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Ad vanced mag netic and grav ity data anal y sis has been used to ac quire geo phys i cal con straints pro vid ing new in sights into
the geo log i cal struc ture of the Suwa³ki An or tho site Mas sif (SAM). The large neg a tive mag netic anom aly of the SAM an or tho -
site in tru sion is a re sult of the neg a tive in cli na tion of remanent mag ne ti za tion, di rected antiparallel to the pres ent Earth’s
mag netic field. Sev eral fil ter ing pro cesses were ap plied to the mag netic and grav ity maps to better un der stand the
subsurface ge ol ogy of the SAM area. The geo log i cal anal y sis of re sid ual mag netic and grav ity anom aly maps re veals the
pres ence of dif fer ent rock units, re flect ing vari a tion in pet ro log i cal com po si tion of the crys tal line base ment rocks. The 2-D
mod el ling of mag netic and grav ity data de lin eate the lo ca tion and ex tent of the an or tho site-norite mas sif. The data is con sis -
tent with a thick up per crustal body with den sity 2690 kg/m3, low sus cep ti bil ity (0.005 SI) and nat u ral remanent mag ne ti za tion 
(1.95 A/m), hav ing in cli na tion of I = –68°, and dec li na tion of D = –177°. The rocks bor der ing the cen tral an or tho site body con -
sist of norite and gabbronorite, granodiorite, diorite and charnockite. These main crys tal line base ment crustal units are
shown more pre cisely on a new geo log i cal map of the SAM.

Key words: AMCG pluton, Suwa³ki An or tho site Mas sif, po ten tial field anal y sis, remanent mag ne ti za tion, mod el ing of grav ity
and mag netic data, geo log i cal map.

INTRODUCTION

The Suwa³ki An or tho site Mas sif (SAM) to gether with Sejny
norite-an or tho site In tru sion (SI) be long to the mag matic an or -
tho site-mangerite-charnockite-gran ite (AMCG) set of rocks – a
very com mon suite formed dur ing Pro tero zoic time world wide
(Emslie, 1978, 1991; Ashval, 1993; Frost et al.,1989; Emslie et
al., 1994; Bagiñski et al., 2001; Wiszniewska, 2002;
Wiszniewska et al., 2002, 2007; Skridlaite et al., 2003; Ham il -
ton, 2004; Duchesne et al., 2010). Both mas sifs are lo cated in
the north east ern cor ner of Po land, near the bor der with Lith u a -
nia and Rus sia, build ing the west ern part of the East Eu ro pean
Craton (Fig. 1A).

The SAM was dis cov ered in 1957 (Znosko, 1993;
Podemski, 1998) as a re sult of drill ing into re mark able neg a tive
mag netic and grav ity anom a lies in NE Po land (Kurbiel et al.,
1979). These in ves ti ga tions re vealed the pres ence of an or tho -
site-norite rocks within the Pre cam brian crys tal line base ment,

con cealed by thick Phanerozoic sed i men tary rock se quences.
The depth to the top of the SAM ranges from ~600 m in the
south to 1200 m in the west. There fore, di rect in for ma tion on
the na ture and struc ture of the base ment is lim ited to ~100 un -
evenly dis trib uted deep bore holes. How ever, most geo log i cal
struc tures within the crys tal line base ment have dis tinc tive mag -
netic and grav ity sig na tures. Po ten tial field anom aly anal y sis is,
thus, a use ful tool for in ves ti gat ing the subsurface struc ture of
the SAM. Mag netic in ves ti ga tions have out lined the ma jor
struc tural fea tures of the SAM. To a smaller de gree, grav ity
anom aly in ter pre ta tion has also been used (Podemski, 1998).
Be ing a po ten tial site of ore de pos its, the SAM has long been
stud ied geophysically, pet ro log i cally and struc tur ally (e.g.,
Kurbiel et al., 1979; Cieœla and Wybraniec, 1998; Juskowiak,
1998; Cymerman, 2014). De spite pre vi ous geo phys i cal and
geo log i cal stud ies (Wybraniec et al., 1993; Ryka and
Podemski, 1998; Wiszniewska, 2002; Wiszniewska et al.,
2002, 2018) the com po si tion and deep struc ture of the mas sif
are still not well un der stood. The ear lier geo phys i cal in ter pre ta -
tions were mainly used for prac ti cal pur poses re lated to the
large Fe-Ti-V min eral con cen tra tions, and not for fun da men tal
stud ies of vari a tion in the in ter nal struc ture of the SAM.

There fore, this study pro vides a re in ter pre ta tion of the mag -
netic and grav ity data to ex am ine the ar range ment of rock units
of the SAM. A se ries of trans for ma tions and mod el ing of the

* Cor re spond ing au thor, e-mail: zdzislaw.petecki@pgi.gov.pl

Re ceived: May 11, 2020; ac cepted: No vem ber 6, 2020; first
pub lished on line: February 2, 2021

https://gq.pgi.gov.pl/article/view/9203
https://gq.pgi.gov.pl/article/view/9203
https://gq.pgi.gov.pl/article/view/8016


2 Zdzis³aw Petecki and Janina Wiszniewska / Geo log i cal Quar terly, 2021, 65: 4

Fig. 1A – ma jor crustal do mains of crys tal line base ment in the Pol ish part of the East Eu ro pean Plat form (af ter Krzemiñska et
al., 2017, mod i fied); B – geo log i cal map of the Suwa³ki An or tho site Mas sif (SAM; af ter Wiszniewska, 2002, mod i fied)

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 Anorthosite Mas sif, KAM – Kêtrzyn Anorthosite 
Mas sif, SI – Sejny In tru sion, L – Lazdijai Intrusion, V – Veisiejai Intrusion, K – Kabelia Intrusion, M – Mosty Intrusion, G – Grodno Intrusion;
Pa leo zoic mas sifs and in tru sions: 1 – Olsztynek, 2 – M³awa, 3 – Pisz, 4 – E³k, 5 – Tajno; bore holes pen e trat ing the crys tal line base ment top
ly ing at a depth of 600 to 1200 m: Bil1 – Bilwinowo PIG 1, Bok1 – Boksze PIG 1, Jel5 – Jeleniewo IG 5, JO2 – Jezioro Okr¹g³e IG 2, JSZ1 –
Jezioro Szlinokiemskie PIG 1, K72 – Krzemianka IG 72, Kaz1 – Kazimierówka IG 1, Kras6 – Krasnopol PIG 6, £an1 – £anowicze PIG-1, £op1 
– £opuchowo PIG 1, Paw1A – Paw³ówka PIG 1A, Sz1 – Szlinokiemie IG 1, U11 – Udryn IG 11, ̄ ub1 – ̄ ubryn IG 1; K, U, J, JO –  Krzemianka,
Udryn, Jeleniewo, Jezioro Okr¹g³e ore fields



mag netic and grav ity data were used for in ter pre ta tion and geo -
log i cal cor re la tion. Most no ta bly, these in cluded es ti ma tion of
the remanent mag ne ti za tion di rec tion of the SAM an or tho site
com plex, as the di rec tion of mag ne ti za tion may prob lem atic in
in ter pret ing the mag netic anom aly map. Rec og ni tion of the ge -
om e try and in ter nal struc ture of the mas sif, and con strain ing the 
na ture of the an or tho site con tacts with the ad ja cent rocks, were
the main is sues to be re solved us ing mod ern geo phys i cal in ter -
pre ta tion.

GEOLOGICAL AND GEOPHYSICAL SETTING

The crys tal line base ment of NE Po land and neigh bour ing
coun tries as Rus sia, Lith u a nia and Belarus, is char ac ter ized by
a set of belt-shaped tec tonic meta mor phic do mains formed
mostly in Paleoproterozoic time (Bogdanova et al., 2015) and
cut later by Mesoproterozoic ig ne ous in tru sions (Bogdanova et
al., 2006, 2015). The SAM and SI are a part of wider, belt-like,
E–W trending, 300 km long Mesoproterozoic mag matic terrane
(1.54–1.49 Ga), called the Mazury ig ne ous Com plex (MC,
Fig. 1A), that is com posed of granitoids (rapakivi-like),
charnockites and mangerites (Bagiñski et al., 2001;
Wiszniewska et al., 2007; Krzemiñska et al., 2019). Quartz
monzonites and granodiorites are the most wide spread rock
type within this belt. The con tin u a tion of the Mazury Com plex in
Lith u a nia com prises the Lazdijai (L), Veisiejai (V) and Kabeliai
(K) in tru sions (Skridlaite et al., 2003), and the Mosty (M) and

Grodno (G) in tru sions in Belarus (Taran, 2005; Fig. 1A). The
MC mag matic rock as sem blages be long to the ferro-potassic,
al kali-calcic suite of rocks and are com pa ra ble with other
AMCG rock types from Fennoscandia, e.g. Rogaland, south ern 
Nor way (Duchesne, 1999). The most acidic va ri et ies of MC and 
Veisiejai (V) granitoids have petro gen etic prop er ties sim i lar to
those of clas sic rapakivi gran ites, though they show an in -
creased con tent of in com pat i ble el e ments and REE, typ i cal for
A type af fin i ties (Gawêda et al., 2009; Duchesne et al., 2010).

The MC mag matic rocks in truded into deep tec tonic crustal
struc tures within Paleoproterozoic meta mor phic do mains that
be long to the Mid dle Lith u a nian Su ture Zone (MLSZ) and the
West Lith u a nian Do main (WLD) and its south ern Pol ish ex ten -
sion as the Dobrzyñ Do main (DD) and the Mazowsze Do main
(MD) that were accreted at ~1.85–1.80 Ga (Bogdanova et al.,
2006). A much youn ger, Car bon if er ous, E–W trending chain of
al ka line sub-plat form in tru sions in clude those of Olsztynek (1),
M³awa (2), Pisz (3), E³k (4) and Tajno (5), on the south ern
bound ary of the MC, have also been rec og nized (Demaiffe et
al., 2013; Wiszniewska et al., 2020).

Drill ing of ~100 bore holes has shown that the SAM of
1.5 Ga age cov ers an ar eal ex tent of ~250 km2 (Wiszniewska et 
al., 2002). This Mesoproterozoic mas sif is es sen tially made up
of mag matic mas sif-type an or tho site (with lo cal titanomagnetite 
ore con cen tra tions), sur rounded by rings of norite and
gabbronorite (Kubicki and Ryka, 1982), diorite, rapakivi-like
gran ite and monzonite (Fig. 1B; Wiszniewska et al., 2002).
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Fig. 2. To tal in ten sity mag netic anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area, show ing the lo ca tion of F–L
mod elled pro file

Bore holes pen e trat ing the crys tal line base ment top: Bil1 – Bilwinowo PIG 1, Bok1 – Boksze PIG 1, Fil1 – Filipów IG 1, Jel5 – Jeleniewo IG 5,
JO2 – Jezioro Okr¹g³e IG 2, JSZ1 – Jezioro Szlinokiemskie PIG 1, K72 – Krzemianka IG 72, Kaz1 – Kazimierówka IG 1, Kras6 – Krasnopol
PIG 6, L 6 – Lazdijai 6, L 26 – Lazdijai 26, £an1 – £anowicze PIG 1, £op1 – £opuchowo PIG 1, Paw1A – Paw³ówka PIG 1A, Sej1 – Sejny IG 1,
Sej2 – Sejny IG 2, Sz1 – Szlinokiemie IG 1, U11 – Udryn IG 11, Wig1 – Wigry IG 1, ̄ ub1 – ̄ ubryn IG 1; F–L – pro file used for grav ity and mag -
netic mod el ling
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The Fe-Ti-V large ore de pos its of the Krzemianka (K) and
Udryn (U) ore fields and two other smaller bod ies, Jeleniewo
(J), Jezioro Okr¹g³e (JO; Fig. 1B), con cen trated in the mar ginal
parts of the mas sif, have been doc u mented within anorthosites, 
norites, and gabbronorites (Wiszniewska, 1998a, 2002;
Wiszniewska et al., 2018). Titanomagnetite, il men ite and
Fe-Cu-Co-Ni sulphides are the main ore min er als in the host
rocks. Mag netic titanomagnetite grains usu ally con tain net -
works of nar row il men ite and ulvite lamellae (Mizeracka and
Kurbiel, 1973, 1975).

Mag netic and grav ity maps of the SAM, with lo ca tions of se -
lected bore holes, are shown in Fig ures 2 and 3. The SAM ap -
pears mainly as large neg a tive, mag netic (–1700 nT) and grav -
ity (–19 mGal) anom a lies that are sim i lar in size and shape
(Królikowski and Petecki, 1995; Królikowski et al., 1998;
Petecki and Rosowiecka, 2017). Ac cord ing to the geo log i cal
data these anom a lies are re lated to the large monomineralic
an or tho site body in the cen tre of the SAM (Juskowiak, 1998).
The lo cal pos i tive mag netic anom aly near the Zaboryszki 1
(Zab1) bore hole, re lated to the diorite body, di vides the mag -
netic de pres sion into two parts.

The large neg a tive mag netic anom aly is sur rounded by a
high gra di ent zone and bands of pos i tive anom a lies with sig nif i -
cant am pli tudes of ~800–1700 nT, par tic u larly strongly marked
in the south, west and north (Fig. 2). One of the most strik ing
mag netic fea tures is a mag netic gra di ent zone (called here the
Krasnopol mag netic lin ea ment) in the vi cin ity of the Krasnopol
PIG 6 (Kras6) bore hole, bound ing the south ern mas sif mar gin
along a curvilinear con tact be tween monzonites and
granodiorites (rapakivi-like gran ites) in the north and gneiss es
and granu lites in the south (Fig. 1B). Lo cal pos i tive mag netic

anom a lies are re lated to the Krzemianka and Udryn ore de pos -
its (K and U in Fig. 1). In the south east ern cor ner of the map
(Fig. 2) an iso lated mag netic high re flects the small Sejny
norite-gabbronorite-monzodiorite In tru sion (SI).

The Bouguer grav ity map of the SAM (Fig. 3) shows two dis -
tinct re gional anom a lies: a neg a tive anom aly with an in ten sity of 
–19 mGal re lated to the rel a tively low-den sity cen tral an or tho -
site body, and pos i tive anom a lies with a max i mum in ten sity of
8 mGal sur round ing the mas sif to the south and west, caused
by rocks with el e vated den si ties. These two anom a lies are sep -
a rated by a high gra di ent zone. The Fe-Ti-V ore de pos its are
not very well marked on the Bouguer grav ity anom aly map.
Also, the Krasnopol mag netic lin ea ment does not ap pear to be
re flected on this map.

Var i ous geo log i cal maps of the SAM (Kubicki and Ryka,
1982; Juskowiak, 1998; Wiszniewska, 2002; Cymerman, 2014;
Krzemiñska et al., 2017) have been made based mainly on the
re sults of geo phys i cal re search, pri mar ily mag netic data anal y -
ses in te grated with bore hole data. Most of the SAM area was
not rec og nized by bore holes, be cause geo log i cal in ves ti ga tions 
were fo cused on pros pect ing for mag ne tite-il men ite ore de pos -
its (Wiszniewska et al., 2018). There fore, the geo log i cal map of
the SAM, be yond well iden ti fied ar eas of the Krzemianka and
Udryn de pos its, re mains ten ta tive.

MATERIALS AND METHODS

The re sults shown in this pa per are mainly based on po ten -
tial-field fil ter ing and mod el ling us ing ex ist ing mag netic and
grav ity data.
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Fig. 3. Bouguer grav ity anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area

Explanations as in Fig ure 2
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MAGNETIC DATA

The mag netic data is rep re sented by a to tal mag netic in ten -
sity anom aly map (Fig. 2). The to tal-field mag netic 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).

GRAVITY DATA

The grav ity data are rep re sented by a sim ple Bouguer
anom aly map (Fig. 3). The grav ity data were tied to the grav ity
da tum based on the IGSN 71 (In ter na tional Grav ity Stan dard -
iza tion Net of 1971). The Bouguer anom a lies have been cal cu -
lated us ing a re duc tion den sity of 2250 kg/m3 (2.25 g/cm3) and
the GRS 80 (Geo detic Ref er ence Sys tem of 1980) for mula for
the the o ret i cal grav ity (Królikowski and Petecki, 1995).

ROCK PROPERTY DATA

Den sity and mag netic prop erty mea sure ments of the crys -
tal line base ment rocks from the SAM were made on unoriented
core rock sam ples from the bore holes (Mizeracka and Kurbiel,
1973; Kurbiel at al., 1979). Re sults from these mea sure ments
are also given by Mizeracka and Kurbiel (1975), Wybraniec et
al. (1993), Cieœla and Wybraniec (1998).

DENSITY DATA

The den sity of the anorthosites that com pose the main part
of the SAM ranges be tween 2690 and 2770 kg/m3, with an av er -
age den sity of 2720 kg/m3 (Cieœla and Wybraniec, 1998). How -
ever, in the Kazimierówka IG 1 (Kaz1) and Szlinokiemie IG 1
(Sz1) bore holes which drilled only anorthosites, their den sity is
2690 kg/m3. Min er al ized parts of anorthosites show higher den -
si ties. The den sity of rocks di rectly bor der ing the cen tral an or -
tho site masses, i.e. norites and gabbronorites, is dis tinctly
higher (3000 kg/m3) than that of the anorthosites. Den si ties of
the rapakivi gran ites and diorites sur round ing the an or tho site
com plex os cil late be tween 2750 and 2910 kg/m3 (Wybraniec et
al., 1993; Cieœla and Wybraniec, 1998).

MAGNETIC PROPERTY DATA

Mag netic prop erty data of base ment rocks from the SAM re -
flect the pres ence of mag netic min er als, mainly
titanomagnetite, il men ite or hemoilmenite, mag ne tite, or
maghemite (Mizeracka and Kurbiel, 1973, 1975). The mag netic 
sus cep ti bil ity of anorthosites with small amounts of ore min er als 
is low on av er age (0.009 SI). The sus cep ti bil i ties of
anorthosites, norites and gabbronorites with mag ne tite-il men ite 
min er al iza tion, and of ore bod ies, are strongly vari able and
reach up to 2.0 SI for ores.

The ra tio of the in ten sity of remanent mag ne ti za tion (NRM)
to in duced mag ne ti za tion, termed the Koenigsberger co ef fi cient 
or Q value, in anorthosites is com monly >1, and ranges from ~5
up to 30. The in cli na tion of the NRM of the an or tho site rocks
showed very vari able di rec tions, usu ally with pos i tive val ues. By 
con trast, the NRM in cli na tions of the mag ne tite-il men ite ores
and noritic rocks are char ac ter ized by pre dom i nantly neg a tive
val ues and shown con sid er able scat ter (Mizeracka and Kurbiel, 
1973, 1975; Kurbiel et al., 1979). The vari abil ity of mag netic
prop er ties within the rock types makes it dif fi cult to re li ably es ti -

mate the av er age sus cep ti bil ity, NRM and di rec tion of mag ne ti -
za tion val ues of the bur ied rocks.

BOREHOLE DATA

Most of the bore holes, of av er age 2000 m depth, were
drilled within the SAM area be tween the 1950s and 1990s to
doc u ment the Fe-Ti-V de pos its of the Krzemianka and Udryn
ar eas (Kubicki and Siemi¹tkowski, 1979; Parecki, 1998). New
whole-rock sam ples from the Krzemianka, Udryn, and Jezioro
Okr¹g³e ore field ar eas and in di vid ual bore holes within other
parts of the SAM e.g. £opuchowo IG 1 (£op1), Biliwinowo IG 1
(Bil1), Jeleniewo IG 5 (Jel5), Jezioro Szlinokiemskie IG 1
(JSZ1), Zaboryszki IG 1 (Zab1), were ad di tion ally ana lysed for
ma jor and some trace el e ments in 2016–2020 in the lab o ra tory
of the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
(PGI-NRI). Ma jor el e ments were ana lysed us ing ICP-ES and
trace el e ments were ana lysed us ing ICP-MS. Chem i cal data,
to gether with pet ro log i cal, U-Pb SHRIMP dat ing and struc tural
re sults on rock sam ples, have been as sem bled for the var i ous
lithologies that built the SAM via mag matic pro cesses. All rock
types dis play com plex and tem po rally am big u ous re la tion ships
through out the mas sif, and they have been stud ied re cently in
de tail to gether with geo phys i cal data, for pro duc tion of a new
geo log i cal map.

DATA PROCESSING

In ex am in ing the in ter nal struc ture of the SAM, this pa per
has re-ana lysed ex ist ing mag netic and grav ity data. On mag -
netic data the pseudogravity and re duc tion to the pole (RTP)
meth ods were ap plied. The pseudogravity trans for ma tion was
used to com pare mag netic with grav ity data to de ter mine the di -
rec tion of mag ne ti za tion of the an or tho site com plex (Ates and
Kearey, 1995). The RTP trans for ma tion was used to re cal cu -
late the mag netic anom aly into the anom aly that would be ob -
served at the north mag netic pole (Baranov, 1957; Baranov and 
Naudy, 1964). This pro ce dure fa cil i tates the in ter pre ta tion of
the data.

A ra dial power spec trum anal y sis was ap plied to both mag -
netic and grav ity data to es ti mate the re gional and re sid ual
com po nents of the spec trum re lated to shal low and deep
sources. The wave length fil ter ing meth ods were ap plied to the
RTP mag netic and grav ity maps to ob tain the re gional and re -
sid ual anom aly fields. How ever, the data pro cess ing gen er ally
fo cused on en hance ment of the short wave length (re sid ual)
fea tures, that is more suit able for high-res o lu tion map ping of
crys tal line base ment.

Be sides map pro cess ing, the mod el ing of grav ity and mag -
netic data along the pro file was car ried out to in ves ti gate the re -
la tion be tween the po ten tial field anom a lies and the bore hole
ge ol ogy. Fi nally, a new geo log i cal map was pre pared to il lus -
trate the main crustal units of the SAM.

POTENTIAL FIELD INTERPRETATION
MAGNETIC DATA TRANSFORMATION

Us ing mag netic data in geo log i cal in ter pre ta tion is dif fi cult
since mag netic anom a lies usu ally do not lie di rectly above their
caus ative sources. Dis place ment be tween anom a lies and their
sources re sults from dif fer ent di rec tions of the geo mag netic
field of the area and source mag ne ti za tion, which are not ver ti -
cal be yond the mag netic poles (Blakely, 1995). To cor rect for
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this dis tor tion, the mag netic data should be trans formed to a
pseudogravity field or re duced to the pole by the ap pli ca tion of
math e mat i cal fil ters to the ob served data (Baranov, 1957;
Baranov and Naudy, 1964). In these tech niques the to tal mag -
ne ti za tion vec tor (which is the vec tor sum of the in duced and
remanent magnetizations) is made ver ti cal. The mag netic in ter -
pre ta tion be comes sim pler since these trans for ma tions shift the 
anom a lies over their caus ative sources.

Be cause the mag ne ti za tion vec tor is usu ally un known, in -
duced mag ne ti za tion for pseudogravity or re duc tion to the pole
trans for ma tions is as sumed. The as sump tion means that the
remanent mag ne ti za tion is ei ther weak or aligned par al lel to the
am bi ent field. This ap proach would lead to an in cor rect re sult of
mag netic data in ter pre ta tion if the remanent mag ne ti za tion of
the source ex ceeds the in duced mag ne ti za tion, and if the di rec -
tions of the remanent and in duced mag ne ti za tion are dif fer ent.
In this case the to tal mag ne ti za tion vec tor can cause neg a tive
mag netic anom a lies, such as the ones cor re spond ing with the
cen tral an or tho site com plex of the SAM. There fore, knowl edge
of the ac cu rate di rec tion of the source mag ne ti za tion is im por -
tant to in ter pret ing the mag netic anom a lies.

PSEUDOGRAVITY TRANSFORMATION 
AND DIRECTION OF MAGNETIZATION 

OF THE CENTRAL ANORTHOSITE 
COMPLEX OF THE SAM

Since the large neg a tive mag netic anom aly as so ci ated with
the cen tral an or tho site com plex of the SAM can not be ex -
plained with the pres ence of a source with in duced mag ne ti za -
tion only, it is in ferred that this anom aly re flects an ef fect of neg -
a tive remanent mag ne ti za tion of an or tho site rocks con sid er ably 
ex ceed ing the in duced mag ne ti za tion, al though the car ri ers of
remanence are not well doc u mented (Mizeracka and Kurbiel,
1973, 1975; Cieœla and Wybraniec, 1998). This hy poth e sis is
also sup ported by mag netic mod el ing (Petecki, 2006) along the 
re gional re frac tion and wide-an gle re flec tion POLONAISE’97
seis mic pro file P4 that cross-cuts the SAM (Grad et al., 2003).
How ever, ex ist ing mea sure ments do not show pre vail ing neg a -
tive in cli na tions of remanent mag ne ti za tion of the an or tho site
(Mizeracka and Kurbiel, 1973, 1975). Be cause these mea sure -
ments were made on sam ples from bore holes mostly lo cated
within the ore bod ies, they may not be rep re sen ta tive.

Pseudogravity trans for ma tion, first in tro duced by Baranov
(1957), fol lows from Pois son’s re la tion be tween the mag netic
sca lar po ten tial and the com po nent of the grav ity field in the di -
rec tion of mag ne ti za tion, and is de fined as the grav ity anom aly
that would be ob served if the mag ne ti za tion dis tri bu tion were
re placed by an iden ti cal den sity dis tri bu tion.

A method which com pares the ob served grav ity anom aly
and the pseudogravity trans for ma tion of the mea sured mag -
netic anom aly (Ates and Kearey, 1995) was used here for test -
ing the di rec tion of mag ne ti za tion of the cen tral an or tho site
com plex of the SAM. The method as sumes that the source of
the grav ity and mag netic anom a lies is the same. To ap ply the
pseudogravity trans for ma tion it is nec es sary to know the di rec -
tion of mag ne ti za tion. When the pseudogravity anom aly is cal -
cu lated us ing the cor rect val ues of in cli na tion and dec li na tion of
the to tal mag ne ti za tion, the cor re la tion be tween the ob served
grav ity and the cal cu lated pseudogravity anom aly is great est.

Tak ing into ac count the ab sence of re li able in for ma tion on
the remanent mag ne ti za tion di rec tion, the mag netic data
(Fig. 2) were trans formed by the pseudogravity trans for ma tion
as sum ing the av er age di rec tion of to tal mag ne ti za tion of most

rocks to be par al lel or anti-par al lel to the Earth’s main field (in cli -
na tion = 68°, dec li na tion = 3° for the study area). The re sult ing
pseudogravity anom aly map is shown in Fig ure 4. The com par i -
son be tween the pseudogravity and the grav ity anom aly map
(Fig. 5) yields a rel a tively good cor re la tion be tween mag netic
and grav ity sources. The min i mum of the pseudogravity anom -
aly and that of the grav ity anom aly are both sit u ated over the
cen tral an or tho site com plex in di cat ing that both the grav ity and
mag netic anom a lies are due to the same crustal unit that has
sub stan tial remanent mag ne ti za tion aligned antiparallel to the
am bi ent mag netic field. Other grav ity and pseudogravity anom -
a lies also have sim i lar shapes.

From this pseudogravity anal y sis it can be con cluded that
most of the in tru sive rocks in the SAM com plex are mag ne tized
ap prox i mately along the pres ent di rec tion of the Earth’s mag -
netic field or along the op po site di rec tion. Nev er the less, if the
pres ent mag ne ti za tion of the source dif fers from this di rec tion at 
a spe cific lo ca tion, the source po si tion will be slightly shifted
from the max i mum of the mag netic anom aly. This should not
sig nif i cantly change the main re sults of pres ent study.

The co in ci dent pat terns in the grav ity and pseudogravity
fields sup port the in ter pre ta tion that the cen tral an or tho site
com plex of the SAM is a co her ent crustal unit. How ever, the
term pseudogravity does not im ply that the source mag ne ti za -
tion is nec es sar ily re lated to a source den sity. Ac cord ing to
Szewczyk (2017) the grav ity anom aly low over the SAM is as -
so ci ated with the very low den si ties of the sed i men tary rocks re -
lated to both the pres ent-day per ma frost thick ness (re vealed in
one bore hole) and the pro cess of den sity recompaction in the
near-sur face part over the an or tho site com plex. There fore, the
ques tion arises whether there is a den sity con trast be tween the
cen tral an or tho site com plex and the sur round ing base ment
rocks. The ear lier dis cus sion of rock den si ties shows that most
of the rocks have higher den si ties than those of the cen tral an -
or tho site com plex of the SAM, point ing to the same source for
mag netic and grav ity anom a lies. How ever, the low den sity of
the per ma frost un doubt edly has an im pact on the im age of re -
sid ual gravimetric anom a lies at some spe cific lo ca tions.

REDUCTION TO THE POLE OF MAGNETIC DATA

The RTP trans for ma tion con verts the mea sured mag netic
anom aly to an anom aly that would be mea sured at the north
mag netic pole, where the geo mag netic field and the re spec tive
in duced mag ne ti za tion vec tor is ver ti cal (Baranov, 1957;
Baranov and Naudy, 1964). The RTP trans for ma tion shifts the
anom aly lat er ally to be cen tered over the source of the anom -
aly, mak ing the mag netic anom aly eas ier to in ter pret. How ever,
when strong remanent mag ne ti za tion is also pres ent and is
poorly con strained, the trans for ma tion may pro duce in cor rect
anom a lies. Just like in the case of the pseudogravity trans for -
ma tion, the RTP trans for ma tion re quires an as sump tion about
the di rec tions of mag ne ti za tion of the mag netic sources. Ac -
cord ing to the above re sult of pseudogravity anal y sis of mag -
netic anom a lies over the SAM, it was as sumed that the mag ne -
ti za tion vec tor of the rocks was par al lel (or anti-par al lel) to the
am bi ent mag netic field.

The re sult ing RTP map is shown in Fig ure 6. 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. 2), re sults in a north ward 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 at this area. The pos i tive and neg a tive
mag netic anom a lies for merly de scribed in the to tal in ten sity
mag netic map (Fig. 2) are well de fined on the RTP map (Fig. 6).
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Fig. 4. Pseudogravity trans for ma tion of the mag netic anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area

Ex pla na tions as in Fig ure 2

Fig. 5. Com par i son of Bouguer grav ity map with pseudogravity map (con tours) of the Suwa³ki An or tho site Mas sif (SAM) area

Explanations as in Fig ure 2



The anom aly min i mum re lated to the cen tral an or tho site com -
plex of the SAM shows a di rect cor re la tion with the grav ity
anom aly (Fig. 3). The mag netic gra di ents be came steeper, en -
hanc ing the ac cu rate re pro duc tion of the struc ture and com po -
si tion of the crys tal line base ment.

The re duced to the pole mag netic anom aly map is the start -
ing point for fur ther en hance ment.

REGIONAL-RESIDUAL SEPARATION 
OF MAGNETIC AND GRAVITY DATA

A re gional anom aly com po nent in the mag netic and grav ity
fields over the SAM (Figs. 2 and 3), es pe cially in the Bouguer
grav ity field, masks the re la tion ship that ex ists be tween the
shapes of the ob served anom a lies and the sources near to the
crys tal line base ment. A com mon prac tice in grav ity and mag -
netic in ter pre ta tion is to sep a rate anom a lies of dif fer ent hor i -
zon tal ex tents or their wave lengths (Blakely,1995). In this case
deeper sources would be as so ci ated with long wave length (re -
gional) anom a lies while the shal lower sources would be as so ci -
ated with short wave length (re sid ual) anom a lies. Long wave -
lengths may also arise from broad shal low sources.

The ra di ally av er aged power spec tra of the RTP (Fig. 6) and 
the Bouguer grav ity (Fig. 3) anom aly maps of the SAM were
com puted and ana lysed as a guide to indentify the
wavenumber (=1/wave length) con tent of these maps and to the 
de sign of op er a tors for re gional-re sid ual sep a ra tion (Spector
and Grant, 1970).

The re gional and re sid ual wavenumber do mains were de -
fined in the graphs of the nat u ral log a rithm of the ra di ally av er -

aged mag netic and grav ity power spec tra ver sus the ra dial
wavenumber (Fig. 7) based on the slopes of the spec tra
(Spector and Grant, 1970).

Both of the power spec tra show a pro nounced change in
slope at wavenumber of ~0.08 km–1 (cor re spond ing to a wave -
length of 12.5 km), clearly sep a rat ing two do mains as so ci ated
with the re gional and re sid ual anom a lies. The first of these cor -
re sponds to wavenumbers of up to 0.08 km–1 for both mag netic
data and grav ity data. The sec ond one cor re sponds to
wavenumbers >0.08 km–1. The re gional and re sid ual data sets
were then cal cu lated us ing a Butterworth fil ter with cut-off
wavenumber 0.08 km–1. In ad di tion, the re sid ual grav ity anom -
aly map was smoothed by ex clud ing that por tion of the spec -
trum be yond the wavenumber 0.5 km–1 (cor re spond ing to a
wave length of 2 km) to re move short wave length anom a lies,
which arise from very shal low grav ity sources, sta tion er rors,
and so on.

Sep a rat ing the re gional from the re sid ual sig nals al lows con -
struc tion of par tic u lar mag netic and grav ity maps that high light
re gional struc tures in the up per crust (Fig. 8) or de pict lo cal struc -
tures in the top of the crys tal line base ment (Fig. 9).

Re sid ual mag netic (Fig. 9A) and grav ity (Fig. 9B) anom aly
maps are most ap pro pri ate for high-res o lu tion map ping of the
crys tal line base ment top. A num ber of dis tinct anom a lies oc cur
within the sur vey area, both pos i tive and neg a tive, re lated to the 
dif fer ent groups of in tru sive rocks. More over, the ob vi ous sim i -
lar ity of the mag netic and grav ity sig na tures can be seen from
these fig ures. In both re sid ual fields, the cen tral an or tho site
com plex is marked as a neg a tive anom aly which de lin eates the
area of this in tru sion. Their out lines are largely sim i lar on both
maps. Some of the larger known base ment fea tures like the
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Fig. 6. Re duced to the pole to tal in ten sity mag netic anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area

Explanations as in Fig ure 2



Krzemianka (K), Udryn (U), Sejny (SI) and Zaboryszki (Z) pos i -
tive anom a lies are strongly out lined (Fig. 9).

The cen tral an or tho site body is en cir cled by pos i tive and
neg a tive anom a lous mar ginal belts. The changes from neg a -
tive to pos i tive val ues in re sid ual mag netic and grav ity is roughly 
co in ci dent and may be at trib uted to vari a tion in com po si tion of
the base ment rocks.

The pre dom i nantly pos i tive zones are re lated to norites
(Jel5), gabbronorites (¯ub1) and diorites (£op1, Zab1),
whereas oth ers are pre dom i nantly neg a tive, re lated to
charnockites (£an1) or gneiss es (Wig1).

There is a close spa tial cor re la tion be tween the Krasnopol
(Kras6) mag netic lin ea ment as so ci ated with the south ern mar -
gin of the SAM and the grav ity gra di ent ob tained by the
high-pass fil tra tion of Bouguer grav ity data.

JOINT MODELING OF GRAVITY 
AND MAGNETIC DATA

The joint mod el ing of grav ity and mag netic fields was car -
ried out along the Filipów IG 1 (Fil1)–Lazdiai 6 (L6) (F-L) pro file
(Figs. 2 and 3) to fur ther in ves ti gate the tec tonic re la tion ship of
the cen tral an or tho site com plex with the sur round ing base ment
do mains. The pro file runs across the cen tre of the in tru sion and
is well con strained by data from sev eral bore holes.

The model was con structed us ing GM-SYS2D soft ware by
GEOSOFT Oasis Montaj, which gen er ates the mag netic and
grav ity re sponse from a geo log i cal model. The model is 2.75 di -
men sional i.e. it can con tain some bod ies that have lim ited and/or
asym met ric strike ex tent off-the-sec tion. This is an im por tant op -
tion in the mod el ing pro cess since the grav ity and mag netic anom -
a lies are asym met ri cal with re spect to the pro file lo ca tion.
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Fig. 7. The graph of the nat u ral log a rithm of ra di ally av er aged power spec trum against ra dial
wavenumber for: A – RTP mag netic data; B – grav ity data from the Suwa³ki An or tho site 

Mas sif (SAM) area
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Fig. 8. Re gional RTP anom aly map (A) and re gional grav ity anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area (B)

Ex pla na tions as in Fig ure 2
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Fig. 9. The re sid ual RTP anom aly map (A) and re sid ual grav ity anom aly map of the Suwa³ki An or tho site Mas sif (SAM) area (B)

K, U, S, Z – pos i tive mag netic and grav ity anom a lies men tioned in the text; other ex pla na tions as in Fig ure 2



The ini tial geo log i cal model was con structed us ing the bore -
hole data. The geo log i cal con cept of the struc ture of the SAM
was also con sid ered. Mod el ing was car ried out us ing den sity
and mag netic prop erty data as signed for bod ies rep re sent ing
dif fer ent rock units. The main Phanerozoic sed i men tary rock
cover pack ages were as so ci ated with dif fer ent den si ties, be -
tween 1500 and 2500 kg/m3, which were kept fixed dur ing mod -
el ing. The sed i men tary rocks were con sid ered to have null
mag netic sus cep ti bil ity, and the sources of the mag netic anom -
a lies were at trib uted to the crys tal line base ment rocks. The bot -
tom sur face of the mod eled poly gons was as sumed to be 5 km,
to sat isfy the re gional grav ity and mag netic ef fects of the SAM.

The model was then pro gres sively changed by in ter ac tively
ad just ing the shape of the bod ies or their prop er ties un til a good 
fit to both the grav ity and mag netic fields was ob tained. How -
ever, given the sus cep ti bil ity and NRM scat ter within the rock
prop erty dataset, these pa ram e ters were cho sen con sid er ing
that they should be in the typ i cal range for Pre cam brian crys tal -
line rocks (Clark, 1997). The re sult ing model is il lus trated in Fig -
ure 10. This is the first pub lished model of the SAM that in cor -
po rates both mag netic and grav ity data in te grated with geo log i -
cal in for ma tion.

Joint mag netic and grav ity mod el ing helped greatly in de lin -
eat ing the lo ca tion and ex tent of the an or tho site com plex in the
cen tral part of the pro file. This body is ex plained by a thick up per
crustal body of den sity 2690 kg/m3, low sus cep ti bil ity (0.005 SI)
and remanent mag ne ti za tion (1.95 A/m), di rected antiparallel (in -
cli na tion I = –68°, dec li na tion D = –177°) to the pres ent Earth’s
mag netic field. The prom i nent lo cal mag netic anom a lies in this
area are re lated to the Krzemianka and Udryn ore anorthosites
and the Zaboryszki dioritoide. The ore anorthosites have been
mod eled as bod ies with high den si ties, mag netic sus cep ti bil i ties
and sub stan tial remanent magnetizations.

Lat eral het er o ge ne ity across the mar gins of the an or tho site
com plex is ap par ent from the crustal model (Fig. 10). The pres -
ence of dif fer ent rock units is re flected in the mag netic and grav -
ity highs and lows. These gently dip ping units show a wide
range of phys i cal prop er ties, re flect ing vari a tion in the com po si -
tion of the crys tal line base ment rocks. Ac cord ing to the geo log i -
cal data, the rocks bor der ing the cen tral an or tho site body con -
sist of norite and gabbronorite, granodiorite, diorite and
charnockite.
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Fig. 10. 2.75D grav ity and mag netic model along pro file F–L with lo ca tion shown on maps in Fig ures 2 to 6 and 8 to 9

D – den sity in kg/cm3, S – mag netic sus cep ti bil ity in SI units, M – remanent mag ne ti za tion in A/m, MI – remanent in cli na tion in de gree,
MD – remanent dec li na tion in de gree; other ex pla na tions as in Fig ure 2



GEOLOGICAL MAP FROM INTEGRATED
MAGNETIC, GRAVITY AND GEOLOGICAL DATA

The geo log i cal ar chi tec ture of the SAM and its sur round ing
area was not fully and un am big u ously in ter preted on the ba sis
of the for mer geo phys i cal data in ter pre ta tion. For this rea son
sev eral an a lyt i cal tech niques, such as pseudogravity, re duc tion 
to the pole, spec tral anal y sis, low-pass and high-pass fil ter ing,
and 2.75D mod el ling have been ap plied to pro cess the mag -
netic and grav ity data, to un der stand the dis tri bu tion of the crys -
tal line base ment sources.

Re sults from mag netic and grav ity data anal y ses, cor re -
lated with the re vised ge ol ogy of the area, were used to make a
new geo log i cal map for the SAM area. For this pur pose, the
study area was di vided into sev eral do mains with con sis tent
mag netic and grav ity pat terns and more or less dis tinct bound -
aries de duced from the anom aly maps (Figs. 3, 6 and 9). The
re sults ob tained were in te grated with the avail able bore hole ev i -
dence and ex pected ge ol ogy. Us ing the data ob tained, a base -
ment geo log i cal map of the craton top for the SAM area was
con structed (Fig. 11).

The main, cen tral part of the SAM con sists of ho mo ge neous 
an or tho site rocks, com posed pri mar ily of 80–95% of an de -
sine-lab ra dor ite plagioclase, fol lowed by orthopyroxene,
clinopyroxene, Ti-mag ne tite and il men ite. Ap a tite, spinel and ti -
tan ite are ac ces sory min er als (Juskowiak, 1998) as well as
sulphides (Wiszniewska, 1998a). The size of plagioclase crys -
tals in the anorthositic rocks var ies in dif fer ent parts of the mas -
sif. Large plagioclase crys tals with vis i ble polysynthetic twinning 
are crowded with min ute nee dles of rutile, Fe-Ti ox ides and
antiperthite exsolutions. They are com mon in the mar ginal part
of the an or tho site com plex, e.g. by the Jeleniewo IG 5 (Jel5)
bore hole and oth ers drilled into that mar gin. In the Krzemianka
ore field they oc cur in the up per part of the base ment. Me dium
grained anorthosites build the core of the mas sif. Norites and
gabbronorites at the mas sif mar gins and granodiorites, diorites
and charnockites bor der ing the mas sif con sti tute a group of
rocks that are char ac ter is tic of the AMCG suite world wide (An -
der son, 1966; Emslie, 1978, 1991; Frost et al.,1989; Ashval,
1993; Emslie et al. 1994; Ham il ton, 2004; Duchesne et al.,
2010; Scoates et al., 2010; Vander Auwera et al., 2011;
Heinonen et al., 2015).

Titanomagnetite ores are closely as so ci ated with the cen tral 
anorthosites and they have been called ore anorthosites on the
map leg end. The Fe-Ti-V ores (ferrolites) have only been con -
firmed in ar eas of lo cal ized pos i tive anom a lies in the re gion of
the Krzemianka, Udryn, Jeleniewo and Jezioro Okr¹g³e ore
fields. In drilled sec tions, Fe-Ti-V ores as titanomagnetie, pure
il men ite and pleonaste min er als form nu mer ous interlayered
streaks, a few milli metres thick, schlieren of sev eral centi -
metres-scale, com plex veins or lenses, pseudobeds and ir reg u -
lar bod ies from sev eral to over a thou sand me ters thick e.g.
Krzemianka 72 bore hole (K72). Ore bod ies dis tinctly bor der
host rocks, while smaller struc tures such as schlieren, nests
and im preg na tions have grad ual con tacts with the host an or tho -
site rocks (Speczik et al.,1988). In the mar ginal part of the
Krzemianka ore field and in some Udryn logs, e.g. Udryn IG 11
(U11), and Jeleniewo IG 5 (Jel5), dis persed he ma tite-il men ite
and pure mag ne tite min er al iza tion has also been ob served
(Wiszniewska, 1998b).

The norites and gabbronorites have sim i lar min eral com po -
si tions, only dif fer ing in the ortho- and clinopyroxene ra tio and
opaque min er als con tent. They are shown to gether on the map
leg end. Norites are fine grained, usu ally with di rected fab ric e.g. 
Jezioro Szlinokiemskie PIG 1 (JSZ1). They con tain about
5–32% opaque min er als (Juskowiak, 1998). Gabbronorites, un -

like the norites, are coarser grained with a higher opaque min -
er als con tent. They con tain both py rox enes, ti tan ite, ap a tite and 
Fe-Ti ox ide grains e.g. in Bilwinowo PIG 1 (Bil1).

Gabbronorites lie in along the con tact with norites and
anorthosites and are pres ent in bore holes lo cated in mar ginal
parts e.g. Jeleniewo IG 5 (Jel5) and Biliwinowo PIG 1 (Bil1).
Diorites and monzodiorites com monly over lie the gabbronorites 
and do not have con tacts with the norites and anorthosites
(Wiszniewska et al., 2002). The smaller Sejny in tru sion (SI), lo -
cated a few km to the south-east of the SAM, com prises
gabbroidic rocks of 1.59 Ga age (Fig. 11). Hypersthene
monzodiorites (jotunites), gab bro and anorthosites were en -
coun tered in the Sejny IG 1 (Sej1) bore hole and are in di cated
to gether on the map leg end.

Diorites are coarse grained rocks, com posed of 45% of
plagioclase, K-feld spar (8–15%) and quartz (8–12%)
(Juskowiak, 1998). These rocks have been drilled in a tec tonic
block within the SAM anorthosites in the Zaboryszki IG 1 well
(Zab1), and in the £opuchowo PIG 1 (£op1) and ¯ubryn IG 1
(¯ub1) bore holes at the mar ginal part of the cen tral an or tho site
com plex. Me dium grained monzodiorites are pres ent in the
Filipów IG 1 (Fil1) bore hole on the west ern flank of the SAM.

Granodiorites and charnockites be long chem i cally to the
ferro-potassic, al kali-calcic type of rocks and are com pa ra ble
with rock com plexes in Veisiejai (V), Lith u a nia and in Rogaland, 
south ern Nor way (Skridlaite et al., 2003). The most acidic va ri -
et ies of the granodiorites ap proach clas sic rapakivi gran ites in
their petro gen etic char ac ter is tics, el e vated con tents of in com -
pat i ble el e ments and REE, and hence have A-type af fin i ties.

Two ge netic types of charnockitic rock (orthopyroxene-
 bear ing fel sic rocks), formed in a deep-seated dry en vi ron ment, 
ei ther un der plutonic or high-grade meta mor phic con di tions,
were found within the cover of the SAM (Bagiñski and
Krzemiñska, 2004). Mag matic charnockites have been noted in 
the Bilwinowo IG 1 bore hole (Bil1), as thin lay ers and are char -
ac ter ized by a metaluminous, ferroan and high K2O com po si -
tion. Other types of charnockite have pre vi ously been con sid -
ered as com po nents of the AMCG suite in the £anowicze area
(Bagiñski et al., 2001). Fur ther stud ies re vealed that the
charnockites from the £anowicze PIG 1 (£an1) bore hole rep re -
sent a unique relic of pre-Mesoproterozoic crust that orig i nated
along an ac tive con ti nen tal mar gin. These charnockites be long
to a group of meta mor phic rocks that formed in part un der
granulite-fa cies con di tions (Bagiñski, 2006). A re cent geo -
chron ol ogi cal study us ing the U-Pb SHRIMP method re vealed
a com pos ite suite of £anowicze charnockites that were pri mar -
ily crys tal lized at 1.84 Ga and turned into charnockites at
1.79 Ga (Krzemiñska et al., 2019). These meta mor phic
charnockites were in di cated on the map as a sep a rate
Paleoproterozoic com po nent among the AMCG mag matic
1.5 Ga suite on the west ern and the east ern parts of the SAM
cover and around the Sejny In tru sion (SI).

Granodiorites and gran ites are the most wide spread rock
types within the AMCG af fin ity suite in the Paw³ówka PIG 1A
(Paw1A), Boksze PIG1 (Bok1) and Krasnopol PIG 6 (Kras6)
bore holes. They are mostly por phy ritic with 1–4 cm long
plagioclase or K-feld spar pheno crysts and clots of mafic min er -
als. Hornblende very of ten re places clinopyroxene. These
rocks have been termed rapakivi-like gran ites by pre vi ous pe -
trol o gists (Juskowiak, 1998; Ryka, 1998).

The em place ment of the wide spread gran ite veins (peg ma -
tite and aplite, not in di cated on the map) within the SAM pluton
and its cover post-date the main ~1.53–1.50 Ga tectono-ther -
mal ac tiv ity in the SAM by ~20–25 My (Wiszniewska and
Krzemiñska, 2017).
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Be cause of un even bore hole cov er age, es pe cially in the
north ern part of the mas sif, compositional vari a tions within it
could not be ac cu rately dis crim i nated. Nev er the less, a zonal
dis tri bu tion with an or tho site in the cen tral part and the rock
types noted above in the mar ginal parts seems clear.

DISCUSSION

The an or tho site com plex of the SAM is dis tinctly oval in map 
view and pro duces a neg a tive mag netic anom aly, which is dif fi -
cult to ex plain. It has been sup posed that this anom aly is a di -
rect re sult of the neg a tive in cli na tions of the NRM (Cieœla and
Wybraniec, 1998). How ever, pre vi ous stud ies re port that the
mag ne tite-il men ite ores (but not anorthosites) largely show
neg a tive NRM (Mizeracka and Kurbiel, 1973, 1975). The
pseudogravity trans for ma tion was used to de ter mine the di rec -
tion of mag ne ti za tion of the an or tho site com plex (Ates and
Kearey, 1995) be cause the ef fect caused by this di rec tion may

be a ma jor prob lem when in ter pret ing the mag netic anom aly
data. Com par i son of the Bouguer grav ity map with the
pseudogravity map (Fig. 5) in di cates that the NRM di rec tion is
nearly antiparallel to the in duced di rec tion. Mag netic mod el ing
also shows that the neg a tive anom aly re lated to the an or tho site
com plex is a di rect re sult of the neg a tive in cli na tion of the NRM
(Fig. 10). Brown et al. (2011) dem on strated that two an or tho site 
com plexes, Morin in south ern Que bec, Can ada and Rogaland
in south ern Nor way, pro duce large neg a tive anom a lies over
anorthosites re flect ing the pres ence of he ma tite-ilmenites with
low sus cep ti bil ity but large NRM val ues and di rec tions nearly
antiparallel to the pres ent mag netic field. Lamellar mag ne ti za -
tion in he ma tite-ilmenites is an ex pla na tion for strong remanent
mag ne ti za tion in anorthosites (Rob in son et al., 2002). Rec og ni -
tion of the car ri ers of remanence in the SAM an or tho site should
be ad dressed in fu ture stud ies.

The deep geo log i cal and tec tonic struc ture of  the SAM is
not yet fully con strained. Early geo log i cal mod els of the SAM
have been lim ited by the lack of suf fi cient bore hole data on
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Fig. 11. New geo log i cal map of the Suwa³ki An or tho site Mas sif (SAM) area based on in te grated geo phys i cal
 and geo log i cal data in ter preted in this pa per

Ex pla na tions as in Fig ure 2
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base ment lithologies. How ever, sev eral dis tinct mag netic and
grav ity anom a lies have been cor re lated to rec og nized crys tal -
line base ment fea tures. The strong remanent magnetizations of 
the an or tho site and ore bod ies have been con sid ered  in mod el -
ing the sources of the mag netic anom a lies. A new struc tural
model re veals a sys tem of geo log i cal rock units that ex plains
the mag netic and grav ity anom a lies (Fig. 10), dom i nated by
mas sif type an or tho site in the cen tre char ac ter ized by a large
neg a tive anom aly, sur rounded by rocks with marked mag netic
and den sity prop er ties. Aside from an or tho site, the main rock
types of the SAM in clude norite and gabbronorite, granodiorite,
diorite and charnockite. The sur face pat tern of these in clined
base ment units prob a bly re flects ma jor stages of the evo lu tion
of the SAM.

The re sults of the pres ent stud ies are sum ma rized in new
geo log i cal map (Fig. 11) show ing the ex tent of the main base -
ment units.

This new geo phys i cal anal y sis has pro vided better re solved
bound aries of the rock units by com par i son with ear lier geo log i -
cal maps (e.g., Fig. 1; Wiszniewska, 2002) and other pa pers
(Kubicki and Ryka, 1982; Juskowiak, 1998; Cymerman, 2014).
Re cent pet ro log i cal study helped rec og nize new ge netic rock
units, such as ig ne ous and meta mor phic charnockites in the
£anowicze bore hole (£an1; Bagiñski, 2006; Krzemiñska et al.,
2019), a granodiorite belt along the Krasnopol lin ea ment and
hypersthene monzodiorites (jotunites) in the Sejny area.

The SAM has a domal struc ture in cross-sec tion
(Juskowiak, 1998), which is why the ero sional base ment sur -
face shows an el lip ti cal diapiric shape of the cen tral an or tho site
in tru sion, sur rounded by norite-gabbronorite-dioritoide-gran ite
rims.

The high mag netic gra di ent zone (Krasnopol lin ea ment) on
the south ern side of the map (Figs. 2, 6 and 9A), that is also vis i -
ble in the re sid ual grav ity map (Fig. 9B), out lines the con tact be -
tween the granodiorite in the north and the gneiss/gran ite
gneiss and charnockites in the south (Fig. 11). This ma jor geo -
phys i cal con tact is in ter preted as a fault bound ing the mas sif
mar gin in the south. The mag netic and grav ity pat terns in the
north are ori en tated par al lel to the Krasnopol mag netic lin ea -
ment (Fig. 9). This prom i nent zone sep a rates two large geo log i -
cal do mains of dif fer ent age and gen e sis: the ig ne ous
Mesoproterozoic Mazury Com plex (MC) of AMCG af fin ity of
~1.5 Ga age; and the meta mor phic Paleoproterozoic
Mazowsze Do main (MD) of 1.8 Ga age in the south. This tec -
tonic struc ture was in ter preted ear lier on mag netic maps but
has never been shown as a sig nif i cant deeply rooted shared
zone on geo log i cal maps.

The MC is com posed of por phy ritic A-type granitoids, cov er -
ing the range of leucogranite, quartz-monzonite, monzonite,
granodiorite, monzodiorite and diorite (Bagiñski et al., 2001;
Skridlaite et al., 2003; Gawêda et al., 2009). In the Krasnopol
IG 6 bore hole (Kras6), granodiorite, monzodiorite, gran ite and
charnockite rocks have mostly been en coun tered. The ig ne ous
MC in truded am phi bo lite and granulite-fa cies meta mor phic rocks 
of the West Lith u a nian and Mid-Lith u a nian do mains in the
north-east and their south ern Pol ish ex ten sions (Bogdanova et
al., 2015) and ex tends along an E–W trending shear zone that
was re peat edly ac tive over a ~150 Myr time span (1.6–1.45 Ga;
Bogdanova et al., 2006). The struc tural set ting of the MC em -
place ment is con sid ered to be anorogenic (e.g., Dörr et al., 2002; 
Gawêda et al., 2009) or post-collisional (Duchesne et al., 2010).

CONCLUSIONS

Sev eral fil ter ing pro cesses have been ap plied to mag netic
and grav ity data in the area of the Suwa³ki An or tho site Mas sif
(SAM). The re sul tant anom aly maps show fea tures re lated to
the geo log i cal and struc tural frame work of the area. For a better 
un der stand ing of the base ment ge ol ogy, for ward mod el ling of
the grav ity and mag netic data along the se lected pro file was
per formed us ing in for ma tion as so ci ated with geo log i cal stud -
ies. Be sides pro vid ing an over all pic ture, the model im proves
geo phys i cal and geo log i cal in ter pre ta tions of the SAM rock
units. Fi nally, a cor rected geo log i cal subcrop map of the SAM
top ero sional sur face has been pre pared.

These anal y ses al low the fol low ing main con clu sions: 
1. The an or tho site com plex of the SAM has a large neg a -

tive anom aly, low sus cep ti bil ity, and high remanence
(prob a bly re lated to hemo-il men ite min er als dis persed
within the anorthosites) and remanent di rec tions
antiparallel to the in duc tion di rec tion. 

2. The re sid ual mag netic and grav ity anom aly maps en -
hance the in ter nal fea tures and their bound aries re lated
to the dif fer ent groups of in tru sive rock such as an or tho -
site, ore-an or tho site, norite, gabbronorite, diorite,
granodiorite and charnockite. 

3. The first po ten tial-field model along a pro file cross ing
the SAM shows the over all struc ture of the SAM pro vid -
ing valu able in for ma tion about the shape and ex tent of
the core an or tho site body and pet ro log i cal vari a tions
within the mas sif.

4. By com par i son with the known ge ol ogy, base ment
struc tures have been mapped by mag netic and grav ity
data in ter pre ta tion. The new geo log i cal map based on
mod ern geo phys i cal cal cu la tions en ables  re li able and
up-to date im ag ing of the SAM, im prov ing and cor rect -
ing ear lier maps.

5. The strong Krasnopol mag netic lin ea ment, re flected
also in the re sid ual grav ity field, is the main and pro -
nounced bound ary be tween Mesoproterozoic and
Paleoproterozoic do mains: the Mazury Com plex (MC)
and the Mazowsze Do main (MD). 

6. An un der stand ing of the geo log i cal struc ture of the SAM 
is im por tant for study ing the for ma tion and evo lu tion of
an or tho site mas sifs which are pet ro log i cal and geo -
chem i cal win dows into the Pro tero zoic crust.

7. The geo phys i cal and geo log i cal anal y ses pre sented in
this pa per gen er ate tar gets for fu ture map ping and en -
hance the po ten tial for rec og niz ing ore min er al iza tion in
the SAM re gion.
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