tion (Kubicki, 1992).

A 3D geo log i cal model of the mas sif was com piled based on 
lim ited drill ing in for ma tion and geo log i cal and geo phys i cal in ter -
pre ta tions. A new geo log i cal map of the Tajno mas sif (Fig. 2B)
and three cross-sec tions (Fig. 8) were drawn based on re in ter -
pre ta tion of bore hole, mag netic and grav ity data to gether with
the avail able geo log i cal map (Ryka, 1992). At any stage dur ing
the model con struc tion, the 3D grav ity and mag netic con tri bu -
tions of the model were cal cu lated and com pared to the mea -
sured geo phys i cal anom a lies for fur ther in ter ac tive re fine ment
of the model ge om e try.

Based on the re sults ob tained, the ge om e try of in ter faces in
the ini tial geo log i cal model to gether with phys i cal rock prop er -
ties - taken as the mean val ues of val ues mea sured on bore hole 
cores – did not solve the prob lem of some geo phys i cal sig na -
tures. It was also found that the pro posed dis tri bu tion of
pyroxenites within the mas sif gave too strong a mag netic re -
sponse of the model, since pyroxenites are char ac ter ized by
very high val ues of mag netic sus cep ti bil ity and remanent mag -
ne ti za tion (Ta ble 1). There fore the model had to be de vel oped
through suc ces sive it er a tions (struc ture cor rec tion – model cal -
cu la tion). For ward grav ity and mag netic mod el ling of the 3D
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Fig. 9. Geo log i cal pile for the Tajno mas sif area



Zdzis³aw Petecki et al. / Geo log i cal Quar terly, 2022, 66: 10 13

l
e

d
o

m l
a

 nif 
e

ht f
o 

s
ei l

 a
m

o
n

a 
cit

e
 n

g
a

m 
d

n
a 

yt i
v

ar
g 

d
et

a l
u

 cl
a

c 
d

n
a 

d
e

vr
e

 s
b

o 
n

e
e

w t
e

b 
n

o
 s ir

a
 p

m
o

C .
0

1 .
gi

F

 
A

 ;yl
 a

m
o

n
a yt i

v
ar

g r
e

u
g

u
o

B 
d

er
u

 s
a

e
m 

–
 

B
 ;l

e
d

o
m l

a
 nif 

e
ht f

o 
e

s
n

o
p

 s
er yt i

v
ar

g 
d

et
a l

u
 cl

a
c 

–
 

C
 ;

B 
d

n
a 

A 
n

e
e

w t
e

b 
e

c
n

 er
e ffi

d 
– ti f

si
m yt i

v
ar

g 
–

 
D

 ;yl
 a

m
o

n
a 

cit
e

 n
g

a
m 

d
er

u
 s

a
e

m 
–

 
E

d
et

a l
u

 cl
a

c  
–

 ;l
e

d
o

m l
a

 nif 
e

ht f
o 

e
s

n
o

p
 s

er 
cit

e
 n

g
a

m
 

F
E 

d
n

a 
D 

n
e

e
w t

e
b 

e
c

n
 er

e ffi
d 

– ti f
si

m 
cit

e
 n

g
a

m 
–



Tajno geo log i cal map was car ried out, en sur ing good agree -
ment be tween the model ar chi tec ture, es ti mates of the phys i cal
prop er ties de rived from the lim ited sam pling and the ob served
po ten tial field data.

Mod i fi ca tions to the dis tri bu tions of pyroxenite, neph el ine
syenite and in tru sive brec cia (Fig. 12) and to the mag netic rock
prop er ties of pyroxenite, hy brid rocks and in tru sive brec cia (Ta -
ble 3) in a re vised model (Fig. 11) im proved the com pat i bil ity
with the grav ity and mag netic data (Fig. 10). The com par i son
be tween Fig ure 10A and B shows a sat is fy ing cor re la tion be -
tween the Bouguer anom aly and model grav ity ef fect
(Fig. 10C). The av er age dif fer ence be tween both grids is
0.0044 mGal and stan dard de vi a tion is 0.33 mGal. Sim i larly to
the grav ity, the re sult of the for ward mag netic mod el ling again
shows dif fer ent ranges and dif fer ent spa tial ar range ments be -
tween the ob served and the cal cu lated grids (Fig. 10F) with a
mean value of –17 nT and stan dard de vi a tion of 62 nT.

The main dis crep an cies are lo cated in the cen tral part of the 
map (Fig. 10C) where pos si ble lat eral ef fects of shal low lo cal
con cen tra tion of higher den sity ma te rial within one of the geo -
log i cal for ma tions might not have been taken into ac count.
How ever, that geo log i cal for ma tions dis tin guished are com -
monly a mix ture of lithologies with dif fer ent phys i cal prop er ties,
lead ing to the un cer tainty of the phys i cal prop erty data.

The dif fer ences be tween the ob served and the cal cu lated
grids (Fig. 10C and F) are not geo log i cally rel e vant given the
un cer tain ties in de ter min ing the lo ca tion of the bound aries and
phys i cal prop erty dis tri bu tions as signed to each geo log i cal for -
ma tion. A good match be tween the ob served and mod elled po -
ten tial field may be made us ing the sto chas tic in ver sion method
im ple mented in 3D GeoModeller. The fi nal re sult in this type of
mod el ling is strongly de pend ent on the pa ram e ters cho sen and
con straints ap plied. Thus, it is very im por tant to use a ref er ence
geo log i cal model that is con sis tent with all of the geo log i cal ob -
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Fig. 11. Per spec tive view of the fi nal 3D geo log i cal model

The colours of the geo log i cal units are as shown in Figure 9



ser va tions, and also closely takes into ac count the ob served
geo phys i cal data for most of the study area. As a con se quence, 
the in ver sion will not pro vide any sig nif i cant help to the knowl -
edge of the ar chi tec ture of the Tajno mas sif over and above
what has al ready been achieved by for ward mod el ing.

Af ter mod i fi ca tions to the ini tial model and phys i cal prop er -
ties, the fi nal model (Figs. 11 and 12) largely con firmed the ear -
lier geo log i cal in ter pre ta tion along three cross-sec tions
(Fig. 11), but a few dif fer ences need to be noted:

– a higher pro por tion of neph el ine syenites in re la tion to
pyroxenites;

– a smaller pro por tion of chim ney brec cia rel a tive to tuffs
and vol ca nic brec cia within the chim ney.

The mod el ling re sults de pend on the quan tity and qual ity of
the data used. The main lim i ta tion of the model is due to an in -
suf fi cient num ber of deep bore holes, so the ge ol ogy of the mas -
sif may be more com plex than shown in the cur rent 3D geo log i -
cal model. An other im por tant lim i ta tion of the fi nal model re sults 
from the wide range of rocks de tected and the dis tri bu tion of
mag matic bod ies in the mas sif, which re mains poorly con -
strained. Due to lim ited amount of geo log i cal data, de tailed re la -
tion ships be tween units are be yond the scope of this work. Nev -

er the less, the model ob tained is the first co her ent three-di men -
sional geo log i cal model of the Tajno mas sif which in te grates all
geo log i cal and geo phys i cal data. On this ba sis, some im por tant 
im pli ca tions of the mod el ling can be fur ther ana lysed. For ex -
am ple, the pres ent study makes it pos si ble to con strain the 3D
ge om e try of the carbonatite for ma tions, which we rep re sent ba -
sic data for the iden ti fi ca tion of pos si ble REE res er voirs that
may be con sid ered as tar gets for fu ture pro spec tive drill ing. The 
model can be rel a tively quickly up dated in the fu ture, fol low ing
the ad di tion of new data or dif fer ent in ter pre ta tions of the ex ist -
ing data.
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Geo log i cal for ma tion
Den sity

[kg/m3]
 Mag netic sus -

cep ti bil ity [SI]
NRM in ten sity

[A/m]
In cli na tion [°] Dec li na tion [°]

Ce no zoic

Qua ter nary
1700

1700

0

0

0

0

0

0

0

0

Paleogene
and Neo gene

1700

1700

0

0

0

0

0

0

0

0

Cre ta ceous
1750

1750

0

0

0

0

0

0

0

0

Ju ras sic
1780

1780

0

0

0

0

0

0

0

0

Tri as sic
2150

2150

0

0

0

0

0

0

0

0

Chim ney brec cia
2760

2750

0.1

0.02

1.1

1.1

69

21.6

0

Fel sic vol ca nic rocks 2770 0.03 0 0 0

Melanephelinite
2990

2290

0.15

0.15

1

0.2

50

69

0

Tuff, pyroclastic brec cia
2870

2850

0.125

0.125

0.9

0.9

40

40

0

In tru sive brec cia
2900

2900

0.14

0.14

1.5

15

69

69
0

Neph el ine syenite 
2660

2660

0.06

0.06

2.0

2.0

69

40
0

Essexite

(foid monzogabbro
/monzodiorite)

3030

3030

0.18

0.20

3.1

3.93

35

42.3

60

Hy brid rock

(fenitized pyroxenite)

3170

3170

0.19

0.20

1.66

16.6

69

69

0

Pyroxenite
3320

3300

0.3

0.28

3.1

28

69

69

45

Orthogneiss
2700

2710

0.067

0.05

0.75

0.88

69

30

0

T a  b l e  3

Mod elled val ues of the den sity and mag netic prop er ties of sed i men tary rocks and dif fer ent types of crys tal line
base ment rocks (the val ues from Ta ble 2 are in cluded in ital ics)
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Fig. 12. Mod elled ge ol ogy along sec tions 1, 2 and 3 (lo ca tion Fig. 2B) of the Tajno mas sif

The colours of the geo log i cal units are as shown in Figure 9
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