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ABSTRACT

The mechanisms of differentiation and the source rocks of hornblende-biotite granitoids from the 1.5 Ga Mazury Complex,
in the East European Craton in northeastern Poland, were investigated with major and trace elements and Sr—Nd isotopes on
drill-core samples from six localities. The rock suites show metaluminous, ferroan, potassic and mostly alkali-calcic characters,
together with high contents of incompatible elements typical of A-type granitoids. The presence of magnetite and a low Fe/(Fe +
Mg) value of the hornblende indicate rather oxidized conditions of crystallization. In Harker diagrams, the major elements plot on
anearly continuous trend from 43 to 67 wt% SiO,. From 56 wt% SiO, onward, the overall trend overlaps with the Tranevag liquid
line of descent, defined for hornblende—biotite granite in southern Norway. Most trace-element concentrations show decreasing
trends with increasing SiO,. The rare-earth-element concentrations are controlled by the apatite contents of the samples. The
overall geochemical trend results from fractional crystallization and can be modeled by subtraction of mafic-mineral-rich
cumulates. The suite is formed from melts at different degrees of fractionation, laden with various amounts of cumulus minerals.
The initial exg ranges from —3.3 to —6.8, with relatively low values of the initial Sr isotope ratio (0.702-0.707). Because of the
absence of Archean rocks in this part of the East European Craton, most exg negative values are consistent with melting of a
juvenile crust extracted from the mantle at ca. 2.0-2.2 Ga. In the Mazury Complex, the parent magma for the 1.5 Ga Suwalki
anorthosite was also formed by the melting of juvenile crust within the same time range. The Mazury batholith was emplaced
along a linear zone of weakness, which facilitated melting of the lower crust. The melting products were a hornblende—biotite
granite suite, oxidized and H,O-rich, associated with an anorthosite—ferrodiorite suite, formed under dry and more reduced
conditions. This is another line of evidence that, in anorthosite — mangerite — charnockite — granite (AMCG) complexes, two
different crustal source-rocks can produce two different suites of rocks during the same melting episode.

Keywords: petrogenetic models, crustal source, Sr—Nd isotopes, East European Craton, rapakivi granite, AMCG suite, oxidized
A-type granite, anorthosite, Mazury batholith, Poland.
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SOMMAIRE

Les mécanismes de différenciation et les roches sources des granitoides a hornblende et biotite du complexe de Mazury,
faisant partie du craton Est Européen, en Pologne, d’age 1.5 Ga, sont étudiés sur des carottes de forages provenant de six
intrusions au moyen des compositions en éléments majeurs, en traces et en isotopes Sr—Nd. La suite de roches montre un caractere
métalumineux, ferro-potassique, et principalement alcali-calcique, ainsi que des teneurs élevées en éléments incompatibles,
typiques des granites de type A. La présence de magnétite et le faible rapport Fe/(Fe + Mg) de la hornblende indiquent des
conditions de cristallisation plutdt oxydantes. Dans les diagrammes de Harker, les éléments majeurs se disposent sur une tendance
quasi continue depuis 43% jusqu’a 67% en poids de SiO,. A partir de 56% SiO,, la tendance générale se superpose a la lignée de
différentiation de Tranevég, définie par les granites a biotite et a hornblende du sud de la Norvége. La plupart des concentrations
en éléments en trace décroissent avec 1’augmentation de la silice. Les teneurs en terres rares varient avec le contenu en apatite
des échantillons. La tendance évolutive générale résulte d’une cristallisation fractionnée qui peut étre modélisée par soustraction
de cumulats riches en minéraux mafiques. La suite de roches est constituée de liquides magmatiques a différents degrés de
fractionnement et chargés de quantités variables de minéraux cumulés. La valeur du eyq initial va de —3.3 2-6.8, avec des rapports
isotopiques initiaux du Sr faibles (0.702-0.707). Comme les roches archéennes sont absentes dans cette partie du craton Est
Européen, la plupart des valeurs négatives de eng peuvent s’expliquer par la fusion d’une crofite juvénile extraite du manteau ca.
2.0-2.2 Ga. Dans le complexe de Mazury, le magma parent de 1’anorthosite de Suwalki (1.5 Ga) a aussi été formé par fusion d’une
croite juvénile dans ce méme intervalle de temps. Le batholithe de Mazury s’est mis en place dans une zone linéaire de faiblesse,
laquelle a facilité la fusion de la crofite inférieure. Les produits de cette fusion ont constitué la suite oxydée et riche en H,O des
granites a hornblende et a biotite, ainsi que la suite anorthosite—ferrodiorite formée dans des conditions anhydres et réduites. Ce
cas d’étude constitue un autre indice que dans les complexes anorthosite — mangérite — charnockite — granite (AMCG), deux
sources crustales différentes peuvent produire deux suites différentes de roches au cours du méme épisode de fusion.

Mots-clés: modeles pétrogénétiques, granite, source crustale, isotopes Sr—Nd, craton Est Européen, granite rapakivi, suite AMCG,

granite de type A oxydé, anorthosite, batholite de Mazury, Pologne.

INTRODUCTION

Plutonic suites involving anorthosites and rapakivi
granites or anorthosite — mangerite — charnockite —
(rapakivi) granite (AMCG) are typical constituents of
Proterozoic crystalline domains (Emslie 1991, Rdamo
& Haapala 1995). The felsic members of the suite
are characterized by high contents of potassium (>5
wt% K,0) and Fe* [= FeOt/(FeOt + MgO)] values
higher than 0.75, as well as high contents of incom-
patible elements (LILE: large-ion lithophile elements;
REE: rare-earth elements; HFSE: high field-strength
elements), typical of A-type granites. Such features
are also shared by Proterozoic granites not spatially
associated with anorthosites but emplaced within the
same period of time. Classic examples are the 1.6—1.3
Ga A-type Laurentian granites (e.g., Anderson &
Morrison 2005, Goodge & Vervoort 2006), the 1.9-0.9
Ga anorogenic Amazonian granites (Dall’Agnol et al.
1994, R4mo et al. 2002), and the 1.0-0.9 Ga A-type
Sveconorwegian granites of southern Norway (e.g.,
Vander Auwera et al. 2003). Their occurrences result
from specific mechanisms of differentiation, melting
processes and source-rock variety in various tectonic
settings (e.g., Anderson & Bender 1989, Hoffman 1989,
Ashwal 1993, Duchesne et al. 1999, Bogdanova et al.
2004, Vigneresse 2007). They are thus of utmost interest
to decipher the characteristics of the evolution of the
Proterozoic continental crust.

Anderson & Morrison (2005) proposed that the
Mesoproterozoic A-type granites belong to two different
series. The first one contains ilmenite and thus crys-

tallized under reduced conditions; ilmenite typically
prevails in igneous rocks associated with anorthosites.
The reduced (ilmenite-bearing) series can be derived
from mafic sources and granites produced by various
processes, for example differentiation of a dry ferroan
parental magma or partial melting of underplated basalts
(the so-called tholeiitic connection of Frost & Frost
1997), or fractionation of a jotunitic (orthopyroxene
monzodioritic) parental magma (Duchesne 1990,
Vander Auwera et al. 1998b), generated by melting of
a mafic lower continental crust (Longhi er al. 1999,
Longhi 2005). The second suite contains magnetite
and forms hornblende—biotite granites (HBG) under
more oxidized conditions. Experimental evidence has
shown that the high Fe* content of the magnetite series
reflects relatively oxidized conditions of formation,
provided the magma has a high content of H,O (up
to 5-6 wt%) (Dall’Agnol et al. 1999, Bogaerts et al.
2006). Frost et al. (2002), however, considered that high
values of oxygen fugacity are linked to high degrees
of contamination. Obviously, a variety of source rocks
and processes are required to produce the magmas that
resulted in ferroan granites, and this in turn weakens
the links to the geodynamic settings in which they are
generated.

The Mazury Complex in northeastern Poland
contains a wide variety of granite intrusions (Claesson
et al. 1995, Baginski et al. 2001a, 2007, Skridlaite et
al. 2003). The purpose of this paper is to investigate
the major and trace elements as well as the Sr—Nd
isotopic compositions of several hornblende—biotite
granites (HBG) in order to decipher their differentiation
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mechanisms and conditions of formation. A comparison
with a similar well-documented HBG suite from South
Norway and contemporaneous with the Rogaland
anorthosite (Bogaerts er al. 2003, Vander Auwera et al.
2003, 2008) allows us to define a differentiation model
for the Mazury HBG series. We identify fractional crys-
tallization as the main mechanism of differentiation of
the HBG oxidized melts and show that the rocks repre-
sent crystallized liquids laden with various proportions
of cumulus minerals. The rocks show a restricted range
of Nd and Sr isotope ratios at the time of intrusion and
support an origin by melting a juvenile crustal material
extracted from the mantle at ca. 2.1 Ga. As in South
Norway, HBG oxidized granites are contemporaneous
with anorthosite and ferrodiorite formed under reduced
conditions, which suggests that different source-rocks
can be melted during the same igeous event. As in
several other AMCG complexes, the Mazury batholith
was emplaced along a major linear tectonic structure.

GEOLOGICAL FRAMEWORK

The Mazury Complex, situated in northeastern
Poland, is part of the East European Craton that forms
the northeastern part of Europe (Fig. 1). It is covered
by Phanerozoic platform sediments whose thickness
varies from 400 m in the east to 5000 m at the edge of
TESZ (TransEuropean Suture Zone). The crystalline
basement is only known through geophysical inves-
tigations and drilling (Ryka & Podemski 1998). The
Mazury Complex extends from Olsztyn in the West to
the Veisiejai Complex in Lithuania in the East (Skrid-
laite et al. 2003). It is associated with three massifs of
anorthosites (Ketrzyn, Suwatki and Sejny) and related
rocks (Kubicki & Ryka 1982, Juskowiak 1998, Ryka &
Podemski 1998, Wiszniewska et al. 2002). Combined
geophysical approaches have been used to determine
the shape, structure and extension of the Mazury
magmatic belt (Wiszniewska et al. 2000) (Fig. 1).
On the magnetic image map (not shown), the Mazury
Complex consists of a mosaic of positive anomalies,
whereas on a Bouguer anomaly map (Fig. 1a), the
granitoids mostly show values higher than those of
the anorthosite—norite massifs. The Mazury Complex
intruded granulite-facies metamorphic rocks belonging
to the West Lithuanian Domain and its southern Polish
extension; the latter formed in Paleoproterozoic times
and accreted at ca. 1.85-1.80 Ga (Bogdanova 1999,
Bogdanova et al. 2006). The elongate structure of the
Mazury Complex follows an E-W-trending shear zone
that was repeatedly active for approximately 15 million
years (1.6—1.45 Ga; Bogdanova et al. 2006). The struc-
tural setting of emplacement of the Mazury Complex is
considered to be anorogenic (e.g., Dorr et al. 2002) or
post-collisional (Skridlaite ez al. 2003). Bogdanova et
al. (2006) suggested a relationship between the meta-

949

morphic imprint in mylonites along major shear-zones
and the AMCG magmatism.

The ages of crystallization of the Mazury Complex
are relatively well constrained. Two zircon fractions
extracted from the Goldap and Bartoszyce boreholes
in the Mazury granites give single-grain U-Pb ages of
about 1.5 Ga (Claesson et al. 1995) Granites from four
boreholes in the Mazury Complex (including Barto-
szyce and Gotdap) give U-Pb zircon (TIMS) ages in
the 1526-1499 Ma range on single crystals of zircon
(Dorr et al. 2002). Also, Re—Os isochrons on sulfides
(pyrrhotite, chalcopyrite and pyrite) and magnetite from
the Suwatki anorthosite (Morgan et al. 2000) give ages
of 1559 + 37 and 1556 + 94 Ma, respectively, which
correspond within error to the granite ages. Some
Mazury granitoids have depleted mantle Nd model
ages (Tpym) of 2.1 to 2.2 Ga (Claesson et al. 1995),
whereas the Suwatki anorthosite—gabbronorite complex
yields Nd model ages of 2.0 to 2.3 Ga (Wiszniewska
et al. 2002). About 100 km to the north of the Mazury
Complex, another E-W-trending lineament (not shown
in Fig. 1) is intruded by the Nemunas and Geluva
AMCG granites, which have been dated by secondary
ion mass spectrometry at 1447 + 5 Ma and 1445 + 8
Ma, respectively (Skridlaite et al. 2007).

ANALYTICAL METHODS

Analyses of the main rock-forming minerals were
carried out on selected thin sections with a Cameca
SX-100 electron-probe microanalyzer at the Electron
Microprobe Laboratory of the Inter-Institute Analytical
Complex for Minerals and Synthetic Substances at the
Institute of Geochemistry, Mineralogy and Petrology,
Warsaw University. We employed an acceleration
voltage of 20 kV, a beam current of 10-20 nA, and
a beam-spot diameter of 2 wm. We used natural and
artificial substances as standards and the PAP program
(Pouchou & Pichoir 1991) for corrections.

We analyzed samples from the six boreholes
(Appendix 1) for major elements, Rb and Sr with a
Philips PW 2400 Rtg spectrometer at the Central Labo-
ratory of the Polish Geological Institute. Concentrations
of the major elements were established using standard
X-ray fluorescence (XRF) fusion techniques. The
precision and accuracy of these determinations gener-
ally were found to be better than 5%. Concentrations
of the REE, Y, Zr, Nb, Ba, V, Zn, Co, Cu, Ga, and Pb
were established with the ICP-MS method with a VG
elemental PQ 2 Plus spectrometer at the Université de
Liege (Belgium), following the method described in
Vander Auwera et al. (1998a).

Concentrations of Sm, Sr and Nd and whole-rock
isotopic ratios were measured with a VG ISOMASS
54E mass spectrometer in the Laboratoire Magmas
et Volcans, Clermont Ferrand, France. A CAMECA
TSN 206 solid-source mass spectrometer was used to
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a. Gravity map of northern Poland (Bouguer anomaly, transformed) outlining the major geological structures presented

on Figurelb (from Wybraniec 2007, unpublished), and the location of the boreholes studied. b. Simplified geological map of
northern Poland (after Kubicki & Ryka 1982, modified) with the location of the boreholes studied.

measure Rb contents. The 87Sr/0Sr values were normal-
ized to 80Sr/%8Sr = 0.1194, and the '**Nd/'*Nd values
to “°Nd/'"**Nd = 0.7219. Relative uncertainties for
147Sm/!*Nd and 8’Rb/*°Sr are 0.5% and 2%, respec-
tively. The Nd isotopic values were normalized to a La
Jolla standard value of 0.511860. The Tpy ages were
calculated using the present-day depleted mantle values
of "3Nd/"Nd = 0.51315 (g, = +10) and '4’Sm/'*Nd
=0.2137, following a radiogenic linear growth for the
mantle with eng = 0 at 4.55 Ga.

PETROLOGY

Drill cores from Klewno, Ketrzyn, Bartoszyce,
Filipéw, Pawtéwka, and Gotdap (Fig. 1) intrusions
were investigated in this study. Detailed petrographic
descriptions can be found in Baginski et al. (2001b).
The rocks range from diorite (Klewno) to granodiorite
and monzogranite (Gotdap) and present a similar miner-
alogy and texture. They are medium to coarse grained,
with porphyritic plagioclase and K-feldspar (up to 3
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cm long). The matrix typically contains plagioclase
and K-feldspar together with hornblende and biotite as
major constituents, as well as subordinate amounts of
quartz and clinopyroxene. The latter shows evidence for
reaction to hornblende, except in Klewno and Gotdap,
where it is absent. Apatite, titanite, zircon, magnetite
and ilmenite are the main accessory phases. Quartz
is present in the most evolved rocks, and myrmekite
and biotite—quartz symplectites are common. Rapakivi
textures were locally observed in a small number of
samples. The mineralogy and texture of this suite of
granitic rocks are very similar to what is observed in
the HBG suite emplaced at the end of the Sveconor-
wegian orogeny in southern Norway (Vander Auwera
et al. 2003, 2008).

The mineral compositions of these granitic rocks are
summarized in Table 1. Plagioclase is weakly zoned
andesine, and the K-feldspar is perthitic orthoclase.
Amphibole compositions (Table 2) range from edenite
in Klewno to magnesium hastingsitic hornblende in
Goldap (Fig. 2). Application of the amphibole geoba-
rometers of Johnson & Rutherford (1989) and Schmidt
(1992) gives pressures of 2-3 kbar for Klewno and
4-5 kbar for the other massifs. The biotite consists of
high-Ti and high-F annite (up to 4.8 wt% TiO, and 2.3
wt% F in Bartoszyce). Titanite locally rims ilmenite
grains. The An content in plagioclase is negatively
correlated with the SiO, content of the host rock,
whereas the fe# value [=100*FeOt/(FeOt+MgO)] of
hornblende, biotite and clinopyroxene (where present)
increases. An exception is in the Ketrzyn pluton, where
at similar An contents, the fe# of hornblende and biotite
are much higher than in the other occurrences, with
values of 50 and 43, respectively (Tables 1,2). This may
reflect more reduced conditions of crystallization, which
favored the incorporation of Fe** in mafic minerals,
whereas, under more oxidized conditions, Fe is partly
oxidized to Fe3* and enters early-formed magnetite
(Toplis & Carroll 1995, Bogaerts et al. 2006). The
Ketrzyn granitoids are spatially related to anorthosites
and related rocks (in Fig. 1, the borehole is located in

TABLE 1. RANGE OF MINERAL COMPOSITIONS OBSERVED
IN A SELECTION OF SAMPLES FROM THE MAZURY COMPLEX

Sample # SiO,% PI fe#t fe# fe# SiO,%

range  An% hbl bt cpx melt
Klewno 2 46-51 40-37[4] 31(2)[5] 30(2)[3] 28(1)[4] 56
Ketrzyn 3 53-59 34-28 [11] 50 (0) [4] 43 (0)[4] absent 59
Bartoscyce 6 51-63 34-31[4] 38(2)[4] 27 (4)[3] 32(1)[4] 63
Bartoscyce 4 51-63 32-30[9] 37 (1)[8] 28(2)[18] 32(2) (3] 63
Goldap 3 63-66 30-26[7] 43 (1)[9] 29(1)[9] absent 66

SiO,% range: range of values in the occurrence. SiO,% melt: estimated
melt composition (no accumulated minerals) (see text). fe#: 100Fe/(Fe +
Mg). In brackets, standard deviation of the value; in square brackets,
number of analyses. Compositions were established by electron-
microprobe analysis.
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the Ketrzyn anorthosite), a rock series that has crystal-
lized under more reduced conditions than the HBG suite
(Frost & Frost 1997, Vander Auwera et al. 2003, 2008,
Bogaerts et al. 2006)

GEOCHEMISTRY

The compositions of the rocks in terms of major and
trace elements are reported in Table 3 and displayed in
Figures 3,4 and 5.

Major elements

The Klewno samples have the lowest SiO;, (46.6
wt%) and K,0 (2.6%) contents, and the highest FeOt
(up to 14.9%), MgO (3.9%), TiO, (2.9%), and P,0s
(2.2%) contents, whereas the Gotdap massif displays
the most differentiated and evolved rocks. In Harker
diagrams (Fig. 3), samples from the various massifs
form continuous trends, with little or no overlap. The
rocks are metaluminous; the modified alkali—lime index
of Frost et al. (2001), MALI, varies from —1.05 to 7.92,
and Fe* ranges from 0.75 to 0.85, which demonstrates
the alkali-calcic and ferroan characters. In a K,O versus
SiO, diagram (Fig. 3), most samples plot in the shosho-
nitic field, whereas only few display high-K affinities.
An AFM diagram indicates amazingly constant and high
FeOt/MgO values (Fig. 4). In Figure 3, the composition
of the Mazury granitoids is also compared to that of

TABLE 2. AVERAGE COMPOSITIONS OF AMPHIBOLE
FROM THE MAZURY GRANITOID INTRUSIONS

KW2 K3 B4 B6 G3

n 5 4 8 4 9
SiO, wt% 47.40 42.91 44.12 43.66 43.26
TiO, 0.77 1.37 1.31 1.47 1.20
Al,O, 7.51 9.39 9.50 9.37 9.74
FeO 12.21 17.71 13.72 14.26 15.62
MnO 0.48 0.81 0.59 0.52 0.93
MgO 15.16 9.84 12.93 12.81 11.85
CaO 11.71 11.42 11.77 11.35 11.63
Na,O 1.22 1.51 1.68 1.70 1.79
K,O 0.88 1.39 1.49 1.50 1.56
H,O 2.04 1.95 2.00 1.98 1.99
Total 99.38 98.31 99.11 98.62 99.59
Si apfu 6.954 6.613 6.613 6.594 6.534
Ti 0.086 0.159 0.147 0.168 0.136
Al 1.298 1.706 1.678 1.668 1.734
Fe 1.500 2.282 1.721 1.802 1.973
Mn 0.060 0.106 0.075 0.067 0.119
Mg 3.312 2.261 2.889 2.882 2.668
Ca 1.840 1.886 1.891 1.835 1.882
Na 0.344 0.453 0.488 0.498 0.523
K 0.166 0.273 0.284 0.288 0.300
VAl 1.16 1.45 1.45 1.50 1.55

Fe/(Fe + Mg) 0.31 0.50 0.37 0.38 0.43

Electron-microprobe data; n is the number of analyses.
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the south Norwegian HBG suite. For this comparison,
geochemical data obtained on the Tranevag intrusion,
associated with the Lyngdal granodiorite (southern
Norway), have been selected (Bogaerts et al. 2003,
Vander Auwera et al. 2003). From its starting composi-
tion at 56% up to 69% SiO,, the Tranevag trend indeed
almost perfectly coincides with the Mazury trend for
FeOt, MgO, Ca0, TiO, and Na,O, and is slightly below
it for A1,O3 and K,O.

Trace elements

The Zr, Nb and REE concentrations (Fig. 5) are
relatively high and typical of A-type granites (Whalen
et al. 1987) (Fig. 6), as is also the HBG suite (Bogaerts
et al.2003, Vander Auwera et al. 2003). As observed for
the major elements, concentrations of trace elements, if
plotted against SiO,, show loosely defined trends (Fig.
5). All elements are inversely correlated with SiO,
except Rb and Pb, which are positively correlated,
and Ba, which is roughly constant. In these diagrams,
the trace elements show some scatter, which results in
differentiation trends that are less well defined than for
major elements. Diagrams of CaO versus P,Os as well
as Ce versus P,Os (Fig. 7) show that both CaO and Ce
are positively correlated with P,Os, which results from
the important role played by apatite in the whole-rock
composition. The light REE concentrations (ppm) are
very high (56 < La < 265), whereas the heavy REE
are also moderately high (3 < Yb < 9.4), which results
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in regularly fractionated patterns, (La/Yb)y =15 + 2,
except for the Klewno samples, where (La/Yb)y ranges
from 25 to 30 (Fig. 8, Table 3). Most samples also show
a small negative anomaly (0.53 < Eu/Eu* < 0.96, with
an average at 0.75 + 0.10, Table 3). The small (La/Yb)
x ratios and Eu anomalies obviously reflect the control
of apatite over the REE contents.

Some trace elements show distinctive behaviors
(Fig.5): (1) Sr concentrations appear to remain constant
within each massif, but change from massif to massif,
showing a general inverse correlation with silica
content; (2) Zn, V and Co concentrations decrease with
differentiation (see below, Fig. 9); (3) Zr shows a similar
evolution with the exception of most Klewno samples,
which have significantly lower Zr contents, and (4) Nb
concentrations are relatively scattered; however, within
each individual massif, Nb is gently negatively corre-
lated with SiO,. As for the major elements, comparison
with the Tranevag series (Fig. 5) shows great similarities
in the behavior of all trace elements, except that Rb and
Pb are less incompatible in the Tranevég suite.

Radiogenic isotopes

The Sr and Nd isotopic compositions of seven
samples from the various massifs are shown in Table 4
and in Figures 10-12. The eng values calculated at
the age of crystallization (1.5 Ga) range from -3.3
(Klewno) to —6.8 (Pawtéwka), whereas the initial
87Sr/%9Sr values extend from 0.702 (Gotdap) to 0.707
(Filipéw). The Tpy model ages (DePaolo 1983) range
from 2.4 Ga (Pawtowka) to 2.0 Ga (Klewno) with all
values, except Klewno (2.04 Ga), averaging at 2.18 +
0.03 Ga.

DiscussioN

The HBG suite belongs to the oxidized
A-type granite series

The 1.5 Ga Mazury HBG felsic rocks show typical
characteristics of Proterozoic A-type granites (e.g.,
Whalen et al. 1987), i.e., metaluminous and ferroan
whole-rock compositions with high K,O and incompat-
ible elements contents. The occurrence of magnetite
in the mineral association and the low Fe/(Fe+Mg)
value of the hornblende indicate oxidized conditions
of crystallization (Dall’Agnol et al. 1999, Anderson &
Morrison 2005). The Mazury HBG suite is very similar,
in mineralogy and composition, to the south Norwegian
Tranevag A-type granite (Fig. 3), which derives from a
hydrated parental magma of intermediate composition
(Bogaerts et al. 2003, 2006). This similarity allows us
to investigate the Mazury rocks in light of the petro-
genetic model developed for the Tranevag series, as is
done below.
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Identification of the differentiation process

In the Harker plot for K,O (Fig. 3) as well as in
the CaO versus P,Os diagram (Fig. 7), the points for

the Mazury massifs clearly define broken or curved
trends, which preclude any simple mixing process
between two components, but rather suggests a process
such as partial melting or fractional crystallization. In

TABLE 3a. MAJOR- AND TRACE-ELEMENT COMPOSITION OF SAMPLES FROM BOREHOLES

IN THE MAZURY COMPLEX

Ketrzyn Pawlowka Bartoszyce
K1 K3 K4 K5 K6 K7 P17 P144 B1 B2 B3 B4 B5 B6 B7
SiO, wt% 59.35 54.00 56.64 54.32 54.01 59.64 6174 60.60 6158 61.00 62.11 60.53 60.85 51.32 61.84
TiO, 104 186 145 179 182 138 155 168 122 130 093 137 121 222 099
ALO, 17.72 1717 17.10 17.08 16.63 16.73 14.15 13.91 15.62 15.80 17.05 16.01 1599 14.66 16.91
Fe,O,t 564 927 824 944 993 7.04 893 1000 721 7.07 521 729 711 1483 553
MnO 010 015 013 015 015 013 013 017 0.12 0.17 0.10 0.14 0.12 023 0.10
MgO 166 192 186 211 193 158 204 228 143 148 119 163 148 242 1.15
CaO 4.04 653 579 645 645 498 416 450 393 393 419 486 435 6.01 4.17
NaO 319 378 370 377 358 374 263 279 316 327 382 371 337 319 3.81
K,O 6.58 397 4.01 365 413 399 412 346 504 526 487 373 481 383 4.96
P,O; 069 136 1.08 124 139 078 054 062 068 071 052 073 071 129 054
Th ppm 9 27 11 12 15 3 23 16 5 5 8 4
Zr 659 1017 902 1010 1181 1290 504 572 784 771 546 632 763 1316 552
Nb 16 26 18 24 26 27 22 24 17 22 12 20 15 33 15
Rb 175 102 109 97 105 78 157 146 134 139 125 108 129 117 130
Sr 561 546 530 528 529 457 274 262 422 413 455 409 433 370 457
Ba 3509 2235 2228 2042 2431 2366 1322 1083 2280 2310 2118 1679 2164 1673 2193
\ 66 122 111 120 132 134 155 79 81 44 87 78 168 66
Zn 128 172 170 184 182 134 122 173 141 146 102 147 140 240 113
Co 10 15 13 14 14 14 17 17 3 8 3 3 3 7 6
Cu 5 11 7 14 13 15 22 21 10 10 10 10 10 10 10
Ga 23 26 25 27 26 22 23 23 23 26 26 24 27 25
Pb 26 20 20 20 18 30 31 32 35 32 29 33 24 35
Y 52 96 69 85 95 52 62 46 49 38 52 51 102 35
La 102 235 133 155 190 136 114 93 142 134 198 110
Ce 225 518 293 351 425 286 214 187 291 271 432 227
Pr 24 22 36 33 56 27
Nd 111 242 144 178 205 152 96 84 137 154 219 105
Sm 21 40 25 32 36 26 17 16 24 22 41 17
Eu 5.0 8.3 5.8 6.5 7.8 5.6 3.6 3.5 4.7 4.5 5.8 4.6
Gd 157 284 203 248 263 186 13.0 126 150 154 278 131
Tb 24 4.0 2.9 34 3.7 2.6 1.8 1.8 24 2.2 4.1 1.8
Dy 114 202 150 176 192 149 101 104 123 117 209 9.4
Ho 2.0 2.1 25 2.3 4.2 1.9
Er 5.3 9.3 6.9 8.6 9.1 8.6 53 5.0 5.8 56 10.2 4.5
Tm 0.7 0.6 0.8 0.7 1.4 0.7
Yb 45 8.4 55 6.7 7.5 6.5 4.4 3.6 4.9 4.6 8.2 3.8
Lu 055 103 075 086 110 0.81 063 048 073 071 117 0.3
(La/Yb), 15 18 16 15 16 13 17 17 19 19 16 19
Eu/Eu* 085 076 079 071 078 079 075 0.76 076 075 0.53 0.94
MALI 568 125 196 095 125 277 256 176 428 459 450 259 384 1.01 462
Fe* 075 081 080 080 082 080 08 08 082 081 080 080 081 085 0.81
ASI 097 089 092 09 088 094 093 092 095 095 094 092 093 084 094
Agp 070 061 061 059 062 063 062 060 068 070 0.68 0.63 067 064 0.69
T sat zrn 898 894 904 899 906 966 867 873 919 914 886 887 910 896 885
T sat ap 1012 1090 1079 1034 1067 1047 1003 1022 1046 1045 1013 1045 1045 1018 1019

Fe* = FeOt/(FeOt + MgO); MALI = Na,O + K,O — CaO (modified alkali-ime index of Frost et al. 2001); ASI = Al,O,/(Na,O + K,O + CaO
— 3.3P,0;); Agp = (Na,O + K,0)/Al,O, (molar proportions). Major elements normalized to 100 wt%. T satzrn and T sat ap are the
temperatures of saturation of zircon and apatite, respectively (Watson & Harrison 1983, Harrison & Watson 1984).
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order to discriminate between these two mechanisms,
the contrasting behavior of compatible and incompat-
ible elements can be used. A plot of log (compatible
element) versus log (incompatible element) allows
for the distinction between the two mechanisms, with
partial melting resulting in a subhorizontal trend and
fractional crystallization giving a subvertical trend
(Cocherie 1986, Martin 1987, Martin et al. 1994).
Figure 9 shows that all samples define a vertical trend
typical of fractional crystallization rather than of partial
melting. This conclusion is corroborated by the fact that
several mineral phases are zoned. Even if zoning always
remains of limited extent, it shows that the magma from
which these minerals crystallized underwent fractional
crystallization. Consequently, the subsequent discus-
sions will focus on a fractional crystallization process.

Modeling the fractional crystallization process

Comparison with the South Norway HBG allows to
decipher the petrogenesis of the Mazury suite. In South
Norway, the compositions of the parental magma and
conjugate liquidus minerals have been studied experi-
mentally (Bogaerts et al. 2003, 2006) and this approach
provides strong constraints on the proposed petrogenetic
model. Using mass-balance equations, Bogaerts et al.
(2003) have calculated the modal compositions of two
cumulates ¢; and ¢, in equilibrium with the liquids at 56
wt% and 62.5 wt% SiO,, respectively, on the Tranevag
liquid line of descent. The calculated compositions of
the minerals and their proportions in cumulates c¢; and
¢, are given in Table 5, together with the whole-rock
compositions of the cumulates and their conjugate melts
(Fig. 3). These cumulates ¢; and ¢, can explain the
Klewno diorites, which are low-silica rocks (SiO, <56
wt%) with high P, Ti and Fe contents. These rocks could
represent liquids, cumulates or crystal-laden melts.
Indeed, for most major elements, the compositions of
the Klewno samples plot on linear arrays joining the
cumulate composition to the starting composition of the
Tranevag liquid line of descent. It can thus be inferred
that the Klewno samples represent a mixture of cumulus
minerals and their conjugate melt. The composition of
the ¢, cumulate plots on the prolongation of the Mazury
trend in such a way that it is not possible to determine
with major elements whether samples with SiO, above
56 wt% are melts or crystal-laden melts. The clustering
of the Filipéw and Pawtéwka samples along the general
trend and their overall similarities of composition to the
Tranevag primitive melt (Fig. 3), however, suggests that

FiG. 3. Major-element compositions of whole rocks plotted
in Harker diagrams. In the K,O versus SiO, diagram,
the dividing lines are from Peccerillo & Taylor (1976).
The Tranevig compositions (southern Norway) are from
Bogaerts et al. (2003), and the cumulate compositions are
taken from Table 5.
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these samples are close to melt compositions. Below,
we use trace-element concentrations to show that the
Ketrzyn, Bartoszyce and Gotdap samples are also
crystal-laden melts with variable amounts of cumulus
minerals.

Slight differences, however, exist between the
Tranevag liquid line of descent and the Mazury trend,
indicating that the two HBG suites did not crystallize
under strictly identical conditions or from the same
parent magmas. The most striking difference is in P,Os,
which is higher in the Klewno samples, implying a
cumulate somewhat richer in apatite (ca. 2.5 wt% P,0s)
than the calculated cumulates at Tranevag.

Trace elements confirm fractional crystallization

From the Ce—P,0s relationship in Figure 7, it is
possible to estimate the REE contents of the apatite
in the Klewno samples and the Kd*'™!%;pp values.
Accepting that these samples lie on a tie-line between
apatite and a melt with 0.5-0.7 wt% P,0s and 200-300
ppm Ce (similar to the most primitive Tranevag melt),
then apatite should contain about 1.1 wt% Ce. This
high value would imply a Kdc.**™! ranging from 37
to 50, values that are realistic for intermediate melts
(Henderson 1982, Rollinson 1993). The relatively small
variations in REE concentrations between samples
on the main trend, such as Filipéw and Goldap, are
explained by the buffering role of apatite in the cumu-
late, leading to bulk partition-coefficients close to
one. For example, based on data presented in Table 5
and the above Kdc.**™! values, the bulk partition-

i=1
coefficient Dgrgg | D = ZKngf[’ Xi | ranges from 1.5

to 2, thus accounting for the very slight decrease in

F

M

FiG.4. A (Na,O+K,0) —F (FeOt) - M (MgO) diagram. Same
legend as in Figure 3.
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TABLE 3b. MAJOR- AND TRACE-ELEMENT COMPOSITION OF SAMPLES FROM BOREHOLES
IN THE MAZURY COMPLEX

Filipow

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F13 F14 F15
SiO, wt%  60.01 61.88 59.02 63.88 60.71 60.45 59.12 59.64 61.05 60.55 59.14 58.01 58.46 61.96
TiO, 152 142 137 127 150 154 158 156 154 161 1.73 186 1.75 1.21
Al,O, 15.52 15.17 16.08 14.42 15.07 15.13 15.60 15.42 14.72 14.80 14.93 14.90 14.98 15.72
Fe,O,t 8.80 8.11 9.51 7.32 8.78 8.64 8.96 8.87 876 890 9.6210.38 9.94 7.39
MnO 0.13 0.13 0.12 0.11 0.13 0.13 0.15 0.15 0.14 0.15 0.16 0.17 0.16 0.11
MgO 239 220 246 193 217 210 232 220 220 234 235 255 245 1.79
CaO 419 420 3.32 391 447 475 473 467 455 435 522 554 537 4.82
Na,O 2.78 2.75 3.12 2.68 2.87 291 291 288 278 2.86 3.00 3.01 295 2.92
K,O 411 3.63 428 4.02 3.75 3.80 4.05 4.06 3.71 3.87 3.20 293 3.32 3.67
P,0Oq 0.53 0.49 0.72 0.45 0.53 0.54 0.56 0.55 0.53 0.57 0.64 0.65 0.61 0.41
Th ppm 9 8 9 10 13 11 11 9 16 14 16 17 20 11
Zr 497 454 327 410 500 486 497 444 478 494 510 525 500 365
Nb 19 23 24 17 17 18 20 19 19 20 21 22 22 15
Rb 177 149 207 127 121 120 122 114 124 130 114 108 123 119
Sr 356 346 255 343 359 368 383 369 347 354 352 367 358 383
Ba 1968 1925 1254 1926 1795 1875 2099 2121 1740 1858 1434 1560 1630 1885
\Y 138 134 130 121 142 138 153 147 141 147 154 164 159 115
Zn 149 128 120 123 139 136 146 142 144 165 155 169 161 119
Co 23 19 22 12 18 19 23 21 17 21 21 20 23 16
Cu 29 39 3 18 28 22 25 23 29 28 28 30 31 18
Pb 12 20 21 25 25 24 28 27 24 29 23 22 24 28
Y 37 52 103 40 45 45 47 47 45 50 56 56 54 37
La 56 94 89 101
Ce 125 188 178 206
Pr 16 22 21 24
Nd 71 86 83 96
Sm 12 15 15 17
Eu 3.5 3.7 3.7 3.8
Gd 10.0 11.4 11.4 13.3
Tb 1.4 1.5 1.6 1.8
Dy 7.8 8.7 8.8 10.5
Ho 1.5 1.7 1.8 2.1
Er 3.7 4.5 4.6 5.4
Tm 0.5 0.6 0.6 0.7
Yb 3.0 3.6 3.5 4.4
Lu 0.44 0.47 0.50 0.64
(La/Yb), 12 17 16 15
Eu/Eu* 0.96 0.88 0.89 0.79
MALI 265 214 396 2.74 211 192 218 223 1.89 232 0.97 0.39 0.89 1.74
Fe* 0.77 0.77 0.78 0.77 0.78 0.79 0.78 0.78 0.78 0.77 0.79 0.79 0.79 0.79
ASI 1.00 1.01 1.13 0.97 0.96 0.92 0.94 0.94 0.94 0.95 0.91 0.89 0.89 0.94
Agp 0.58 0.56 0.61 0.61 0.58 0.59 0.59 0.59 0.58 0.60 0.56 0.54 0.56 0.56
T sat zrn 873 870 845 859 869 860 861 851 861 866 855 851 848 841
T sat ap 971 985 999 995 986 978 970 975 984 980 992 984 977 962

Fe* = FeOt/(FeOt + MgO); MALI = Na,O + K,O — CaO (modified alkali-lime index of Frost et al. 2001);

ASI = ALO,/(Na,0 + K,0 + CaO — 3.3P,0,); Agp

= (Na,O + K,0)/Al,O, (molar proportions). Major

elements normalized to 100 wt%. T satzrn and T sat ap are the temperatures of saturation of zircon and
apatite, respectively (Watson & Harrison 1983, Harrison & Watson 1984).

the REE content during fractionation, and also for the
subparallel character of the REE patterns among the
various samples (Fig. 8). The Ketrzyn, Bartoszyce and
Goldap samples, which roughly plot on linear arrays in
a Ce-Si0O, diagram (Fig. 5g), appear to be mixtures of
cumulus minerals and melts that could be represented
by the most evolved sample of the series, i.e., samples
containing ca. 59, 61 and 67 wt% SiO,, respectively.

The small variation in whole-rock Sr concentra-
tions observed within each intrusion (Fig. 5) can also
be explained with a bulk partition-coefficient Dg; close
to 1. Given that Kds V™!t = 2 in melts of intermediate
compositions, whereas Kds, /™' << 1 in all other
cumulative minerals i (e.g., Rollinson 1993), and that
cumulates in these melts contain about 50% plagioclase
(see c; and c; in Table 5), the bulk partition-coefficient
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TABLE 3c. MAJOR- AND TRACE-ELEMENT COMPOSITION OF SAMPLES FROM BOREHOLES
IN THE MAZURY COMPLEX

Goldap Klewno
G1 Glb G2 G3 G4 G5 G6 G7 G8 KW1 KW2 KW3 KW4 KW5
SiO, wt%  65.64 65.62 65.65 63.79 63.77 65.84 66.51 65.13 63.01 52.02 46.64 48.62 49.90 51.19
TiO, 0.75 0.76 0.75 1.38 1.21 0.86 0.81 1.04 1.17 250 2.89 261 256 2.39
ALO, 16.19 16.15 15.99 14.33 15.47 15.39 15.20 15.00 15.63 14.77 14.85 16.60 15.04 15.35
Fe, Ot 3.84 3.82 364 6.57 544 465 4.09 510 5.6712.82 14.97 13.74 13.33 12.87
MnO 0.05 0.05 0.06 0.12 0.11 0.08 0.06 0.09 0.11 0.17 0.22 0.13 0.22 0.16
MgO 0.85 0.89 0.99 150 1.34 1.04 098 1.17 1.33 343 3.96 3.81 3.49 3.54
Ca0O 297 296 229 3.87 360 3.21 265 3.09 3.86 6.73 7.69 6.73 7.31 6.82
Na,0 3.16 3.16 2.76 3.10 3.25 3.27 3.02 2.98 3.80 3.02 292 3.29 2.93 3.06
K,O 6.15 6.19 7.48 4.64 528 520 6.25 585 4.79 274 3.71 2.64 3.36 2.80
P,0; 0.40 0.40 0.39 0.70 0.54 0.48 0.44 0.55 0.61 1.78 2.17 1.82 1.84 1.82
Th ppm 15 25 22 15 14 19 4 6 6 6 5
Zr 411 419 336 671 578 457 439 578 650 639 462 1171 620 581
Nb 15 15 11 33 31 15 20 26 29 41 45 33 37 30
Rb 192 191 233 170 180 173 205 196 167 69 82 94 86 73
Sr 398 390 383 320 351 348 359 353 351 858 745 712 831 822
Ba 1992 1941 2344 1394 1701 1606 1883 1874 1516 2433 2110 1567 2487 2135
\Y 44 50 37 93 61 47 50 57 69 238 244 254 257 238
Zn 39 42 74 130 111 93 74 96 129 218 299 256 270 215
Co 8 6 6 7 3 3 5 5 8 30 33 27 28 22
Cu 0 10 10 10 10 10 10 10 10 51 68 27 67 41
Ga 22 23 21 24 23 22 22 22 24 24 27 30 26 27
Pb 37 34 39 34 33 36 3 36 34 24 19 20 26 22
Y 43 41 38 97 76 44 33 56 68 78 102 76 80 69
La 105 163 153 116 114 144 265 243
Ce 225 390 336 238 234 301 574 517
Pr 25 45 41 28 27 36 69 61
Nd 99 174 141 102 101 130 282 238
Sm 17 31 28 18 17 23 46 37
Eu 31 52 54 33 28 40 81 7.0
Gd 11.8 21.2 202 121 104 141 31.1 253
Tb 19 30 29 19 15 21 4.0 31
Dy 10.3 185 16.8 108 85 124 209 16.0
Ho 22 39 385 23 19 26 3.8 3.0
Er 56 99 91 58 47 6.7 94 73
Tm 08 15 13 08 07 1.0 12 09
Yb 50 94 85 57 46 6.7 6.9 52
Lu 0.76 1.55 1.31 0.83 0.72 1.07 0.95 0.71
(La/Yb), 13 M1 12 13 16 14 25 30
Eu/Eu* 0.68 0.62 0.70 0.68 0.64 0.69 0.66 0.70
MALI 6.32 6.41 7.92 3.88 494 526 6.64 573 4.74 -0.96 -1.05 -0.79 -1.00 -0.95
Fe* 0.80 0.79 0.77 0.80 0.79 0.80 0.79 0.80 0.79 0.77 0.77 0.76 0.78 0.77
ASI 0.98 0.98 0.99 0.92 0.94 0.97 097 0.95 0.91 0.92 0.84 1.02 0.86 0.95
Agp 0.73 0.74 0.79 0.71 0.71 0.71 0.77 0.75 0.73 0.54 0.59 0.50 0.56 0.53
T sat zrn 872 873 854 900 893 880 878 898 900 826 748 895 802 819
T sat ap 1013 1017 1009 1077 1039 1042 1041 1051 1047 1081 1043 1029 1052 1073

Fe* = FeOt/(FeOt + MgO); MALI = Na,O + K,O — CaO (modified alkali-lime index of Frost et al. 2001);
ASI = Al,O,/(Na,0 + K,O + CaO - 3.3P,0;); Agp = (Na,0 + K,0)/Al,0, (molar proportions). Major
elements normalized to 100 wt%. T satzrn and T sat ap are the temperatures of saturation of zircon and
apatite, respectively (Watson & Harrison 1983, Harrison & Watson 1984).

Dg, must be close to 1. Consequently, the cumulates, the
melts and any mixture of these two components have
similar Sr contents.

In the Ketrzyn, Bartoszyce and Gotdap samples,
the inverse correlation of Zr with SiO, (Fig. 5) can
be accounted for by the presence of zircon in the
cumulate. The temperature of saturation of zircon
(Watson & Harrison 1983) is in the range 800-920°C

range (Table 3), in agreement with the high liquidus
temperature of ferroan granites (e.g., Duchesne &
Wilmart 1997, Dall’Agnol et al. 1999, Bogaerts et al.
2006). In the Klewno samples, Zr concentrations are
low (except in one sample), which suggests that zircon
is not an accumulated phase, but crystallized from the
melt component in these crystal-laden samples.
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a. Whole-rock CaO versus P,Os ; b. Whole-rock Ce versus P,Os contents. Same symbols as in Figure 3.

Another line of evidence in favor of fractional
crystallization is provided by linear arrays in log—log
coordinates (Fig. 9). The slope of the Zn and V evolu-
tions allows for an evaluation of Dz, and Dy, assuming
Dgp < 0.1 (incompatible behavior). The calculated Dz,
and Dy ranges between 3 and 4. Given that magnetite,
the main Zn- and V-bearing phase, is present in the c,
and ¢, cumulates with a fraction of 11wt% (Table 5),
this yields Kdz,™#/™" and Kdy™2/™!" ranging from 27
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to 36, values that are realistic for melts of intermediate
compositions (e.g., Ewart & Griffin 1994).

In summary, the overall trend observed in all
geochemical diagrams for the Mazury intrusions is
defined by a series of magma batches, each one refer-
ring to a specific pluton and having undergone limited
amounts of fractionation. The samples from an intrusion
do not generally correspond to pure melts, but rather to
melts laden with variable amounts of cumulus minerals.
Thus, the overall trend cannot properly represent a
liquid line of descent, but a collection of pure melts
mixed with melts more or less loaded with cumulus
minerals. With our model, however, we have identified
true melts at 56, 59, 61 and 67 wt% SiO,, which are
linked by a fractional crystallization process. In detail
some of the magma batches appear to have slightly
different trace-element signatures (Fig. 4), which very
likely result from small variations in source composition
or conditions of partial melting.

Constraints on source age and composition

The isotopic data (Table 4) give insights into the
timing and nature of the source rocks of the various
magmas. In a diagram of an eng(r) versus (®7S1/8Sr)
(Fig. 10), all samples plot far from the mantle array,
which is consistent with crustal input in the source of
the Mazury magmas. The source of the granites could
be either older continental crust, or a mixture of mantle
material and older continental crust. In the latter case,
the crustal component should be significantly older than
the observed model ages, very probably of Archean
age. However, all available results on the Precambrian
basement of the East European Craton (Claesson et al.
2001), and particularly on its Polish part (Claesson &
Ryka 1999), preclude the existence of Archean material
in that region. This constitutes a compelling argument
in favor of a Paleoproterozoic continental crustal source
for the Mazury magmas.

TABLE 4.

THE CANADIAN MINERALOGIST

There is no linear relationship between 87Sr/%Sr and
1/Sr (Fig. 11a) in support of a mixing process, and, if
eng or (¥7S1/%0Sr), are plotted versus SiO, (Figs. 11b,
¢), there is no correlation between isotopic values and
silica content, which suggests a limited role for assimi-
lation — fractional crystallization (AFC). In particular,
the two Bartoszyce samples B4 and B6 show similar
isotopic values, around 0.704, for quite different SiO,
contents (Table 4).

The samples from the Ketrzyn, Bartoszyce, Filipéw
and Gotdap massifs give very similar Tpy ages of ~2.18
Ga (Table 4, Fig. 12). Their parental magmas could
thus have been derived from the melting of a single
protolith extracted from a depleted mantle at about 2.18
Ga, assuming that the latter had an average '4’Sm/'*Nd
of 0.1071. The Klewno sample shows a somewhat
younger Tpy (2.04 Ga), which could be explained
either by melting a protolith extracted from the mantle
140 million years after the extraction of the protolith
of other massifs, or by a two stage-evolution. In this
latter scenario, the extraction of the protolith from the
mantle took place at about 2.18 Ga but, in contast to
the samples from the other intrusions, it evolved with
a "7Sm/'*Nd equal to 0.1257 (Fig. 12). At 1.5 Ga,
melting and differentiation of the protolith changed the
147Sm/'*Nd into the measured one (0.0976). However,
as the differentiation of the Klewno melts implies
subtraction of a cumulate with more than 3% apatite
(Table 5), the REE budget would have been completely
controlled by this phase. As Kd®/melly, < Kg®P/meltg
(Watson & Green 1981, Henderson 1982, Rollinson
1993), the Sm/Nd value of the Klewno cumulate
would be higher than that of the liquid from which it
is extracted, whatever the proportion of trapped liquid
in the cumulate. This is inconsistent with the measured
Sm/Nd (0.0976); therefore, the hypothesis must be
rejected. For the sample from the Pawiéwka drillcore,
we suggest that the lower enq value relative to the other
intrusions can reflect a possible contamination at the age

Rb-Sr AND Sm-Nd ISOTOPIC COMPOSITIONS OF SELECTED SAMPLES

FROM BOREHOLES IN THE MAZURY COMPLEX

Si0O, Rb Sr  ®Rb/  *Sr/ +20 *’Sr/  Sm Nd  'Sm/ '**Nd/ +20 ("Nd/  (exe),  Tom

% ppm ppm  ®°Sr Sr ®Sr)  ppm ppm  'Nd  "*Nd "“Nd)
1500 Ma 1500 Ma Ma
Kw2 4630 82 745 0.319 0.710496 0.000009 0.70364 45.6 282.5 0.0976 0.511492 0.000010 0.51053 -3.3 2036
K5 57.86 109 530 0.596 0.717335 0.000009 0.70451 25.1 143.7 0.1057 0.511515 0.000010 0.51047 -4.4 2158
P 144 60.75 146 262 1.618 0.741254 0.000009 0.70642 16.1 84.0 0.1159 0.511493 0.000010 0.51035 -6.8 2424
F13 59.74 108 367 0.853 0.724976 0.000009 0.70661 16.7 96.2 0.1047 0.511499 0.000010 0.51047 -4.6 2162
B6 5129 117 370 0.916 0.723441 0.000009 0.70371 40.5 219.0 0.1118 0.511552 0.000010 0.51045 -4.9 2234
B4 60.66 108 409 0.765 0.720319 0.000009 0.70385 23.8 137.0 0.1050 0.511507 0.000010 0.51047 -4.5 2157
G3 6396 170 320 1.541 0.735106 0.000009 0.70192 31.1 174.0 0.1081 0.511525 0.000010 0.51046 -4.7 2193

Values of g, are calculated relative to CHUR with the present "**Nd/"**Nd = 0.512638 (Goldstein et al. 1984) and *’Sm/'**Nd = 0.1967
(Jacobsen & Wasserburg 1980). T,,, (depleted mantle model ages) are calculated following the parameters of Nelson & DePaolo (1985).
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of intrusion with a slightly older crustal material (Fig.
12). Finally, the 1.5 Ga anorthosite and ferrodiorite
from the Suwalki massif show a range in exg) (2.5 to
-5.3) (Wiszniewska et al. 2002) and average Tpy (~2.09
Ga) similar to that determined for granitoids from the

7Sr/%0Sr at1500 Ma for seven samples of the
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Fic. 11. Isotopic ratios versus chemical compositions. a:
87Sr/36Sr at 1500 Ma versus 1/Sr; b: eng at 1500 Ma versus
Si0s; c: ¥7Sr/%0Sr at1500 Ma versus SiO,. Same symbols
as in Figure 10.

Ketrzyn, Bartoszyce, Filipéw and Gotdap drillcores.
Thus we propose that the protoliths of the Mazury
HBG suite and of the anorthosite and ferrodiorite were
extracted from the mantle at the same time.
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The HBG series formed from oxidized melts with a
high H,O content (e.g., Dall’Agnol et al. 1999, Bogaerts
et al. 2006) and anorthosite—ferrodiorite crystallized
from dry magmas under reduced conditions (e.g., Frost
& Frost 1997, Vander Auwera et al. 1998b, 2008).
The coexistence in space and time of the two series
is intriguing. Longhi et al. (1999) have interpreted the
parental magma of anorthosite as resulting from the
melting of a dry granulitic mafic source, and Vander
Auwera et al. (2008) have proposed that the HBG series
was formed from a mildly hydrous amphibolitic mafic
source. Two crustal mafic sources thus differing in H,O
contents appear to have been involved in the Mazury
complex, as is also the case in South Norway (Vander
Auwera et al. 2003).

Structural setting

The AMCG Mazury Complex is of batholithic size
(350 X 50 km) and was emplaced along a linear struc-

For the Pawtéwka sample, contamination at the age of intrusion

ture. Further north, the Nemunas and Geluva intrusions
in Lithuania also were emplaced along an east—west
lineament (Skridlaite ef al. 2007). A similar structural
setting has also been recognized in several other
Proterozoic AMCG complexes, e.g., in the Nain Prov-
ince (Emslie ef al. 1994), in the Laramie anorthosite
complex (Scoates & Chamberlain 1997), in southern
Norway (Duchesne ef al. 1999, Vander Auwera et al.
2003), and in Namaqualand (Duchesne et al. 2007).
The Madagascar anorthosites are associated with a
mega-shear zone (de Wit ez al. 2001) and the Korosten
Complex (Ukraine) has intruded at the intersection of
two large lineaments (Bogdanova et al. 2004). These
structural settings constitute zones of weakness of
lithospheric size that likely controlled and favored the
emplacement of these large igneous complexes. Linear
delamination of the lithosphere along these structures
can bring the asthenosphere into contact with the base
of the crust, thus providing the additional heat necessary
for melting of the lower crust (Teyssier & Tikoff 1998).
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TABLE 5. MASS-BALANCE CALCULATION FOR MAJOR ELEMENTS?®

minerals cumulates liquids
Cpx Hbl(*) PI(*) Mgt(*) Im(*) Ap Bt c1 c2 VDA VDA VDA
9925 9926 9927
SiO, wt% 51.88 41.82 60.16 0 0 0 36.62 44.16 45.15 56.34 62.50 71.69
TiO, 017 214 0 121 4512 0 371 320 238 1.89 125 0.69
AlLO, 1.24 1098 2371 225 032 0 14 14.04 16.48 14.01 14.19 13.45
FeO 12.29 16.58 0.61 76.79 47.6 0 21.17 1583 14.16 9.71 6.72 291
MnO 069 028 0 029 033 0 021 019 0.12 020 0.22 0.05
MgO 11.23 11.07 0 119 21 0 11.33 407 353 225 149 0.59
CaO 2248 11.08 6.75 0 0 55.8 0.1 1045 890 579 384 153
Na,O 0.6 191 656 0 0 0 0.07 359 4.09 351 351 3.13
K,O 0 081 1.01 0 0 0 925 0.66 099 285 3.88 5.33
P,0, 0 0 0 0 0 442 158 169 088 058 0.17
mineral fractions X; in cumulates
Cpx  Hbl PI Mgt llm Ap Bt Error
c1 0.125 0.222 0.471 0.117 0.029 0.036 O 2’ =0.013
c2 0 0.281 0.541 0.108 0.009 0.038 0.024  %r*=0.047

§ After Bogaerts et al. (2003). (*) experimentally determined composition of mineral (Bogaerts et al.
2003). Cumulates are made up of minerals in X fractions; c1 is subtracted from liquid VDA9925 to give
VDA9926, and c2 is subtracted from VDA9926 to give VDA9927, with an approximation of r?.

CONCLUSIONS

The 1.5 Ga HBG suite, a major constituent of the
Mazury Complex, is metaluminous and ferroan, and the
felsic rocks are potassic A-type granitoids. The rocks
thus belong to the AMCG suite with the particularity
that they have crystallized in oxidized conditions. They
were emplaced at pressures of ca. 2-5 kbar. The gran-
itoids are associated with diorites, which crystallized
from melts laden with cumulus minerals. The geochem-
ical variations of these rocks define trends specific for
each intrusion and corresponding to various batches of
magma. The latter stretch along an overall trend, which
mimics the Tranevédg liquid line of descent, a series
formed by fractional crystallization of an oxidized and
hydrous magma. Owing to the lack of Archean crust in
this part of the East European Craton, the negative eng
at the time of intrusion (-3.3 to —4.7) and the relatively
low Sr isotope initial ratios (0.702 to 0705) can be best
explained by melting of a juvenile protolith ranging
in age between 2.0 and 2.2 Ga. The Mazury oxidized
A-type granitoids are spatially and temporarily associ-
ated with massif-type anorthosite and related reduced
rocks. This is further evidence that different sources can
be melted at the same time to provide parental magmas
of different H,O contents. The Mazury Complex
intruded a mega-linear discontinuity in the lithosphere
along which delamination could provide the necessary
heat of melting.
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APPENDIX 1. DESCRIPTION OF SAMPLES IN DRILL CORES

Drill core Depth (m) Rock type
Bartoszyce 1 B1 2125 Qtz monzodiorite
Bartoszyce 2 B2 2127 Qtz monzodiorite
Bartoszyce 3 B3 2130.5 Qtz monzonite
Bartoszyce 4 B4 21335 Qtz monzodiorite
Bartoszyce 5 B5 2137 Qtz monzodiorite
Bartoszyce 6 B6 2142 Diorite
Bartoszyce 7 B7 2146 Qtz monzonite
Filipow 1 F1 1048 Qtz monzodiorite
Filipow 2 F2 1088 Qtz monzodiorite
Filipow 3 F3 1123 Qtz monzonite
Filipow 4 F4 1203 Qtz monzodiorite
Filipow 5 F5 1242 Qtz monzodiorite
Filipow 6 F6 1301.5 Qtz monzodiorite
Filipow 7 F7 1351.5 Qtz monzodiorite
Filipow 8 F8 1377 Qtz monzodiorite
Filipow 9 F9 1412 Qtz monzodiorite
Filipow 10 F10 1432 Qtz monzodiorite
Filipow 11 F11 1491.5 Qtz monzodiorite
Filipow 13 F13 1553 Qtz monzodiorite
Filipow 14 F14 1620 Qtz monzodiorite
Filipow 15 F15 1653 Qtz monzodiorite
Gotdap 1 G1 1635 Granodiorite
Gotdap 1b G1b 1635.5 Granodiorite
Gotdap 2 G2 1638 Granite
Gotdap 3 G3 1645 Qtz monzonite
Gotdap 4 G4 1648 Qtz monzonite
Gotdap 5 G5 1651 Granodiorite
Gotdap 6 G6 1654 Granodiorite
Gotdap 7 G7 1657 Granodiorite
Gotdap 8 G8 1660 Qtz monzonite
Ketrzyn 1 K1 1535 Qtz syenite
Ketrzyn 3 K3 1541.5 Monzodiorite
Ketrzyn 4 K4 1546.5 Monzodiorite
Ketrzyn 5 K5 1549.5 Monzodiorite
Ketrzyn 6 K6 1553.5 Monzodiorite
Ketrzyn 7 K7 1558 Qtz monzodiorite
Klewno 1 KW1 1782 Diorite
Klewno 2 KW2 1785 Diorite
Klewno 3 KW3 1788 Diorite
Klewno 4 KW4 1792.5 Diorite
Klewno 5 KW5 1797.5 Diorite
Pawtéwka 17 P17 1822 Qtz monzodiorite
Pawtéwka 144 P144 1879 Qtz monzodiorite

Coordinates of drill holes: Bartoszyce: 54°14°07”, 20°57°03"; Filipow:
54°12'14", 22°36'22";
54°10'23", 21°02'45",
54°12'20”, 22°47°33".

Gotdap: 54°16'59", 22°07°'29"; Ketrzyn:

54°04'29”, 21°10°20"; Pawiowka:



