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Abstract

The upper mantle harzburgite and dunite xenoliths occurring in the Miocene basanite from Krzeniow
(Lower Silesia, SW Poland) contain abundant (up to 16 vol. %) fine-grained mineral aggregates. The
xenoliths consist of olivine I, ortho- and clinopyroxene I and spinel I. The aggregates are formed of
clinopyroxene II, olivine II + spinel II + glass + feldspar + sulfides (Ni-pyrrhotite, pentlandite and
chalcopyrite). The aggregates occur as intergranular “patches” or envelop grains of orthopyroxene
L. They originated due to the reaction of primary harzburgite/dunite phases with S-bearing alkaline
silicate melt. The reaction led to changes of chemical composition of clinopyroxene I olivine I and
spinel I or to crystallization of new phases (feldspar, sulfides). Apart from aggregates, the xenoliths
are cut by scarce veinlets filled mostly with feldspar and apatite. Those veinlets were formed due to
infiltration of Fsp-bearing P-rich melt after xenoliths entrainment into host magma. Lack of well-de-
veloped host basanite/xenolith reaction zones suggest short but legible contact between them.

Streszczenie

Harzburgitowe i dunitowe ksenolity skal gérnego plaszcza wystgpujace w bazanicie z Krzeniowa
(Dolny Slask, SW Polska) zawierajg liczne (do 16 % obj.) drobnoziarniste agregaty miedzyziar-
nowe. Ksenolity zbudowane sg z oliwinu I, orto- i klinopiroksenu I oraz spinelu I. Agregaty zbu-
dowane s z klinopiroksenu II, oliwinu II + spinelu IT + szkliwa + skalenia + siarczkéw (Ni-pirotyn,
pentlandyt, chalkopiryt). Agregaty wystepuja jako ,kieszenie” mi¢dzyziarnowe lub tworza otoczki
dookota ziaren ortopiroksenu I. Agregaty powstaly w wyniku reakcji pierwotnych faz harzburgitu/
dunitu z alkalicznym stopem krzemianowym bogatym w S. Reakcja doprowadzita do zmian sktadu
chemicznego klinopiroksenu I, oliwinu I i spinelu I, a takze do krystalizacji nowych faz (skalen,
siarczki). Wydarzenie to miato miejsce krétko przed wprowadzeniem ksenolitoéw do wznoszacego
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sie bazanitu. Oprocz agregatow w ksenolitach z Krzeniowa wystepuja nieliczne zytki zbudowane
ze skalenia i apatytu. Zytki te powstaly w wyniku infiltracji przez skaleniono$ny krzemianowy
stop bogaty w P. Brak dobrze rozwinigtych stref kontaktowych pomiedzy ksenolitami a bazanitem
z Krzeniowa sugeruje ich krotka, ale wyrazng interakcje.

Keywords: mantle xenolith, Sudetes, intergranular aggregates, melt infiltration

1. Introduction

Fragments of upper mantle rocks are being extracted from the lithospheric mantle
by ascending alkaline and kimberlitic magmas. While brought to Earth’s surface
as peridotite xenoliths, they provide a source of information on mantle compo-
sition, structure and evolution. Olivine, clino- and orthopyroxene as well as Al-
rich, pressure dependent phases forming peridotite carry majority of the informa-
tion. Many of mantle xenoliths described in literature contain variable amounts of
fine-grained, glass or feldspar bearing intergranular aggregates (“patches,” “pools,”
“pockets”) which also constitute an important, often underestimated source of
data about mantle composition and evolution.

Despite significant number of publications dedicated to the aggregates, their
origin is still a question of debate. Their presence may be related to direct infil-
tration of host magma during ascend (Bonadiman et al. 2011) or host-related
melts at mantle depths (Shaw and Kliigel 2002) or they can be remnants of an-
other metasomatic melts (Coltorti et al. 2000). The intergranular pockets may be
formed also as a result of in situ peridotite melting due to decompression or heat-
ing (Yaxley and Kamenetsky 1999) or breakdown of peridotite due to reaction with
infiltrating melts/fluids (Aliani et al. 2009; Shaw 1999; Shaw and Kliigel 2002).
Fine-grained intergranular patches occurring in Polish xenoliths are interpreted
as an effect of host magma infiltration shortly before eruption (Lutynia, Ladek
Zdrdj vicinity; Matusiak-Malek et al. 2010) or infiltration of alkaline silicate melts
at mantle depths (Ksieginki, Luban vicinity; Puziewicz et al. 2011). Typical aggre-
gate is formed of olivine, clinopyroxene, opaques and variable amounts of other
phases (amphibole, phlogopite, rhonite, carbonates, zirconolite and others); they
never contain orthopyroxene (Coltorti et al. 2000). Great majority of the pockets
described worldwide are glass bearing, feldspar-bearing ones occur scarcely (Ma-
tusiak-Matek et al. 2010; Su et al. 2010).

The main goal of this study is to give a consistent description of intergranular
aggregates in xenoliths from Krzeniéw basanites (SW Poland). On a base of optical
observations and in situ chemical analyses we have established the possible origin
of fine-grained intergranular aggregates in upper mantle xenoliths beneath north-
ern margin of Bohemian Massif.
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2. Regional settings

Alkaline volcanic rocks of Cenozoic age are widespread to the north of the Al-
pine chain forming the Cenozoic Central European Volcanic Province (CEVP;
Figure 1).

FORE-SUDETIC
BLOCK

Figure 1. Location of the Krzeniéw basanite relative to neighboring geological units. K-I M
— granitic Karkonosze-Izera Massif; S-S M — granitic Strzegom-Sobdtka Massif; NSD — North
Sudetic Depression. Modified after (Albrycht et al. 2006)

The volcanic activity was triggered by intraplate compressional stresses related
to the African and Eurasian plate collision (Dézes et al. 2004). The Cenozoic al-
kaline rock vary in composition from silica poor (leucitites, nephelinites, etc.) to
silica enriched (trachytes; Meyer and Foulger 2007).

Volcanic activity in the eastern branch of CEVP (SW Poland) persisted from
60 to ca. 4 Ma with main phases in late Oligocene (30-26 Ma) and early Mio-
cene (23-15 Ma, K-Ar datings; Birkenmajer and Pécskay 2002; Birkenmajer et al.
2004b, 2007; Birkenmajer et al. 2002). Majority of the over-three-hundreds out-
crops is located in Lower Silesia region and concentrate in four volcanic fields:
Luban-Frydlant, Ztotoryja-Jawor, Niemcza-Strzelin, Ladek Zdrdj; only Niemod-
lin concentration is located in Opole Silesia region. The composition of alkaline
volcanic rocks from SW Poland follows the compositional variability of the whole
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CEVP, but alkali basalts, basanites and nephelinites are the most common (Birk-
enmajer et al. 2004a; Ladenberger 2006; Wierzchotowski 1993).

The Krzeniow (Wilkow village) volcanic plug is located in the Zlotoryja-Jawor
volcanic field (Birkenmajer et al. 1970), in the vicinity of Ztotoryja city. The occur-
rence is located in the North-Sudetic Depression and is underlain by Cretaceous
limestones and sandstones (Albrycht et al. 2006). The K-Ar datings of basanite
showed 19.57 + 0.79 to 18.72 £ 0.81 Ma (Birkenmajer et al. 2007).

The lavas from Krzeniéw contain small amounts of mafic and ultramafic xeno-
liths. The study by Bialowolska (1993) showed that ultramafic xenoliths are of
mantle origin, while mafic rocks are cumulates of host magma. Bakun-Czubarow
and Bialowolska (2003) established the equilibration temperatures for all the
ZYotoryja-region gabbroic xenoliths for 1100°C (under pressure of 1.0 GPa). Matu-
siak-Malek (2010) suggested that harzburgites and dunites occurring in Krzeniow
record at least one melting event followed by two episodes of cryptic metasoma-
tism: (1) by carbonatitic melt and by (2) alkaline melt. The last metasomatic event,
probably of regional range, was triggered by a Fe-rich metasomatic agent.

Petrographic descriptions of Krzeniéow ultramafic xenoliths by Bialowolska
(1993) showed that intergranular, fine-grained olivine-clinopyroxene-spinel-glass
“blebs” constitute up to 10% of xenoliths’ volume. The author interpreted the “blebs”
to originate by incongruent melting of orthopyroxene (ibid.). Bakun-Czubarow
and Bialowolska (2005) concluded that intergranular aggregates from the Zloto-
ryja vicinity xenoliths are products of in situ melting of wall-rock peridotite fol-
lowed by fast crystallization after entrapment by the basanitic magma while Matu-
siak-Malek (2010) tentatively interpreted the aggregates from Krzeniow as a result
of magma infiltration and melt-induced orthopyroxene decomposition.

3. Analytical methods and terminology

The data presented in this article are based on a study of 19 xenoliths collected in
an active Krzenidéw basalt quarry belonging to “Przedsiebiorstwo Gérniczo-Pro-
dukcyjne BAZALT S.A” Xenoliths were cut, sliced and polished into 150 pm thick
sections at the University of Wroctaw. Modal composition of xenoliths was esti-
mated by using a digital method of image analysis by Higgins (2000) on high-reso-
lution scans of one thick section per xenolith.

The electron microprobe analyses were conducted on Cameca SX-100 at the
Department of Lithospheric Research at the University of Vienna, Austria, under
standard conditions (acceleration voltage 15 kV, sample current 15 nA, counting
times 10 or 20 s, natural silicates and synthetic oxides as standards). PAP correc-
tion procedure was applied. Counting times were lengthened to improve detection
limits for Ni and Ca.
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The pyroxene nomenclature after Morimoto (1989) was used. Spinel composi-
tions were calculated on the basis of three cations and the proportions of Fe** and
Fe?* were determined on the basis of charge balance (Deer et al. 1993). Acronym
“a.pfu’” stands for atoms per formula unit. The cr-number or cr# denotes the atom-
ic ratio of Cr/(Cr+Al), while mg-number or mg# stands for atomic Mg/(Mg+Fe').
Forsterite (Fo) content in olivine is calculated as Mg/(Mg+Fe*)*100 per olivine
formula unit. Mineral abbreviations are: Ol (olivine), Opx (orthopyroxene), Cpx
(clinopyroxene), Spl (spinel), Afs/Pl (alkali feldspar/plagioclase), Ap (apatite), Po
(pyrrhotite) and Pn (pentlandite).

4, Petrography and chemical composition

The Krzeniéw xenoliths are formed of two generations of minerals: primary, xe-
nolith-forming (denoted as I) and secondary (denoted as II) forming the fine-
grained integranular aggregates. Detailed data on chemical composition of peri-
dotite-forming minerals is given in Matusiak-Malek (2010).

4.1. Xenoliths

4.1.1. Peridotite-forming minerals

The Krzeniéw basanite contains scarce spinel harzburgite/dunite xenoliths, usually
up to 4 cm across with clinopyroxene content from 0 to 3.9 vol.%. The textures of
peridotitic xenoliths vary from protogranular to porphyroclastic (sensu Mercier
and Nicolas 1975). Representative chemical analyses of peridotite-forming miner-
als are given in Table 1.

Chemical composition of olivine and orthopyroxene classify the Krzeniow
xenolith suite into two groups: group A — with iron content typical for Phanero-
zoic mantle (Griffin et al. 1999) and group B — with elevated iron content due to
Fe-metasomatism (Matusiak-Matek 2010).

Olivine I forms anhedral crystals from 1 to 5 mm with the largest displaying
kink banding. The group A (Fo,,, , ) olivine I is chemically homogeneous within
a single xenolith, while group B olivine I (Fo,,, ., ) is heterogeneous within a sin-
gle xenolith. The NiO content in groups A and B is > 0.30 wt.%. The Ca content in
olivine from both the groups is typically below 700 ppm.

Orthopyroxene I occurs as anhedral grains from 2 to 5 mm with abundant
exsolution lamellae of clinopyroxene. Composition of orthopyroxene I varies from
enstatite, through Cr- enstatite to Al, Cr-enstatite. The mg — number of orthopy-
roxene [ is similar in all the group A xenoliths (0.913-0.921), while in group B its
range is wider (0.899-0.920).
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Clinopyroxene I forms anhedral crystals from 200 to 850 um; clinopyroxene
in only two of the 19 xenoliths contains lamellae of orthopyroxene and spinel.
Chemical composition of group A clinopyroxene I varies from diopside (mg# =
0.936-0.945), through Cr-diopside (mg# = 0.932-0.936) to Al, Cr-diopside (mg#
= 0.930 to 0.918). In group B clinopyroxene I has composition of Cr-diopside
(mg# = 0.903-0.924).

Oval to elongated crystals of spinel I (200-350 pm long) occur scarcely in
the majority of the xenoliths; uneven-margined spinel I occurs in some of the
intergranular aggregates, however its size and composition suggests it to be a pri-
mary phase. Composition of spinel I in clinopyroxene-bearing group A xenoliths
is variable but generally characterized by low (0.348-0.640, scarcely up to 0.755)
cr-number, while Cr# in spinel I in clinopyroxene- free xenoliths is 0.511-0.692.
The mg-number in group A spinel I is 0.511-0.708. The composition of spinel I
occurring in group B xenoliths is scattered respect to mg-number (0.506-0.647),
while cr-numbers are high (0.598-0.705).

4.1.2. Intergranular aggregates

Fine-grained intergranular aggregates form 0.7 to 17 vol. % of Krzeniéw xenoliths
(Figure 2a). No visible basanite infiltration can be followed from aggregate to the
basanite/xenolith contact but veinlets (from first to 200 um wide) filled with feld-
spar, apatite and spinel (Figure 2b) crosscut some of the xenoliths.

The intergranular aggregates are formed of olivine II + clinopyroxene II + spi-
nel II + alkali feldspar/ternary feldspar/plagioclase/glass + sulfides + apatite. The
aggregates may be elongated along grain boundaries, oval or angular. The elongated
ones have the length of the neighboring grains and are usually ca. 100 um wide,
while longer axes of oval and angular ones are from 150 to over 1 000 pm. Con-
tacts of aggregates with olivine I are uneven or lobate but well defined. Orthopyro-
xene I grains (bordering an aggregate and some of crystals without direct contact
with aggregate) are enveloped by thin (~20um) zones of vermicular to angular
clinopyroxene II + olivine II + glass (Figure 2c); occasionally the orthopyroxene
I/aggregate contact is developed to mixture of vermicular clinopyroxene II and
olivine II + glass (Figure 2d). In one grain (among all the studied xenoliths) of or-
thopyroxene I a process of decomposition to clinopyroxene II + olivine II and glass
is preserved (Figure 2e). Clinopyroxene I scarcely contacts with an aggregate, but
if so, the crystal margins are zoned. Sulfides are present in variable amounts (from
single grain to few tens of grains) in aggregates in both groups (A and B) of xe-
noliths. Laths of feldspar are occasionally parallel to each other or display fan-like
structure while in only one of the xenoliths subhedral crystals of clinopyroxene II
are parallel (Figure 2f).

Aggregates containing alkali/ternary feldspar/plagioclase may coexist in one
xenolith with glass-bearing aggregates. Distinction between feldspar and glass
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Figure 2. Texture of peridotite and interstitial fine-grained aggregates in Krzeniéw xenoliths.
(a) Fine-grained intergranular aggregates in Krzeniéw xenolith. Xenolith MM52 with 16 vol.% of
aggregates. Scan of thick section. (b) Veinlet in xenolith MM55, BSE image. (c) Clinopyroxene II and
glass rimming orthopyroxene I. Xenolith MM58, BSE image. (d) Reaction zone around orthopyrox-
ene I developed into mixture of olivine and clinopyroxene. Inset shows enlargement of the structure.
Xenolith MM50, BSE image. (e) Decomposition of orthopyroxene I. Inset shows enlargement of
the reaction. Xenolith MM50, BSE image. (f) Parallel crystals of clinopyroxene II. Xenolith MM61,
reflected light. (g) Texture of fine-grained aggregates. Xenolith MM47, BSE image. (h) Sulfide in
intergranular aggregate. Xenolith MM?72, BSE image
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is problematic due to: (1) small size and similar appearance in BSE image, (2) de-
vitrification processes, (3) similar textural position. Thus we call feldspar (pla-
gioclase, alkali feldspar or ternary feldspar) all the intra-aggregate intergranular
objects without isotropic characteristic (in polarized light) and not containing sig-
nificant amount of iron and magnesium (e.g. Coltorti et al. 2000; Dawson 2002).
Plagioclase usually forms eu- to subhedral 20-150 um long laths of composi-
tion An,, , Or  Ab_ _withscarce transitions to ternary feldspar. Ternary feldspar
(An,,Or, . Ab, ) occurs either as subhedral laths or anhedral crystals, while
alkali feldspar (An,Or,, . Ab,, ) is usually anhedral (Figure 3, Table 2). Compos-
ition of aggregate-forming feldspar is not correlated with modal composition of

host xenolith nor with composition of peridotite-forming minerals.

Or
0
100
10 * Fsp in basanite
20 ) Fspin aggregates
. Fsp in veinlets
30

A Fsp in openwork xenolith/
basanite reaction zones

40
60

50

50

40

30

20

Ab 0 10 20 30 40 50 60 70 80 90 100 An

Figure 3. Composition of feldspar from intergranular aggregates, xenolith/basanite reaction
zones and host basanite. Data for basanite after (Matusiak-Matek 2010)

Feldspar occurring in veinlets forms eu- to subhedral laths of from 50 to 200
um wide. Feldspar shows normal chemical zonation: An,  Or Ab, . in cores,
An, . Or, Ab_ _inrims (Figure 3, Table 2).

Massive, sometimes slightly cracked and locally devitrified glass occurs in in-
terstices in some of the aggregates. It is always associated with feldspar-bearing
aggregates. Glass in aggregates occurring without visible contact with orthopyro-

xene has composition of trachyandesite, scarcely dacite/trachydacite (mg# =

56-59 40-42
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Origin of intergranular aggregates in mantle xenoliths from Krzeniéw basanite 35

0.309-0.643; Figure 4); content of all the elements vary in wide ranges (Ca = 0.05-
1.41 wt.%, Al = 16.80-24.04 wt.%, Ti = 0.04-1.93 wt.%.; Table 3).

16 -
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< -
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E, tephrite
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+
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g 67
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Glass in veinlets
5 Picro @ Glass in decomposing Opx |
pasalt @ Glass associated (+Cpx Il + Ol Il) with Opx |
) Glass in aggregates
O T T T T T T T T T T T T T T T T T 1
35 40 45 50 55 60 65 70 75 80

SiO, [wt. %]

Figure 4. Composition of glass occurring in Krzeniéw xenoliths. Diagram after (Le Maitre et
al. 1989)

Chemical composition of glass coexisting with clinopyroxene II and ol-
ivine II around orthopyroxene I is trachytic/trachydacitic with transition to
trachyandesitic (mg# = 0.300-0.478) and is characterized by low Ca content
(0.03-0.54 wt.%., Al = 17.91-22.50 wt.%, Ti = 0.19-1.52 wt.%); glass associated
with decomposed orthopyroxene I is trachytic/dacitic (mg# = 0.601-0.805) with
low amounts of Ca, Al and Ti (0.05-0.07 wt.%, 15.82-16.51 wt.% and 0.03-0.04
wt.%, respectively).

Olivine IT forms anhedral, scarcely subhedral crystals varying in size from 10
to 250 um. Despite variable textural positions of the olivine II (crystals in aggre-
gate, crystals enveloping orthopyroxene I, crystals in decomposed orthopyroxene)
its composition show the same relations to composition of olivine I. The Fo content
in olivine II is usually close to that in olivine I in given xenolith; only in subhedral
crystals the Fo is lower (Fo,, . in group A and Fo,, . in group B; Figure 5, Table 4).

The Ol II is always depleted in NiO (0.396-0.186 wt.%) and dramatically en-
riched in Ca (800-2665 ppm) compared to Ol I; the highest contents of Ca occur
in rims of crystals.

Vermicular to angular crystals of clinopyroxene II from first to 20 um wide enve-
lope some of the orthopyroxene I crystals; if they are developed to mixture with oli-
vine II and glass, the whole structure is oval with the longer axis of ca. 400 pm. This
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Origin of intergranular aggregates in mantle xenoliths from Krzeniéw basanite 37
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Figure 5. Fo-NiO relationships in olivine II from Krzeniéw xenoliths and xenolith/basanite
reaction zones compared to olivine I. Data for olivine I after (Matusiak-Malek 2010)

clinopyroxene II has composition of + Ti, Cr diopside/augite. Compared to clino-
pyroxene I, clinopyroxene II associated with orthopyroxene I is depleted in Al
and Ca and enriched in Ti, while content of other elements is similar (Figure 6,
Table 4).

Clinopyroxene II which is not associated with orthopyroxene I forms sub-
to anhedral crystals up to 300 um in size, typically 10-90 um. Their cores are
massive or patchy, the rims are spongy (Figure 2g). Spongy clinopyroxene II
often encloses minute inclusions of glass or feldspar. Composition of clinopy-
roxene II depends on its texture. Some parts (especially cores) of patchy crystals
have composition identical or similar to clinopyroxene I in a given xenolith; in
outer parts clinopyroxene II has a composition of + Ti, + Al, Cr-diopside/augite
and displays lower mg-numbers (down to 0.82), Si and Ca contents, while Al, Ti
and Cr are higher (Figure 6, Table 5). The same relationships are true for massive
clinopyroxene II with spongy rims, where massive parts have composition iden-
tical to clinopyroxene I.

Parts of clinopyroxene I grains contacting with plagioclase-bearing aggregate have
composition of Al, Cr-diopside (mg# = 0.915-0.924). Compared to clinopyroxene I,
it is enriched in Al and Cr, while contents of Na and Si are lower (Figure 6, Table 5).

Only few successful analyses of clinopyroxene II occurring in decomposed
orthopyroxene I were made due to its small size. It has composition of Al-diopside
depleted in Al and Ca in comparison to clinopyroxene I (Figure 6; Table 5).
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Figure 6. Composition of clinopyroxene II compared to composition of clinopyroxene I and
clinopyroxene from host basanite. (a) mg# vs. Al, (b) mg# vs. Cr, (c) Al vs. Ca, (d) mg# vs.Si. Data for
clinopyroxene I after (Matusiak-Malek 2010)

Spinel IT forms massive (with fringed rims) and skeletal crystals varying in size
from few to ca. 40 pm. Despite cr- and mg-numbers (0.317-0.766 and 0.338-0.761, re-
spectively) are only negligibly different from those in primary spinel in a given xenolith,
TiO, content is variable in significantly wider ranges (0.02 to 6.43 wt.% in spinel II vs.
up to 0.973 wt.% in spinel I, Table 6). In some of the aggregates, larger (up to 1.5 mm)
crystals of spinel with fringe margins occur. Their chemical composition is the same as
that of spinel I with almost negligible enrichment in Ti content in the rims. Spinel oc-
curring in veinlet has variable composition of mg# = 0.410-0.598 and cr#= 0.353-0.635.
Apatite occurs scarcely in veinlets as elongated (20-45 pm), subhedral crystals
from first to 20 pm in diameter (Figure 2b). It has a composition of fluorapatite with
F content varying from 2.29 to 3.16 wt.%; some grains are also Cl-rich (up to 1.09 wt.%).
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Sulfides form anhedral, oval (50-400 um long, Figure 2h) grains consisting of
cores of Ni-pyrrhotite with pentlandite intergrowths, surrounded by pentlandite
rims. Also smaller (20-50 um) intergranular crystals of pure pentlandite and chal-
copyrite occur (Table 7).

Table 7. Representative analyses of sulfides

No. 1 2 3 4 5 6 7
Textural

position R R C C H H H
Mineral _ |Pn Pn Ni-Po Ni-Po Pn Pn Pn

Si 0.023 0.017 0.016 0.016 0.050 0.030 0.015
S 33.512 33.534 39.431 39.595 33.505 32.999 33.384
Fe 29.279 29.288 54.574 56.886 30.257 30.407 30.429
Co 0.566 0.593 0.006 0.015 0.511 0.491 0.447
Ni 33.688 34.106 3.850 1.306 33.736 33.616 33.779
Total 97.068 97.537 97.876 97.818 98.059 97.543 98.053

R— rim, C — core, H — homogeneous

4.1.3. Contact with basanite

Three types of basanite/xenolith contact occur in Krzeniéw xenoliths: (1) sharp,
(2) massive reaction zone and (3) openwork reaction zone (Figure 7). Openwork
and massive reaction zones never occur along the same xenolith, but sharp contact
may coexist with any of the type of reaction zones.

Massive reaction zone is the dominating type of basanite/xenolith reaction.
The massive zone is formed either by large subhedral crystals of clinopyroxene
or mixture of sub- to anhedral clinopyroxene, orthopyroxene, spinel and apatite
embedded in olivine matrix (Figure 7a). Width of the reaction zones is from first
um to 20 um if formed by clinopyroxene crystals and up to 300 pum if formed
of mixture of crystals. The olivine (Fo_, . ,) is rich in Ca (3200-3300 ppm)
and relatively poor in NiO (0.13-0.14 wt.%, Table 4). The clinopyroxene in the
mixtures is rounded and has composition of + Al, Cr-diopside/augite (mg# =
0.863-0.884; Table 5). Orthopyroxene forms 300 pm long anhedral crystals with
lobate borders; it has the composition of + Cr enstatite (#mg = 0.917-0.919) and
it is probably a remnant of not-fully reacted orthopyroxene I. Spinel is massive
and subhedral and has composition of iilvospinel (#mg = 0.103-0.117, #cr =
0.225-0.241, Table 6). Apatite forms scarce subhedral crystals up to 30um in
cross section and contains elevated amounts of F, but no quantitative data are
available.

The “openwork” reaction zone is formed of angular, 1 cm x 600 pm rect-
angular (in cross section) zones unequally distributed at the xenolith/basanite
border. The “rectangles” are formed of clinopyroxene, plagioclase and opaques.
The clinopyroxene forms narrow (up to 30 um) elongated (from first to 400 pm)
crystals parallel or perpendicular (in single “rectangle”) to the xenolith margin
(Figure 7b,c). At the xenolith/”rectangle” contact subhedral, angular crystals of
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Figure 7. Texture of reaction zones be-
tween xenoliths and host basanite. (a) Massive
reaction zone. Xenolith MM54, BSE image.
(b) Open reaction zone. Frame shows area en-
larged in figure c. Xenolith MM55, reflected
light. (c) Open reaction zone. Xenolith MM55,
BSE image

clinopyroxene and laths of feldspar + olivine occur. The clinopyroxene occurring
in rectangular zones has composition of Ti, Al, Cr-diopside and strongly vari-
able mg-number (0.789-0.847); the subhedral crystals have similar composition,
but their mg# is 0.913. Olivine is strongly heterogeneous, the Fo content decreases
from 85.87 in proximity to the xenolith to 80.22 in distance from the xenolith;
the Fo is negatively correlated with Ca (2300-1180 ppm) and NiO (0.223-0.335
wt.%) contents. Plagioclase has composition of An,, . Or Ab,, ., while mg# and
cr# in spinel are 0.46 and 0.44, respectively.

54-55 42-43°

5. Origin of the aggregates

The aggregates occur in various textural positions in the xenoliths. Those form-
ing the intergranular “patches” could have originated due to melt infiltration or
breakdown of hydrous phases, whereas those rimming orthopyroxene are due to
its reaction with a melt. The apatite-bearing veinlets continue from host basanite
and possibly originated due to its infiltration into the xenoliths.

Clinopyroxene occurring at clinopyroxene I/aggregate contact is enriched,
compared to clinopyroxene I, in Al and Cr, while Si, Na, Ca and mg# are dimin-
ished. The same relations occur between clinopyroxene II from aggregates and
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primary clinopyroxene in all the xenoliths. Moreover, composition of cores of
some of the aggregate clinopyroxene II mimics composition of clinopyroxene I
in given xenolith. Thus, clinopyroxene II in aggregates is not a newly crystalized
phase, but was formed due to reaction of clinopyroxene I with a melt. The same
is true for spinel IT occurring in aggregates — cores of larger grains almost per-
fectly mimic composition of spinel I, while outer parts and small crystals differ
from spinel I only in higher Ti content. Also olivine II in the aggregates follows
chemical features of olivine I in given xenolith except of Ca content which is
strongly elevated, especially in the rims. Remnants of primary phases in second-
ary clinopyroxene, olivine and spinel show that intergranular aggregates were
formed due to reaction with infiltrating melt. As the aggregate minerals display
strong chemical heterogeneity, we assume that the melt-xenolith reaction must
have been very short.

The composition of the infiltrating melt is potentially recorded by tra-
chyandesite/trachydacite glass occurring in aggregates (Figure 4). However, the
composition of glasses varies in wide ranges suggesting either multiple infiltra-
tions by melts of at least four different compositions or blur of the primary com-
position by further processes (mixing, reaction with peridotite minerals, devit-
rification, etc). Moreover, it is impossible to distinguish truly infiltrating melts
from that produced by reaction between infiltrating agents and host minerals.
Thus, we do not use composition of glasses as referential composition of infil-
trating melt.

Composition of the infiltrating melt may be estimated only on a base of
effects it caused during reaction with peridotite minerals or on composition of
newly formed phases. Presence of sulfides (Ni-pyrrhotite, pentlandite, chalcopyrite)
in some of the fine-grained aggregates in the Krzeniéw xenoliths suggests that
the infiltrating silicate melt was relatively sulphur rich contained; in some of
the crystalizing aggregates it reached sulfide saturation during crystallization.
Olivine in aggregates do not record any significant changes in Fo content which
stands for mafic/ultramafic nature of the melt. Thus, the possible medium lead-
ing to fine-grained aggregates formation was a Si-undersaturated S-bearing sili-
cate melt.

The aggregates always contain clinopyroxene II, which is present even in clino-
pyroxene I-free xenoliths. Possible origins of clinopyroxene II in such xenoliths
are: (1) reaction of clinopyroxene I with the melt, (2) clinopyroxene II formation
due to melt/orthopyroxene I reaction and (3) crystallization of clinopyroxene
from the infiltrating melt. Possibility (1) is evident in xenolith where crystals of
clinopyroxene II preserve the crystallographic orientation of replaced clinopyrox-
ene I (Figure 2f). In this xenolith reaction of clinopyroxene I with melt was frozen
at very early stage and before the newly formed grains were reoriented and fully
chemically reequilibrated. Similar process but with random reorientation of clino-
pyroxene II crystals was possible also in other xenoliths. Possibility (2) is support-
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ed by composition of clinopyroxene II from aggregates, which partly overlaps with
composition of clinopyroxene II associated with orthopyroxene I. No textural evi-
dence supports scenario (3) and thus it seems to be the least possible.

Breakdown of hydrous phases (amphibole and phlogopite) may be also re-
sponsible for formation of intergranular aggregates (Aliani et al. 2009; Shaw 2009).
Amphibole breakdown leads to formation of secondary olivine, clinopyroxene,
spinel and melt/glass, while olivine, enstatite and melt/glass are possible products
of phlogopite melting (Yoder and Kushiro 1969). As secondary enstatite does not
occur in intergranular aggregates, breakdown of phlogopite could not have been
responsible for aggregates formation.

The Krzeniow xenolith suite is modally anhydrous. It however may be assumed
that all the hypothetical amphibole had been decomposed. To test this hypothesis
we have estimated the composition of hypothetical amphibole with use of least-
square method presented by Aliani et al. (2009). Comparison with composition of
pargasitic amphibole from Wilcza Géra xenoliths (the closest xenolith-bearing lo-
cality od volcanic rock; Matusiak-Malek 2010) gave Zr*>>>1 which corresponds to
lack of similarities in chemical composition between the hypothetical and natural
amphibole. Thus we conclude that the formation of intergranular aggregates was
not related to breakdown of any hydrous phase.

Orthopyroxene I contacting with aggregates is always rimmed by mixture of
clinopyroxene II + olivine II + glass; occasionally, the rims occur also in orthopy-
roxene I beyond the aggregates. Such structures are described in mantle xenoliths
worldwide (e.g. Dawson 2002; Yaxley et al. 1997). Close association of the rim
with orthopyroxene I clearly suggest that formation of this type of clinopyroxene
IT is related to orthopyroxene I dissolution. This hypothesis is further supported
by image (Figure 2e) of frozen process of dissolution of orthopyroxene I to olivine
I1, clinopyroxene II and glass. Shaw (1999) and Shaw et al. (1998) have experimen-
tally examined the process of orthopyroxene dissolution in silica undersaturated
melt. The experiments show that under pressure exceeding 1 GPa orthopyroxene
reacting with Si-poor solvent dissolves to olivine, glass and clinopyroxene. The dis-
solution reaction is two-step: (1) orthopyroxene reacts with the melt dissolving in-
congruently and forming forsterite and glass reaction zone; (2) Ca and Al from the
solvent diffuse inward the reaction zone (towards orthopyroxene) causing satura-
tion in clinopyroxene, while Si diffuses in the opposite direction. This model seems
to fit texturally to the image recorded in Krzeniéw xenoliths. As the rims occur
around orthopyroxene I contacting with aggregates but also around grains beyond
the structures, the solvent must have percolated along primary grains of peridotite.
The reaction was fast in majority of the xenoliths as composition of clinopyroxene II
may vary significantly even in scale of few tens of pm.

The plagioclase-apatite veinlets contain plagioclase having similar core com-
position as basanitic plagioclase (Figure 3; Matusiak-Matek 2010). Composition
of spinel occurring in veinlets is typical for magmatic spinel enclosed in magmatic
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olivine in undersaturated lavas. Large crystals of fluorapatite present in veinlets in
significant amounts were not reported from the Krzeniéw basanite where apatite
grains are acicular and rather discrete (Bialowolska 1993; Birkenmajer et al. 2007;
Ladenberger 2006; Matusiak-Malek 2010). On the other hand, apatite is present
in massive xenolith/basanite reaction zones, thus it might have been formed due
to reaction with the same melt whose infiltration led to veinlets formation. Large
(up to 7 mm long) apatite crystals were described from diopside megacrysts from
Ostrzyca basanite located 13 km SW from Krzeniéw (D. Lipa unpublished data).
The megacrysts are interpreted to come from disintegrated cumulate formed at
uppermost mantle/lower crust depths by crystallization from primary alkaline sil-
icate melt. A similar melt may have intruded into Krzeniéw xenoliths and form
massive reaction zones, but relations between the phosphorous-bearing melt and
Krzeniéw basanite are unknown.

The composition of clinopyroxene and plagioclase forming the openwork xe-
nolith/basanite reaction zone mimic those of the phases in basanite, while olivine
in the reaction zones is depleted in Fo and NiO and enriched in Ca. As Fo contents
in majority of olivine II crystals is not diminished in comparison to that in oliv-
ine I, formation of intergranular aggregates due to reaction with host basanite is
not possible.

6. Conclusions

The chemical characteristic of Krzeniéw mantle rocks (harzburgites, dunites) was
established by melting and metasomatic events of probably Variscan age. The fine-
grained aggregates occurring in xenoliths from the Krzeniéw basanite are much
younger and record infiltration/percolation of the S-bearing, silica-undersatur-
ated alkali silicate melt. The aggregates in all the types of xenoliths display similar
composition and structure, therefore they probably come from one mantle sec-
tion or originated after the separation of xenoliths from host mantle sequences
and their entrainment into the basanite magma. Thus, the S-bearing melt could
not have been related to any of the metasomatic agents proposed for Krzeniow
mantle (Si-undersaturated, COz-rich alkaline and Fe-rich melts; Matusiak-Malek
2010). However, infiltration of the melt and reaction with peridotite phases has to
be considered as metasomatic events: changes in chemical composition of clin-
opyroxene, orthopyroxene and spinel fulfil condition of cryptic metasomatism,
while crystallization of sulfides and feldspar is an example of modal metasoma-
tism. Presence of aggregates formed by mafic melts infiltrating peridotite prior
to magma entrapment was documented also for other mantle xenoliths in Lower
Silesia: Ksieginki (Puziewicz et al. 2011) and Lutynia (Matusiak-Malek et al. 2010),
however Krzenidw is the only locality, where the melt was S-bearing.
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Composition of glass occurring in reaction zones around orthopyroxene I
zones varies from trachyandesite to trachydacite/dacite partly overlapping the
composition of glass occurring in aggregates. This suggests that both aggregates
and zones around orthopyroxene I may be related to reaction with the same
melt.

The next episode in the Krzenidéw peridotite history took place after formation
of xenolith, i.e. at crustal levels. In the crust the fissures in xenoliths were infiltrated
by P-rich melt which crystallized into plagioclase + apatite mineral assemblage.
The very last episode recorded in the xenoliths is a formation of basanite/xenoliths
reactions zones. The zones are either thin or completely missing but their presence
required stagnation in magma chamber (Kliigel 1998). Lack of detailed chemical
profiles in minerals forming reaction zones did not allow us to calculate the time
of residence in magma chamber.

The late stage process recorded in aggregates, veinlets and reaction zones
around xenoliths may blur or obscure the general image of upper mantle recorded
in host peridotite. At the same time they evidence short events preceding entrap-
ment by ascending magma.
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