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Abstract

Fe-Ti oxide ores in the Proterozoic Suwalki massif-type anorthosite, northeastern Poland, have been recog-
nized through geophysical exploration and extensive drilling down to 2,600 m depth. The Fe-Ti oxide-rich
rocks from Suwalki consist of vanadium-poor Ti-magnetite in lenses varying from the centimeter- to the kilo-
meter-scale. Fe-Ti—rich rocks are commonly layered and have gradational contacts with the host anorthosite;
they do not represent well-defined intrusions such as the major Tellnes and Lac Tio deposits. Based on pet-
rography, modal proportions, whole-rock analyses, and liquidus phase compositions of Fe-Ti oxide ores, the se-
quence of crystallization is as follows: plagioclase + Ti magnetite + ilmenite, followed by orthopyroxene, then
clinopyroxene, and finally apatite. The comparatively low V content (0.20-0.67 wt % V) in Ti magnetite results
from relatively oxidized crystallization conditions. The diapiric emplacement of the anorthositic pluton influ-
enced the crystallization of the Fe-Ti ores and is responsible for the crystal sorting controlled by the density
contrast of liquidus phases. Polybaric crystallization of Fe-Ti oxide ores is evidenced by variable Al,O3 (ca. 1-5
wt %) content of the associated orthopyroxene. Polybarism is responsible for the appearance of Fe-Ti oxides

before orthopyroxene, due to the decreasing stability field of orthopyroxene with pressure.

Introduction

MAGNETITE-ILMENITE ores were drilled in the early 1960s in
northeastern Poland following gravimetric and magnetic sur-
veys covering the Polish area of the East European platform
and, based on additional exploration, an iron ore mine was
planned during the 1970s, although this plan was not put into
action. Numerous deep boreholes (down to 2,600 m depth)
from this exploration activity provide a unique opportunity to
better understand the Polish crystalline basement, which is
covered by a thick suite of sedimentary rocks. The Fe-Ti
oxide ores associated with the Suwalki anorthosite, which is
part of the Mazury complex in the East European craton (Ba-
ginski et al., 2001; Wiszniewska et al., 2002; Skridlaite et al.,
2003), were studied to better understand the petrogenesis of
these genetically controversial deposits.

Unlike the two hard-rock deposits in anorthosites presently
exploited, the Lac Tio mine, Quebec (Lister, 1966), and the
Tellnes deposit, Norway (Charlier et al., 2006, 2007), which
have hemo-ilmenite as the ore mineral, the Suwalki ore is
dominated by vanadium-poor Ti-magnetite accompanied by
ilmenite and a variable proportion of plagioclase + orthopy-
roxene + clinopyroxene + apatite. The orebodies occur as ir-
regular lenses or pods with gradational relations with the host
anorthosite with which they are closely related. These ores do
not crop out and have only been intersected by core from
deep drilling at 820- to 2,600-m depth.

Segregation of an immiscible Fe-Ti-(P)-rich melt has been
invoked for the formation of these ores (Speczik et al., 1988),
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a common interpretation for the petrogenesis of Fe-Ti-(P) de-
posits (Bateman, 1951; Lister, 1966; Philpotts, 1967; Kolker,
1982; Force, 1991; Zhou et al., 2005). However, other studies
of Fe-Ti oxide ores have emphasized the role of fractional crys-
tallization with Fe-Ti oxides as early liquidus phases (Duch-
esne, 1999; Charlier et al., 2006, 2007, 2008; Pang et al., 2008a,
b). In this scenario, crystal sorting is the main mechanism for
ilmenite and magnetite enrichment. Magma mixing that pro-
duced a hybrid liquid composition located in the stability field
of Fe-Ti oxides has also been suggested (Robinson et al., 2003).

The magnetite-rich rocks from the Suwalki anorthosite thus
constitute an important opportunity to study the Fe-Ti ore-
forming processes and the controlling factors on ore compo-
sition. Fe-Ti enriched rocks sampled by cores drilled in sev-
eral orebodies in the anorthosite have been used to
determine whether cumulate processes, immiscibility, or al-
ternative processes are responsible for the formation of these
Fe-Ti ores. In addition, the authors explore, in this study, the
role of oxygen fugacity on the incorporation of V by magnetite
and the influence of the polybaric crystallization model of
Proterozoic massif-type anorthosite (e.g., Emslie, 1980; Ash-
wal, 1993; Longhi et al., 1993) on the mechanisms of forma-
tion of Fe-Ti oxide ores.

Geologic Setting

The Mazury anorthosite-mangerite-charnockite-(rapakivi)
granite suite and the Suwalki massif-type anorthosite

The Suwalki massif-type anorthosite (northeastern Poland)
was discovered in 1957 as the result of a drilling campaign
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carried out in order to check out gravity and magnetic anom-
alies identified in the early 1950s (Ciesla and Wybraniec, 1998;
Ryka and Podemski, 1998). The Suwalki, Sejny, and Ketrzyn
massifs together with associated granites of the Mazury com-
plex (Fig. 1) constitute a typical anorthosite-mangerite-
charnockite-(rapakivi) granite suite (Wiszniewska et al., 2002;
Skridlaite et al., 2003). This suite is situated in the western part
of the East European craton (Bogdanova et al., 2001; Claesson
et al., 2001; Bogdanova et al., 2008) and has been dated at ca.
1.5 Ga (Dérr et al., 2002). It extends along parallel 54° from
the Bay of Gdansk in the west to southern Lithuania (Skrid-
laite et al., 2007) and western Belarus in the east.

The top of the Suwalki anorthosite was eroded by deep
peneplanation and is now buried under 580 to 1,200 m of
Phanerozoic cover dipping to the southwest. The Suwalki
anorthosite covers 250 km? of the 8000 km? of the Mazury
complex. The pluton has an elliptic morphology ca. 30 km
long by 15 km wide and a domical shape in cross section (Fig.
2). Detailed petrographic investigations by Juskowiak (1998)
of 45 boreholes, located primarily in the Krzemianka and
Udryn areas, gave the following relative proportion of rocks:
43 percent andesine anorthosite, 8 percent norite, 19 percent
gabbronorite, 20 percent (quartz- and monzo-) ferrodiorite, 5
percent Fe-Ti oxide ore, and 5 percent granitoid. Spatially,
anorthositic rocks occur in the central part whereas (quartz-
and monzo-) ferrodiorites occur in the upper margins. Ferro-
diorites commonly overlie gabbronorites and do not have
contacts with norites and anorthosites. Gabbronorites lie in
contact with norites and anorthosites and are present in bore-
holes located in marginal parts. However, because the Suwalki
anorthosite has essentially been drilled where significant
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magnetic and gravimetric anomalies occur, it is most probable
that other portions of the Suwalki massif are dominated by
anorthosites with minor (gabbro-)norites.

Geology of Fe-Ti oxide ore bodies

Several Fe-Ti oxide ore deposits (Krzemianka, Udryn, Jele-
niewo, and Jezioro Okragle; Fig. 2) were first recognized by
distinct gravity and magnetic anomalies (Ciesla and Wy-
braniec, 1998). Krzemianka and Udryn deposits were sam-
pled by drilling in 1962 and further exploration was concen-
trated in those areas (Podemski, 1998). Jezioro Okragle and
Krzemianka have been dated at 1559 + 37 Ma, which is sim-
ilar to the age of Udryn at 1556 + 94 Ma (Re-Os isochrons on
magnetite and sulfides; Morgan et al., 2000).

In the Krzemianka area, 73 boreholes were drilled (total
length of 135.5 km) to the depth of between 1,200 and 2,800
m. One Gt of ore has been proved, averaging 27 percent Fe,
7 percent TiOz and 0.3 percent V205 (Parecki, 1998), covered
by ca. 900 m of Phanerozoic sedimentary rocks. The docu-
mented part of the deposit has the shape of an arch (Parecki,
1998) with a maximum width of 1.5 and length of 4.5 km.
Orebodies mainly have the morphology of lenses and layers
varying from a few centimeters to 145 m thick. In the Udryn
area, situated in the central part of the Suwalki anorthosite,
12 boreholes were drilled to the depth of 1,200 to 2,300 m.
The total length of drilling is 22.8 km. 250 Mt of ore have
been proved, with similar composition to that of Krzemianka.
Some minor occurrences of ore have also been located in the
vicinity of Jezioro Okragle and Jeleniewo.

There are many individual orebodies with morphologies of
lenses, veins, or layers. Fe-Ti oxide ore layers may occur in
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FI1G. 1. Geologic map of the Mazury Complex. The complex extends westward some 180 to 200 km to the Baltic sea, and
eastward ca. 30 km in Lithuania and Belarus (after Wiszniewska et al., 2002).
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FIG. 2. a. Geologic map of the Suwalki anorthosite in northeastern Poland (with the location of Fe-Ti oxide ores); b. Cross
section through the Suwalki anorthosite dome. Rock types and structures below the top of the present crystalline basement
(dotted line dipping to the west) are interpreted from data on boreholes, while rocks and the initial crystalline basement

above the dotted line are extrapolated (Juskowiak, 1998).

anorthosites, norites, and gabbronorites. They commonly dip
southwest at an angle of 45° in Krzemianka and to the west at
an angle of 45° in Udryn. Although the correlation between
boreholes is difficult, a tentative reconstruction by Parecki
(1998) of the distribution of Fe-Ti oxide ores in these two lo-
calities is presented in Figure 3. In a vertical section, the
lower part is characterized by thick and wide oxide ores oc-
curring in anorthosite. The correlation of orebodies between
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different boreholes in the upper part is much more compli-
cated than in the lower part. Individual orebodies are up to
1,500 x 1,000 x 230 m thick.

Sampling and Analytical Methods

Twelve 10-cm-diameter boreholes drilled in the Suwalki
anorthosite have been selected for this study. These bore-
holes, which reached 2,600 m depth, crosscut three ore
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FI1G. 3. Cross sections in the Krzemianka and Udryn deposits showing the distribution of Fe-Ti oxide ore lenses in the

host anorthosite and related rocks (after Parecki, 1998).
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deposits: Krzemianka, Udryn, and Jeleniewo. A series of
coarse-grained Fe-Ti oxide ores representative of a portion of
ca. 50 cm of a split drill core have been collected. Modal pro-
portions for 35 samples have been determined by counting
1,000 points per 3 X 4.5 cm thin section.

Some samples have been selected for mineral separation
of plagioclase and magnetite. The separation of the 60- to
150-pm fraction was performed with heavy liquids (bromo-
form and Clerici’s solution) and a Frantz isodynamic mag-
netic separator. Plagioclase was analyzed for major elements
(Si, Ti, Al, Fe, Ca, Na, K) by XRF, using an ARL 9400 XP at
the University of Liege, on lithium-borate fused glass and for
trace elements (Sr and Ba) on pressed powder pellets. Mag-
netite was analyzed for major elements (Si, Ti, Al, Fe, Mn,
Mg) and for trace elements (Ni, V, Cr, Zn) by XRF following
the method of Duchesne and Bologne (2009). The composi-
tion of orthopyroxene, ilmenite, clinopyroxene, olivine, and
spinel was determined in selected samples by microprobe
analysis with a Cameca SX50 at Bochum University. Stan-
dard operating conditions were excitation voltage of 15 kV
and beam current of 15 nA. The following standards were
used: pyrope for Mg and Al, andradite for Si, Fe, and Ca,
spessartine for Al and Mn, rutile for Ti, jadeite for Na, ZnO
for Zn, Cr203 for Cr, and metal V for V. Seventeen coarse-
grained samples were analyzed for major and some trace el-
ements by XRF following the method of Bologne and Duch-
esne (1991).
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Petrography

Paragenesis, modal proportions, and spatial variations

The Suwalki anorthosite is massive and heterogranular (0.5
mm to >5 cm). It is essentially composed of antiperthitic pla-
gioclase and may contain minor amounts of orthopyroxene, Ti
magnetite, and ilmenite. The anorthosite usually displays
gradual contacts with norites and Fe-Ti oxide ores, with con-
tinuous variations of modal proportions. Rocks may be mas-
sive but are commonly layered, locally with abrupt changes
from oxide rich to anorthosite layers (Fig. 4).

Fe-Ti oxide ores display large variations in modal propor-
tions (Table 1). Plagioclase, usually bent or recrystallized (ca.
1 ¢cm), magnetite and ilmenite are the dominant phases. The
primary texture of rocks has been modified by textural equili-
bration, which is a common feature in anorthositic rocks
(Lafrance et al., 1996). Fe-Ti oxides have an interstitial habit
as a result of subsolidus grain boundary readjustment (Duch-
esne, 1996). Orthopyroxene contains numerous Schiller
lamellae of Fe-Ti oxides (Fig. 5a) and is sub- to euhedral. Its
proportion ranges from 0 to 25 vol percent. Plagioclase lamel-
lae in orthopyroxene from Fe-Ti ores have not been observed
although they have been described in orthopyroxene
megacrysts by Wiszniewska et al. (2002). In a few samples, an
olivine corona is developed around orthopyroxene (Fig. 5b),
either in contact with Fe-Ti oxides or plagioclase. Clinopy-
roxene commonly occurs as exsolutions in orthopyroxene and

FI1G. 4. Photographs of the main macroscopic textures of Fe-Ti oxide ores in the Suwalki anorthosite. a. Melanoritic ore
with oriented plagioclase laths (K20-04); b. Layered ore with sharp contact between anorthosite and melanorite (U5-03); c.
Massive ore with abrupt change from pure oxide to anorthosite layers (U4-04); d. Disseminated ore with interstitial charac-
ter of Fe-Ti oxides (J2-02).



Fe-Ti OXIDE ORES IN THE SUWALKI ANORTHOSITE, NE POLAND

209

TABLE 1. Modal Proportions (vol %) of Selected Fe-Ti Oxide Ores from the Suwalki Anorthosite

Depth (m) Plag Mag IIm Opx Cpx Apatite Olivine  Phlogopite Al-Spinel  Sulfides
K2-01 1014 pmih—C 30.9 39.1 15.6 4.6 3.1 2.1 4.6
K2-02 1082 pmih—C 36.0 28.6 17.0 5.6 4.2 6.2 2.4
K2-05 1123 pmi-C 16.1 51.4 24.3 14 1.0 5.4 0.4
K12-02 989 pmih—C 478 25.6 6.2 15.8 1.0 2.0 1.6
K12-04 1060 pmih—C 24.9 36.5 10.8 20.2 3.4 1.5 2.7
K12-05 1453 pmihc—C 57.0 11.8 6.2 13.6 8.2 2.8 0.4
K20-03 1611 pmi-C 25.8 54.0 8.1 19 2.6 2.1 3.6 19
K20-04 1622 pmi-C 29.8 54.2 7.2 1.8 1.2 1.4 1.8 2.6
K20-05 1721 pmih—C 25.3 48.2 5.5 11.1 1.8 1.6 5.9 0.6
K20-06 1735 pmi-C 3.5 64.8 12.4 1.1 1.8 0.2 14.5 1.7
K20-07 1813 pmih—C 33.4 43.4 6.0 9.4 2.9 0.6 2.8 15
K20-08 1863 pmi-C 0.5 67.7 23.0 0.0 0.2 0.1 74 1.1
K20-09 1903 pmih—C 7.6 46.0 20.4 12.4 1.6 10.8 1.2
K22-01 1717 pmih—C 32.3 40.5 154 4.0 2.6 0.9 3.8 0.5
K48-03 1122 pmi-C 0.0 66.2 23.9 0.6 0.2 9.0 0.1
K57-02 337 pmih—C 27.0 36.2 20.0 9.2 1.2 6.2 0.2
K73-01 1851 pmih—C 24.7 39.9 21.8 6.7 12 4.2 15
U2-01 1144 pmih—C 41.4 18.8 10.9 24.9 2.5 1.5
U2-02 1169 pmih—C 31.2 28.0 155 18.5 2.6 0.3 3.9
U2-03 1339 pmihca—c 53.4 6.5 8.1 12.2 14.3 3.1 1.6 0.8
U2-04 1397 pmihca—C 35.1 9.3 8.1 22.1 17.8 4.0 2.4 12
U2-06 1512 pmih—C 11.0 52.1 21.5 9.2 2.2 3.4 0.6
U4-01 1168 pmih—C 56.8 152 11.6 13.1 1.8 15
U4-02 1205 pmihca—C 42.9 74 9.7 14.6 18.5 5.2 1.3 0.4
U4-03 1257 pmih—C 21.4 50.0 7.1 10.2 2.1 4.4 1.7 3.1
U4-04 1330 pmih—C 8.7 57.4 18.9 7.1 1.4 6.2 0.3
U4-05 1379 pmih—C 11.9 54.0 20.2 4.8 2.8 5.4 0.9
U4-06 1408 pmi-C 1.0 65.0 23.6 0.8 0.4 9.0 0.2
U5-02 1256 pmih—C 52.6 15.8 7.6 19.2 14 0.4 3.0
U5-04 1373 pmi-C 3.6 70.8 14.5 1.8 0.3 8.7 0.3
J1-01 1124 pmih—C 26.9 46.4 14.2 5.6 2.2 0.3 4.4
J1-02 1240 pmihca—C 50.4 9.3 7.8 18.9 8.2 2.8 1.3 0.2 1.1
J2-01 1305 pmih—C 49.4 22.9 14.8 8.7 2.6 0.4 12
J2-02 1561 pmih—C 44.7 33.8 10.9 3.0 3.2 3.8 0.6
]2-03 1584 pmih—C 42.6 33.0 8.4 75 3.3 4.2 1.0

Drill core labels: K = Krzemianka, U = Udryn, J = Jeleniewo; K12 = core number; -02 = sample number
Drill core locations: (54°N-22°E): K2 (12'11"N-51'46"E) - K12 (12'47"N-52'53"E) - K20 (13'01"N-52'33"E) - K22 (13'17"N-52'44"E) - K48 (13'74"N-
51'40"E) - K57 (13'31"N-52'47"E) - K73 (12'25"N-51'91"E) - U2 (13'28"N-57'07"E) - U4 (13'21"N, 57'03"E) - U5 (13'30"N, 56'39"E) - J1 (11'49"N,

54'40"E) - ]2 (11'45"N, 54'55"E)
Samples with <2 vol % of orthopyroxene are referred to as pmi-C

a few samples also contain prismatic grains (8-18 vol %; Fig.
5¢). Most samples with clinopyroxene also contain apatite
(3-5 vol %). Aluminous spinel (Fig. 5d) is always in contact
with magnetite and ilmenite. Its proportion (0-15 vol %) is di-
rectly correlated with the amount of Fe-Ti oxides. Ti-rich phl-
ogopite (Namur et al., 2009) and Ni-Cu sulfides are common.

We use the nomenclature of Irvine (1982) for Fe-Ti oxide-
enriched rocks, which are named according to the first letter
of the main phases followed by -C meaning “cumulus”. This
nomenclature gives a clear picture of the parageneses of the
rocks but should not be considered a genetic classification.
The most common assemblages in Suwalki Fe-Ti ores are as
follows: plagioclase (p) + magnetite (m) + ilmenite (i) (pmi-C)
and plagioclase (p) + magnetite (m) + ilmenite (i) + orthopy-
roxene (h) (pmih-C). The limit between these two types of
rocks has been fixed at 2 vol percent of orthopyroxene. Some
rocks also contain clinopyroxene (c) (pmihc-C), most often
with apatite (a) (pmihca-C).

On a large scale, the lower parts of Krzemianka and Udryn
deposits are made up of oxide ores in anorthosite (pmi-C and
pmih-C with low proportions of orthopyroxene), whereas the

upper is dominated by noritic ores (pmih-C and pmihca-C
with higher proportions of orthopyroxene). The contact be-
tween oxide ores and anorthosite may be sharp or gradual,
producing rocks ranging from pure anorthosite to massive
oxide ore. In any case, anorthosite-ore contacts in the lower
part of the orebodies are sharper compared to the upper part
displaying gradational anorthosite/ore transitions.

Subsolidus reequilibration of Fe-Ti oxides

Fe-Ti oxides display numerous microtextures resulting
from subsolidus re-equilibration (e.g., Duchesne, 1972).
Magnetite exhibits cloth and trellis microtextures (Fig. 6a, b)
which occur primarily as very fine ulvéspinel (FesTiOy4) lamel-
lae which have been completely oxidized to ilmenite. The ox-
idation of magnetite to form a trellis microtexture can also
produce external granules of ilmenite. Aluminous spinel
lenses are also exsolved from magnetite and more locally from
ilmenite and may form external granules (Fig. 6b). Ilmenite
grains commonly lack hematite lamellae but locally contain
some aluminous spinel blebs (Fig. 6¢). Compositional reequi-
libration between magnetite and ilmenite produces a variety
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FI1G. 5. Photomicrographs of the main textures observed in Fe-Ti oxide ores of the Suwalki anorthosites (transmitted
light). a. pmih-C with euhedral orthopyroxene containing Schiller lamellae (K12-02); b. pmih-C with olivine coronas around
orthopyroxene (K22-01); c. pmihac-C displaying oriented plagioclase laths (U2-03). d. Large zoned aluminous spinel grain
(J2-03); Mineral abbreviations: plag = plagioclase, opx = orthopyroxene, ilm = ilmenite, mt = magnetite, ap = apatite, ol =
olivine, sp = aluminous spinel, phl = phlogopite.

of contact textures with aluminous spinel-bearing ilmenite
rims (Fig. 6d). Because of these subsolidus processes, the
bulk composition of reequilibrated magnetite cannot be de-
termined by in situ methods. Therefore, the composition of
magnetite has been determined through bulk analyses of
mineral separates. Nevertheless, external granules of ilmenite
and aluminous spinel might also have been removed during
the magnetic separation process and, therefore, our analyses
might be slightly different from the liquidus compositions.

Analytical Data

The composition of Fe-Ti oxides and aluminous spinel

The TiO; content of magnetite ranges from 0 to 7.77 wt per-
cent (Table 2), corresponding to a calculated proportion of ul-
vospinel (Usp) from 0 to 23.6 mol %. AlOs (0.46—4.44 wt %),
MnO (0.02-0.28 wt %), and MgO (0.12-1.40) in magnetite are
positively correlated with the Usp content. Chromium is a
highly compatible element in magnetite and may be consid-
ered a differentiation index. Cr in magnetite usually decreases
upwards in each drill-core and is the lowest in pmihca-C and
the highest in Fe-Ti oxide-rich rocks (Fig. 7a).

Ilmenite has a hematite content from 1.2 to 8.6 mol percent
(Table 3)—thus, usually it is below the threshold of exsolu-
tion. Hematite exsolution is therefore only observed in small
amounts in a few samples (e.g., U2-04). The hematite content
of ilmenite is highly correlated with the magnetite/ilmenite

ratio (Fig. 7b). The MgO content (0.55-3.56 wt %), very sen-
sitive to subsolidus reequilibration (Charlier et al., 2007), is
negatively correlated with the MnO content (0.68-1.19 wt
%). The composition of both magnetite and ilmenite cannot
be used to discriminate the different occurrences.

The molar Mg/Fe ratio of aluminous spinel is close to 1
(Table 4), which is actually the limit between hercynite and
spinel. No significant compositional variations have been ob-
served between aluminous spinel occurring either as large ex-
ternal granule exsolutions (Figs. 5a, 6b), as discrete lamellae
in magnetite and ilmenite (Fig. 6a), or as small grains in the
reaction rim between ilmenite and magnetite (Fig. 6d). From
sample to sample, Xhereynite varies from 0.405 to 0.636 (Table
4). The ZnO and MnO contents are low, reflected by low frac-
tions of Xgahnite (0.008-0.076) and Xglaite (0.003-0.005). As il-
lustrated in Fig. 5a, large grains of aluminous spinel are zoned
with a higher Xpereyite content in the core and a continuous
Xipinel enrichment towards the margin. Note that when in con-
tact with a silicate phase (with, e.g., plagioclase in Fig. 5a),
aluminous spinel is not zoned. This suggests that the zoning
(Fe-rich core and Mg-rich rim) results from postexsolution
reequilibration with Fe-Ti oxides.

The composition of silicate minerals

Plagioclase composition ranges from labradorite to ande-
sine with an anorthite content from Angoo to Angseand an or-
thoclase content from Orgzto Orys (Table 5). There is a broad
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FIG. 6. Backscattered electron images of exsolution types in magnetite and reequilibration textures between magnetite and
ilmenite. a. Trellis-textured magnetite grain with ilmenite and aluminous spinel exsolutions (K20-05); b. Cloth-textured mag-
netite with oxidized ulvéspinel and aluminous spinel lamellae in (100) planes. Note the zone without aluminous spinel along
the grain boundaries and the external granules of aluminous spinel (K20-03). c. Ilmenite grain surrounded by magnetite. The
hypothetical primary contour of ilmenite (indicated by the dotted line) is marked by aluminous spinel crystals, which locally
contain relict of magnetite (K2-05); d. Irregular contact between ilmenite and magnetite with a discontinuous rim of alumi-
nous spinel-rich ilmenite. Note the relicts of magnetite observed in some of the aluminous spinel grains (K20-05).

TABLE 2. Magnetite Composition (XRF analyses on mineral separates) from Fe-Ti Ores of the Suwalki Anorthosite

Depth (m) Si0y  TiO»  ALOs FexO3 FeO  MnO  MgO  Total Usp Ni \Y Cr Zn

K12-02 989 pmih-C 0.38 2.25 2.90 61.69  32.78 0.10 0.54  100.64 6.6 785 4317 562 843
K12-04 1060 pmih-C 0.61 6.26 4.04 5243  35.64 0.24 1.02  100.24 18.9 657 4018 455 829
K12-05 1453 pmihc-C 0.48 3.46 2.79 58.89  33.38 0.11 0.67 99.78 10.3 290 4737 397 1182

K20-03 1611 pmi-C 0.33 777 3.97 49.37  37.00 0.27 0.96 99.67 23.6 564 3773 501 811
K20-05 1721 pmih-C 0.28 6.19 4.28 5248  35.39 0.19 1.23  100.04 18.8 745 5068 1377 458
K20-06 1735 pmi-C 0.05 5.89 3.99 53.39 34.74 0.19 1.40 99.65 17.8 763 5712 1399 273

K20-09 1903 pmih-C 0.07 0.87 1.95 65.13 3145 0.03 0.42 99.92 2.5 644 6739 2861 73
K22-01 1717 pmih-C 0.45 6.66 4.44 51.17  35.87 0.21 1.14 99.94 20.3 628 4923 1157 537

K48-03 1122 pmi-C 0.00 5.49 3.08 54.61  34.77 0.22 0.90 99.07 16.4 620 5384 2719 382
K73-01 1851 pmih-C 0.03 1.00 1.87 64.82  31.18 0.06 0.59 99.55 2.9 421 5918 2800 281
U2-01 1144 pmih-C 0.26 2.81 2.38 60.85  33.12 0.10 0.50  100.02 8.3 250 5055 725 1117
U2-04 1397 pmihca-C 0.21 1.08 1.28 65.50  31.67 0.07 0.32  100.13 3.1 183 2520 210 1863
U2-06 1512 pmih-C 0.23 5.24 4.03 53.93  34.95 0.12 0.81 99.31 16.1 791 4951 5330 617
U4-01 1168 pmih-C 0.28 2.95 2.46 60.57  33.33 0.13 046  100.18 8.6 530 4801 1002 1638
U4-03 1257 pmih-C 0.33 741 3.66 50.24  36.54 0.28 0.95 99.41 22.4 787 4196 1615 817
U4-05 1379 pmih-C 0.00 4.73 3.53 55.23  34.70 0.14 0.56 98.89 14.4 694 4890 6781 488
U5-01 1035 pmihca-C 0.43 0.00 0.46 68.85  31.05 0.02 0.12  100.93 0.0 35 2012 170 266
U5-02 1256 pmih-C 0.18 3.09 2.53 60.13  33.18 0.10 0.62 99.83 9.2 358 4992 628 1630
U5-04 1373 pmi-C 0.23 4.44 3.54 55.89  34.13 0.13 0.77 99.13 13.5 839 5025 4371 377
J1-01 1124 pmih-C 0.19 4.28 3.02 57.28  33.96 0.17 0.82 99.72 12.7 620 4926 969 751
J2-01 1305 pmih-C 0.58 0.64 1.75 65.19  30.85 0.05 0.46 99.52 1.8 163 5212 1068 1088

Major elements in wt percent, FeO and FexOs recalculated from FeaOsi by charge balance; molar fractions of ulvispinel (Usp) calculated following
QUILF algorithm (Andersen et al. 1993); trace elements in parts per million (ppm)
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correlation between the An content of plagioclase and the Cr
content in magnetite (Fig. 8a). Plagioclase from Krzemianka
ores is poorer in Sr and Ba compared to plagioclase from
Udryn (Fig. 8b).

The composition of orthopyroxene ranges from Enzss to
Ensgg (Table 6). The Mg# decreases upward in each drill core
and is negatively correlated with the proportion of Fe-Ti ox-
ides (Fig. 8c). MnO (0.26-1.26 wt %) increases with decreas-
ing Mg# reflecting the increase with fractionation. The AlOs
content of orthopyroxene spans a wide range from 1.06 to
4.95 wt % and is positively correlated with the Mg# (Fig. 8d).
As previously described, orthopyroxene is locally surrounded
by an olivine corona (Fig. 5¢, d). The composition of olivine
in four of these samples ranges from Fors s to Fosy.4 (Table 6),
whereas the associated orthopyroxene composition ranges
from Enggg to Enzes. The Mg# of clinopyroxene ranges from
70.4 to 68.5 (Table 6).

Whole-rock composition

Seventeen whole-rock analyses (Table 7) are plotted in
major element binary diagrams (Fig. 9). SiO2 has been chosen
as the variation index, as it is essentially correlated with the
modal abundance of plagioclase and orthopyroxene in the cu-
mulates. Compositional ranges of main phases (plagioclase,
orthopyroxene, magnetite, ilmenite, clinopyroxene, and alu-
minous spinel) are also plotted.

Whole-rock compositions display a large range: SiOs
0.46-41.58 wt percent; TiOz 4.36-12.96 wt percent; FeaOsior
22.98-76.25 wt percent. Rocks with plagioclase, magnetite,
and ilmenite (pmi-C) are the most melanocratic (FeaOstor and
TiO; richest), although there are continuous trends with or-
thopyroxene-bearing rocks (pmih-C). This is concordant with
the continuous range of orthopyroxene proportion from 0 to
25 vol percent (Table 1). Clinopyroxene and apatite-bearing
rocks are the most leucocratic (SiOg-richest) and have a sig-
nificantly higher CaO content. V, Cr, and Zn are positively
correlated with FeaOsior and TiOz (not shown) and thus with

TaBLE 3. Microprobe Analyses of Ilmenite from Fe-Ti Ores of the Suwalki Anorthosite

Depth (m) n TiO:  ALOs  FesO3  FeO MnO  MgO  Total  Xgeik  Xpyr Xhem  Xilm
K2-05 1123 3 pmi-C 50.51 0.05 5.41 41.83 0.92 1.49 100.21  0.055 0.019 0.051 0.874
K12-02 989 6 pmih-C 51.18 0.06 3.64 42.52 0.91 1.45 99.76  0.054 0.019 0.034 0.892
K20-03 1611 5 pmi-C 52.44 0.05 2.41 42.41 0.74 2.24 100.29  0.083 0.016 0.022 0.879
K20-04 1622 7 pmi-C 52.88 0.06 1.30 41.30 0.68 3.12 99.34  0.115 0.014 0.012 0.858
K20-05 1721 6 pmih-C 52.33 0.05 1.99 42.41 0.72 2.20 99.70  0.082 0.015 0.019 0.884
K20-06 1735 14 pmi-C 52.81 0.11 3.04 40.44 0.69 3.56 100.65  0.130 0.014 0.028 0.828
K20-09 1903 19 pmih-C 49.91 0.05 6.78 41.52 0.73 1.47 100.46  0.055 0.015 0.064 0.866
K57-02 337 7 pmih-C 48.99 0.05 7.93 39.81 0.79 1.93 99.50  0.072 0.017 0.075 0.836
U2-01 1144 5 pmih-C 50.52 0.06 4.74 41.75 0.82 1.60 99.49  0.060 0.017 0.045 0.878
U2-04 1397 10 pmihca-C 48.73 0.07 9.12 40.01 1.19 1.46 100.58  0.054 0.025 0.086 0.835
U2-06 1512 14 pmih-C 51.86 0.03 3.25 43.63 0.78 1.24 100.80  0.046 0.016 0.030 0.907
U4-03 1257 5 pmih-C 52.58 0.05 1.83 42.28 0.78 2.36 99.88  0.087 0.016 0.017 0.879
U4-05 1379 4 pmih-C 51.65 0.04 2.12 44.27 0.85 0.74 99.67  0.028 0.018 0.020 0.934
U5-02 1256 5 pmih-C 51.58 0.06 3.03 42.03 0.85 1.96 99.51  0.073 0.018 0.028 0.880
U5-04 1373 8 pmi-C 51.33 0.05 2.58 43.13 0.89 1.19 99.17  0.045 0.019 0.025 0.912
J1-01 1124 14 pmih-C 51.98 0.04 3.24 42.64 1.04 1.71 100.66  0.063 0.022 0.030 0.885
J2-01 1305 16 pmih-C 49.60 0.04 6.84 42.54 1.07 0.55 100.64  0.021 0.023 0.064 0.892
J2-02 1561 2 pmih-C 51.50 0.05 2.99 41.86 0.80 2.04 99.24  0.076 0.017 0.028 0.879

Major elements in wt percent, FeO and Fe2Os recalculated from FesOsior by charge balance; molar fractions of geikielite, pyrophanite, hematite, and il-
menite (Xgeik, Xpyr, Xhem, Xilm) calculated following QUILF algorithm (Andersen et al., 1993); n = number of microprobe analyses
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TABLE 4. Microprobe Analyses of Aluminous Spinel from Fe-Ti Ores of the Suwalki Anorthosite

213

Depth (m) n TiO2 AlOs; FeO MgO MnO CrO3 ZnO V203  Total Xherc Xspinel ~Xgal  Xgah
K2-01 1014 12 pmih—C 0.02 60.90 23.36 12.08 0.19 0.14 1.83 - 98.52 0.500 0.461 0.004 0.035
K2-02 1082 8 pmih—C 0.12 59.80 25.64 11.60 0.19 0.43 0.84 - 98.62 0.543 0.438 0.004 0.016
K2-05 1123 10 pmi-C 0.27 61.45 2340 12.87 0.19 0.50 1.06 - 99.74 0.493 0.483 0.004 0.020
K12-02 989 3 pmih—C 0.03 59.90  26.79 9.90 0.25 0.14 2.17 0.06 99.24 0.575  0.379  0.005 0.041
K20-04 1622 8 pmi-C 0.05 60.78  23.37 1293 0.18 0.14 1.42 - 98.87 0.488 0.482 0.004 0.026
K20-06 1735 3 pmi-C 0.38 62.36 19.99 16.11 0.13 0.34 0.61 0.07 99.99 0.405 0.582 0.003 0.011
K20-09 1903 4 pmih—C 0.23 61.76  24.01 12.54 0.19 0.65 0.42 0.09 99.89 0.512 0476 0.004 0.008
K22-01 1717 8 pmih—C 0.07 60.58 24.84 12.18 0.16 0.26 1.03 - 99.12 0.522  0.456 0.003 0.019
U2-06 1512 7 pmih—C 0.36 58.85 2799 10.26 0.19 1.05 1.17 0.07 99.94 0.589 0.385 0.004 0.022
U4-05 1379 2 pmih—C 0.42 58.40  29.25 8.75 0.21 1.42 1.03 0.05 99.53 0.636  0.339 0.005 0.020
U5-04 1373 2 pmi-C 0.04 58.66 27.83 10.59 0.20 0.72 1.01 0.09 99.14 0.582 0.395 0.004 0.019
J1-01 1124 2 pmih—C 0.55 61.55 2274 12.32 0.20 0.25 2.34 0.03 99.98 0484 0468 0.004 0.044
J2-01 1305 3 pmih—C 0.68 62.00 21.03 11.86 0.21 0.27 3.94 0.07  100.06 0.459 0.461 0.005 0.076
J2-02 1561 8 pmih—C 0.06 59.40 2569 11.53 0.18 0.44 1.18 - 98.48 0.541 0433 0.004 0.022
]2-03 1584 8 pmih—C 0.09 60.10 2472 12.76 0.17 0.74 0.78 - 99.36 0.512 0471 0.004 0.014

Xhere, Xspinel, Xgal and Xgah are molar fractions of hercynite (FeAlsOy), spinel (MgAlOy), galaxite (MnAlyOy) and gahnite (ZnAlOy) respectively; n is

the number of microprobe analyses

TaBLE 5. Plagioclase Composition (XRF analyses on mineral separates) from Fe-Ti Ores of the Suwalki Anorthosite

Depth (m) SiO2 TiO2 AlbO3  FeaOsze  CaO NaO K20 Total Sr Ba An! 02
K12-02 989 pmih—C 55.30 0.04 28.92 0.14 9.88 4.87 0.20 99.35 893 286 52.9 1.3
K12-04 1060 pmih—C 55.46 0.05 28.73 0.22 9.77 5.32 0.11 99.66 927 256 50.4 0.7
K12-05 1453 pmihc-C 55.49 0.04 28.36 0.12 9.43 5.42 0.18 99.04 946 216 49.0 1.1
K20-03 1611 pmi-C 55.73 0.06 28.57 0.19 9.60 5.43 0.13 99.71 994 280 49.4 0.8
K20-05 1721 pmih—C 55.03 0.06 29.05 0.19 10.15 5.07 0.20 99.75 962 198 52.5 1.2
K20-06 1735 pmi-C 54.95 0.07 29.14 0.12 10.02 5.21 0.04 99.55 1025 150 51.5 0.2
K22-01 1717 pmih—C 55.03 0.06 28.93 0.25 10.02 5.03 0.29 99.61 918 206 52.4 1.8
K73-01 1851 pmih—C 54.89 0.07 29.11 0.60 9.58 5.07 0.07 99.39 928 199 51.1 0.4
U2-01 1144 pmih—C 55.29 0.04 28.18 0.25 9.50 5.16 0.51 98.93 918 529 50.4 3.1
U2-04 1397 pmihca—C 57.00 0.03 27.01 0.19 8.56 5.42 0.69 98.90 961 507 46.6 4.3
U2-06 1512 pmih—C 52.76 0.04 29.86 0.20 11.63 4.29 0.05 98.83 1117 177 60.0 0.3
U4-01 1168 pmih—C 55.98 0.04 28.29 0.22 9.49 5.24 0.34 99.60 956 353 50.0 2.1
U4-03 1257 pmih—C 55.36 0.07 28.23 0.20 9.26 5.43 0.13 98.68 1083 378 48.5 0.8
U5-01 1035 pmihca—C 59.73 0.03 25.80 0.25 7.68 5.50 0.13 99.12 1238 119 43.6 0.9
U5-02 1256 pmih—C 55.23 0.03 28.26 0.24 9.82 4.83 0.60 99.01 932 405 52.9 3.7
J1-01 1124 pmih—C 55.24 0.07 28.86 0.44 9.58 5.34 0.08 99.61 961 315 49.8 0.5
J2-01 1305 pmih—C 56.24 0.04 28.01 0.80 8.50 5.68 0.33 99.60 - - 45.3 2.0

TAn = 100 [Ca/(Ca+Na)]
20r = 100 [K/(Ca+Na+K)]

the proportion of Fe-Ti oxides. In the Al:O3 versus SiOz dia-
gram, the intercept at 0 wt percent SiOz above oxide compo-
sitions suggests the role of external granule exsolution of alu-
minous spinel for whole-rock compositions. It also shows that
liquidus magnetite and ilmenite had initially higher AlOs
contents before the exsolution process.

Liquidus Phases and Sequence of Crystallization

In Fe-Ti oxide-rich rocks, magnetite and ilmenite may be
associated with plagioclase alone (pmi-C). This paragenesis
essentially occurs in lower parts of the deposits, whereas the
appearance of orthopyroxene (pmih-C) occurs at higher
stratigraphic levels. At the highest stratigraphic levels and in
the marginal zones, a few rocks also contain clinopyroxene +
apatite (pmihc-C and pmihca-C).

Although a sequence of crystallization cannot be clearly
identified in the Suwalki anorthosite on the basis of stratigra-
phy, as it may be done in layered intrusions, the continuously

increasing number of phases may be considered an index of
differentiation. The sequence of crystallization in Fe-Ti oxide
ores from the Suwalki anorthosite is thus plagioclase + mag-
netite + ilmenite, followed by orthopyroxene, clinopyroxene
and finally by apatite. This sequence of crystallization is fur-
ther supported by mineral compositions which show that
pmihca-C are the most evolved rocks (lower Cr content of
magnetite, lower Mg# of orthopyroxene). Moreover, even if
Fe-Ti oxides display interstitial relationships relative to pla-
gioclase and pyroxenes, which is a result of subsolidus grain
boundary readjustment (Duchesne, 1996), they may be found
included in these minerals, indicating that magnetite and il-
menite are early crystallizing minerals.

This order of liquidus phases appearance seems to be con-
tradictory to the close relation between Fe-Ti oxide ores and
the host anorthosite in which plagioclase + high-alumina or-
thopyroxene assemblages occur (Wiszniewska et al., 2002),
which is an evidence that orthopyroxene may appear before
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Fe-Ti oxides. However, as discussed later, both sequences of
crystallization may result from a single parental magma if dif-
ferent pressures of crystallization are considered.

The Proportion of Liquidus Phases:
Evidence for Crystal Sorting

Principal components analysis has been performed on
whole-rock compositions in order to constrain the main con-
trolling factors on compositional variations. The correlation
matrix (Table 8) has been used to obtain factor loadings for
whole-rock compositions (Table 9). Most of the variation in
the data is explained by two principal components (Fig. 10),
which together account for 88 percent of the variance. The
first principal component represents 65 percent of the total
variance and is heavily positively loaded by SiOs, Al;O3, NasO,
CaO, K-0, and MgO and negatively by TiOz and FesOs. The
variability of whole-rock compositions may thus be explained
by the relative proportion of plagioclase and ferromagnesian
silicates on one side and of Fe-Ti oxides on the other side.
Principal component 2 (23% of the total variance) is essen-
tially loaded by P2Os and MnO. This component represents
the compositional difference of more evolved cumulates with
cumulus apatite, in which Fe-Ti oxides and pyroxenes are
richer in MnO that behaves as an incompatible element.

The proportion of cumulus phases and thus the whole-rock
compositions are controlled by the relative proportion of two
poles: plagioclase and Fe-Mg silicates relative to Fe-Ti oxides.
The good correlation between plagioclase and pyroxenes re-
sults from the high grade of pmi-C (low proportions of plagio-
clase and, by definition, less than 2 vol % of orthopyroxene)
and the higher proportions of plagioclase and pyroxenes in
pmih-C, pmihc-C, and pmihca-C. In Fe-Ti oxide ores from
the Suwalki anorthosite, density contrast between liquidus
ph’dSGS (pmagnetite = 5.2;pilmenite = 4~7;popx(En65) = 3-7;,Dcpx = "‘3«5;
Papatite = 3.3; Pplagioclase (Ans0) = 2.65) thus plays an important role
and is responsible for crystal sorting. However, the effective-
ness of sorting decreases with the number of phases in the
rocks, which results in lower Fe-Ti oxides in evolved rocks.

Oxygen Fugacity

Fe-Ti oxides thermo-oxybarometry and
the QUILF equilibria

The cooling evolution and the reequilibration of the oxide
mineral composition of the Suwalki deposit can be examined
on the basis of (1) inter-oxide reequilibration, (2) oxide sili-
cate reequilibration, and (3) intra-oxide reequilibration (Frost
et al., 1988; Frost and Lindsley, 1992). The inter-oxide
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TABLE 6. Microprobe Analyses of Orthopyroxene, Olivine, and Clinopyroxene from Fe-Ti Ores of the Suwalki Anorthosite
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Depth (m) n SiOs TiOs Al O3 FeOyo MnO MgO CaO Na,O Total Mg #
Orthopyroxene
K2-01 1014 5 pmih—C 52.10 0.24 2.18 18.96 0.50 23.33 1.01 - 98.32 68.7
K12-02 989 5 pmih—C 52.06 0.24 2.01 18.70 0.49 24.02 1.14 - 98.66 69.6
K12-05 1453 4 pmihc—C 51.72 0.32 1.74 20.58 0.55 22.17 1.28 - 98.36 65.8
K20-03 1611 3 pmi-C 52.19 0.28 2.20 18.56 0.46 24.18 1.09 - 98.96 69.9
K20-04 1622 3 pmi-C 52.47 0.26 2.31 17.40 0.42 24.60 0.84 - 98.30 71.6
K20-05 1721 6 pmih-C 51.63 0.32 4.03 16.28 0.30 25.59 0.59 - 98.74 73.7
K20-06 1735 8 pmi-C 52.38 0.38 4.95 14.63 0.26 26.84 0.49 - 99.93 76.6
K22-01 1717 4 pmih—C 51.86 0.33 3.28 16.80 0.36 25.23 0.73 - 98.59 72.8
K57-02 337 3 pmih-C 52.52 0.25 3.32 16.31 0.38 26.02 0.69 - 99.49 74.0
U2-01 1144 4 pmih—C 51.43 0.20 1.54 22.32 0.66 21.64 0.76 - 98.55 63.3
U2-03 1339 5 pmihca-C 51.27 0.11 1.07 23.41 1.04 20.15 1.00 - 98.05 60.5
U2-04 1397 9 pmihca—C 51.66 0.13 1.07 24.14 1.15 20.51 0.74 - 99.40 60.2
U2-06 1512 15 pmih—C 52.04 0.23 3.23 19.51 0.42 23.83 0.46 - 99.72 68.5
U4-01 1168 3 pmih—C 51.49 0.13 1.38 23.11 0.84 20.72 0.58 - 98.25 61.5
U4-02 1205 4 pmihca—C 51.63 0.10 1.09 23.92 1.26 20.42 0.80 - 99.22 60.3
U4-03 1257 5 pmih-C 52.02 0.35 1.78 19.40 0.48 23.63 1.25 - 98.91 68.5
U4-05 1379 4 pmih—C 51.56 0.23 3.16 18.57 0.40 24.29 0.49 - 98.70 70.0
U5-02 1256 5 pmih-C 51.72 0.17 1.49 21.47 0.62 22.25 0.86 - 98.58 64.9
U5-04 1373 2 pmi-C 51.96 0.28 3.25 16.70 0.34 25.37 0.61 - 98.51 73.0
J1-01 1124 18 pmih—C 52.84 0.20 1.99 19.52 0.51 23.97 0.99 - 100.02 68.6
J1-02 1240 3 pmihca-C 51.38 0.14 1.06 24.24 0.69 20.34 0.59 - 98.44 59.9
J2-01 1305 13 pmih—C 52.29 0.14 1.70 21.65 0.88 22.46 0.53 - 99.65 64.9
]2-02 1561 3 pmih-C 51.57 0.25 2.97 18.60 0.41 24.02 0.61 - 98.43 69.7
J2-03 1584 3 pmih—C 52.23 0.30 3.55 16.29 0.30 25.89 0.55 - 99.11 73.9
Olivine
K20-03 1611 3 pmi-C 36.50 0.05 0.04 30.77 0.47 31.22 0.03 - 99.08 64.4
K20-05 1721 3 pmih-C 36.84 0.03 0.01 28.28 0.36 33.66 0.01 - 99.19 68.0
K20-06 1735 11 pmi-C 38.58 0.02 0.03 22.63 0.30 38.65 0.01 - 100.22 75.3
K22-01 1717 3 pmih-C 36.55 0.03 0.02 29.06 0.39 32.63 0.02 - 98.70 66.7
Clinopyroxene
U2-03 1339 3 pmihca-C 50.37 0.29 2.03 9.97 0.52 12.67 21.55 0.37 97.77 69.4
U2-04 1397 9 pmihca—C 51.14 0.36 2.33 9.61 0.53 12.80 22.55 0.36 99.68 70.4
U4-02 1205 2 pmihca-C 49.51 0.63 2.03 10.56 0.51 13.17 20.72 0.40 97.53 69.0
J1-02 1240 3 pmihca—C 50.46 0.70 2.05 11.55 0.34 14.11 18.87 0.31 98.39 68.5

n = the number of microprobe analyses
TABLE 7. Whole-Rock Composition of Fe-Ti Ores from the Suwalki Anorthosite
Depth (m) SiO2  TiOz AlOs FesOsor MgO  MnO  CaO  NaO KO P05 Total Ni A% or Zn

K12-04 1060 pmih—C 23.33 7.34 9.04 49.11 7.39 0.27 3.32 0.85 0.15 0.01 100.81 384 1436 254 494
K20-03 1611 pmi-C 15.28 9.28 10.10 57.74 3.02 0.25 3.40 1.09 0.17 0.01 100.34 505 1871 335 628
K20-05 1721 pmih-C 11.03 9.48 10.02 61.80 5.15 0.22 2.14 0.52 0.08 0.01 10045 599 2603 764 678
K20-06 1735 pmi-C 2.61 9.92 995 7187 5.17 0.24 0.64 0.01 0.04 0.01 100.46 1035 3839 849 928
K20-07 1813 pmih-C 29.78 5.60 11.82 39.54 8.12 0.22 4.45 1.25 0.15 0.01 10094 376 987 240 355
K20-08 1863 pmi-C 0.46 11.05 775 7625 5.01 0.24 0.12 0.01 0.05 0.01 100.95 917 3991 958 937
K48-03 1122 pmi-C 295 1296 583 7359 3.69 0.29 0.77 0.01 0.04 0.01 100.14 586 3397 1758 1063
U2-02 1169 pmih-C 24.89 8.22 10.09 4592 5.55 0.28 4.07 1.38 0.30 0.15 100.85 315 1123 264 473
U4-02 1205 pmihca—C 32.07 5.13 773 3592 6.87 0.43 8.96 0.92 0.71 2.06 100.80 32 259 127 490
U4-03 1257 pmih-C 12.14 9.75 755 63.76 3.76 027 229 0.82 0.22 0.05 100.61 746 2362 980 708
U4-04 1330 pmih—C 475 11.21 6.29 71.39 3.10 0.28 1.25 1.85 0.16 0.03 100.31 717 3005 4409 1015
U4-05 1379 pmih-C 549 11.80 6.80 69.46 3.46 0.29 1.22 0.57 0.11 0.01 99.21 689 2859 4226 932
U4-06 1408 pmi-C 1.86 11.97 6.63 73.18 4.05 0.28 0.44 0.01 0.04 0.01 98.47 966 3320 8214 878
U5-02 1256 pmih—C 31.16 7.06 11.69 3749 594 0.25 5.00 147 031 0.11 100.48 189 871 209 341
U5-04 1373 pmi-C 2.82 11.82 6.57 73.90 3.29 0.28 0.84 0.01 0.04 0.01 99.58 1018 3219 2788 959
J1-01 1124 pmih—C 14.32 9.22 8.15 60.38 4.33 027 272 0.80 0.16 0.07 10042 707 2080 546 738
J1-02 1240 pmihca-C ~ 41.58 436 1442 2298 574 0.23 791 2.04 0.39 0.45 100.10 21 348 121 186

Major elements in wt percent; trace elements in ppm
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reequilibration can be evaluated with the geothermometer-
oxybarometer of Spencer and Lindsley (1981), which gives the
T and fo, values at equilibrium between the oxides. At 3 kbar,
temperatures in the 530° to 580°C range and fo, between
FMQ -2.6 and FMQ +0.4 (where FMQ is the fayalite-mag-
netite-quartz buffer) are obtained. The same interval of values
is indicated by the pyroxene-QUILF program of Andersen et
al. (1993), which accounts for equilibrium of the oxides with
silicates (orthopyroxene, to be specific). It can thus be deter-
mined that the last exchange of elements between the oxides
and orthopyroxene has taken place in these T-fo, intervals.

Applying  QUILF on the two oxides-orthopyroxene-
clinopyroxene association found in sample U2-04 leads to ca.
600°C and FMQ +2. Interestingly, by allowing the Ti and Mg
contents of the magnetite and the Fe’* content of the il-
menite to vary, the two pyroxenes equilibrium indicates
828°C at FMQ +3.46, a magnetite slightly richer in Ti (NTi =
0.10 vs. 0.03) and Mg (NMg= 0.06 vs. 0.02) and an ilmenite
richer in hematite (Xhem = 0.59 vs. 0.08).

QUILF can also be used to estimate the composition of the
oxides coexisting with orthopyroxene at possible liquidus T- fo,
conditions. Although the system is not sufficiently constrained

TaBLE 8. Correlation Matrix for Whole-Rock Major Elements of Fe-Ti Ores from the Suwalki Anorthosite

SiO2 TiOz AlOs FeaOsior MgO MnO CaO NaxO KoO P05
SiO2 1.00 - - - - - - - - -
TiOz -0.95 1.00 - - - - - - - -
AlO3 0.77 -0.79 1.00 - - - - - - -
FeaOstor -1.00 0.95 -0.79 1.00 - - - - - -
MgO 0.69 -0.79 0.57 -0.70 1.00 - - - - -
MnO 0.09 -0.07 -0.48 -0.09 0.02 1.00 - - - -
CaO 0.94 -0.91 0.61 -0.94 0.59 0.36 1.00 - - -
NaxO 0.74 -0.66 0.58 -0.73 0.27 -0.06 0.67 1.00 - -
K20 0.76 -0.75 0.32 —0.76 0.43 0.63 0.92 0.57 1.00 -
P20s 0.48 -0.52 0.03 -0.49 0.36 0.82 0.73 0.18 0.88 1.00
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TABLE 9. Factor Loadings of the Principal Components (PC1 and PC2)
for Fe-Ti Ores of the Suwalki Anorthosite

PC1 PC2
SiOz -0.97 -0.16
TiO2 0.97 0.16
Al,O3 -0.70 -0.65
FesOsior 0.98 0.16
MgO -0.71 -0.17
MnO —0.24 0.96
CaO -0.98 0.14
Na,O -0.71 -0.26
K20 -0.86 0.46
P20s -0.64 0.73
Variance 6.51 2.28
Proportion 0.65 0.23

to lead to exact solutions, the results clearly show that the pri-
mary magnetite and ilmenite were much richer in ulvéspinel
and hematite, respectively, than the measured compositions
after subsolidus reequilibration. This corroborates the gener-
ally observed subsolidus evolution trends of the oxides toward
end-member compositions (e.g. Duchesne, 1972; Frost et al.,
1988) and points to the importance of the reequilibration
processes in modifying the primary liquidus compositions.
Magnetite and ilmenite contain AloOs, which is ignored in
the QUILF projections (Frost et al., 1988; Pang et al.,
2008b). Nevertheless, in the Suwalki deposit, aluminous
spinel is obviously a significant constituent of Fe-Ti oxide
compositions and participates in the reequilibration
processes. First, as we have deduced from the whole-rock
compositions (Fig. 9), aluminous spinel grains are exsolved
from the magnetite and ilmenite solid solutions as external
granules (Fig. 6b). Second, aluminous spinel is also produced
by oxy-exsolution, in the same way as ilmenite, in intra- and
inter-oxide reequilibration. This is evidenced by the general
occurrence of minute spinel grains in the (111) network of
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FI1G. 10. Graphical representation of the factor loading in the plane of the
principal components 1 and 2.
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ilmenite lamellae in magnetite as well as in the rims and ex-
ternal granules of ilmenite at the contact with primary il-
menite (Fig. 6). Obviously, Al and Mg play crucial roles in
the equilibrium between titanomagnetite and ilmenite, not
only at the liquidus stage (Sauerzapf et al., 2008), but also in
the subsolvus reequilibration.

V in magnetite: further evidence for high fo,

Cr and V are usually considered as highly compatible ele-
ments in magnetite. Experiments on ferrobasalts by Toplis
and Corgne (2002) have described the relation of D" and
D2t with fo,. In phosphorous-bearing systems, D&Y in-
creases from 27 to 291 with decreasing oxygen fugacity from
NNO + 2.6 to NNO-0.7 (where NNO is the nickel-nickel
oxide buffer), while D@4 increases from 2 to 29. Conse-
quently, even at high fo,, Cr has a bulk compatible behavior (
DPullliG > 1) as far as the cotectic proportion of magnetite is
higher than 4 percent. However, for relatively high fo, and
thus low D14 and the same proportion of magnetite, V could
behave as an incompatible element.

In Fe-Ti oxide ores of the Suwalki anorthosite, Cr in mag-
netite displays a large range from 6,781 to 455 ppm, whereas
V in magnetite displays a smaller range from 3,773 to 6,739
ppm in pmi-C and pmih-C (Fig. 11). Similarly, V in magnetite
remains constant for a large range of Mg# of orthopyroxene
(77-60). Actually, the measured V content in magnetite sepa-
rates is even slightly higher than the real liquidus composition
due to possible exsolution of external granule of aluminous
spinel. Indeed, the V content of aluminous spinel (450 ppm
on average, Table 4) is about 10 times lower than the V con-
tent of magnetite (ca. 5,000 ppm, Table 2) and its exsolution
is responsible for the relative enrichment of magnetite. The V
content of liquidus magnetite is thus actually located on the
tie line between aluminous spinel and reequilibrated mag-
netite (Fig. 11), with the precise location depending on the
proportion of aluminous spinel exsolved as external granules.
The Cr content of magnetite is negligibly influenced by the
exsolution of aluminous spinel because it is only slightly Cr
richer than magnetite.
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ent grays, the occurrences.
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The constant V content in magnetite implies a Dbl
around 1 in pmi-C and pmih-C and thus a relatively low
Duvlia which is interpreted to result from a relatively high fo,
in primitive camulates. This results from the high proportion
of V4 and V>+ valences at high fo,, which are less partitioned
in magnetite compared to V3+ (Toplis and Corgne, 2002). The
high fo, is thus also responsible for the relatively low V con-
tent in magnetite from Fe-Ti oxide ores in the Suwalki
anorthosite (0.37-0.67 wt % V) compared to the Bushveld
complex where it reaches 1.3 percent V at the base of the
magnetite layers (Cawthorn and Molyneux, 1986; Tegner et
al., 2006) or the Fedorivka layered intrusion (up to 1.85 wt %
V; Duchesne et al., 2006). V in magnetite starts decreasing
significantly in more evolved cumulates in which clinopyrox-
ene =+ apatite are liquidus phases. This is interpreted to result
from a decreasing fo, with differentiation.

Polybaric Crystallization and Fractionation Trends

Classical views on the emplacement mechanism of Pro-
terozoic massif-type anorthosites involve polybaric crystal-
lization, starting at about 10 to 13 kbar up to the final depth
of emplacement between 3 to 5 kbar (e.g., Ashwal, 1993;
Longhi et al., 1993). Buoyant plagioclase cumulates that
formed in a deep-seated magma chamber intrude the middle
to upper crust by diapirism (Barnichon et al., 1999), proba-
bly channeled by zones of weakness (Scoates and Chamber-
lain, 1997; Duchesne et al., 1999) owing to gravitational in-
stabilities. Parental and residual liquids are swept along with
the anorthositic mush to crystallize over a large pressure
interval (Longhi et al., 1993). According to the experiments
of Longhi et al. (1993), the occurrence of high-alumina
orthopyroxene megacrysts in the Suwalki anorthosite
(Wiszniewska et al., 2002) is evidence of high pressure crys-
tallization at 10 to 13 kbar.

This dynamic and polybaric crystallization of massif-type
anorthosites may have a significant influence on the mecha-
nisms of formation of Fe-Ti oxide ores in the Suwalki
anorthosite. Several observations suggest that these oxide
ores have crystallized continuously during the rising of the
anorthosite diapir.

Polybaric crystallization and fractionation trends:
Insights from Al:O3 in orthopyroxene and Cr in magnetite

Experiments by Longhi et al. (1993) have demonstrated that
the AlyOs partitioning between orthopyroxene and plagio-
clase-saturated liquid is directly correlated with the pressure
of crystallization, and to a lesser extent with the temperature
of crystallization. Other compositional controls have relatively
minor effects. In Fe-Ti ores of Suwalki anorthosite, AloO3 in
orthopyroxene varies from 4.95 to 1.06 wt % (Table 6), the
composition in a single sample being highly constant. It is also
obvious from Figure 8d that the Al;O3 content of orthopyrox-
ene displays significant scattering at the same Mg#, particu-
larly for the most primitive samples (higher Mg#). This large
range of orthopyroxene composition may be explained by vari-
able pressures of crystallization of the different rocks, which
tend to decrease with differentiation. It is worth noting that
Wiszniewska et al. (2002) have described high-alumina or-
thopyroxene megacrysts in the Suwalki anorthosite. These or-
thopyroxenes host plagioclase lamellae, testifying to originally

CHARLIER ET AL.

higher AlyO3 content, and thus higher maximum pressure of
crystallization for the anorthosite pluton. However, without
a calibration of the Al:Os content in orthopyroxene as a
barometer, it is rather uncertain how much decompression
has occurred.

It is also obvious from the two trends of Figure 12a and b
that samples from Udryn deposit on one hand and samples
from Jeleniewo and Krzemianka deposits on the other hand
are clearly discriminated in the plots of AloO3 and Mg# of or-
thopyroxene as a function of Cr in magnetite, considered as a
differentiation index. Because the partitioning of Mg between
orthopyroxene and melt is not correlated with the pressure of
crystallization (Fram and Longhi, 1992; Vander Auwera and
Longhi, 1994; Longhi et al., 1999), the discrimination be-
tween the two groups may only result from variable contents
of Cr in magnetite. Two hypotheses may be proposed: (1) dif-
ferent Cr compositions of the parental magma and/or, (2) dif-
ferent fo, of crystallization, responsible for variable DVl
(see discussion on V in magnetite). Because of extensive sub-
solidus reequilibration of Fe-Ti oxides and thus the inability
of the QUILF equilibria to give accurate high-temperature
magmatic fo,, the solution might come from a study of the Cr
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content in orthopyroxene (not sensitive to variable fo,) in
high-pressure plagioclase-orthopyroxene assemblages (before
Fe-Ti oxides fractionation).

It emerges from Figure 12 that two differentiation trends
occur in Fe-Ti oxide ores. This seems contradictory with their
crystallization in the single Suwalki anorthosite, most proba-
bly from residual melts of the anorthosite pluton. However,
the 80 km? anorthosite body is only known from drill cores. It
would thus not be surprising that the Suwalki anorthosite is
actually a composite intrusion made up of several smaller
anorthosite diapirs. It is remarkable that the Sr and Ba con-
tents of plagioclase (Fig. 8b) also discriminate the Udryn
from the Krzemianka deposits. This may indicate that differ-
ent compositions of parental magma are involved in the for-
mation of the Suwalki anorthosite. Diversity among primitive
magmas in a single anorthosite province has already been ev-
idenced by Bolle et al. (2003) in Norway. It is interpreted to
result from partial melting of variable mafic lower crust com-
ponents (Schiellerup et al., 2000; Longhi, 2005).

Implications of the polybaric crystallization on the
stability fields of orthopyroxene and Fe-Ti oxides

Using the MELTS algorithm of Ghiorso and Sack (1995) to
assess the liquidus assemblage of ferrodiorites and inversion
of plagioclase composition using partition coefficients be-
tween plagioclase and melt, Wiszniewska et al. (2002) have
identified fine-grained ferrodiorites as parental magma to the
Suwalki anorthosites. Experimental liquidus phases of similar
liquid compositions, which represent plausible parent mag-
mas of massif-type anorthosite, are initially saturated in pla-
gioclase + orthopyroxene at pressure >5 kbar (Fram and
Longhi, 1992; Vander Auwera et al., 1998; Longhi et al,
1999). This is illustrated in the Suwalki anorthosite by the oc-
currence of high-alumina orthopyroxene with plagioclase
megacrysts (Wiszniewska et al., 2002). However, in Fe-Ti
oxide-rich rocks of Suwalki, plagioclase may occur with mag-
netite and ilmenite alone, without orthopyroxene.

Even if this has not been clearly shown in ferrobasaltic sys-
tems, it is most probable that the temperature-pressure slope
for the orthopyroxene liquidus is much steeper than that for
Fe-Ti oxides (ilmenite and magnetite) liquidus. This has been
shown for the ilmenite liquidus by the experiments of Delano
(1980) on phase relations of high-Ti mare basalts. The occur-
rence of different cumulus assemblages may thus result from
different pressures of crystallization. Whereas the assemblage
plagioclase + high-alumina orthopyroxene crystallizes at high
pressures (13-10 kbar), the assemblage plagioclase + mag-
netite + ilmenite may crystallize at lower pressures (8-5 kbar)
from the same parental magma. Such phase equilibria could
occur for ferrodioritic compositions such as the TJ-liquid of
Vander Auwera et al. (1998) and Longhi et al. (1999) but with
slightly higher FeO and TiOz contents.

Conclusions

Fe-Ti-rich rocks responsible for gravimetric and magnetic
anomalies in the Suwalki anorthosite and intersected by drill
cores at 820- to 2,600 m depth are closely related to the em-
placement of the anorthosite pluton and do not represent iso-
lated magma chambers. These rocks are cumulates and the
different parageneses are related by a fractional crystallization
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process. Parental ferrodioritic magma of anorthosite, initially
saturated in plagioclase + orthopyroxene at high pressures, is
saturated in plagioclase + magnetite + ilmenite at the pres-
sure of crystallization of Fe-Ti oxide ores. The magma was
then saturated in orthopyroxene, followed by clinopyroxene,
and, finally, apatite. Crystal sorting of Fe-Ti oxides relative to
plagioclase and ferromagnesian silicates is responsible for the
formation of oxide-enriched layers. This sorting was favored
by the dynamic and diapiric uprising of the anorthosite pluton
during the crystallization of Fe-Ti-enriched cumulates, as
shown by polybaric evidence such as variable AloO3 content in
orthopyroxene. Individual differentiation trends indicate that
different parental magmas may have been involved and thus
that the Suwalki anorthosite may be a composite pluton. In
contrast to exploited Fe-Ti oxide deposits (Tellnes and Lac
Tio), cumulates from the Suwalki anorthosite are dominated
by magnetite with minor ilmenite. The crystallization of mag-
netite is further supported by high fo, conditions, inferred
from the low and constant V content in magnetite.

Fe-Ti oxide-rich rocks from Suwalki represent very large
mineral resources of a particular ore type associated with Pro-
terozoic anorthosites, dominated by V-poor Ti magnetite.
These Fe-Ti deposits are significant in terms of tonnage and
are primarily iron deposits, with by-product options for tita-
nium and vanadium. However, the Suwalki Fe-Ti ores are not
presently economic due to the depth of the orebodies and the
fact that such ores are not easily processed and refined. How-
ever, the Suwalki deposits represent major future mineral re-
sources for Europe, depending on developments in under-
ground mining, mineral processing, and the value of iron.
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