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Advanced magnetic and gravity data analysis has been used to acquire geophysical constraints providing new insights into
the geological structure of the Suwatki Anorthosite Massif (SAM). The large negative magnetic anomaly of the SAM anortho-
site intrusion is a result of the negative inclination of remanent magnetization, directed antiparallel to the present Earth’s
magnetic field. Several filtering processes were applied to the magnetic and gravity maps to better understand the
subsurface geology of the SAM area. The geological analysis of residual magnetic and gravity anomaly maps reveals the
presence of different rock units, reflecting variation in petrological composition of the crystalline basement rocks. The 2-D
modelling of magnetic and gravity data delineate the location and extent of the anorthosite-norite massif. The data is consis-
tent with a thick upper crustal body with density 2690 kg/m3, low susceptibility (0.005 Sl) and natural remanent magnetization
(1.95 A/m), having inclination of | =—-68°, and declination of D =—-177°. The rocks bordering the central anorthosite body con-
sist of norite and gabbronorite, granodiorite, diorite and charnockite. These main crystalline basement crustal units are
shown more precisely on a new geological map of the SAM.

Key words: AMCG pluton, Suwatki Anorthosite Massif, potential field analysis, remanent magnetization, modeling of gravity
and magnetic data, geological map.

INTRODUCTION concealed by thick Phanerozoic sedimentary rock sequences.
The depth to the top of the SAM ranges from ~600 m in the

south to 1200 m in the west. Therefore, direct information on

The Suwatki Anorthosite Massif (SAM) together with Sejny
norite-anorthosite Intrusion (SI) belong to the magmatic anor-
thosite-mangerite-charnockite-granite (AMCG) set of rocks — a
very common suite formed during Proterozoic time worldwide
(Emslie, 1978, 1991; Ashval, 1993; Frost et al.,1989; Emslie et
al., 1994; Baginski et al, 2001; Wiszniewska, 2002;
Wiszniewska et al., 2002, 2007; Skridlaite et al., 2003; Hamil-
ton, 2004; Duchesne et al., 2010). Both massifs are located in
the northeastern corner of Poland, near the border with Lithua-
nia and Russia, building the western part of the East European
Craton (Fig. 1A).

The SAM was discovered in 1957 (Znosko, 1993;
Podemski, 1998) as a result of drilling into remarkable negative
magnetic and gravity anomalies in NE Poland (Kurbiel et al.,
1979). These investigations revealed the presence of anortho-
site-norite rocks within the Precambrian crystalline basement,
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the nature and structure of the basement is limited to ~100 un-
evenly distributed deep boreholes. However, most geological
structures within the crystalline basement have distinctive mag-
netic and gravity signatures. Potential field anomaly analysis is,
thus, a useful tool for investigating the subsurface structure of
the SAM. Magnetic investigations have outlined the major
structural features of the SAM. To a smaller degree, gravity
anomaly interpretation has also been used (Podemski, 1998).
Being a potential site of ore deposits, the SAM has long been
studied geophysically, petrologically and structurally (e.g.,
Kurbiel et al., 1979; Ciesla and Wybraniec, 1998; Juskowiak,
1998; Cymerman, 2014). Despite previous geophysical and
geological studies (Wybraniec et al, 1993; Ryka and
Podemski, 1998; Wiszniewska, 2002; Wiszniewska et al.,
2002, 2018) the composition and deep structure of the massif
are still not well understood. The earlier geophysical interpreta-
tions were mainly used for practical purposes related to the
large Fe-Ti-V mineral concentrations, and not for fundamental
studies of variation in the internal structure of the SAM.
Therefore, this study provides a reinterpretation of the mag-
netic and gravity data to examine the arrangement of rock units
of the SAM. A series of transformations and modeling of the
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Fig. 1A — major crustal domains of crystalline basement in the Polish part of the East European Platform (after Krzeminska et
al., 2017, modified); B — geological map of the Suwatki Anorthosite Massif (SAM; after Wiszniewska, 2002, modified)

Fault zones: TTZ — Teisseyre-Tornquist Zone, FSS — Fennoscandia-Sarmatia Suture; Crustal Domains: MC — Mazury Complex, MD —
Mazowsze Domain, DD — Dobrzyh Domain, MLSZ — Mid-Lithuanian Suture Zone, WLD — West Lithuanian Domain, ELD — East Lithuanian
Domain, BPGB - Belarus—Podlasie Granulite Belt, OHB - Okolovo—Holeszéw Belt, IBZ — Ivano-Borisov Zone, OMIB -
Osnitsk—Mikashevichi Igneous Belt; Mesoproterozoic massifs and intrusions: SAM — Suwatki Anorthosite Massif, KAM — Ketrzyn Anorthosite
Massif, S| — Sejny Intrusion, L — Lazdijai Intrusion, V — Veisiejai Intrusion, K — Kabelia Intrusion, M — Mosty Intrusion, G — Grodno Intrusion;
Paleozoic massifs and intrusions: 1 — Olsztynek, 2 — Mtawa, 3 — Pisz, 4 — Etk, 5 — Tajno; boreholes penetrating the crystalline basement top
lying at a depth of 600 to 1200 m: Bil1 — Bilwinowo PIG 1, Bok1 — Boksze PIG 1, Jel5 — Jeleniewo IG 5, JO2 — Jezioro Okragte IG 2, JSZ1 —
Jezioro Szlinokiemskie PIG 1, K72 — Krzemianka |G 72, Kaz1 — Kazimierowka |G 1, Kras6 — Krasnopol PIG 6, Lan1 —tanowicze PIG-1, Lop1
—topuchowo PIG 1, Paw1A — Pawtéwka PIG 1A, Sz1 — Szlinokiemie IG 1, U11 —Udryn IG 11, Zub1 — Zubryn IG 1; K, U, J, JO — Krzemianka,
Udryn, Jeleniewo, Jezioro Okragte ore fields
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Fig. 2. Total intensity magnetic anomaly map of the Suwatki Anorthosite Massif (SAM) area, showing the location of F-L
modelled profile

Boreholes penetrating the crystalline basement top: Bil1 — Bilwinowo PIG 1, Bok1 — Boksze PIG 1, Fil1 — Filipow IG 1, Jel5 — Jeleniewo IG 5,
JO2 — Jezioro Okragte I1G 2, JSZ1 — Jezioro Szlinokiemskie PIG 1, K72 — Krzemianka |G 72, Kaz1 — Kazimieréwka IG 1, Kras6 — Krasnopol
PIG 6, L 6 — Lazdijai 6, L 26 — Lazdijai 26, tan1 —+tanowicze PIG 1, top1 —topuchowo PIG 1, Paw1A — Pawtéwka PIG 1A, Sej1 —Sejny IG 1,
Sej2 —Sejny IG 2, Sz1 — Szlinokiemie IG 1, U11 —Udryn IG 11, Wig1 — Wigry IG 1, Zub1 — Zubryn IG 1; F-L — profile used for gravity and mag-

netic modelling

magnetic and gravity data were used for interpretation and geo-
logical correlation. Most notably, these included estimation of
the remanent magnetization direction of the SAM anorthosite
complex, as the direction of magnetization may problematic in
interpreting the magnetic anomaly map. Recognition of the ge-
ometry and internal structure of the massif, and constraining the
nature of the anorthosite contacts with the adjacent rocks, were
the main issues to be resolved using modern geophysical inter-
pretation.

GEOLOGICAL AND GEOPHYSICAL SETTING

The crystalline basement of NE Poland and neighbouring
countries as Russia, Lithuania and Belarus, is characterized by
a set of belt-shaped tectonic metamorphic domains formed
mostly in Paleoproterozoic time (Bogdanova et al., 2015) and
cut later by Mesoproterozoic igneous intrusions (Bogdanova et
al., 2006, 2015). The SAM and Sl are a part of wider, belt-like,
E-W trending, 300 km long Mesoproterozoic magmatic terrane
(1.54-1.49 Ga), called the Mazury igneous Complex (MC,
Fig. 1A), that is composed of granitoids (rapakivi-like),
charnockites and mangerites (Baginski et al, 2001;
Wiszniewska et al., 2007; Krzeminska et al., 2019). Quartz
monzonites and granodiorites are the most widespread rock
type within this belt. The continuation of the Mazury Complex in
Lithuania comprises the Lazdijai (L), Veisiejai (V) and Kabeliai
(K) intrusions (Skridlaite et al., 2003), and the Mosty (M) and

Grodno (G) intrusions in Belarus (Taran, 2005; Fig. 1A). The
MC magmatic rock assemblages belong to the ferro-potassic,
alkali-calcic suite of rocks and are comparable with other
AMCG rock types from Fennoscandia, e.g. Rogaland, southern
Norway (Duchesne, 1999). The most acidic varieties of MC and
Veisiejai (V) granitoids have petrogenetic properties similar to
those of classic rapakivi granites, though they show an in-
creased content of incompatible elements and REE, typical for
A type affinities (Gaweda et al., 2009; Duchesne et al., 2010).

The MC magmatic rocks intruded into deep tectonic crustal
structures within Paleoproterozoic metamorphic domains that
belong to the Middle Lithuanian Suture Zone (MLSZ) and the
West Lithuanian Domain (WLD) and its southern Polish exten-
sion as the Dobrzyn Domain (DD) and the Mazowsze Domain
(MD) that were accreted at ~1.85-1.80 Ga (Bogdanova et al.,
2006). A much younger, Carboniferous, E-W trending chain of
alkaline sub-platform intrusions include those of Olsztynek (1),
Mtawa (2), Pisz (3), Etk (4) and Tajno (5), on the southern
boundary of the MC, have also been recognized (Demaiffe et
al., 2013; Wiszniewska et al., 2020).

Drilling of ~100 boreholes has shown that the SAM of
1.5 Ga age covers an areal extent of ~250 km? (Wiszniewska et
al., 2002). This Mesoproterozoic massif is essentially made up
of magmatic massif-type anorthosite (with local titanomagnetite
ore concentrations), surrounded by rings of norite and
gabbronorite (Kubicki and Ryka, 1982), diorite, rapakivi-like
granite and monzonite (Fig. 1B; Wiszniewska et al., 2002).
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Fig. 3. Bouguer gravity anomaly map of the Suwatki Anorthosite Massif (SAM) area

Explanations as in Figure 2

The Fe-Ti-V large ore deposits of the Krzemianka (K) and
Udryn (U) ore fields and two other smaller bodies, Jeleniewo
(J), Jezioro Okragte (JO; Fig. 1B), concentrated in the marginal
parts of the massif, have been documented within anorthosites,
norites, and gabbronorites (Wiszniewska, 1998a, 2002;
Wiszniewska et al., 2018). Titanomagnetite, ilmenite and
Fe-Cu-Co-Ni sulphides are the main ore minerals in the host
rocks. Magnetic titanomagnetite grains usually contain net-
works of narrow ilmenite and ulvite lamellae (Mizeracka and
Kurbiel, 1973, 1975).

Magnetic and gravity maps of the SAM, with locations of se-
lected boreholes, are shown in Figures 2 and 3. The SAM ap-
pears mainly as large negative, magnetic (1700 nT) and grav-
ity (—19 mGal) anomalies that are similar in size and shape
(Krdlikowski and Petecki, 1995; Krolikowski et al., 1998;
Petecki and Rosowiecka, 2017). According to the geological
data these anomalies are related to the large monomineralic
anorthosite body in the centre of the SAM (Juskowiak, 1998).
The local positive magnetic anomaly near the Zaboryszki 1
(Zab1) borehole, related to the diorite body, divides the mag-
netic depression into two parts.

The large negative magnetic anomaly is surrounded by a
high gradient zone and bands of positive anomalies with signifi-
cant amplitudes of ~800—1700 nT, particularly strongly marked
in the south, west and north (Fig. 2). One of the most striking
magnetic features is a magnetic gradient zone (called here the
Krasnopol magnetic lineament) in the vicinity of the Krasnopol
PIG 6 (Kras6) borehole, bounding the southern massif margin
along a curvilinear contact between monzonites and
granodiorites (rapakivi-like granites) in the north and gneisses
and granulites in the south (Fig. 1B). Local positive magnetic

anomalies are related to the Krzemianka and Udryn ore depos-
its (K and U in Fig. 1). In the southeastern corner of the map
(Fig. 2) an isolated magnetic high reflects the small Sejny
norite-gabbronorite-monzodiorite Intrusion (SI).

The Bouguer gravity map of the SAM (Fig. 3) shows two dis-
tinct regional anomalies: a negative anomaly with an intensity of
—19 mGal related to the relatively low-density central anortho-
site body, and positive anomalies with a maximum intensity of
8 mGal surrounding the massif to the south and west, caused
by rocks with elevated densities. These two anomalies are sep-
arated by a high gradient zone. The Fe-Ti-V ore deposits are
not very well marked on the Bouguer gravity anomaly map.
Also, the Krasnopol magnetic lineament does not appear to be
reflected on this map.

Various geological maps of the SAM (Kubicki and Ryka,
1982; Juskowiak, 1998; Wiszniewska, 2002; Cymerman, 2014;
Krzeminska et al., 2017) have been made based mainly on the
results of geophysical research, primarily magnetic data analy-
ses integrated with borehole data. Most of the SAM area was
not recognized by boreholes, because geological investigations
were focused on prospecting for magnetite-ilimenite ore depos-
its (Wiszniewska et al., 2018). Therefore, the geological map of
the SAM, beyond well identified areas of the Krzemianka and
Udryn deposits, remains tentative.

MATERIALS AND METHODS

The results shown in this paper are mainly based on poten-
tial-field filtering and modelling using existing magnetic and
gravity data.
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MAGNETIC DATA

The magnetic data is represented by a total magnetic inten-
sity anomaly map (Fig. 2). The total-field magnetic anomaly was
obtained by subtracting the magnitude of an appropriate DGRF
(Definitive Geomagnetic Reference Field) 1982.5 regional field
from the total field measurement (Petecki and Rosowiecka,
2017).

GRAVITY DATA

The gravity data are represented by a simple Bouguer
anomaly map (Fig. 3). The gravity data were tied to the gravity
datum based on the IGSN 71 (International Gravity Standard-
ization Net of 1971). The Bouguer anomalies have been calcu-
lated using a reduction density of 2250 kg/m® (2.25 g/cm®) and
the GRS 80 (Geodetic Reference System of 1980) formula for
the theoretical gravity (Krolikowski and Petecki, 1995).

ROCK PROPERTY DATA

Density and magnetic property measurements of the crys-
talline basement rocks from the SAM were made on unoriented
core rock samples from the boreholes (Mizeracka and Kurbiel,
1973; Kurbiel at al., 1979). Results from these measurements
are also given by Mizeracka and Kurbiel (1975), Wybraniec et
al. (1993), Ciesla and Wybraniec (1998).

DENSITY DATA

The density of the anorthosites that compose the main part
of the SAM ranges between 2690 and 2770 kg/m®, with an aver-
age density of 2720 kg/m® (Cie$la and Wybraniec, 1998). How-
ever, in the Kazimieréwka IG 1 (Kaz1) and Szlinokiemie IG 1
(Sz1) boreholes which drilled only anorthosites, their density is
2690 kg/m3. Mineralized parts of anorthosites show higher den-
sities. The density of rocks directly bordering the central anor-
thosite masses, i.e. norites and gabbronorites, is distinctly
higher (3000 kg/m®) than that of the anorthosites. Densities of
the rapakivi granites and diorites surrounding the anorthosite
complex oscillate between 2750 and 2910 kg/m® (Wybraniec et
al., 1993; Ciesla and Wybraniec, 1998).

MAGNETIC PROPERTY DATA

Magnetic property data of basement rocks from the SAM re-
flect the presence of magnetic minerals, mainly
titanomagnetite, ilmenite or hemoilmenite, magnetite, or
maghemite (Mizeracka and Kurbiel, 1973, 1975). The magnetic
susceptibility of anorthosites with small amounts of ore minerals
is low on average (0.009 SI). The susceptibilites of
anorthosites, norites and gabbronorites with magnetite-ilmenite
mineralization, and of ore bodies, are strongly variable and
reach up to 2.0 Sl for ores.

The ratio of the intensity of remanent magnetization (NRM)
to induced magnetization, termed the Koenigsberger coefficient
or Q value, in anorthosites is commonly >1, and ranges from ~5
up to 30. The inclination of the NRM of the anorthosite rocks
showed very variable directions, usually with positive values. By
contrast, the NRM inclinations of the magnetite-ilmenite ores
and noritic rocks are characterized by predominantly negative
values and shown considerable scatter (Mizeracka and Kurbiel,
1973, 1975; Kurbiel et al., 1979). The variability of magnetic
properties within the rock types makes it difficult to reliably esti-

mate the average susceptibility, NRM and direction of magneti-
zation values of the buried rocks.

BOREHOLE DATA

Most of the boreholes, of average 2000 m depth, were
drilled within the SAM area between the 1950s and 1990s to
document the Fe-Ti-V deposits of the Krzemianka and Udryn
areas (Kubicki and Siemigtkowski, 1979; Parecki, 1998). New
whole-rock samples from the Krzemianka, Udryn, and Jezioro
Okragte ore field areas and individual boreholes within other
parts of the SAM e.g. topuchowo IG 1 (Lop1), Biliwinowo IG 1
(Bil1), Jeleniewo IG 5 (Jel5), Jezioro Szlinokiemskie IG 1
(JSZ1), Zaboryszki IG 1 (Zab1), were additionally analysed for
major and some trace elements in 2016—-2020 in the laboratory
of the Polish Geological Institute — National Research Institute
(PGI-NRI). Major elements were analysed using ICP-ES and
trace elements were analysed using ICP-MS. Chemical data,
together with petrological, U-Pb SHRIMP dating and structural
results on rock samples, have been assembled for the various
lithologies that built the SAM via magmatic processes. All rock
types display complex and temporally ambiguous relationships
throughout the massif, and they have been studied recently in
detail together with geophysical data, for production of a new
geological map.

DATA PROCESSING

In examining the internal structure of the SAM, this paper
has re-analysed existing magnetic and gravity data. On mag-
netic data the pseudogravity and reduction to the pole (RTP)
methods were applied. The pseudogravity transformation was
used to compare magnetic with gravity data to determine the di-
rection of magnetization of the anorthosite complex (Ates and
Kearey, 1995). The RTP transformation was used to recalcu-
late the magnetic anomaly into the anomaly that would be ob-
served at the north magnetic pole (Baranov, 1957; Baranov and
Naudy, 1964). This procedure facilitates the interpretation of
the data.

A radial power spectrum analysis was applied to both mag-
netic and gravity data to estimate the regional and residual
components of the spectrum related to shallow and deep
sources. The wavelength filtering methods were applied to the
RTP magnetic and gravity maps to obtain the regional and re-
sidual anomaly fields. However, the data processing generally
focused on enhancement of the short wavelength (residual)
features, that is more suitable for high-resolution mapping of
crystalline basement.

Besides map processing, the modeling of gravity and mag-
netic data along the profile was carried out to investigate the re-
lation between the potential field anomalies and the borehole
geology. Finally, a new geological map was prepared to illus-
trate the main crustal units of the SAM.

POTENTIAL FIELD INTERPRETATION
MAGNETIC DATA TRANSFORMATION

Using magnetic data in geological interpretation is difficult
since magnetic anomalies usually do not lie directly above their
causative sources. Displacement between anomalies and their
sources results from different directions of the geomagnetic
field of the area and source magnetization, which are not verti-
cal beyond the magnetic poles (Blakely, 1995). To correct for
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this distortion, the magnetic data should be transformed to a
pseudogravity field or reduced to the pole by the application of
mathematical filters to the observed data (Baranov, 1957;
Baranov and Naudy, 1964). In these techniques the total mag-
netization vector (which is the vector sum of the induced and
remanent magnetizations) is made vertical. The magnetic inter-
pretation becomes simpler since these transformations shift the
anomalies over their causative sources.

Because the magnetization vector is usually unknown, in-
duced magnetization for pseudogravity or reduction to the pole
transformations is assumed. The assumption means that the
remanent magnetization is either weak or aligned parallel to the
ambient field. This approach would lead to an incorrect result of
magnetic data interpretation if the remanent magnetization of
the source exceeds the induced magnetization, and if the direc-
tions of the remanent and induced magnetization are different.
In this case the total magnetization vector can cause negative
magnetic anomalies, such as the ones corresponding with the
central anorthosite complex of the SAM. Therefore, knowledge
of the accurate direction of the source magnetization is impor-
tant to interpreting the magnetic anomalies.

PSEUDOGRAVITY TRANSFORMATION
AND DIRECTION OF MAGNETIZATION
OF THE CENTRAL ANORTHOSITE
COMPLEX OF THE SAM

Since the large negative magnetic anomaly associated with
the central anorthosite complex of the SAM cannot be ex-
plained with the presence of a source with induced magnetiza-
tion only, it is inferred that this anomaly reflects an effect of neg-
ative remanent magnetization of anorthosite rocks considerably
exceeding the induced magnetization, although the carriers of
remanence are not well documented (Mizeracka and Kurbiel,
1973, 1975; Ciesla and Wybraniec, 1998). This hypothesis is
also supported by magnetic modeling (Petecki, 2006) along the
regional refraction and wide-angle reflection POLONAISE’'97
seismic profile P4 that cross-cuts the SAM (Grad et al., 2003).
However, existing measurements do not show prevailing nega-
tive inclinations of remanent magnetization of the anorthosite
(Mizeracka and Kurbiel, 1973, 1975). Because these measure-
ments were made on samples from boreholes mostly located
within the ore bodies, they may not be representative.

Pseudogravity transformation, first introduced by Baranov
(1957), follows from Poisson’s relation between the magnetic
scalar potential and the component of the gravity field in the di-
rection of magnetization, and is defined as the gravity anomaly
that would be observed if the magnetization distribution were
replaced by an identical density distribution.

A method which compares the observed gravity anomaly
and the pseudogravity transformation of the measured mag-
netic anomaly (Ates and Kearey, 1995) was used here for test-
ing the direction of magnetization of the central anorthosite
complex of the SAM. The method assumes that the source of
the gravity and magnetic anomalies is the same. To apply the
pseudogravity transformation it is necessary to know the direc-
tion of magnetization. When the pseudogravity anomaly is cal-
culated using the correct values of inclination and declination of
the total magnetization, the correlation between the observed
gravity and the calculated pseudogravity anomaly is greatest.

Taking into account the absence of reliable information on
the remanent magnetization direction, the magnetic data
(Fig. 2) were transformed by the pseudogravity transformation
assuming the average direction of total magnetization of most

rocks to be parallel or anti-parallel to the Earth’s main field (incli-
nation = 68°, declination = 3° for the study area). The resulting
pseudogravity anomaly map is shown in Figure 4. The compari-
son between the pseudogravity and the gravity anomaly map
(Fig. 5) yields a relatively good correlation between magnetic
and gravity sources. The minimum of the pseudogravity anom-
aly and that of the gravity anomaly are both situated over the
central anorthosite complex indicating that both the gravity and
magnetic anomalies are due to the same crustal unit that has
substantial remanent magnetization aligned antiparallel to the
ambient magnetic field. Other gravity and pseudogravity anom-
alies also have similar shapes.

From this pseudogravity analysis it can be concluded that
most of the intrusive rocks in the SAM complex are magnetized
approximately along the present direction of the Earth’s mag-
netic field or along the opposite direction. Nevertheless, if the
present magnetization of the source differs from this direction at
a specific location, the source position will be slightly shifted
from the maximum of the magnetic anomaly. This should not
significantly change the main results of present study.

The coincident patterns in the gravity and pseudogravity
fields support the interpretation that the central anorthosite
complex of the SAM is a coherent crustal unit. However, the
term pseudogravity does not imply that the source magnetiza-
tion is necessarily related to a source density. According to
Szewczyk (2017) the gravity anomaly low over the SAM is as-
sociated with the very low densities of the sedimentary rocks re-
lated to both the present-day permafrost thickness (revealed in
one borehole) and the process of density recompaction in the
near-surface part over the anorthosite complex. Therefore, the
question arises whether there is a density contrast between the
central anorthosite complex and the surrounding basement
rocks. The earlier discussion of rock densities shows that most
of the rocks have higher densities than those of the central an-
orthosite complex of the SAM, pointing to the same source for
magnetic and gravity anomalies. However, the low density of
the permafrost undoubtedly has an impact on the image of re-
sidual gravimetric anomalies at some specific locations.

REDUCTION TO THE POLE OF MAGNETIC DATA

The RTP transformation converts the measured magnetic
anomaly to an anomaly that would be measured at the north
magnetic pole, where the geomagnetic field and the respective
induced magnetization vector is vertical (Baranov, 1957;
Baranov and Naudy, 1964). The RTP transformation shifts the
anomaly laterally to be centered over the source of the anom-
aly, making the magnetic anomaly easier to interpret. However,
when strong remanent magnetization is also present and is
poorly constrained, the transformation may produce incorrect
anomalies. Just like in the case of the pseudogravity transfor-
mation, the RTP transformation requires an assumption about
the directions of magnetization of the magnetic sources. Ac-
cording to the above result of pseudogravity analysis of mag-
netic anomalies over the SAM, it was assumed that the magne-
tization vector of the rocks was parallel (or anti-parallel) to the
ambient magnetic field.

The resulting RTP map is shown in Figure 6. Reduction to
the pole, in comparison with the original total intensity magnetic
map (Fig. 2), results in a northward migration of the magnetic
anomalies, due to the elimination of the inclination and declina-
tion of the magnetic field at this area. The positive and negative
magnetic anomalies formerly described in the total intensity
magnetic map (Fig. 2) are well defined on the RTP map (Fig. 6).


https://gq.pgi.gov.pl/article/view/12827
https://gq.pgi.gov.pl/article/view/12827
https://gq.pgi.gov.pl/article/view/12827
https://gq.pgi.gov.pl/article/view/25545
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Explanations as in Figure 2
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Fig. 6. Reduced to the pole total intensity magnetic anomaly map of the Suwatki Anorthosite Massif (SAM) area

Explanations as in Figure 2

The anomaly minimum related to the central anorthosite com-
plex of the SAM shows a direct correlation with the gravity
anomaly (Fig. 3). The magnetic gradients became steeper, en-
hancing the accurate reproduction of the structure and compo-
sition of the crystalline basement.

The reduced to the pole magnetic anomaly map is the start-
ing point for further enhancement.

REGIONAL-RESIDUAL SEPARATION
OF MAGNETIC AND GRAVITY DATA

A regional anomaly component in the magnetic and gravity
fields over the SAM (Figs. 2 and 3), especially in the Bouguer
gravity field, masks the relationship that exists between the
shapes of the observed anomalies and the sources near to the
crystalline basement. A common practice in gravity and mag-
netic interpretation is to separate anomalies of different hori-
zontal extents or their wavelengths (Blakely,1995). In this case
deeper sources would be associated with long wavelength (re-
gional) anomalies while the shallower sources would be associ-
ated with short wavelength (residual) anomalies. Long wave-
lengths may also arise from broad shallow sources.

The radially averaged power spectra of the RTP (Fig. 6) and
the Bouguer gravity (Fig. 3) anomaly maps of the SAM were
computed and analysed as a guide to indentify the
wavenumber (=1/wavelength) content of these maps and to the
design of operators for regional-residual separation (Spector
and Grant, 1970).

The regional and residual wavenumber domains were de-
fined in the graphs of the natural logarithm of the radially aver-

aged magnetic and gravity power spectra versus the radial
wavenumber (Fig. 7) based on the slopes of the spectra
(Spector and Grant, 1970).

Both of the power spectra show a pronounced change in
slope at wavenumber of ~0.08 km™ (corresponding to a wave-
length of 12.5 km), clearly separating two domains associated
with the regional and residual anomalies. The first of these cor-
responds to wavenumbers of up to 0.08 km™" for both magnetic
data and gravity data. The second one corresponds to
wavenumbers >0.08 km™". The regional and residual data sets
were then calculated using a Butterworth filter with cut-off
wavenumber 0.08 km™. In addition, the residual gravity anom-
aly map was smoothed by excluding that portion of the spec-
trum beyond the wavenumber 0.5 km™ (corresponding to a
wavelength of 2 km) to remove short wavelength anomalies,
which arise from very shallow gravity sources, station errors,
and so on.

Separating the regional from the residual signals allows con-
struction of particular magnetic and gravity maps that highlight
regional structures in the upper crust (Fig. 8) or depict local struc-
tures in the top of the crystalline basement (Fig. 9).

Residual magnetic (Fig. 9A) and gravity (Fig. 98) anomaly
maps are most appropriate for high-resolution mapping of the
crystalline basement top. A number of distinct anomalies occur
within the survey area, both positive and negative, related to the
different groups of intrusive rocks. Moreover, the obvious simi-
larity of the magnetic and gravity signatures can be seen from
these figures. In both residual fields, the central anorthosite
complex is marked as a negative anomaly which delineates the
area of this intrusion. Their outlines are largely similar on both
maps. Some of the larger known basement features like the
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Massif (SAM) area

Krzemianka (K), Udryn (U), Sejny (Sl) and Zaboryszki (Z) posi-
tive anomalies are strongly outlined (Fig. 9).

The central anorthosite body is encircled by positive and
negative anomalous marginal belts. The changes from nega-
tive to positive values in residual magnetic and gravity is roughly
coincident and may be attributed to variation in composition of
the basement rocks.

The predominantly positive zones are related to norites
(Jel5), gabbronorites (Zub1) and diorites (top1, Zab1),
whereas others are predominantly negative, related to
charnockites (Lan1) or gneisses (Wig1).

There is a close spatial correlation between the Krasnopol
(Kras6) magnetic lineament associated with the southern mar-
gin of the SAM and the gravity gradient obtained by the
high-pass filtration of Bouguer gravity data.

JOINT MODELING OF GRAVITY
AND MAGNETIC DATA

The joint modeling of gravity and magnetic fields was car-
ried out along the Filipdw IG 1 (Fil1)-Lazdiai 6 (L6) (F-L) profile
(Figs. 2 and 3) to further investigate the tectonic relationship of
the central anorthosite complex with the surrounding basement
domains. The profile runs across the centre of the intrusion and
is well constrained by data from several boreholes.

The model was constructed using GM-SYS2D software by
GEOSOFT Oasis Montaj, which generates the magnetic and
gravity response from a geological model. The model is 2.75 di-
mensional i.e. it can contain some bodies that have limited and/or
asymmetric strike extent off-the-section. This is an important op-
tion in the modeling process since the gravity and magnetic anom-
alies are asymmetrical with respect to the profile location.
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The initial geological model was constructed using the bore-
hole data. The geological concept of the structure of the SAM
was also considered. Modeling was carried out using density
and magnetic property data assigned for bodies representing
different rock units. The main Phanerozoic sedimentary rock
cover packages were associated with different densities, be-
tween 1500 and 2500 kg/m*, which were kept fixed during mod-
eling. The sedimentary rocks were considered to have null
magnetic susceptibility, and the sources of the magnetic anom-
alies were attributed to the crystalline basement rocks. The bot-
tom surface of the modeled polygons was assumed to be 5 km,
to satisfy the regional gravity and magnetic effects of the SAM.

The model was then progressively changed by interactively
adjusting the shape of the bodies or their properties until a good
fit to both the gravity and magnetic fields was obtained. How-
ever, given the susceptibility and NRM scatter within the rock
property dataset, these parameters were chosen considering
that they should be in the typical range for Precambrian crystal-
line rocks (Clark, 1997). The resulting model is illustrated in Fig-
ure 10. This is the first published model of the SAM that incor-
porates both magnetic and gravity data integrated with geologi-
cal information.

Joint magnetic and gravity modeling helped greatly in delin-
eating the location and extent of the anorthosite complex in the
central part of the profile. This body is explained by a thick upper
crustal body of density 2690 kg/m®, low susceptibility (0.005 SI)
and remanent magnetization (1.95 A/m), directed antiparallel (in-
clination | = —68°, declination D = —177°) to the present Earth’s
magnetic field. The prominent local magnetic anomalies in this
area are related to the Krzemianka and Udryn ore anorthosites
and the Zaboryszki dioritoide. The ore anorthosites have been
modeled as bodies with high densities, magnetic susceptibilities
and substantial remanent magnetizations.

Lateral heterogeneity across the margins of the anorthosite
complex is apparent from the crustal model (Fig. 10). The pres-
ence of different rock units is reflected in the magnetic and grav-
ity highs and lows. These gently dipping units show a wide
range of physical properties, reflecting variation in the composi-
tion of the crystalline basement rocks. According to the geologi-
cal data, the rocks bordering the central anorthosite body con-
sist of norite and gabbronorite, granodiorite, diorite and
charnockite.
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GEOLOGICAL MAP FROM INTEGRATED
MAGNETIC, GRAVITY AND GEOLOGICAL DATA

The geological architecture of the SAM and its surrounding
area was not fully and unambiguously interpreted on the basis
of the former geophysical data interpretation. For this reason
several analytical techniques, such as pseudogravity, reduction
to the pole, spectral analysis, low-pass and high-pass filtering,
and 2.75D modelling have been applied to process the mag-
netic and gravity data, to understand the distribution of the crys-
talline basement sources.

Results from magnetic and gravity data analyses, corre-
lated with the revised geology of the area, were used to make a
new geological map for the SAM area. For this purpose, the
study area was divided into several domains with consistent
magnetic and gravity patterns and more or less distinct bound-
aries deduced from the anomaly maps (Figs. 3, 6 and 9). The
results obtained were integrated with the available borehole evi-
dence and expected geology. Using the data obtained, a base-
ment geological map of the craton top for the SAM area was
constructed (Fig. 11).

The main, central part of the SAM consists of homogeneous
anorthosite rocks, composed primarily of 80-95% of ande-
sine-labradorite plagioclase, followed by orthopyroxene,
clinopyroxene, Ti-magnetite and ilmenite. Apatite, spinel and ti-
tanite are accessory minerals (Juskowiak, 1998) as well as
sulphides (Wiszniewska, 1998a). The size of plagioclase crys-
tals in the anorthositic rocks varies in different parts of the mas-
sif. Large plagioclase crystals with visible polysynthetic twinning
are crowded with minute needles of rutile, Fe-Ti oxides and
antiperthite exsolutions. They are common in the marginal part
of the anorthosite complex, e.g. by the Jeleniewo IG 5 (Jel5)
borehole and others drilled into that margin. In the Krzemianka
ore field they occur in the upper part of the basement. Medium
grained anorthosites build the core of the massif. Norites and
gabbronorites at the massif margins and granodiorites, diorites
and charnockites bordering the massif constitute a group of
rocks that are characteristic of the AMCG suite worldwide (An-
derson, 1966; Emslie, 1978, 1991; Frost et al.,1989; Ashval,
1993; Emslie et al. 1994; Hamilton, 2004; Duchesne et al.,
2010; Scoates et al., 2010; Vander Auwera et al., 2011;
Heinonen et al., 2015).

Titanomagnetite ores are closely associated with the central
anorthosites and they have been called ore anorthosites on the
map legend. The Fe-Ti-V ores (ferrolites) have only been con-
firmed in areas of localized positive anomalies in the region of
the Krzemianka, Udryn, Jeleniewo and Jezioro Okragte ore
fields. In drilled sections, Fe-Ti-V ores as titanomagnetie, pure
iimenite and pleonaste minerals form numerous interlayered
streaks, a few millimetres thick, schlieren of several centi-
metres-scale, complex veins or lenses, pseudobeds and irregu-
lar bodies from several to over a thousand meters thick e.g.
Krzemianka 72 borehole (K72). Ore bodies distinctly border
host rocks, while smaller structures such as schlieren, nests
and impregnations have gradual contacts with the host anortho-
site rocks (Speczik et al.,1988). In the marginal part of the
Krzemianka ore field and in some Udryn logs, e.g. Udryn IG 11
(U11), and Jeleniewo IG 5 (Jel5), dispersed hematite-ilmenite
and pure magnetite mineralization has also been observed
(Wiszniewska, 1998b).

The norites and gabbronorites have similar mineral compo-
sitions, only differing in the ortho- and clinopyroxene ratio and
opaque minerals content. They are shown together on the map
legend. Norites are fine grained, usually with directed fabric e.g.
Jezioro Szlinokiemskie PIG 1 (JSZ1). They contain about
5-32% opaque minerals (Juskowiak, 1998). Gabbronorites, un-

like the norites, are coarser grained with a higher opaque min-
erals content. They contain both pyroxenes, titanite, apatite and
Fe-Ti oxide grains e.g. in Bilwinowo PIG 1 (Bil1).

Gabbronorites lie in along the contact with norites and
anorthosites and are present in boreholes located in marginal
parts e.g. Jeleniewo IG 5 (Jel5) and Biliwinowo PIG 1 (Bil1).
Diorites and monzodiorites commonly overlie the gabbronorites
and do not have contacts with the norites and anorthosites
(Wiszniewska et al., 2002). The smaller Sejny intrusion (SI), lo-
cated a few km to the south-east of the SAM, comprises
gabbroidic rocks of 1.59 Ga age (Fig. 11). Hypersthene
monzodiorites (jotunites), gabbro and anorthosites were en-
countered in the Sejny IG 1 (Sej1) borehole and are indicated
together on the map legend.

Diorites are coarse grained rocks, composed of 45% of
plagioclase, K-feldspar (8-15%) and quartz (8-12%)
(Juskowiak, 1998). These rocks have been drilled in a tectonic
block within the SAM anorthosites in the Zaboryszki IG 1 well
(Zab1), and in the Lopuchowo PIG 1 (Lop1) and Zubryn IG 1
(Zub1) boreholes at the marginal part of the central anorthosite
complex. Medium grained monzodiorites are present in the
Filipow IG 1 (Fil1) borehole on the western flank of the SAM.

Granodiorites and charnockites belong chemically to the
ferro-potassic, alkali-calcic type of rocks and are comparable
with rock complexes in Veisiejai (V), Lithuania and in Rogaland,
southern Norway (Skridlaite et al., 2003). The most acidic vari-
eties of the granodiorites approach classic rapakivi granites in
their petrogenetic characteristics, elevated contents of incom-
patible elements and REE, and hence have A-type affinities.

Two genetic types of charnockitic rock (orthopyroxene-
bearing felsic rocks), formed in a deep-seated dry environment,
either under plutonic or high-grade metamorphic conditions,
were found within the cover of the SAM (Baginski and
Krzeminska, 2004). Magmatic charnockites have been noted in
the Bilwinowo IG 1 borehole (Bil1), as thin layers and are char-
acterized by a metaluminous, ferroan and high K,O composi-
tion. Other types of charnockite have previously been consid-
ered as components of the AMCG suite in the Lanowicze area
(Baginski et al., 2001). Further studies revealed that the
charnockites from the tanowicze PIG 1 (Lan1) borehole repre-
sent a unique relic of pre-Mesoproterozoic crust that originated
along an active continental margin. These charnockites belong
to a group of metamorphic rocks that formed in part under
granulite-facies conditions (Baginski, 2006). A recent geo-
chronological study using the U-Pb SHRIMP method revealed
a composite suite of Lanowicze charnockites that were primar-
ily crystallized at 1.84 Ga and turned into charnockites at
1.79 Ga (Krzeminska et al., 2019). These metamorphic
charnockites were indicated on the map as a separate
Paleoproterozoic component among the AMCG magmatic
1.5 Ga suite on the western and the eastern parts of the SAM
cover and around the Sejny Intrusion (SI).

Granodiorites and granites are the most widespread rock
types within the AMCG affinity suite in the Pawtéwka PIG 1A
(Paw1A), Boksze PIG1 (Bok1) and Krasnopol PIG 6 (Kras6)
boreholes. They are mostly porphyritic with 1-4 cm long
plagioclase or K-feldspar phenocrysts and clots of mafic miner-
als. Hornblende very often replaces clinopyroxene. These
rocks have been termed rapakivi-like granites by previous pe-
trologists (Juskowiak, 1998; Ryka, 1998).

The emplacement of the widespread granite veins (pegma-
tite and aplite, not indicated on the map) within the SAM pluton
and its cover post-date the main ~1.53-1.50 Ga tectono-ther-
mal activity in the SAM by ~20-25 My (Wiszniewska and
Krzeminska, 2017).


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

14 Zdzistaw Petecki and Janina Wiszniewska / Geological Quarterly, 2021, 65: 4

54010’

54°10'

10 km
230
[ granodiorite SAM  Suwatki Anorthosite Massif
[ granodiorite and charnockite 1.5 Ga
[ dioritoide and monzodiorite Sl Sejny norite-anorthosite Intrusion
I ore anorthosite
[ norite and gabbronorite country border
[ anorthosite ™ T lineaments and faults
[ gabbro/jotunite and anorthosite
. . . ® borehole
[ gneiss and granite gneiss 1.8 Ga
[ charnockite 1.84 Ga F——" L modeled profile

Fig. 11. New geological map of the Suwatki Anorthosite

Massif (SAM) area based on integrated geophysical

and geological data interpreted in this paper

Explanations as in Figure 2

Because of uneven borehole coverage, especially in the
northern part of the massif, compositional variations within it
could not be accurately discriminated. Nevertheless, a zonal
distribution with anorthosite in the central part and the rock
types noted above in the marginal parts seems clear.

DISCUSSION

The anorthosite complex of the SAM is distinctly oval in map
view and produces a negative magnetic anomaly, which is diffi-
cult to explain. It has been supposed that this anomaly is a di-
rect result of the negative inclinations of the NRM (Ciesla and
Wybraniec, 1998). However, previous studies report that the
magnetite-ilmenite ores (but not anorthosites) largely show
negative NRM (Mizeracka and Kurbiel, 1973, 1975). The
pseudogravity transformation was used to determine the direc-
tion of magnetization of the anorthosite complex (Ates and
Kearey, 1995) because the effect caused by this direction may

be a major problem when interpreting the magnetic anomaly
data. Comparison of the Bouguer gravity map with the
pseudogravity map (Fig. 5) indicates that the NRM direction is
nearly antiparallel to the induced direction. Magnetic modeling
also shows that the negative anomaly related to the anorthosite
complex is a direct result of the negative inclination of the NRM
(Fig. 10). Brown et al. (2011) demonstrated that two anorthosite
complexes, Morin in southern Quebec, Canada and Rogaland
in southern Norway, produce large negative anomalies over
anorthosites reflecting the presence of hematite-ilmenites with
low susceptibility but large NRM values and directions nearly
antiparallel to the present magnetic field. Lamellar magnetiza-
tion in hematite-ilmenites is an explanation for strong remanent
magnetization in anorthosites (Robinson et al., 2002). Recogni-
tion of the carriers of remanence in the SAM anorthosite should
be addressed in future studies.

The deep geological and tectonic structure of the SAM is
not yet fully constrained. Early geological models of the SAM
have been limited by the lack of sufficient borehole data on
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basement lithologies. However, several distinct magnetic and
gravity anomalies have been correlated to recognized crystal-
line basement features. The strong remanent magnetizations of
the anorthosite and ore bodies have been considered in model-
ing the sources of the magnetic anomalies. A new structural
model reveals a system of geological rock units that explains
the magnetic and gravity anomalies (Fig. 10), dominated by
massif type anorthosite in the centre characterized by a large
negative anomaly, surrounded by rocks with marked magnetic
and density properties. Aside from anorthosite, the main rock
types of the SAM include norite and gabbronorite, granodiorite,
diorite and charnockite. The surface pattern of these inclined
basement units probably reflects major stages of the evolution
of the SAM.

The results of the present studies are summarized in new
geological map (Fig. 11) showing the extent of the main base-
ment units.

This new geophysical analysis has provided better resolved
boundaries of the rock units by comparison with earlier geologi-
cal maps (e.g., Fig. 1, Wiszniewska, 2002) and other papers
(Kubicki and Ryka, 1982; Juskowiak, 1998; Cymerman, 2014).
Recent petrological study helped recognize new genetic rock
units, such as igneous and metamorphic charnockites in the
tanowicze borehole (Lan1; Baginski, 2006; Krzeminska et al.,
2019), a granodiorite belt along the Krasnopol lineament and
hypersthene monzodiorites (jotunites) in the Sejny area.

The SAM has a domal structure in cross-section
(Juskowiak, 1998), which is why the erosional basement sur-
face shows an elliptical diapiric shape of the central anorthosite
intrusion, surrounded by norite-gabbronorite-dioritoide-granite
rims.

The high magnetic gradient zone (Krasnopol lineament) on
the southern side of the map (Figs. 2, 6 and 9A), that is also visi-
ble in the residual gravity map (Fig. 9B), outlines the contact be-
tween the granodiorite in the north and the gneiss/granite
gneiss and charnockites in the south (Fig. 11). This major geo-
physical contact is interpreted as a fault bounding the massif
margin in the south. The magnetic and gravity patterns in the
north are orientated parallel to the Krasnopol magnetic linea-
ment (Fig. 9). This prominent zone separates two large geologi-
cal domains of different age and genesis: the igneous
Mesoproterozoic Mazury Complex (MC) of AMCG affinity of
~15 Ga age; and the metamorphic Paleoproterozoic
Mazowsze Domain (MD) of 1.8 Ga age in the south. This tec-
tonic structure was interpreted earlier on magnetic maps but
has never been shown as a significant deeply rooted shared
zone on geological maps.

The MC is composed of porphyritic A-type granitoids, cover-
ing the range of leucogranite, quartz-monzonite, monzonite,
granodiorite, monzodiorite and diorite (Baginski et al., 2001;
Skridlaite et al., 2003; Gaweda et al., 2009). In the Krasnopol
IG 6 borehole (Kras6), granodiorite, monzodiorite, granite and
charnockite rocks have mostly been encountered. The igneous
MC intruded amphibolite and granulite-facies metamorphic rocks
of the West Lithuanian and Mid-Lithuanian domains in the
north-east and their southern Polish extensions (Bogdanova et
al., 2015) and extends along an E-W trending shear zone that
was repeatedly active over a ~150 Myr time span (1.6—1.45 Ga;
Bogdanova et al., 2006). The structural setting of the MC em-
placement is considered to be anorogenic (e.g., Dorr et al., 2002;
Gaweda et al., 2009) or post-collisional (Duchesne et al., 2010).

CONCLUSIONS

Several filtering processes have been applied to magnetic
and gravity data in the area of the Suwatki Anorthosite Massif
(SAM). The resultant anomaly maps show features related to
the geological and structural framework of the area. For a better
understanding of the basement geology, forward modelling of
the gravity and magnetic data along the selected profile was
performed using information associated with geological stud-
ies. Besides providing an overall picture, the model improves
geophysical and geological interpretations of the SAM rock
units. Finally, a corrected geological subcrop map of the SAM
top erosional surface has been prepared.

These analyses allow the following main conclusions:

1. The anorthosite complex of the SAM has a large nega-
tive anomaly, low susceptibility, and high remanence
(probably related to hemo-ilmenite minerals dispersed
within the anorthosites) and remanent directions
antiparallel to the induction direction.

2. The residual magnetic and gravity anomaly maps en-
hance the internal features and their boundaries related
to the different groups of intrusive rock such as anortho-
site, ore-anorthosite, norite, gabbronorite, diorite,
granodiorite and charnockite.

3. The first potential-field model along a profile crossing
the SAM shows the overall structure of the SAM provid-
ing valuable information about the shape and extent of
the core anorthosite body and petrological variations
within the massif.

4. By comparison with the known geology, basement
structures have been mapped by magnetic and gravity
data interpretation. The new geological map based on
modern geophysical calculations enables reliable and
up-to date imaging of the SAM, improving and correct-
ing earlier maps.

5. The strong Krasnopol magnetic lineament, reflected
also in the residual gravity field, is the main and pro-
nounced boundary between Mesoproterozoic and
Paleoproterozoic domains: the Mazury Complex (MC)
and the Mazowsze Domain (MD).

6. Anunderstanding of the geological structure of the SAM
is important for studying the formation and evolution of
anorthosite massifs which are petrological and geo-
chemical windows into the Proterozoic crust.

7. The geophysical and geological analyses presented in
this paper generate targets for future mapping and en-
hance the potential for recognizing ore mineralization in
the SAM region.
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