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ABSTRACT: The question of whether the antecryst assemblage
affects the bulk composition of lamprophyre dykes, and could be
responsible for the compositional zonation between their centers
and borders is addressed through a detailed study involving four
monchiquite and camptonite dykes (basanites and tephrites) rep-
resentative of the Arco de Ponta Grossa and Serra do Mar alkaline
provinces. In them, antecrysts are interpreted as early-crystallized
minerals that are no longer in equilibrium with their host-lig-
uid, albeit still linked to the same magmatic system. They repre-
sent recycled crystals of earlier stages of the magmatic system at
depth. The antecryst microtextures, such as zoned clinopyroxene
megacrysts (augite cores and titanaugite rims) with partly corrod-
ed cores, olivine crystals with corroded rims surrounded by bio-
tite coronas, chrome-spinel inclusions in clinopyroxene and oliv-
ine megacryst cores, and titanomagnetite crystals surrounded by
biotite coronas, suggest chemical re-equilibrium with the matrix.
The greatest antecryst cargo in these dykes is found in their centers.
After subtracting the antecryst volume from the center analyses of
each body, the calculated compositions are very similar to the bor-
der analyses. The mafic antecryst cargo of each occurrence propor-
tionally leads to enrichment of MgO, FeO, TiO,, CaO, compati-
ble trace elements (Cr, Ni and Co), and depletion of SiO,, K,O,
Na,O, AlZO3 and incompatible trace elements (Ba, Sr and REE).
The whole-rock geochemical analyses of each dyke represent the
combination of accumulated crystals and melt. The compositional
zonation of the studied dykes is associated with the antecryst cargo
rather than different magmatic pulses.

KEYWORDS: Antecrysts; Alkaline lamprophyres; Petrology;
Geochemistry.

RESUMO: A questio de como a assembleia de antecristais influencia
a composigao quimica de diques de lampréfiro e se esta pode ser respon-
sdvel pelo zoneamento composicional entre niicleos e bordas é abordada
por meio de um estudo detalhado em quatro diques de monchiquito e
camptonito, representativos das provincias alcalinas Arco de Ponta Grossa
e Serra do Mar. Nestes diques, os antecristais sio interpretados como mi-
nerais cristalizados precocemente que ndo se encontram mais em equi-
librio com o liquido que os carrega, mas que mantém vinculo com o
mesmo sistema magmadtico. Eles representam cristais reciclados de estdgios
magmdticos mais precoces em profundidade. As texturas dos antecristais,
como megacristais zonados de clinopiroxénio (niicleos de augita e bordas
de titanoaugita) com niicleos parcialmente corroidos, cristais de olivina
corroidos nas bordas, envoltos por coronas de biotita, inclusio de cristais
de cromoespinélio nos centros dos megacristais de clinopiroxénio e olivina
e cristais de titanomagnetita envoltos por coronas de biotita, sugerem ree-
quilibrio com a matriz. Para os diques estudados, a maior carga de ante-
cristais encontra-se em seus centros. Descontando-se o volume de antecris-
tais nos centros de cada ocorréncia, as composigées calculadas sdo muito
semelhantes as globais das bordas. A carga de antecristais mdficos de cada
ocorréncia, proporcionalmente, resulta em enviquecimento da composi-
¢ao global em MgO, FeO, TiO,, CaO, elementos tragos compativeis (Cr,
Ni e Co), e ao empobrecimento em SiO,, K,0, Na,0O, ALO, e tragos
incompativeis (Ba, Sr e ETR). Assim, as andlises geoquimicas globais de
cada dique sio representativas da combinagdo de cristais acumulados e
magma. Além disso, as variagoes composicionais relativas as zonalidades
dos diques estudados parecem estar predominantemente relacionadas a
carga de antecristais e nio a diferentes pulsos magmdticos.
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INTRODUCTION

Chemical composition of primitive basic alkaline
dykes may be considered representative of low-degree
mantle melts. The study of such dykes enables the identifi-
cation of their mantle source characteristics, which include
geochemical signatures, large- and small-scale heterogene-
ities, and metasomatic processes (e.g., Comin-Chiaramonti
et al. 1997; Gibson et al. 1999). However, some of them
may also record processes of magmatic evolution that mask
their pristine signatures, like crystal-liquid fractionation,
wall-rock assimilation and liquid immiscibility, among
others (e.g., Thompson et al. 1998; Trumbull ez /. 2003;
Vichi et al. 2005). Indeed, the most primitive rocks of a
dyke swarm frequently have somewhat more evolved com-
positions than the primitive melts assessed in experimental
studies (Comin-Chiaramonti ez /. 1997).

Detailed studies are necessary for the petrologic char-
acterization of small tabular bodies. In particular, effects
of megacrysts on the bulk chemical composition and their
meaning have been widely discussed, especially in por-
phyritic varieties (Ubide er al. 2012; Larrea er al. 2012).
Recently, the term ‘antecrysts” has been systematically used
(e.g., Charlier ez al. 2005; Davidson ez al. 2007; Jerram &
Martin 2008) referring to a specific crystal type that differs
from those identified as phenocrysts (larger early-crystal-
lized phases that are in equilibrium with the liquid) and
xenocrysts (crystals that are foreign to the magmatic liquid
and have no genetic association with it). Antecrysts may
be defined as crystals that did not crystallize directly from
the host magma in which they are contained, although
they maintain a genetic relationship with the same system.
For example, they may be a representation of a previous
stage of magmatic evolution and are no longer in chemical
equilibrium with the fractionated liquid that carries them.

This issue is of the utmost importance when studying
lamprophyres, which are porphyritic rocks with mesocratic
to melanocratic characteristics (Rock 1991), because they
contain a large amount of mafic megacrysts. Alkaline lam-
prophyre dykes of basanitic composition are recognized in
several Mesozoic-Cenozoic alkaline occurrences in the South
American platform. For example, this is true in the case of
Juquid (Beccaluva ez al. 1992), Lages (Traversa ez al. 1996),
Monte de Trigo (Enrich ef al. 2009), and Sao Sebastiao
(Bellieni ez al. 1990) occurrences. Although some of these
dykes approach the composition of primary melts (Traversa
et al. 1996; Brotzu et al. 2005), others were not simply
treated as melts and their compositions were attributed to
a combination of basic alkaline melt and accumulated mafic
crystals (Beccaluva et al. 1992).
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The motivation for this study has been to understand the
meaning of the zoned lamprophyre dykes and their associa-
tion with the megacryst population. For this purpose, four
dykes from different locations within the Arco de Ponta
Grossa and Serra do Mar alkaline provinces related to the
Mesozoic-Cenozoic magmatism of the southeastern part
of the Brazilian Platform were chosen for a detailed petro-
graphic and geochemical study.

MAGMATIC CONTEXT

More than 100 occurrences of alkaline and alkaline-car-
bonatite Mesozoic-Cenozoic rocks have been reported
in the South-central portion of the Brazilian Platform
and were clustered into various provinces (Riccomini
et al. 2005). Most of them are intrusive suites of less
than 100 km?, sometimes associated with dyke swarms
(Morbidelli ef a/. 1995). The abundance of evolved lith-
ologies is noteworthy, including nepheline syenite and
syenite, as in Sdo Sebastido, Itatiaia, Pocos de Caldas,
Banhadio occurrences (Bellieni ez a/. 1990; Brotzu et al.
1997; Ulbrich et al. 2005; Ruberti ez 2/ 2012). Cumulate
associations often formed by clinopyroxenites and mem-
bers of the ijolitic series with dunites and carbonatites to
a lesser extent are also found like in Jacupiranga, Juquid,
Ponte Nova, Salitre and Tapira massifs (Beccaluva ez al.
1992; Azzone et al. 2009; Gomes et al. 2011; Barbosa
et al. 2012; Brod et al. 2013).

Alkaline mafic dykes happen more restrictedly in this
context. Usually, they present less-evolved characteristics
and are classified as lamprophyres. They normally exhibit a
porphyritic texture with a fine-grained to aphanitic matrix.
Chemically, they have a composition that corresponds to
alkaline basalts, basanites, and nephelinites. These dykes are
particularly abundant in the alkaline provinces of Arco de
Ponta Grossa and Serra do Mar (Beccaluva ez al. 1992; Alves
etal. 1992; Garda et al. 1995; Valente 1997; Thompson et al.
1998; Gibson et al. 1999; Azzone et al. 2009; Enrich et al.
2009; Gomes ez al. 2011). They mostly occur near or cross-
cutting the alkaline intrusive suites.

GEOLOGICAL ASPECTS

Four alkaline lamprophyre dykes from different loca-
tions in the alkaline provinces of Arco de Ponta Grossa and
Serra do Mar were selected for this study. The locations of
these dykes are shown in Fig. 1 and listed in Table 1. Their
descriptions are further shown.
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Dyke 1

It occurs in situ, N-NW-oriented, showing irregu-
lar shape, and thickness ranging from 20 ¢cm to 1.2 m
with strong zoning between the center and border.
This dyke has grey to black color, massif structure, and
panidiomorphic porphyritic texture, with a fine-grained
matrix and a few globular structures mainly filled with
carbonates in the central and intermediate zones of the
dyke. Medium-grained mafic megacrysts are found at
higher concentrations in the central portions. The borders
show a microphaneritic to aphanitic matrix, whereas the
center exhibits a fine-grained matrix. The dyke intrudes
into syenogranites of the Guarad massif, Graciosa prov-
ince (Precambrian; Faleiros & Pavan 2013), and it was
sampled in an abandoned quarry. Ata 0.5 m distance, a
diabase dyke of tholeiitic affinity is parallel to this one.
No contact relationships were seen between the two dykes.

Sdo Paulo

)
) 2408

Atlantic Ocean

0 40 80 120 km

47°W 45°W

I: Selected alkaline dykes. II: Sediments or sedimentary rocks associated
with rift basins (Cenozoic); III: Alkaline complexes (Mesozoic-Cenozoic);
IV: Sedimentary rocks of Parand Basin (Ordovician-Silurian);
V: Crystalline Basement, Brasilia and Ribeira orogenic belts
(Precambrian). Simplified from Schobbenhaus et al. (2004).

Figure 1. Location and geological setting of the studied
alkaline dykes. Numbers 1 to 4 refer to the numbering
used in the text.

Dyke 2

The second dyke occurs i7 situ, NW-oriented, showing
irregular shape, variable thickness ranging from 20 to 60 cm,
and well-marked zoning between the center and border. This
dyke exhibits grey color, massive structure, and porphyritic
texture, with medium- to coarse-grained mafic megacrysts in
a fine-grained matrix. There is a well-defined contact, albeit
slightly sinuous to irregular, between the center and border
of the dyke. There is no significant variation in the relative
ratio of megacrysts between the center and border zone.
The dyke was sampled on a hillock with iz situ outcrops,
discontinuous flagstones, and a few boulders slightly tilted
in the same place. It is intruded into the Jacupiranga alka-
line-carbonatitic complex (Cretaceous; Gomes ez al. 2011)
and cuts a coarse-grained syenite, which has cumulate alka-
li-feldspar megacrysts, and a fine- to medium-grained theralite.

Dyke 3

It occurs along secondary dirt road, close to the drainage
network and next to 7 situ outcrops of olivine clinopyrox-
enites. Although no contact relationships or zoned struc-
tures were observed, this rock was presumably intrusive into
the olivine clinopyroxenite of the North-central portion of the
Juquid alkaline carbonatitic complex (Cretaceous; Gomes
et al. 2011). This is most likely the same occurrence as the
one analyzed by Beccaluva ez al. (1992) and Gibson ez al.
(1999), based on the location and previous descriptions. This
dyke exhibits grey color, massive structure and porphyritic
to glomeroporphyritic texture, and contains coarse-grained
mafic megacrysts in a fine- to medium-grained matrix.

Dyke 4

Dyke 4 occurs in situ, with 1-m-thickness and E-W ori-
entation. This dark-grey massive rock presents aphanitic tex-
ture in its border and a porphyritic texture in the center, in
a phaneritic fine-grained matrix. Medium- to coarse-grained
mafic megacrysts and globular structures, mostly filled

Table 1. Geological data and location of the alkaline dykes selected for this study.

q Alkaline Province Type of
Coordinates (UTM) (Riccomini etial., 2005) | outerop Wall rocks

Dyke 1 22J0794101/7255729 APG in situ Syenogranites of the Guarai Massif,

Graciosa Suite (Precambrian)

L Nepheline-bearing syenites and theralites of the
Dyke 2 22J0791201/7268628 APG i situ Jacupiranga Alkaline-Carbonatite complex (Mesozoic)
Olivine clinopyroxenites of the Juquia
Dyke 3 22J0226842/7299521 APG blocks Alkaline-Carbonatite complex (Mesozoic)
Dyked | 23K0437277/7480569 SM-N in situ Granites of the ParaisGpolis
Complex (Precambrian)

APG: Arco de Ponta Grossa; SM-N: Serra do Mar - North Sector. Specific data on wall rocks may be found in Cavalcante et al. (1979), Beccaluva et al. (1992)

and Faleiros & Pavan (2013).
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with white carbonates, occur in the central region. This
dyke intrudes into locally mylonitized granites/gneisses of
Paraisépolis Complex (Precambrian; Cavalcante ez 2/, 1979).

MATERIALS AND METHODS

For each dyke, five to eight samples were collected, both
in the center and in the border of the dykes. All samples were
described under a petrographic microscope. Modal analy-
ses were performed on representative samples of center and
border of the dykes, according to the methodology proposed
by Chayes (1956). Descriptions were complemented with
backscattered electron images obtained at the Laboratory of
Scanning Electron Microscopy of the Institute of Geosciences,
Universidade de Sio Paulo (USP), in Brazil. A LEO 4401
apparatus, operating with acceleration voltage of 20 kV, and
probe current of 6 to 8 nA, was used.

Whole-rock samples presenting size equivalent to a
cube with a face at least 10 times that of the largest crystal
were considered for the geochemical analysis (Potts 1987).
No separation between the crystal populations present in the
samples was carried out. Their analyses of major and certain
trace elements through X-ray fluorescence were conducted
at the X-ray Fluorescence Laboratory of Geoanalitica-USP
Facility using an automatic Philips x-ray spectrometer,
model PW2400. Further details of the preparation can
be found in Mori et al. (1999). Other trace elements were
analyzed by inductively coupled plasma mass spectrom-
etry (ICP-MS) in the Chemistry and ICP Laboratory of
Geoanalitica-USP Facility, which is equipped with a Perkin
Elmer spectrometer, model ELAN 6100 DRC. A 100-mg
aliquot was collected from each sample for etching via
microwave. More details on the preparation can be found
in Navarro et 2/. (2008).

PETROGRAPHY

General aspects

Table 2 shows the modal analysis for each dyke and their
different zones. The petrographic analyses sought to separate
the main crystal populations. For this purpose, only descrip-
tive terminology, based on the terms megacrysts, microcrysts
and matrix, was used. The terms phenocrysts, antecrysts and
xenocrysts are interpretively used according to their genetic
connotations. The megacrysts represent only crystals with
abnormal large size compared to the others (> 10 times the
average size of the matrix crystals). Microcrysts represent
crystals from five to ten times the average one.

Dyke 1

Monchiquite (¢f Le Maitre 2002). This dyke is also clas-
sified as monchiquitic basanite (¢ff Rock 1991), given the
greater amount of mesostasis compared to plagioclase and
the lower concentration of hydrous mafic minerals compared
to anhydrous mafic minerals. The texture is porphyritic,
panidiomorphic, varying to vitrophyric. Fluidal structure
occurs in contact with the wall rock, mainly marked by the
orientation of zoned augite microcrysts.

Euhedral megacrysts vary in size from 0.5 to 2.5 mm,
consisting of olivine, augite, and biotite and ranging from
~ 5 vol.% in the border to ~ 25 vol.% in the center of the
dyke. Clusters of megacrysts are found both in samples from
the center of the dyke and at contact with wall rocks. Augite
megacrysts predominate in the dyke border, whereas olivine
and biotite megacrysts prevail in the center. Internal zon-
ing structures are common in augite and biotite and may
occur in some olivine crystals too. There are augite crystals
with corroded cores and occasional corrosion features along

the borders (Fig. 2). The olivine megacrysts are commonly

Table 2. Modal mineralogical compositions of the alkaline lamprophyre dykes shown in this study.

Dyke 1 Dyke 2 Dyke 3 Dyke 4
c b c b bl c b
Classification Monchiquitic | Monchiquitic| Campto- Campto- Camptonitic | Camptonitic | Camptonitic
Basanite Basanite monchiquite | monchiquite Basanite Basanite Basanite
No. Points 1026 1045 987 914 1050 1560 1040
Olivine (%) 10.8 2.2 0.2 15.2 12.8 8.8
Clinopyroxene 41.5 35.9 36.0 29.9 31.8 25.3 34.7
+

gi:i Q‘e';iz‘;ls Glass 109 36.0 238 30.6 26.4 208 282
Amphibole 4.6 0.6 0.2 8.0 9.7
Biotite 19.3 15.1 32.6 30.3 15.0

Opaques 4.7 5.5 5.4 8.8 10.8 14.6 12.7

+
ycrothermal Asserblage | 52 70 09 185 59

The ratios, expressed as percentages, were calculated by counting points (Chayes 1956). The accessory + hydrothermal assemblage is characterized by
apatite, carbonate, titanite, actinolite, analcime, and sulfides. Classification according to Rock (1991). Abbreviations: ¢, center; b, border, bl, block.
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altered or corroded. Chrome-spinel and titanomagnetite ~ The microcrysts predominantly occur in the center of the
inclusions usually occur in the augite and olivine crystals. dyke and range from 0.1 to 0.5 mm. They consist of augite,

The microcryst and matrix proportions range from ~ 75 biotite, titanomagnetite and kaersutite and have euhedral
to ~ 95 vol.% at the center and border zones, respectively. to subhedral habit. The matrix minerals have crystal size

mg

‘&
d

-

amp: amphibole; bt: biotite; cpx: clinopyroxene; mgt: magnetite; msf: felsic mesostasis; pl: plagioclase; oc: ocellar structures; ol: olivine.

Figure 2. (A) Photomicrograph of partly corroded olivine megacryst, with biotite in coronitic texture - dyke 2 (polarized
light). (B) Photomicrograph of olivine megacrysts with embayment regions, which are suggestive of reactive contact
with magma - dyke 4 (polarized light). (C) Backscattered electron micrograph of zoned clinopyroxene megacrysts with
corrosion textures - dyke 1. (D) Backscattered electron micrograph of a zoned clinopyroxene megacryst, with different
overgrowth stages and partly reequilibrated core - dyke 3. (E) Backscattered electron micrograph of zoned clinopyroxene
megacrysts with oscillatory and concentric zonings in crystal clusters - dyke 2. (F) Backscattered electron micrograph
of a round-shaped cluster of olivine and clinopyroxene megacrysts - dyke 3.
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smaller than 0.1 mm and consist of augite, biotite, titano-
magnetite, apatite, alkali feldspar, plagioclase, analcime, and
glass. They are subhedral to anhedral, although some augite,
apatite and biotite have euhedral habit. Elongate alkali feld-
spar and interstitial analcime in equivalent ratios compose
felsic mesostasis, possibly associated with late magmatic or
hydrothermal glass alteration processes.

Dyke 2

Monchiquite (¢f’ Le Maitre 2002). This dyke can also be
classified as campto-monchiquite (¢f Rock 1991), given the
occurrence of biotite as an essential mineral and the greater
amount of felsic mesostasis/glass compared to plagioclase.
The texture is porphyritic panidiomorphic varying to vit-
rophyric, and includes transitions to fluidal structure when
in contact with wall rocks.

Euhedral olivine and augite are megacrysts ranging from
~ 5 to ~ 7 vol.%, with greater concentrations in the central
zone. Their grain size varies from 0.5 to 3.0 mm. Some spo-
radic biotite megacrysts and clusters of augite megacrysts
with cumulate textures occur in the central zone of the
dykes. Augite megacrysts are significantly more predomi-
nant than olivine in the border zones. The presence of zoned
structures is common in augite megacrysts and resorption
textures occur in some cases. Augite and olivine megacrysts
present inclusions of oxides (chrome-spinel, spinel and tita-
nomagnetite). Olivine megacrysts are commonly corroded
(Fig. 2), usually mantled by brown biotite and apparently
associated with changes in the SiO, activity of the system
(Parson et al. 1991).

The microcryst and matrix proportions range from ~ 97
to - 95 vol.% in the center and border of the dyke, respec-
tively. The microcrysts consist of titanaugite, biotite, and
titanomagnetite. They are between 0.1 and 0.4 mm in size
and have euhedral to subhedral habit. The matrix miner-
als are up to 0.1 mm and are represented by euhedral to
subhedral apatite, titanaugite, kaersutite, plagioclase and
alkali-feldspar, granular to interstitial titanomagnetite,
and anhedral analcime. Titanaugite with or without inter-
nal zoning is particularly abundant in the rock matrix, and

may show corroded cores.

Dyke 3

Camptonite (¢f: Le Maitre ez a/. 2002). This dyke is also
classified as a camptonitic basanite (¢f Rock 1991), given the
smaller occurrence of hydrous mafic minerals compared to
anhydrous mafic minerals as megacrysts. The predominant
texture in all samples is porphyritic panidiomorphic. The geo-
logical situation precludes considerations on petrographic
differences between the center and borders of the dyke.
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The megacrysts correspond to ~ 35 vol.% and have sizes
ranging from 0.5 to 7.0 mm, with a predominance of augite
megacrysts over olivine. Both exhibit euhedral habit, inter-
nal zoning and chrome-spinel microinclusions. The augite
crystals show partly corroded cores and replacement with
either titanaugite or matrix minerals (Fig. 2). The olivine
crystals are surrounded by a thin biotite corona. Clusters of
zoned olivine and augite megacrysts with rounded shapes
(Fig. 2) are common.

Microcrysts and the matrix correspond to ~ 65 vol.%.
‘The microcrysts have sizes ranging from 0.3 to 0.6 mm and
consist of titanaugite, plagioclase and, subordinately, tita-
nomagnetite. The matrix size reaches up to 0.3 mm and
consists of titanaugite, plagioclase, alkali-feldspar, titano-
magnetite, apatite, and biotite. The clinopyroxene habit is
predominantly euhedral to subhedral, whereas the other
minerals vary from subhedral to anhedral and interstitial.
Biotite predominantly mantles both as olivine megacrysts
and as titanomagnetite microcrysts found in contact with
interstitial feldspars of the matrix.

The classification of this dyke as a lamprophyre is some-
what dubious. Biotite, the only hydrous mafic present in this
occurrence, is preferentially associated with reaction context,
including titanomagnetite or olivine megacryst surroundings.
The formation of biotite should thus be associated with local
changes in the O, fugacity and/or SiO, activity of the sys-
tem (Parson ez al. 1991). Consequently, this might be a case
of an apocryphal lamprophyre, according to Rock (1991).

Dyke 4

Camptonite (¢f Le Maitre et /. 2002). This dyke may
be classified as a camptonitic basanite (¢f Rock 1991), given
the concentration of hydrous mafics as minor constituents
and lower amount of glass/mesostasis compared to pla-
gioclase. The dyke is zoned and shows a coarser grain-size
in its central portion than in the border area. It usually has
panidiomorphic porphyritic inequigranular texture, defined
by the presence of olivine megacrysts (up to ~ 10 vol.% in
the central area) in a fine-grained matrix (Fig. 2).

The central portion of the dyke features a holocrystal-
line panidiomorphic texture, with the presence of olivine
megacrysts in a fine-grained matrix (0.1 to 0.4 mm). The oliv-
ine megacrysts predominantly appear as pseudomorphs
with mean sizes from 1 and 2 mm, and olivine also occurs
as microcrysts. Clusters of augite microcrysts are uncom-
mon, but present (0.6 to 0.75 mm). The augite crystals are
commonly zoned with Ti-augite rims. Olivine, kaersutite
and augite microcrysts are usually euhedral to subhedral.
The matrix exhibits an intergranular texture. It consists of
plagioclase, kaersutite, augite and opaque minerals with
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acicular apatite as an accessory mineral. The latter is always
associated with plagioclase.

The intermediate portion and a border sample have fine
inequigranular texture (0.2 to 0.5 mm) without megacrysts,
albeit with the same ratio of microcrysts and matrix as
the center. The other border samples have inequigranu-
lar hypocrystalline textures. The matrix consists of a dark
brownish mass of very thin (<< 0.1 mm) material composed
of partly altered glass. Olivine (0.1 to 0.6 mm), as pseudo-
morphs, and augite megacrysts are also observed. Locally,
sub-centimetric granitic xenoliths were found in the border
zone. The matrix surrounding xenoliths is finer and has a
high percentage of opaque minerals when compared to the
rest of the rock. The xenoliths also include large amounts of
opaque minerals in greater percentage than the wall rocks
and are percolated by carbonates.

Globular structures and segregations

Dyke 1 has amoeboid to globular-shape microstruc-
tures (ocelli) that are usually 0.5 mm in size. These
structures feature zoning that consist of dolomite in the
rims and calcite in the cores (Fig. 3). Matrix minerals are
sometimes found mantling them. Amoeboid to globular
microstructures occur both in the borders and centers of
dyke 2. They either have zoning with potassium feldspar
and albite in the rims and carbonates in the cores or occur
without zoning, consisting predominantly of potassium
feldspar and albite (Fig. 3) including subordinate biotite,
apatite, and titanomagnetite. The matrix minerals man-
tle these microstructures in both cases. The circular to
amoeboid microstructures in dyke 3 are much less fre-
quent. They consist of carbonates, analcime, and biotite
and commonly alter the local texture of the rock, because
the crystals of the matrix mantle these microstructures.
The globular structures in dyke 4 have an average size
ranging from 2 to 3 mm. Carbonates are predominant,
and analcime and spherulites are less common. The latter
consists of clusters of phyllosilicates, including serpen-
tine. Some zonation occurs around the ocelli.

The analyzed ocelli are mostly interpreted as structures
derived from the segregation of late-stage magma. The key
factors supporting this interpretation include: exhibiting round
to sinuous shapes; the interiors have mineralogical-compo-
sitional zoning; the matrix texture is locally modified, with
hydrous mafic crystals of the matrix tangent to the struc-
tures; and the mineralogical composition either consists of
analcime and carbonate or feldspars, always associated with
late-stage magmatic assemblage. Such features are similar to
those observed by Foley (1984) and Rock (1991) for the

same kind of process.
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Deuteric/hydrothermal alterations

The mineral assemblage derived from deuteric and/or
hydrothermal alterations is not significant among the stud-
ied dykes. It consists of epidote, serpentine, muscovite,
titanite, actinolite, and carbonates and occurs in associa-
tion with matrix minerals or olivine and augite megacrysts.
Apparently, actinolite is always associated with augite alter-
ation in dyke 1 (Fig. 4), especially in the rims of this mineral
in contact with felsic minerals of the matrix. Olivine crystals
occur partly or fully replaced in dykes 4 and 1 as well, and
these crystals are replaced by carbonate, muscovite, biotite,
epidote, and serpentine (Fig. 4).

GEOCHEMISTRY

Geochemical data of the dykes selected for this study are

summarized in Table 3, which includes the results for major,

ab: albite; bt: biotite; cal: calcite; cpx: clinopyroxene; dol: dolomite; kfs:
potassium feldspar; mgt: magnetite; msf: felsic mesostasis; xx: ocello
area broken while preparing the thin section.

Figure 3. Backscattered electron micrographs of
globular structures. (A) Carbonatic ocello, dyke 1.
(B) Feldspathic ocello, dyke 2.
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magnetite; ol: olivine; pl: plagioclase; srp: serpentine.

Figure 4. Photomicrographs of the main products of
deuteric/hydrothermal alteration in the studied dykes.
(A) Actinolite associated with augite alteration, dyke 1.
(B) Pseudomorphs of olivine replaced by serpentine.

minor (wt.%), and trace elements (ppm). These dykes are typi-
cally alkaline, with SiO, contents ranging from 40.8 to 45.4 wt.%
and alkalis ranging from 4.3 to 7.1 wt.% (Fig. 5), and they
are classified as basanite to tephrite. Dyke 2 shows the highest
degree of silica under-saturation, with the highest contents of
alkalis (6.3 to 7.1 wt.%). Dyke 1 presents the lowest SiO, lev-
els (< 40.9 wt.%), highest TiO, values (4.4 to 5.2 wt.%), and
highest CaO/AL O, ratios (1.9 to 1.8). Samples from dyke 3
have the highest MgO contents (12.2 to 13.8 wt.%), and dyke 4
has the lowest Fe,O . values (12.0 to 12.4 wt.%).

Samples from the center and border of a given dyke pro-
vide subtle variations, especially in dykes 1 and 4. Higher
MgO (11.7 wt.%) and K,O (3.0 wt.%) contents occur in the
center of dyke 1 compared to the border (7.5 and 2.6 wt.%,
respectively). The other major analyzed elements show lower
contents in the center of the dyke than in the border. Such
variations are petrographically associated with the greater
amount of modal olivine and biotite in the center. Similarly,
there are higher MgO amounts in the center (10.6 wt.%)
than in the border (7.8 wt.%) of dyke 4. This variation is
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apparently also associated with the greatest modal concen-
tration of olivine megacrysts in the center.

Composition of all dykes shows positive correlations
between MgO and Cr and between Ni and Co, with
greater concentration in the centers than in the borders.
Such behavior suggests olivine, chrome-spinel, and clino-
pyroxene fractionation. The compositions also suggest neg-
ative correlations between MgO and Ba, Rb, Pb, Nb, Zr,
Sr and rare earth elements (REEs). High concentrations
of Ba (> 1500 ppm) occur in dykes 1, 2 and 3, and of Zr
(> 315 ppm) in dykes 1 and 3. The first dyke features the
greatest REE concentrations (> 420 ppm), whereas dyke 4
presents the smallest ones (< 326 ppm). Similar Nb, Pb and
Sr contents are observed in the studied dykes.

In all dykes, the distribution of REEs normalized by the
chondrite shows a relatively linear behavior pattern, featuring
more conspicuous enrichment in light REEs than in heavy
ones (Fig. 6). Specifically, dyke 4 has greater enrichment in
heavy REEs, with La/Yb ratios ranging from 36.0 to 36.8,
and the 1 features the greatest enrichment in light REEs,
with La/Yb ratios varying from 65 to 80. Only dykes 1 and
3 exhibit changes in REE enrichment among their samples,
for example, a sample from the border of dyke 1 is slightly
REE-enriched than a sample from its center. These variations
are due to the differences in the proportion of megacrysts
in both cases.

DISCUSSION

The mineralogical and geochemical compositions of mon-
chiquites and camptonites in this study are mostly similar to
those reported for the dyke swarms, in the alkaline provinces
of Serra do Mar (Alves ez 2l 1992; Garda et al. 1995; Valente
1997; Thompson et al. 1998; Azzone et al. 2009; Enrich
et al. 2009) and Arco de Ponta Grossa (Beccaluva ez al. 1992;
Gibson ez al. 1999; Gomes et al. 2011). The megacryst and
microcryst assemblages essentially consist of olivine, augite,
titanaugite, biotite, titanomagnetite and kaersutite, similar
to other aforementioned regional dykes.

Evaluation of the chemical equilibrium relationships
between the megacrysts, microcrysts, and matrix of the dykes
is ultimately paramount to understanding the geochemical
analyses, especially whether the results are associated with the
composition of magmatic liquids or represent liquids with
crystals accumulation. MELTS thermodynamic models of
crystallization (Ghiorso & Sack 1995; Asimow & Ghiorso
1998) were applied to study the liquid evolution trends and
to determine the crystallization sequences. The initial com-
positions selected for the models correspond to those of the
borders of dykes 1, 2 and 4. The equilibrium crystallization
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Table 3. Whole-rock geochemical compositions (major, minor, and trace elements) of the studied alkaline
lamprophyre dykes.

Dyke 1 Dyke 2 Dyke 3 Dyke 4

Position c b @ c c b b b bl bl bl bl c b
Geochem. Class. | Basn. | basn. | tefr. | tefr. | tefr. | tefr. | tefr. | tefr. | basn. | basn. | basn. | basn. | basn. | basn.
SiO2 (wt. %) 40.82 | 40.86 | 44.61 | 44.66 | 44.56 | 45.39 | 4541 | 45.01 | 43.69 | 43.56 | 43.63 | 43.57 | 41.15 | 41.65
TiO, 4.38 5.23 3.05 3.03 3.10 | 291 2.97 2.97 3.65 3.64 3.64 3.82 3.01 3.15
AIZO3 6.25 7.11 | 12,49 | 12.36 | 12.41 | 13.18 | 13.16 | 12.79 | 8.36 8.36 8.27 8.72 | 11.50 | 12.80
Fe,O, 15.92 | 16.51 | 13.26 | 13.29 | 13.46 | 12.44 | 12.58 | 12.69 | 14.15 | 14.13 | 14.25 | 14.26 | 12.40 | 12.04
MnO 0.27 0.61 0.20 0.20 0.20 0.19 0.19 0.20 | 0.19 0.19 0.19 0.19 0.17 0.17
MgO 1165 | 7.45 7.15 7.68 7.34 6.50 6.30 6.87 | 1355 | 13.67 | 13.84 | 12.15 | 10.63 | 7.82
Ca0 11.71 | 12.83 | 10.08 | 10.14 | 10.18 | 9.52 9.61 9.79 9.69 9.67 9.72 | 1092 | 10.35 | 10.59
NaZO 1.43 2.49 3.15 3.33 3.14 3.58 3.60 3.67 2.15 2.14 2.14 2.02 2.08 2.37
K,0 3.01 2.57 3.19 3.1 3.16 3.45 3.46 3.31 2.83 2.83 2.80 2.49 2.18 2.49
PO, 0.67 0.81 0.58 0.55 0.57 0.57 0.57 0.60 0.56 0.56 0.57 0.80 0.75 0.82
LOI 2.42 2.70 0.70 0.76 0.73 0.78 080 | 084 | <0.01 | 0.14 | 010 | <0.01 | 491 5.78
Total 98.8 | 99.39 | 98.74 | 99.61 | 99.34 | 98.99 | 99.08 | 99.29 | 9895 | 99.03 | 99.28 | 99.08 | 99.14 | 99.68
mg#! 64.1 52.5 57.3 59.0 57.6 56.6 55.6 57.5 70.7 70.5 70.6 67.8 62.9 56.3
Rb (ppm) 125 104 70 67 69 75 75 69 63 65 64 56 53 61
Ba 1565 | 1700 | 1577 | 1531 | 1604 | 1660 | 1638 | 1658 | 1063 | 1085 | 1055 | 897 948 981
Sr 891 1206 | 1234 | 1172 | 1239 | 1303 | 1290 | 1276 965 998 979 1207 976 1127
Pb 10.6 10.1 9.59 9.16 9.59 10.0 10.1 11.3 7.72 7.51 6.96 6.20 3.78 3.68
Th 10.7 12.6 7.82 7.70 7.76 8.36 8.61 8.20 8.54 8.41 8.14 7.23 6.74 7.16
8) 2.99 2.62 1.61 1.60 1.59 1.75 1.77 1.68 1.84 1.82 1.76 1.95 1.63 1.63
Zr 361 414 275 271 276 285 290 278 314 313 308 339 267 287
Hf 855 | 10.28 | 6.74 6.65 6.71 6.83 6.89 6.69 7.71 7.67 7.42 7.87 6.44 6.18
Y 24 28 218 21 22 21 23 22 27 26 26 31 25.3 26.7
Nb 84 100 62 60 61 66 67 63 61 62 60 60 71.9 79.6
Sc 36 43 29 32 29 29 29 28 28.5 27.7 30 28.4 25 25
Cr 946 192 195 222 201 167 160 186 880 842 842 741 403 366
Ni 397 125 98 110 103 86 77 90 468 456 466 381 227 113
Co 81 63 47 49 49 42 41 42 66 67 65 59 48 45
\Y 386 479 320 326 343 310 309 304 306 284 305 302 223 236
Ga 17 16 18 19 20 18 17 19 19 18 18 17 17 20
Zn 110 118 96 93 98 93 93 92 106 109 108 112 102 104
Cu 177 205 102 101 107 86 87 99 153 114 98 106 42 45
La 94 117 82 79 81 85 87 86 72 71 70 77 61.6 64.8
Ce 184 230 160 158 164 165 169 171 149 147 144 166 124 130
Pr 22.6 28.5 19.3 18.6 19.2 19.6 19.9 20.0 17.5 17.4 17.0 20.1 149 154
Nd 839 | 1059 | 71.3 69.1 70.8 71.3 72.7 73.6 66.4 65.8 64.5 77.9 58.1 59.7
Sm 13.0 16.4 113 11.0 113 11.2 113 115 11.8 11.7 114 14.1 10.6 10.7
Eu 3.38 421 3.13 3.06 3.14 3.07 3.18 3.22 3.24 3.21 3.12 3.83 3.17 3.14
Gd 9.2 11.92 | 826 7.93 8.1 7.94 8.13 8.1 9.12 8.83 882 | 10.87 | 8.43 8.54
Tb 1.06 1.38 0.96 0.93 0.96 0.93 0.97 0.97 1.16 1.15 1.13 1.38 113 1.15
Dy 4.96 6.48 4.69 4.57 4.7 461 472 473 5.65 5.53 5.44 6.6 5.78 5.84
Ho 0.79 1.05 0.79 0.77 0.8 0.78 0.8 0.8 0.96 0.95 0.93 1.14 1.01 1.01
Er 1.8 2.37 1.95 1.92 1.96 1.92 1.97 1.99 2.24 2.24 2.18 2.65 2.51 2.5
Tm 0.22 0.29 0.25 0.24 | 0.25 0.25 0.25 0.25 0.27 0.27 0.27 0.32 0.3 0.3
Yb 1.17 1.51 1.44 1.44 1.45 1.49 1.5 1.49 1.54 1.56 1.51 1.83 1.76 1.76
Lu 0.18 0.22 0.23 0.22 0.23 0.23 0.23 0.23 0.23 0.22 0.22 0.27 0.25 0.25

Abbreviations: ¢, center; b, border; bl, block; basn., basanite; tefr., tephrite. Geochemical classification according to Le Maitre (2002).
'mg# = MgO/(MgO+FeOt) molar
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conditions were evaluated in them. The initial temperature
(- 1,200 to 1,150°C) was estimated based on the pyrox-
ene saturation thermometer (Putirka 2008). A low-pressure
condition (P = 1 kbar) was also assumed, as pointed out by

Beccaluva et al. (1992) and Morbidelli ez al. (1995). Several

previous tests, similarly to those reported by Trumbull ¢z a/.
(2003), were applied to establish the best oxygen fugacity
conditions. In all situations, the crystallization sequence

compatible with the petrographic observations was found

applying O, = QFM.
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Dark and white symbols are used to indicate the compositions of the centers and borders of dykes, respectively. Compositional calculations subtracting
the compositions of antecryst volumes from the whole-rock compositions of the center of the dykes are also shown in light gray. The continuous
black-line arrows connect specific samples from the centers of dykes with their respective calculations. The mean compositions of the antecrysts (cpx:
clinopyroxene; ol: olivine; mgt: magnetite) were compiled from Beccaluva et al. (1992) and Azzone (2008). Dotted grey lines: models of equilibrium
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are T .. ~1200°C, P = 1 kbar, fO, = QFM. The data were recalculated for anhydrous basis in all diagrams.

Figure 5. (A) SiO, versus (Na,O + K,0) diagram with alkaline and subalkaline fields from Middlemost (1975). (B) R1
versus R2 diagram from De La Roche et al. (1980). (C) CaO/AlL 0, versus SiO, diagram. (D) TiO, versus MgO diagram.
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Figure 6. REE distribution patterns of the studied
dykes normalized to the C1l-chondrite (McDonough &
Sun 1995). Symbols as in Fig. 5.
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In agreement with petrographic remarks, the early-crys-
tallized phases in all applied MELTS models are olivine, spi-
nel, and clinopyroxene. Trends of the liquids regarding each
dyke usually evolve in parallel with progressive decreases in
the amounts of MgO, TiO, and CaO and, subordinately,
increases in SiO,, Al O, and alkalis (K,O and Na,O; Fig. 5)
concentrations. The comparison of evolutionary modeled
trends and the whole-rock geochemical data indicate that the
samples of each studied dyke are representative of the com-
bination of a magmatic liquid with accumulation of crystals.

However, the aforementioned petrographic features of
megacryst population and part of microcryst assemblage
(Fig. 2) preclude their classification as phenocrysts. The micro-
textures that enable this interpretation are as follows: zoned
clinopyroxene megacrysts (augite cores and titanaugite rims),
with partly corroded cores and features suggesting chem-
ical resorption with the rock matrix; olivine crystals with
corroded rims surrounded by biotite coronas; inclusions of
oxide crystals (chrome-spinel) in clinopyroxene and olivine
megacryst cores; and Ti-magnetite crystals surrounded by
biotite coronas when in contact with the matrix.

Thus, these crystals are interpreted as antecrysts, i.c.
minerals that were not crystallized from the host magma,
but having a genetic linkage to the same magmatic system
(Charlier 2005; Davidson ez a/. 2007; Ubide et al. 2012;
Larrea et al. 2012). They could represent recycled crystals
of earlier stages of the magmatic system at depth. The pres-
ence of clusters of clinopyroxene and olivine megacrysts in
all dykes may be representative of autoliths associated with
earlier magma chamber stages. Another interpretation treat-
ing these minerals as xenocrysts concerning the main cumu-
lus phases (olivine and clinopyroxene) incorporated from
cumulate alkaline wall rocks would also fit the petrographic
evidence for the megacrysts from dykes 2 and 3. However,
even if this was the case, the term ‘antecrysts’ may also be
understandably applied since these dykes are genetically
linked to the evolution of plutonic bodies.

In particular, the modal proportions of antecrysts are cor-
related with geochemical compositional variations between
the center and border zones of each body. The greatest geo-
chemical differences between the center and border zones
are seen in the dykes with the greatest cargo of megacrysts
(dykes 1 and 4).

Thus, populations of crystals with disequilibrium tex-
tures were subtracted from the whole-rock compositions of
the dyke centers in order to try to understand the signifi-
cance of the zonation patterns between the bodies and the
influence of these antecrysts on the geochemical composi-
tion of the rocks. The calculation was performed applying
the following equation (Ubide ez a/. 2012):
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Cod=Cl(1-3v) + 3 (C, 1 +v)

i
where, CWR, CMt

the element 7 in the whole-rock, matrix and antecrysts,

"and C, 'are the concentrations of

respectively, and v is the modal volume of the antecrysts.
The antecrysts refer to olivine and clinopyroxene ratios
and subordinately oxide (opaque) ones. These crystals are
somewhat unstable in the matrix or isolated if included
in other minerals. The mineral chemical data required
for this calculation were compiled from Beccaluva ez al.
(1992) and Azzone (2008). The estimated ratios of ante-
crysts for each case and the results of these calculations
are displayed in Tab. 4.

The results obtained through the geochemical mod-
eling show that there are key changes in the calculated
compositions regarding the whole-rock analyses. These cal-
culated compositions are usually more evolved than the
whole-rock compositions, i.e. the antecryst cargo makes
the whole-rock composition of the dykes more “primitive”.
The antecryst cargo enriches it in MgO, FeO, TiO, and
CaO and, therefore, depletes it in Si0,, K,0, Na,0 and
ALO,. The highest differences between calculated and
whole-rock compositions are associated with dyke 3, which
has the greatest proportion of megacrysts. Overlap occurs
between the calculated compositions of dykes 2 and 3, sug-
gesting rather similar liquids (Fig. 5 and Tab. 4).

For the trace-element behavior, a greater antecryst
cargo favors the enrichment in Cr, Ni, and Co (Fig. 7),
with compatible elements with the antecryst structures
(Azzone et al. 2013). Conversely, incompatible elements
with those structures, including Ba and Sr, tend to have
decreased concentrations due to the greater cargo of this
assemblage (Fig. 7). Furthermore, differences in REE con-
centrations (Fig. 6) found for dyke 1 may be explained
more specifically due to the higher ratio of olivine ante-
crysts, a structure in which REEs exhibit extremely incom-
patible behavior (Azzone ez al. 2013). Similarly, element
concentrations of dyke 3 differ between individual sam-
ples, and these variations concern the olivine antecryst
population of each one.

There is a great similarity and even overlap in the calcu-
lated compositions (i.e. the compositions of the dyke cen-
ters minus the antecryst assemblage compositions) and the
whole-rock compositions of the borders for dykes 1, 2 and
4 (Tab. 4 and Fig. 5). Based on this evidence, geochemi-
cal compositional variations associated with zoning of each
body may not be easily attributed to liquid fractionation by
magmatic flow; that is, no compositional differences of the
magmatic liquid occur within the dyke conduit. Conversely,
each studied body may be understandably a representation
of single magmatic liquid, with variable amounts of ante-
crysts in different zones.

Table 4. Calculated bulk compositions based on the analyses of dyke centers minus the estimated antecryst ratios

for each case.

Dyke 1 Dyke 2 Dyke 3 Dyke 4
crec. b crec. b bl rec. crec. b

Ratios of antecrysts

%ol 11 15 7

Qocpx 5 20 3

%mgt 0.5 3 0.3
SiO, (wt. %) 43.7 431 46.8 47.0 46.8 44.7 449
TiO, 5.3 55 32 3.0 4.8 35 34
A1203 7.7 7.5 14.0 13.7 13.3 13.8 13.8
FeO, 149 15.7 11.8 11.6 111 114 11.7
MnO 0.3 0.6 0.2 0.2 0.1 0.2 0.2
MgO 8.0 7.9 59 6.7 4.5 8.7 8.4
Ca0 13.5 13.5 10.2 9.9 10.6 11.7 11.4
Na,0 1.8 2.6 3.6 3.7 32 2.5 2.6
K,0 3.8 2.7 3.6 3.6 42 2.6 2.7
PO, 0.9 0.9 0.7 0.6 13 0.9 0.9
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Geochem. Class. Basanite Basanite Tephrite Tephrite Tephrite Basanite Basanite

The estimates of the antecryst ratios in each region are qualitative and based on petrographic and modal analyses. The results are shown and compared

with the compositional data of the dyke border samples, both recalculated on an anhydrous basis. c: center; b: border; bl: block; rec.: recalculated.
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Dark and white symbols were used to indicate compositions of
the centers and borders of dykes, respectively (cf. Fig. 5). The grey
arrows indicate the mean compositions of antecrysts phases. cpx:
clinopyroxene; ol: olivine. Compiled from Azzone et al. 2013.

Figure 7. Trace elements compositional variations of
the studied dykes.

The varieties in alkali enrichment and SiO,-undersaturation
between the studied bodies are apparently associated with
differences in the initial compositions. This relation is evi-
denced by the parallel trajectories of fractional crystalliza-
tion between dykes (Fig. 5) and the common early mineral
assemblage. In addition to the diversifications in the degree
of SiO -undersaturation between the dykes, the first dyke
exhibits a CaO/Ale3 ratio near 2, whereas dykes 2, 3 and 4
have values near 1 (Fig. 5). Discrepancies in this ratio have
been explained due to source heterogeneity. Values of the
CaO/ALO, ratio > 1 may be associated with a greater abun-
dance of metasomatic clinopyroxene in the source (Gibson
et al. 1999). Such increase in Ca concentration also follows
experimental reactions of a dolomitic fluid with orthopy-
roxene under mantle conditions (Dalton & Wood 1993),
thus suggesting carbonatic metasomatism in the source.
Greater CaO/Al O, ratios in the studied samples correspond
to smaller amounts of SiO,, corroborating the reactions pro-
posed in the experimental studies.

A possible scenario for the generation of lamprophyres
in this region involves the vein-plus-wall-rock melting model
detailed by Foley (1992). In such case, variations in the degree
of undersaturation and magma enrichment would also be
associated with the slightly modified signatures of mantle wall
rock involved in the process, and the variable melting degrees
associated with the metasomatic veins. Azzone et al. (2013)
apply this model to different basanitic compositions in equi-
librium with cumulates of the Juquid alkaline complex, and
they describe the possible effects of carbonatic metasomatism
at a local scale. The detailed study of the selected dykes sug-

gests greater variations at a regional scale, with different trace
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element signatures between the provinces Serra do Mar and
Arco de Ponta Grossa, as already reported in previous studies
(Gibson et al. 1999; Ruberti et al. 2012).

CONCLUSIONS

The studied alkaline lamprophyre dykes present a signif-
icant antecryst cargo, mainly observed at the dyke centers.
‘The antecryst assemblage includes olivine, augite, and spinel,
always with instability features that include zoning, corroded
cores, and coronitic textures. In fact, the antecrysts cargo
proportionally modifies the whole-rock geochemical compo-
sitions assessed for different dyke zones. When the com-
positional influence of the antecrysts found in the centers
of each occurrence was removed by mass-balance calcula-
tions, their compositions were very similar to the border
zones. This evidence suggests that a single magmatic liquid
forms each occurrence, and the textural and compositional
differences between the centers and borders are mainly due
to the cargo of antecrysts of each zone.

There are dissimilarities in the degree of SiO,-undersaturation
with respect to each occurrence. However, the modeled crys-
tallization sequences are very similar, involving early fraction-
ation of the same minerals and parallel evolutionary trends.
Thus, after subtracting the antecryst volume, the composi-
tional differences observed between the lithotypes of each
occurrence should be associated with others in the bulk com-
position of the mantle source and the greater or lesser effect
of mantle metasomatism.

The alkaline lamprophyres represent rather complex sys-
temns. The bulk geochemical analysis of each dyke is much more
representative of the combination of accumulated crystals and
melt than solely representative of a melt. Thus, the antecryst
compositional effects should not be ignored in petrological
studies focused on discussions of the evolution of magmatic
liquids. The importance of detailed petrographic studies for
the identification of this assemblage is emphasized.
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