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Abstract

Ultrapotassic Neoproterozoic granites crop out in southern and northeastern Brazil, associated
with syenitic suites. The granites occur as small circular bodies and dikes hosted by the syenitic
rocks. The southern intrusions reflect post-collisional magmatism, whereas the northeastern granites
were emplaced in mobile belts produced during intraplate continental collision. Systematic miner-
alogical differences of the granites reflect higher K,0/Na,O ratios in the northeastern assemblages.
Bulk-rock compositions of the ultrapotassic granites show very high alkalis (mainly K,0) and LIL
elements, with significant depletions of Nb, Y, Zr, Hf, Ga, and REE relative to anorogenic granites.
These are typical characteristics of ultrapotassic, silica-saturated alkaline rocks from post-
collisional settings. Trace- and rare-earth—element patterns suggest derivation by fractional crystal-
lization from syenitic parental magmas. Geochemical and mineralogical characteristics of these
granites are completely different from within-plate alkaline granites. Most compositional data are
comparable to those of shoshonitic granitoids, suggesting a probable mantle source modified by
subducted-slab dehydration. In spite of this, the geochemical composition of the analyzed ultra-
potassic granites is also quite different from shoshonitic and calc-alkaline granitoids in collisional

settings, defining a silica-saturated ultrapotassic rock series.

Introduction

EXCEPT FOR anatetic granites of mantle provenance,
most granitoids reflect less differentiated magma-
tism, as presently recognized by most authors (e.g.,
Patifio Douce, 1999; Clemens, 2003). Therefore,
granitoids must be considered in terms of magmatic
series (e.g., Tauson, 1983; Lameyre and Bowden,
1982; Lameyre and Bonin, 1991).

The silica-saturated alkaline series as defined in
the TAS diagram (Le Maitre, 1989) can be sodic,
potassic or shoshonitic, and ultrapotassic when
K,0/Na,0 ratios are higher than 2.0 (Pl Cid et al.,
2000). Granites of the sodic series are generally
referred to as metaluminous or peralkaline granites
of alkaline affinity, whereas those of potassic affinity
are termed shoshonitic or monzonitic (e.g., Pagel
and Leterrier, 1980; Tauson, 1983; Nardi, 1986).
The term ultrapotassic has been used mainly for
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basic and intermediate rocks (Foley et al., 1987);
nevertheless, P14 Cid et al. (2000) suggested use of
this term for silicic rocks with K,0/Na,O ratios
higher than 2. In this paper, ultrapotassic granites
are characterized and considered as representative
of the most differentiated magmas of the silica-satu-
rated ultrapotassic series.

Neoproterozoic granites from northeastern Bra-
zil, which are genetically related to silica-saturated
ultrapotassic syenites, have been described by Da
Silva Filho et al. (1987, 1993), Ferreira (1991), and
Pla Cid et al. (1999, 2000). In southern Brazil,
Stabel et al. (2001) described granites associated
with ultrapotassic syenites of Neoproterozoic age
(~611 Ma), related to post-collisional stages of the
Brasiliano-Pan-African cycle.

Ultrapotassic syenitic magmatism associated
with collisional settings is usually related to mantle
sources previously modified by melting/dehydration
of subducted oceanic plates (Thompson and Fowler,
1986; Corriveau and Gorton, 1993; Ferreira et al.,
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FIG. 1. Borborema Province, northeast Brazil, its lithologies and structural domains (modified from Sial and Ferreira,
1988). Central Structural Domain (light grey area): A = Seridé fold belt; B = Cachoeirinha—Salgueiro fold belt; C =
Riacho do Pontal fold belt. Ultrapotassic granites presented in this study correspond to occurrences associated with the

Engragadinha syenitic—granitic suite (ESG) and Casa Nova syenitic suite (CSN). Some data are presented from granitic

samples associated with ultrapotassic syenites occurring close to the Triunfo intrusion.

1994; Pl4 Cid et al., 1999, 2003). An earlier sub-
duction in southern Brazil occurred at about 760-
700 Ma, and its signature is ubiquitous in the post-
collisional magmatism (Bittencourt and Nardi,
2000). In northeastern Brazil, subduction occurred
during the Paleoproterozoic, and the Neoproterozoic
ultrapotassic magmatism reflects this much older
mantle metasomatism, as suggested by Ferreira et
al. (1994) and Jardim de Sd (1994) for other grani-
toids in this same region.

Geologic Context of Ultrapotassic Granites

Ulirapotassic granites from northeastern Brazil
(Fig. 1) are located along a series of northeast-trend-
ing Neoproterozoic fold belts, which constitute the
Borborema Province structural domain (Fig. 1). The
ultrapotassic granites are emplaced in metamorphic
terrains (Figuerda and Silva Filho, 1990; Pl4 Cid et

al., 1999), which have Paleoproterozoic and
Archean ages (Barbosa and Dominguez, 1996).
These metamorphic units belong to the Riacho do
Pontal fold belt, close to the structural limit with the
Sao Francisco craton (Fig. 1), and sometimes occur
as xenoliths in the ultrapotassic syenite-granite bod-
ies. According to several authors (Ferreira, 1991;
Da Silva Filho et al., 1993; Jardim de S4, 1994;
Guimardes and Da Silva Filho, 1998) these fold
belts were developed during the Neoproterozoic by a
series of intracontinental collisions, with intense
crustal reworking and accretion of mafic and felsic
magmatism with mantle origin, but without evidence
of contemporaneous subduction. However, a previ-
ous Paleoproterozoic subduction has been fre-
quently admitted by several authors (Ferreira et al.,
1994; Pl4 Cid et al., 1999, and references therein).

Shield areas in southern Brazil (Fig. 2) are
composed mostly of magmatic rocks related to the
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FIG. 2. Simplified geological map of the Sulriograndense shield area, southern Brazil.

Brasiliano—Pan African cycle (Brito Neves and
Cordani, 1991) emplaced in a Paleoproterozoic
metamorphic basement (Hartmann et al., 2000). The
Brasiliano—Pan African cycle is marked by arc mag-
matism with ages between 760 and 700 Ma
(Fernandes et al., 1992; Babinski et al., 1996;
Chemale Jr. et al., 1997) and a widespread post-col-
lisional magmatism, in the sense of Liégeois et al.
(1998), with ages from 650 up to 550 Ma (Bitencourt
and Nardi, 2000). The southern Brazilian post-colli-
sional magmatism comprises syn-transcurrent,
high-K, sub-alkaline granitoids and leucocratic per-
aluminous granites, evolving to granitoids of shosho-
nitic affinity and eventually to late-transcurrent,
dominantly metaluminous alkaline granites. All this
granitic magmatism, with the exception of the pera-
luminous rocks, is associated with basic magmas
represented by mafic microgranular enclaves, syn-
plutonic dikes, and mafic components in mixed
systems. The western and northwestern portions of
the Sulriograndense shield represent less deformed
areas, with volcano-sedimentary sequences deposed
in strike-slip basins developed during this time gap

and intruded by plutonic associations. This magma-
tism shows the same geochemical evolution present
in the eastern part. High-K, sub-alkaline granitoids,
shoshonitic plutonic-volcanic associations, and
silica-saturated, alkaline to continental tholeiitic
plutonic-volcanic sequences are in the range of 650
to 580 Ma. The age of the ultrapotassic magmatism
is about 610 Ma and is coeval with the shoshonitic
series, represented by the Lavras do Sul Shoshonitic
Association (Lima and Nardi, 1998).

Ultrapotassic granites from northeast Brazil are
undeformed, with mineral orientation and segrega-
tions promoted by magmatic flow during crystalliza-
tion. Granites occur as dikes, with thickness around
a few meters, some with composite syenite-granite
compositions crosscutting or parallel to the mag-
matic flow structure of the host syenitic rocks (Pld
Cid et al., 2000). In a few cases, they form isolated
circular bodies, or gradational facies in the syenitic
intrusions. Most of the granites are fine to medium-
grained, equigranular, leucocratic rocks, without
mafic enclaves or significant textural variations. The
composite dikes consist of coarse-grained syenites
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observed in alkaline metaluminous granites.

forming the outer portion, in sharp contact with the
host syenite, and fine-grained granitic compositions
in the central part. The magmatic orientation of
minerals is roughly parallel in both syenites and

granites, and also in the regional metamorphic units,
which demonstrates that such magmas crystallized
under the influence of late-tectonic movements.
This is corroborated by a whole-rock Rb-Sr isochron
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FIG. 5. FeOT/(FeOT + MgO) vs. silica diagram (after Nardi and Bonin, 1991) showing the similarity between ultrapo-
tassic and alkaline metaluminous granites. Data for the metaluminous rocks are: Rapakivi Amazonian granites
(Dall’Agnol et al., 1999); Santo Antonio Granite (Barros and Nardi, 1994); A-type Australian granites (Collins et al.,
1982); Saibro Suite (Nardi and Bonin, 1991), Kenya Rift granites (MacDonald et al., 1987), Lavras Granite (Nardi, 1984),

Couro-de-Onga Granites (Pl4 Cid et al, 2000).

obtained for the syenites that yielded an age of 555
+ 10 Ma, with Sr; = 0.7068 (Jardim de S, 1994; Pl4
Cid et al., 1999).

Southern Brazil ultrapotassic granites are associ-
ated with the Piquiri Syenite (Vieira Jr. et al., 1989;
Stabel et al., 2001). The granites are fine- to coarse-
grained, leucocratic, and occur mainly as centime-
ter-to meter-thick dikes crosscutting the host syen-
ite. Their textures are generally hypidiomorphic,
equigranular, and inequigranular, with alkali feld-
spars oriented by magmatic flow. The contacts with
the host syenite are commonly gradational, suggest-
ing their co-magmatic character.

Petrographic Features

Felsic rocks of silica-saturated ultrapotassic
series are quartz-alkali feldspar syenites and alkali
feldspar granites, according to the modal nomen-

clature proposed by Streckeisen (1976). The
ultrapotassic granites are compositional and textur-
ally very homogeneous. Their mineralogy is domi-
nated by alkali feldspar, quartz, plagioclase,
pyroxene, calcic amphibole, biotite, titanite, magne-
tite, with minor amounts of blue amphibole, apatite,
albite, zircon, and carbonate. Most granitic rocks
are slightly inequigranular, in a few cases porphy-
ritic, with alkali feldspar phenocrysts. The main
petrographic variation between syenites and gran-
ites is the modal proportion of quartz.

In the northeast Brazil occurrences, alkali feld-
spar is the dominant mineral phase, and it occurs as
subhedral crystals, generally homogeneous or with
very thin perthites. Quartz is mostly interstitial, in
some cases forming aggregates where the crystals
exhibit wavy extinction and rare polygonal (120°)
contacts. Quartz grains occur also as inclusions in
alkali feldspar, mostly in the granites strictu sensu.
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FIG. 6. Calcium X iron x alkalis triangular diagram proposed for discriminating between ultrapotassic, alkaline, and

shoshonitic granitoids. The legend is the same as in Figure 5.

Pyroxene is green to pale green, euhedral to sub-
hedral, and occurs as agglomerates with titanite, and
uncommonly with magnetite. Some euhedral crystals
occur as inclusions in alkali feldspar grains. The
quartz syenitic rocks contain greater amounts of
pyroxene than do the granites. Titanite is euhedral
and characteristically associated with magnetite +
pyroxene in the agglomerates. Apatite and zircon
are the main accessory phases and occur as euhe-
dral inclusions in alkali feldspar. Some late-mag-
matic blue amphibole is related to the subsolidus
transformation of pyroxene. Albite is rare, but some
grains are present interstitially in the alkali feldspar
mosaic. Textural relations indicate that principal
and accessory minerals crystallized simultaneously,
although titanite and magnetite are possibly later
than other phases such as quartz, alkali feldspar,
apatite, and pyroxene (P14 Cid et al., 1999, 2000).
Two different types of ultrapotassic granites
occur in southern Brazil. (1) Perthite granites are
hypidiomorphic rocks, constituted mainly by inter-
stitial quartz, euhedral alkali feldspar grains with

Ab-component around 20-30%, and including
euhedral pyroxene and partially resorbed plagio-
clase. Amphibole is rare, and is considered as a
late-magmatic transformation of pyroxene. Titanite
euhedral crystals are abundant. Textural relation-
ships indicate that crystallization started with pyrox-
ene, apatite, and zircon, followed by plagioclase,
which was later partly resorbed. The late-magmatic
mineralogy is formed by quartz, alkali feldspar,
biotite, amphibole, magnetite, and titanite. In a few
cases, albite micro-crystals surround alkali feldspar.
(2) Two-feldspar granites (syenogranites) are hypid-
iomorphic rocks, locally with inequigranular texture
due to the presence of phenocrysts of plagioclase
and alkali feldspar. Early-crystallized plagioclase is
partially resorbed. Alkali feldspar shows a variable
amount (~10%) of fine perthite. The principal mafic
phases are amphibole and biotite, with small
amounts of preserved pyroxene. Titanite occurs as
rare euhedral grains. Zircon and apatite are typical
accessory phases. The textural relationship of feld-
spar and quartz in the perthite granites classify them
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as hypersolvus granites, whereas the syenogranites
are transsolvus granites as defined by Martin and
Bonin (1976).

Ultrapotassic perthite granites from southern and
northeastern Brazil are mineralogically different,
mainly due to the different K,0/Na,O ratio and
H,0-contents of magma (see geochemistry section).
Similarly, both types show high modal proportions of
titanite.

Mineralogic Compositions

Pyroxenes in the ultrapotassic granitoids from
southern Brazil are diopside and Ca-rich augite,
normally replaced by later magmatic Mg-horn-
blende or actinolite. In the northeastern occur-
rences, the pyroxene is aegirine-augite, with up to
62% of acmite component in the granites and 40%
in the quartz syenites. Mg-riebeckite has been
identified in some ultrapotassic granites as a late-
magmatic transformation of aegirine-augite.

Biotite occurs mainly in southern Brazil ultrapo-
tassic granitoids and shows the same Fe/(Fe+Mg)
ratios determined for the actinolites, between 0.4
and 0.5, which are also similar to those of Mg-horn-
blende and biotite from less differentiated co-mag-
matic syenites and quartz-syenites. According to the
classification proposed by Nachit et al. (1985), they
plot in the field of biotite from shoshonitic rocks. Fe/
(Fe+Mg) ratios in amphibole and biotite are much
lower than in syenites, which is consistent with the
relatively large abundance of Fe-Ti oxides and with
increasing oxidation during the syenitic magma
differentiation (Stabel et al., 2001).

Ultrapotassic granites in southern Brazil are
transsolvus granites with albite-oligoclase (An )
and alkali feldspar (Ory o), and hypersolvus gran-
ites where perthitic feldspar has up to 30% in
volume of Ab-component. In the northeastern grani-
toids, the alkali feldspar is quite homogeneous, with
orthoclase contents varying from 90% in quartz
syenites to 96% in granites. Quartz syenite alkali
feldspars are also richer in BaO (1.0 wt% on aver-
age), whereas in the granitic dikes they show lower
values, close to the detection limit. The lack of
early-crystallized plagioclase is certainly caused by
the very high K/Na ratio in the magma, promoting
early alkali feldspar crystallization, out of the
plagioclase stability field and close to the Or end-
member, as discussed by Neksvasil (1990) based
upon experimental data. Apatite crystals show high
Sr (up to 1.0 wt%) and LREE (La,0, + Ce,0, > 0.8
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wt%) contents in the quartz syenites, whereas in
apatites from granites these elements are below the
detection limit (< 0.1 wt%).

Geochemistry of Ultrapotassic Granitoids

Representative geochemical data of ultrapotassic
granites and quartz syenites are presented in Table
1. In the TAS diagram (Fig. 3), these rocks plot in
the syenite and granite fields, belonging to the sil-
ica-saturated alkaline series. Na,0 + K,O concen-
trations vary from 8.6 to 12.5 wt% and the higher
amounts are in the northeastern Brazil granites. In
the R1R2 diagram (De La Roche et al., 1980), the
ultrapotassic granitoids plot in the syenite and
quartz syenite fields, which is caused by the strong
influence of K,0 on the calculation of R1-parame-
ter, whereas most alkaline metaluminous (Nardi and
Bonin, 1991) and peralkaline granites plot in the
granite fields, with R1 higher than 2000. The CaO/
(Na,0 + K,0) ratio in most samples is below 0.1,
like the metaluminous granites of alkaline affinity
(Fig. 4). The FeO/(FeO + MgO) ratio is moderate
to high, varying from 0.60 to 0.85 (Fig. 5), with most
samples showing values around 0.8, as observed in
typical metaluminous granites of alkaline associa-
tions (Nardi and Bonin, 1991). These values are

lower than those observed in granitic and rhyolitic
rocks from anorogenic settings, where values of over
0.9 predominate (Whalen et al., 1987; Ewart, 1981;
Nardi, 1991). Most ultrapotassic granites have a
metaluminous character, indicated by the presence
of normative diopside, and lack of normative acmite
or corundum, as well as by Shand’s index generally
varying from 0.90 to 1.00. According to major-
element evidence, these granites are classified as
metaluminous, belonging to alkaline ultrapotassic
associations, generally with potassic character
defined by K,0/Na,O ratios higher than 2, and
Na,O + K,0 contents over 9 wt%. Based on major-
element compositions, ultrapotassic granites can be
clearly distinguished from other metaluminous alka-
line or shoshonitic granites on a CaO-FeOt-
(Na,0+K,0) diagram (Fig. 6).

Sr contents in ultrapotassic granites are moder-
ate to high, and variable, generally from 200 to 900
ppm, and seem to be controlled mainly by alkali
feldspar fractionation. Ba contents are also affected
by magmatic differentiation (Pla Cid et al., 2000).
However, the enriched character of these magmas is
demonstrated by Ba contents around 2000-5000
ppm in most granitoids, and in some cases by higher
values in less-evolved rocks. Moderate to high con-
tents of Rb, around 200-300 ppm, indicate the
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FIG. 8. Rb vs. Y+Nb tectonic diagram (after Pearce et al., 1984) applied to the ultrapotassic granites. These data

confirm those observed in Figure 6, associating this magmatism with sources modified by subduction.

evolved character of granitic liquids and are in
agreement with the extreme LILE enrichment char-
acteristic of these magmas.

HFSE contents that are typically enriched in
granites of silica-saturated alkaline series from ano-
rogenic settings, mainly in peralkaline types
(Whalen et al., 1987) such as Nb, Y, Ce, and Zr, are
relatively low in ultrapotassic granites. The total
contents of these elements is normally below 400
ppm, whereas Whalen et al. suggested values above
350 ppm for the alkaline, metaluminous, and peral-
kaline anorogenic granites. In the same way, the
1000*(Ga/Al) ratio is lower than typically reported
for granitoids of alkaline affinity. In the ultrapotas-
sic granites, this ratio ranges between 1.5 and 3.5,
whereas the alkaline granites exhibit values
between 2.5 and 5.

Spidergrams for selected trace elements normal-
ized to ocean-ridge granites (ORG; Pearce et al.,
1984) show that the ultrapotassic granites have pat-
terns close to those of shoshonitic granites from
Chile, and from Quérigut and Vedrettte di Ries
referred to by Pearce et al. (1984); all of them are
examples of magmatism related to sources affected
by subduction (Fig. 7). The heavy rare-earth elements
(HREE) and Y concentrations are lower than those of
the granite groups cited by Pearce et al. (1984).

In the (Nb + Y) vs. Rb diagram (Fig. 8), ultrapo-
tassic granites plot close to the boundary between
syn-collisional and volcanic-arc granite fields,
which, according to Pearce (1996), defines the field
of post-collisional granites. Considering the dia-
grams for discrimination of tectonic settings based
upon trace elements, such as Rb/10 vs. Hf vs. Ta*3
and Ta vs. Nb, both referred to by Harris et al.
(1986), the ultrapotassic granites plot generally
along the boundaries of fields related to magma
sources affected by subduction (Fig. 9), confirming
the similarity observed in spidergrams (Fig. 7) of
ultrapotassic and shoshonitic granites.

REE patterns normalized to chondritic values
(Evensen et al., 1978) show Lay/Yby values
between 10 and 30 (Fig. 10). The observed patterns
generally show Eu-negative and -positive anoma-
lies. The REE contents are typically lower than
those observed in granites of metaluminous alkaline
and peralkaline associations. Positive Eu anomalies
are not due to feldspar accumulations, as reflected
in their Sr, Ba, Pb, and AL,O, contents, which are
similar to those of rocks without Eu anomalies.
Those anomalies can be produced by fractionation
and segregation of phases that concentrate preferen-
tially the trivalent REE, such as apatite and titanite
(Pla Cid et al., 1999).



Downloaded by [University of Florida] at 11:25 18 November 2017

952 PLA CID AND NARDI

20 T T

—
Q

Nb

100

Hf

Ta*3

F1G. 9. Ta vs. Nb and Ta*3 vs. Rb/10 vs. Hf tectonic diagrams (after Harris et al., 1986), showing that ultrapotassic
granites plot preferentially in the field of volcanic-arc and collisional granitoids. The symbols are the same as in Figure 5.

Petrogenetic Considerations

Ultrapotassic granites have the highest alkali
(Na,0 + K,0) contents among all granitoids of alka-
line association. Their average is around 10 wt%,
with maximum concentrations reaching up to 11.5
wt%. The triangular diagram (Fig. 6) is proposed for
discriminating the ultrapotassic granites from the
other types. Compared to rapakivi and shoshonitic
granites (Nardi, 1986; Rdamo, 1991; Dall’Agnol et
al., 1999), the ultrapotassic ones are richer in alka-
lis and Ba, and poorer in CaO and TiO,.

Sodic alkaline metaluminous and rapakivi-type
granites generally exhibit HREE fractionated pat-

terns, with large Eu negative anomalies. Ultrapotas-
sic granites present HREE fractionated patterns,
and a tendency for Eu positive anomalies in some
samples. Shoshonitic granites have REE patterns
(Nardi, 1986) comparable to those of ultrapotassic
granitoids; the REE patterns of high-SiO, shosho-
nitic granites, however, have negative Eu anomalies.

Granitoids associated with potassic/ultrapotassic
syenitic magmatism have been described by
Lafleche et al. (1991) and Bourne and [’Heureux
(1991) in the Abitibi greenstone belt, Canada. The
granites of these associations, the so-called nord-
markites, in contrast to the ultrapotassic granitic
rocks from Brazil, have K,0/Na,O ratios lower than
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1, and their genesis was related to crustal melting
and contamination.

The granites referred to as ultrapotassic in this
study are clearly associated with ultrapotassic syen-
ite magmatism. Ultrapotassic granite bodies, dikes,
and layers generally show gradational contacts with
the syenite host, and the same igneous orientations
generated by magmatic flow, which indicates simul-
taneous crystallization. The compositional coher-
ence between syenites and granites observed for
accessory and major minerals, as well as for whole-
rock compositions, suggests their co-magmatic

character. The geochemical trends from syenites to
granites are close to those expected for differentia-
tion controlled by mineral segregation due to mag-
matic flow, as previously discussed by Pl4 Cid et al.
(1999, 2000) and Stabel et al. (2001). Differences in
rare-earth patterns are explained by fractionation of
mineral phases, such as titanite, zircon, and apatite.

Ultrapotassic granites are characterized by their
high total alkalis, as well as by high K,0/Na,O
ratios, reflecting the composition of the parental
syenitic magma. The high contents of LIL elements,
particularly Ba and Rb, are also a consequence of
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their derivation. The relatively low contents of some
HFS elements (e.g., Nb, Ta, Zr, and Hf) in ultra-
potassic syenites and granites are features that point
to a mantle source previously modified by subduc-
tion-related metasomatism.

Major-element mass balances suggest that
ultrapotassic granites could represent liquids
derived from syenitic parental magmas by mineral
fractionation and segregation controlled by mag-
matic flow. The major-element variation from syen-
ite to granite is explained by fractionation of about
50% alkali feldspar + pyroxene + apatite + mica +
plagioclase paragenesis in southern Brazil, and 80%
alkali feldspar + pyroxene + apatite + titanite in the

northeastern suites. The high modal proportions of

fractionated minerals in syenitic magmas necessary
to produce the ultrapotassic granitic liquids are
compatible with their occurrence as small bodies,
dikes, or layers.

Mineralogical and geochemical differences in
ultrapotassic granites from southern and northeast-

ern Brazil are ascribed to the original composition of

syenitic parental magmas. The extremely high K,0/
Na,O original ratio of the parental magma in the
Borborema Province magmatism led to early crystal-
lization of potassic feldspar. The water-undersatu-
rated character of this magma prevented the
formation of hydrous minerals as micas or amphi-
boles. Fractional crystallization makes late-stage
liquids relatively enriched in Na, and the stable
pyroxene under such conditions is aegirine-augite,
despite the low total amounts of sodium in the
parental magma. On the other hand, southern Brazil
ultrapotassic granites were derived from syenitic
magmas with lower K,0/Na,O ratios, and higher
water activity, which leads to plagioclase early crys-
tallization. Amphibole replaces calcic pyroxene due
to increasing water activity caused by early crystal-
lization of anhydrous phases. Other differences in
some trace and rare-earth elements were inherited
from the syenitic parental magmas, and may reflect
heterogeneity in the composition of mantle-source,
and/or differences during the initial stages of differ-
entiation from parental magma.
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