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Abstract

The problems of identification of A-type granitoids are analyzed. These rocks occur in different geodynamic settings. Owing to their mantle
nature, they show distinct REE specialization. These are acid intrusive rocks, whose volcanic products are of crucial scientific and practical
significance. However, neither the great number of proposed classification schemes and diagrams, including those based on expensive analytical
data, nor hot scientific discussions of their identification and the ambiguity of the term A-granitoids helped to determine their classification
features in full measure. A principally new discriminant diagram is proposed for the classification of igneous A-type rocks, based on the
analysis of earlier obtained results and the petrochemical composition of these rocks. A comparative analysis of subdivision of granites and
related felsic volcanic rocks (SiOp > 67 wt.%), based on the ternary (NayO + KrO)-Fep03#x5—(CaO + MgO)x5 and other widely applied
diagrams, has shown the advantage of the proposed discriminant diagram for the classification of A-type granitoids from different geodynamic

settings.
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Introduction

Igneous rocks, often present in anorogenic environments
and having an anhydrous alkaline aluminous composition,
have been hotly discussed for years and are considered
ambiguous. Before proceeding to the analytical review of
research data on these rocks, let us dwell on the term A-type
granites. In the world literature (and in this paper) it is used
as a collective term for a particular type of felsic igneous
rocks, because it equally corresponds to intrusive and igneous
products of felsic magmatic melts widespread both in space
and in time. In numerous literature works on petrology,
geochronology, geochemistry, and metallogeny of A-type
granites as well as International Project IGCP 510 (Global
Correlation of A-type Granites and Related Rocks, their
Mineralization, and Significance in Lithospheric Evolution),
geologists came to the conclusion that most of the problems
on the recognition of distinctive features of these rocks are
still unsolved. Moreover, the existing classification schemes
for A-type granitoids are so complicated and contradictory that
their application is rather difficult. In this paper we review the
state of the problem, based on analysis of scientific literature
on felsic igneous A-type rocks, and propose our maximally
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simplified petrochemical discriminant diagram for their sepa-
ration. We also consider the possibility of using it as a tool
for a comprehensive analysis of igneous complexes for
petrogenetic and geodynamic constructions.

The state of the art of the problem

Introduction of the term A-type granites is attributed to M.
Loiselle and D. Wones, who proposed it at the conference of
the US Geological Survey in 1979. They applied this term to
anorogenic granites of moderate alkalinity, crystallized at low
water and oxygen fugacity from melts and high HF/H;O ratio
(Loiselle and Wones, 1979). Such rocks were found in rift
zones and stable blocks of the Earth’s crust. It is worth noting
that at the same conference, Chappell and White (1974), the
founders of the alphabetical classification of granitoids, made
a generalized report, where they presented a genetic scheme
comprising four main types of granites differing in the
composition and source of rocks. In addition to the already
known S(peraluminous)- and I(calc-alkaline)-types, they in-
cluded M-type granites (products of mantle melts) and non-
classified anorogenic granites that corresponded to present-day
A-type granites. Though White proposed the term R-type
granites for them, based on their generation from residual melt
(Bonin, 2007), it was too general and was not recognized in
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the scientific world. The first paper where the term A-type
granites was used was written by Collins et al. (1982). The
authors assigned the granite complexes of Southeastern Aus-
tralia to the A-type, based on the high contents of Nb, Ga, Y,
and REE and low contents of Al(!), Mg, and Ca. The early
crystallization of amphibole (hastingsite) and the late crystal-
lization of biotite (annite) were explained by the authors by
the enrichment of magmatic melts with F and CIl. They were
the first to establish that high Ga/Al ratios are a specific
feature of A-type melts, which was later illustrated by
classification diagrams (Whalen et al., 1987). Based on the
Ga/Al ratio and contents of Zr, Nb, Ce, and Y, empirical fields
for A-type granites and most of orogenic granitoids were
constructed. Unfortunately, the fields of highly differentiated
I- and S-type quartz-feldspathic granitoids partly overlap the
field of A-type granites on these diagrams.

For a long time (as well as today), the geologists identified
A-type granitoids as within-plate granitoids (WPG), based on
their geochemical composition. On the diagrams constructed
by Pearce et al. (1984) and Harris et al. (1986), these rocks
fell mainly in the field of WPG. Taking into account the high
total contents of NayO + K»O, or, more correctly, the peral-
kaline composition of these melts (Na + K> Al), Maeda
(1990) proposed a new classification diagram to separate /-,
S-, and A-type granites. Note that the above classifications,
complementing each other in many respects, distinctly sepa-
rate felsic igneous rocks of mantle genesis, e.g., alkaline
rhyolites (comendites and pantellerites), from crustal melts (/-
and S-type rocks). At the same time, they do not take into
account the diversity of these unique products of magmatic
melts. Comendites (less alkaline and ferroan but more alumi-
nous rhyolites) were found on volcanic islands located across
mid-ocean ridges (Ascension, Bouvet, Easter, Pitcairn, etc.)
and on continents, where they are confined to large rift
systems (Kenya, Ethiopia) or the sites of large tectonic
dislocations (western USA, Australia). Pantellerites (more
alkaline and ferroan but less aluminous rhyolites) are usually
observed on continental rifts (East African, Red Sea) and on
oceanic islands being an extension of sea plateaus (Grand
Canary, Kerguelen, the Azores). Comendites and pantellerites
seldom occur together. They were found within the same
volcano only in the Afar Ridge region, Ethiopia.

As for peraluminous A-type granites, represented by ra-
pakivi and similar rocks of crustal genesis, their composition
points usually lie near the WPG—VAG (volcanic-arc granites)
boundary domain (Pearce et al., 1984) or near the FG
(fractionated granites) domain (Whalen et al., 1987). Thus,
these granites were not quite consistent with the definition of
the A-type accepted at that time. Therefore, it was proposed
to use the term “postcollisional” as an analog of A-type
granites because of their abundance in different collision
environments (Sylvester, 1989). At the same time, Maniar and
Piccolli (1989) proposed a new series of discriminant diagrams
for the separation of granitoids. Among anorogenic complexes,
they recognized rift granitoids, granitoids of continental
epeirogenic uplifts, and oceanic plagiogranites. However, there
was no place for postcollisional granitoids in their classifica-

tion as well as on the diagrams of Pearce et al. (1984). Rogers
and Greenberg (1990) attempted to unite these granite varieties
by recognizing postorogenic and anorogenic A-granitoids:
granites of anorthosite complexes (rapakivi) and alkali granites
of ring complexes, i.e., based exclusively on their geodynamic
settings rather than their geochemical parameters.

Special attention should be given to the research by Eby
(1992), Professor from the University of Massachusetts, who
divided A-type granitoids into two groups according to the
contents of trace elements (Y, Nb, Ce, and Ga), in particular,
Y/Nb. Note that the diagram proposed by Eby could have been
used only for rocks falling in the fields of WPG on the
diagrams of Pearce et al. (1984) and in the fields of A-type
granites on the diagrams of Whalen et al. (1987). The group
of granites with low Y/Nb (<1.2) includes felsic igneous rocks
of oceanic islands and continental rifts of anorogenic settings.
It was assumed that this type of rocks formed from oceanic-
island basalts (OIB) in within-plate or rift settings. Granites
with higher Y/Nb, corresponding to a wide range of geody-
namic settings (including collision and exceptive anorogenic
rapakivi granite ones), were produced from basalts of conti-
nental margins and island arcs (IAB) or as a result of the
partial melting of the crust. Eby drew the crucial conclusion
that A-type granitoids might be produced in different ways,
not always corresponding to the anorogenic regime. For
example, he established that not all granites of group A; are
the products of M-type melts and granites of group A; are the
subtype of I-type granites, as was earlier believed by Collins
et al. (1982). Indeed, repeated generation of magmatic melts
from the crust that has already underwent partial melting and
thus is poor in Si, K, and Fe/Mg should result in different
contents of these elements in A-type granites. Unfortunately,
Eby’s data, which surely played a crucial role at the first stages
of the research, do not permit A-type granites to be separated
into two discrete groups. More likely, they demonstrate the
conjugate fields of postcollisional and postorogenic (up to
within-plate) granitoids and form a field of uncertainty along
the A1—A; boundary (Bonin (2007). Hence, this diagram must
be used with great caution, especially when drawing conclu-
sions about the sources of magmatic melts.

Barbarin (1999) chose another approach. He used a com-
plex of criteria (mineralogical, geological, and geochemical,
including isotope ones) to separate granite series and thus to
establish the genesis of magmas and the geodynamic settings
of their formation. He recognized orogenic calc-alkaline
peraluminous (S-type) and mid-ocean tholeiitic granitoids.
Unfortunately, he included only peralkaline A-type granites of
mantle genesis into his classification but ignored A-granitoids
of crustal origin.

Based on the experience and more than twenty genetic
schemes of previous researchers, Frost et al. (2001) proposed
a specific classification of felsic igneous rocks according to
their petrochemical composition. He took three chemical
parameters as a basis: (1) index FeO*/(FeO* + MgO) > 0.486
+ 0.0046xS107 wt.%, permitting separation of magnesian and
ferroan (A-type) granitoids, (2) Peacock modified alkali-lime
index (NayO + KoO-CaO) (MALI), and (3) alumina saturation
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Fig. 1. Scheme illustrating petrogenesis of ferroan granitoids of different types (Frost and Frost, 2011).

index (ASI) Al/(Ca—1.67xP + Na + K), permitting division of
felsic igneous rocks into peraluminous (ASI > 1.0), metalumi-
nous (ASI< 1.0, (Na+K) < Al), and peralkaline (ASI < 1.0,
(Na + K) > Al) ones. Using these diagrams, the authors recog-
nized the fields of A-type granitoids and also divided the latter
into eight geochemical groups of different origin and evolution
(Frost and Frost, 2011). For example, they showed that ferroan
metaluminous granitoids might have formed as a result of the
differentiation of tholeiitic basalts. During the partial melting,
the granitic crust became enriched with alumina. Low-pressure
melting of quartz—feldspathic rocks might have led to the
crystallization of calc-alkaline metaluminous granitoids. Dif-
ferentiation of basaltic magmas of alkaline or intermediate
compositions, accompanied by the crustal assimilation, re-
sulted in peralkaline granitoids (Fig. 1).

Considering the known classification schemes, we should
mention the discriminant diagram proposed by Velikoslavin-
skii (2003), which takes into account a great number of
empirical data on the geochemical composition of felsic
igneous rocks and thus is more appropriate for the geodynamic
typification. Though the binary plot presented by the author
has no direct relation with A-type granitoids, it clearly
separates the fields of within-plate, collision, and subduction
granitoids. Unfortunately, the wide spectrum of geochemical
data, the main requirement for construction of the plot, is
difficult to realize in practice:

X = (196.203xSi0,) + (753.953xTiO,) + (481.96xA1,05) +
(92.664xFe0) + (521.5xMgO) + (374.766xCa0) +
(7.571xNa,0) — (584.778xK,0) — (0.379xBa) — (0.339xSr) —
(0.733xRb) — (0.429xLa) — (3.33xCe) — (5.242xNd) +
(10.565xSm) — 19,823.8;

Y = (1292.962xSi0,) + (4002.667xTiO,) +
(1002.231xAl,03) + (1297.136xFe0) + (262.067xMgO) +
(1250.48xCa0) + (1923 417xNa,0) + (1009.287xK,0) +
(0.3634xBa) — (0.325xSr) — (0.701xRb) + (0.8015xLa) +
(3.347%Ce) + (2.68xNd) + (10.11xSm) — 126,860.

In recent time, there is a tendency in non-Russian literature
for constructing universal diagrams for separation of igneous
rocks (including granites) depending on their geodynamic
settings. Unfortunately, such plots require not only a particular
statistic processing but also a difficult labor-consuming con-
version of analytical data. One of such diagrams has recently
been published by Verma et al. (2013):

X = (0.051xIn(Ti0,/Si0,) .4 + (0.226xIn(Al,0/Si0,)
(~1.77XIn(Fe,04/Si0,) .4 + (1.83xIn(Fe0/Si0,) ) +
(-0.065xIn(MnO/SiO,) ) + (0.134xIn(MgO/SiO,),. ) +
(0.225XIn(Ca0/Si0,),47) + (0.742xIn(Na,0/Si0,) . 5) +

(~1.78xXIn(K,0/Si0,) ;) + (0.146xIn(P,05/Si0,) 40) — 2.12;

adj) +

adj adj

Y = (1.09XIn(Ti05/Si0,) ) + (=1.65XIn(A1,04/Si0,) ,) +
(=1.19xIn(Fe,04/5i0,) ;) + (1.03XIn(FeO/Si0,) ;) +
(0.82XIn(MnO/Si0y) .4 + (0.026XIn(MgO/Si0,) ) +
(0.223xIn(Ca0/SiOy) ,5) + (0.212xIn(Nay0/SiO,) ) +

(0.085xIn(K,0/Si0,) ;) + (-0.85XIn(P,05/S10,) . ;) + 2.54.

adj adj

One else aspect of study and classification of A-type
granitoids is their common interpretation as reduced products
of melts. Consequently, the existence of magnetite series
among A-type granites was paid little attention because these
series did not meet the precise definition of A-type granites
but corresponded more to calc-alkaline (orogenic) I-granites.
These granites, containing modal magnetite, were first de-
scribed as an A-type in the USA (Anderson and Bender, 1989).
In 2007, Brazilian scientists, studying granitoids of magnetite
series from the Amazon River basin, also established high f
values of the bulk rock and of the hosted biotite and
amphibole, which suggests crystallization of the corresponding
melts in relatively reducing conditions (Dall’Agnol and
Olivera, 2007). This made them conclude that the magnetite
and ilmenite series (according to the definition by Ishihara
(1977)) are not always equivalent to oxidized and reduced
A-type granitoids. For these rocks, the authors introduced the
term “oxidized A-type” and assumed their crystallization from
hydrous magmas (=24 wt.% H0), which were probably
generated from quartz—feldspathic rocks of the lower crust.
The refining term “oxidized A-type” introduces still more
uncertainty in the definition of A-type granitoids, because most
of the above-discussed classifications cannot distinguish be-
tween such rocks and both A-type granites and orogenic
calc-alkaline I-type granites.

To sum it up, let us mark major features of A-type
granitoids. Their associations were mapped on all continents
(including Antarctica), and the time of their formation varies
from Neoarchean (~2.7 Ga) to Cenozoic (10 Ma and younger).
They are rather rare in the lower crust (like, e.g., some
charnockite complexes) but are typical of subsurface subvol-
canic levels, forming circular root feeders of calderas. These
granitoids are usually classified as quartz syenites and metalu-
minous and peralkaline granites, and their volcanic analogs
are treated as vitrophyric rhyolites, comendites, and pantel-
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lerites. They have an alkaline calcic to alkaline ferroan bulk
composition, high contents of LILE, HFSE (first of all, Nb,
Ga, and Y), and REE (except for Eu), and low contents of Sr,
Sc, and V and are rich in halogens, especially F. A-type
granites are easily recognizable by mineral composition: the
presence of ferroan silicates (ferrohedenbergite, ferrohasting-
site, fayalite, and annite) or aegirine, arfvedsonite, and rie-
beckite (in agpatitic granites) as well as feldspar. Since A-type
granites are observed in association with mafic igneous rocks
both on the continents and on the ocean bottom, they are
regarded as mantle products of alkaline melts. Their Rb/Sr and
Sm/Nd isotope ratios testify to the presence of mantle melt
traces. They are characterized by a high metal potential, which
was first noted during the investigation into Nigerian granites
(Bowden et al., 1987). Besides F, Y, Zr, and REE, A-type
granites are known as sources of Sn, W, Ta, Nb, and Be.
Sn—In mineralization is specific for only the topaz garnets of
Northeastern and Central Brazil (Botelho and Moura, 1998).
FeO-Cu—Au mineralization is paragenetically related to the
A-type granites of Missouri, USA (Kisvarsanyi and Kisvar-
sanyi, 1990) and Australia (Pollard, 2006). These granites
form in different geodynamic conditions, from within-plate
ones to plate sliding boundaries. A-type granites and rhyolites
are often associated with mantle plume, e.g., the Yellowstone
fayalite rhyolites. They occur in areas of continental rifting
(e.g., granite complexes of Africa, South America, and
northeastern USA, related to the opening of the Atlantic
Ocean) and are also associated with complexes in zones of
large-scale continental extensions (Basin and Range province
on the western periphery of the USA).

Methods and results of study

A universal diagram for distinguishing A-type granitoids
from other types was constructed using an approach competing
with the popular opinion that the specific features of igneous
rocks cannot be recognized because of the negligible differ-
ence in the composition of the major oxides in rocks with
similar SiO; contents. However, the existing classifications of
granitic rocks, based on the contents of dispersed and trace
elements, do not ensure their unambiguous identification as
regards their source and tectonic setting (Frost et al., 2001)
because dispersed elements in felsic melts (in contrast to
basalts) are usually incompatible (Bea, 1996). Rare-earth
elements, U, Th, and Zr are present mainly in accessory
minerals: apatite, zircon, sphene, orthite, and monazite. Other
elements, including Nb and Y, concentrate in oxides and
amphiboles; their contents reflect the history of crystallization
and some intensive parameters (oxygen and water fugacity).
Crustal contamination also exerts a stronger effect on the
contents of dispersed elements in granitic melts as compared
with more mafic melts. Thus, the choice of rock-forming
elements as a basis for classification of granites is reasonable.

The main petrochemical parameter of A-type granites is
their f value. Frost and Frost (2011), following Creaser et al.
(1991), noted that the term A-type lost its original meaning

for 30 years and today it is more appropriate to call such
igneous rocks ferroan. This term exactly defines the compo-
sition and major distinctive features of rocks. In our opinion,
the ferroan composition of melts producing A-type granites is
due to extremely low (often close to zero) contents of Mg
rather than high contents of FeO and Fe;O3. The extremely
low contents of Ca (thermophile element) and high contents
of Na and K are an additional specific feature of A-type
granites. The regular proportions of these elements in A-type
melts served as a basis for constructing discriminant diagrams
in this study.

The diagrams are based on published data on the chemical
composition of A-type rocks (a total of >900 analyses,
including 185 for oxidized A-type granites), which depict the
characteristics of their different facies types (granites, tuffs,
ignimbrites, lavas, extrusive bodies) from the world-famous
occurrences (including the parameters taken into account in
the rock classifications (Eby, 1992; Frost et al., 2001; Whalen
et al., 1987)). For comparison, the results of ~600 chemical
analyses of granitoids of other types (including S- and /-types)
were added to the database (Table 1). We included only
igneous rocks with SiO > 67 wt.% that were not subjected to
secondary alterations, with LOI<4 wt.%. The analytical
consuderable results for glass fragments, fiamme, and extreme
varieties (end-members of highly differentiated melts and
liquation products) were excluded from the data sample. The
compositions were converted for anhydrous residue and
reduced to 100%. The molecular quantities were calculated by
standard techniques (Chetverikov, 1956).

The ternary diagram (NapO + K;0)-Fe O03*x5—(CaO +
MgO)x5, based on the molecular quantities of rock-forming
elements (Fig. 2a), is the most informative among the
numerous constructed empirical schemes. It ensures a more
effective separation of varieties of A-type granitoids recog-
nized by Eby (1992) (Fig. 2b).

The compositions of different facies types of igneous rocks
(~1500 chemical analyses) form three main fields on the above
diagram (Fig. 3a). Two fields (Aj, Ap) correspond to felsic
magmatic A-type rocks of different ages and geodynamic
settings (Table 1). They are noticeably separated (with a
negligible (~2-3%) overlapping) from the rest types of felsic
igneous rocks, including /- and S-type granites of island arcs
and active continental margins. An interesting crucial feature
of the diagram is the clustering of composition points of
A-type granites from each occurrence in only one field
(Fig. 3b). The only exclusion is the West Yemen subsolvus
and hypersolvus granites (Table 1). However, the duality of
their composition and of the genesis and depth of generation
of magmatic melts was noted by many researchers (Capaldi
et al., 1987; Tommasini et al., 1994). Moreover, the initial Sr
isotope ratios in the rocks of the fields A; and Ay show a
common regularity. For example, the rocks of the field A| are
characterized by lower (87Sr/86Sr)1 ratios, whereas the com-
positions of rocks of the field A3 testify to the significant effect
of assimilation by crustal material on the rock formation
(Table 1, Fig. 3c). It is remarkable that the Sr isotope ratios
in the lower parts of Aj-type volcanic sections are usually
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(N320+K20)

N

Nb

Fe,0%x5 (CaO+MgO)x5

Fig. 2. Ternary petrogenetic diagrams: (a) (Na;O + K;0)-Fe,03%x5—(Ca0 + MgO)x5 (mol. quant.); (») Nb—Y-Ce (ppm) for A-type granites (Eby, 1992). A}, Field
of silicic rocks of oceanic islands, continental rifts, and hot spots (dark symbols), formed from within-plate or rift OIB; A, field of postcollisinal, postorogenic, and
anorogenic granitoids (light symbols) formed from IAB and continental-margin basalts, from crustal tonalites and granodiorites, or through the partial melting of

crust. Fe;03—as a total iron.

maximum and gradually decrease upsection (Grebennikov and
Maksimov, 2006; Kuz’min, 1985). The diagram also shows
the compositions of problematic oxidized A-type granitoids
(Table 1) and magmatic melts of different geodynamic settings
(data on melt inclusions (>2000 analyses) borrowed from
Naumov et al. (2010)). All of them fall in the above two fields
(Fig. 3c).

Discussion

Analysis of the data on the presented ternary diagram
(Fig. 3) permits us to relate, with some caution, igneous
complexes to a particular geodynamic setting because the
geochemical features of granitic magmas reflect mostly the
composition of their source. Moreover, volcanic facies (like
intrusive ones) are complex products of intracrustal melts,
basic magmas, and sedimentary substrate. No one diagram is
so informative for understanding the genesis and geodynamic
setting of formation of igneous rocks as a comprehensive
analysis of data on their composition, isotope properties,
structural position, and age. Therefore, only the general
conclusions for each of the recognized groups of granites are
presented below, and this diagram is proposed as one of the
tools for a comprehensive analysis of igneous complexes.

Group A1 is represented by granitoids of bimodal magmatic
series formed in the setting of global continental and oceanic
rifting. Group A, comprises felsic magmatic associations of
local extension zones of intracontinental and continent-mar-
ginal areas. The former granitoids are, most likely, the result
of the global horizontal crustal extension and expansion and
the breaking of the continuity of lithospheric plates. The latter
granitoids formed during rifting caused by the extension and
thinning of continental crust (as a result of postsubductional

and postcollisional processes) with a partial breaking of its
continuity (or without it) and the successive filling of the
formed gaps with ascending hot mantle magma.

As follows from Table 1, Aj-type rocks form in within-plate
magmatism settings: in the intracontinental system (oceanic
islands) or near the divergent boundaries of lithospheric plates
in cold intracontinental rifts, such as rift belts or triradiate-
junction zones, where formation of igneous rocks is related to
faulting and the relatively unobstructed penetration of mantle
melts or plumes (Dobretsov, 2003). This is also evidenced by
a great number of data of isotope studies (Table 1, references),
which directly indicate the formation of felsic melts through
the differentiation of alkaline or intermediate basaltic magmas
and the minimum effect of their contamination with crustal
material.

S- and I-type granites (resulting from the remelting of
sedimentary or igneous rocks) depleted in mantle elements,
on the contrary, melt out in the closed system near the
convergent plate boundary, where the access of mantle matter
is blocked by the subducting and/or stagnating slab of oceanic
plate. These granites resulted from the intricate transformation
processes in ascending primary magma. Seismotomographic
data (Dobretsov et al., 2012) revealed five levels of melt
formation: (1) dehydration and partial melting of slab with
separation of melts (aqueous fluids) and their subsequent
transition into the mantle wedge rocks; (2) formation of
magma chambers and contamination of melts with mantle
material; (3) formation of a large volatile-enriched chamber
at the crust-mantle boundary; (4) formation of intracrustal
chambers; and (5) formation of upper-crustal (0-5 km)
chamber with subsequent assimilation and differentiation.

Ar-type granitoids, whose composition seems to be deter-
mined by the discrete permeability of lithospheric plates for
mantle melts (considerably reduced fluids), bear traces of the
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(Na,0+Ko0)

(Na,0+Ko0)

(95,5,0)

(66,34,0)

(40,60,0)

(216712)  (2139.40) (19.2754)

Fe,0%x5 (Ca0+MgO)x5

Fe,0%x5 (Ca0+MgO)x5

(Nay0+K,0)

875r/%%s1,=0.7055-0.7773

8751/%851,=0.7031-0.7073

®4

Fe,O%x5

(CaO+MgO)x5

Fig. 3. Diagram (Na;O + K,0)-Fe,03x5—(Ca0 + MgO)x5 (mol. quant.). a—c, For explanation, see the text. A1, Field of silicic rocks of within-plate geodynamic set-
tings: oceanic islands and continental rifts; A,, felsic igneous rock associations of intracontinental and continental-margin geodynamic settings. The fields are
separated by lines with coordinates (A;: 40, 60, 0; 66, 34, 0; 62, 25, 13; 21, 39, 40; 21, 67, 12; Ay: 66, 34, 0; 95, 5, 0; 45, 17, 38; 19, 27, 54; 21, 39, 40; 62, 25, 13).
Roman numerals mark the fields of felsic igneous rocks of major geodynamic settings, after Naumov et al. (2010): I, zones of mantle plumes in oceanic plates (oceanic
islands and lava plateaus); II, intracontinental rifts and continental hot spots; III and IV, zones of subduction processes (III, zones of island-arc magmatism in oceanic
crust; IV, zones of magmatism of active continental margins, involving continental crust in magma formation; V, back-arc spreading. /, 2, A;- and A,-type granites,
respectively; 3, other types of granitoids: syncollisional, granites of volcanic arcs and continental margins (S- and I-types), etc; 4, oxidized A-type. Fe;O3—as a total

iron.

interaction of crustal magmas with the enriched matter of the
sublithospheric mantle and form in conditions different from
those of Aj-type granites. For example, they form at the places
(western USA, Far East of Russia, Southeastern Australia, etc.)
where a global change in geodynamic setting takes place,
when the orthogonal (counter) movement of plates at the
convergent boundary (subduction) can give way to their shear
relative to each other, i.e., the setting of a transform continen-
tal margin exists (Khanchuk et al., 1997). In this case, the
subsided slab (part of the plate in the subduction zone) and
oceanic plate (beyond the subduction zone) will have different

dynamic characteristics because of their location at different
hypsometric levels. Therefore, at depths no greater than few
tens of kilometers, the slab can break to form steeply inclined
structures of shear extension, which ensure permeability for
mantle material. Most likely, zones of transform faults sub-
sided beneath the active continental margin (Egypt, western
Yemen, eastern Bolivia, etc.) are the most favorable for the
formation of mantle material feeders.

Ar-type granites can also form at the sites of convergent
(collision) plate boundaries that are oriented at an angle (not
orthogonally) to the direction of their movement. In this case,
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there will be slips on the background of compression strains
(transpression regime). This movement (in the postcollisional
and late-collision settings) resulted in feathering extension
structures striking in the direction of the plate motion. Such
settings of A-type granite formation are specific for northwest-
ern India, the Tien Shan, South Greenland, southwestern
Siberian craton, etc.

In contrast to the above A-type granites revealed at the
boundaries of lithospheric plates, there is one else group of
Ar-granitoids localized in zones of intracontinental extension.
One of such settings is the Yellowstone supercaldera, the
largest volcanic system of North America, which formed
above hot mantle jets (plumes) and is part (northeastern
extension) of the Basin and Range Province (Smith et al.,
2009), a classic example of intense shearing strains. Some
authors (Best and Christiansen, 1991) think that such defor-
mations are caused by the back rush or pinching of accreted
oceanic slab at the postsubduction (postconvergent) stages,
followed by its thinning and intense extension and by the
upwarping of asthenospheric diapir that induced A-type mag-
matism. Others (Yarmolyuk and Kovalenko, 1991) relate these
deformations to the subsidence of the spreading ridge beneath
the continental plate. Overlapped mantle diapirs served as a
source for crustal rifting and accompanying magmatism. The
subsequent movement of the North American plate in the
southwestern direction synchronously with intracontinental
extension caused by a change in geodynamic regime (Jones
et al.,, 1996) provoked the growth of mantle diapir (plume)
curved northwestward. The diapir induced intense heating of
continental lithosphere and the formation of the Yellowstone
supercaldera filled with tuffs and lavas of A-type rhyolites.

Note that the extension regimes for the Aj- and Aj-type
granitoids are significantly different. For example, Buck et al.
(1988) considered two models of the formation of rift systems:
“simple shear” and “pure shear”. In the first case, there are
shearing strains only in subhorizontal plane, and in the second,
the crustal thinning is caused by extension in both directions.
However, these deformation regimes depend mainly on the
thermal state of crust rather than the stress conditions and the
environment composition (Sklyarov et al., 1997). There are at
least two types of deformations: brittle and plastic. In the case
of brittle deformations and cold crust (classic continental
rifting, Aq-type rocks), the interaction of mantle magmas with
crustal material is minimum. If magmatic melt meets a hot
viscous fluid (plastic) medium, it might stop and form
intrusive bodies or an intermediate chamber and then break
through them. This will cause a serious contamination of the
melt (Ap-type rocks). Moreover, the shape of magmatic feeder
also has a considerable effect on assimilation processes. In the
case of vertical breakthrough of melt, the heat effect on the
host rocks (few centimeters) is limited even for rock bodies
tens of meters in thickness. If magma spreading takes place
(resulting in lopolith, sill, etc.), the thickness of the heat effect
zone increases by several orders of magnitude. As concluded
by Sklyarov et al. (1997), there are magmas contaminated to
different degrees depending on their localization in the heating
zone. This largely complicates unambiguous determination of

the geodynamic setting based only on the geochemical
compositions of igneous rocks. At the same time, the consid-
ered conditions largely determine the specific melting-out of
A-type granitoids and their subdivision into Aj- and Aj-types.

As seen from the above diagram (Fig. 3), the main
distinctive petrochemical feature of A-type granitoids is the
ratio of bivalent to relatively small thermophile and large
alkali cations. Transformation of rock (melt) with a similar
inflow of some chemical components (SiO;, NayO, and K,0)
and removal of others (MgO, FeO, CaO, etc.), known in
literature as palyngenetic-metasomatic granite formation, is
due to the specific fluid regime, namely, the impact of
ascending transmagmatic solutions produced during the mantle
outgassing. These fluids exhibit a well-expressed reducing
potential, which is reflected in the mineral composition of
A-type melts. The abundance of ferrohedenbergite, ferrohy-
persthene, highly ferroan biotite, and fayalite in volcanic
analogs of A-type granites, the negligible contents of magnetite
and high contents of ilmenite, the low degree of oxidation of
volcanic glasses, and the presence of native iron, cohenite, and
moissanite, together with chromatographic data, the composi-
tion of fluid and melt inclusions, and a considerable contribu-
tion of explosive processes to the volcanism suggest the
presence of hydrogen (hydrocarbon or hydrofluorine) compo-
nent in the fluid (Grebennikov et al., 2012). This hydrogen—
hydrocarbon fluid causes depolymerization of siliceous melt
(Bezmen et al., 2005), which favors amorphization of crystal-
line compounds. The latter process is caused by the reaction
of hydrogen with silicate oxygen of these groups (Bogatikov
and Borsuk, 1987), which weakens its bond with silicon and
thus leads to the breaking of the groups, and even to their
defluidization (vitrification, one else characteristic feature of
A-type volcanics) as the temperature decreases. Depolymeri-
zation and destruction of, first of all, framework feldspathic
sibotaxes under the action of water—hydrogen fluid as well as
the leaching effect change the structural position of aluminum
(its coordination number IV changes for VI). This plays the
key role in the restructuring of melt and its viscosity decrease
by several orders of magnitude (Epel’baum, 1980) and thus
defines such an unusual set of mineral assemblages. The above
specific mineral composition agrees with the theoretical and
experimental conclusions drawn by Anfilogov et al. (1982).

Thus, the difference in the mineralogical and geochemical
compositions of A-type granites and accompanying volcanics,
from collisional granites of island arcs and continental margins
(S- and I-types) to other felsic magmatic rocks near the
convergent boundaries of lithospheric plates, is mainly due to
differentiation of intracrustal melts with the active participa-
tion of reduced (essentially hydrogen) fluids supplied from the
saturated sublithospheric-mantle material during the formation
of felsic magmas. The difference in the compositions of Aq-
and Aj-type granites (the latter are poorer in the mantle
material) depends both on the permeability of the crustal
material for mantle melts arriving at the upper hypsometric
lithospheric levels and on their interaction with it.

The above-proposed ternary diagram (NayO + K,0)-
Fer03*%x5—(Ca0 + MgO)xS5, based on the molecular quantities
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of rock-forming oxides, permits the reliable separation of
A-type granitoids and felsic igneous rocks of other types. The
recognized fields of A-type rocks correspond to two petroge-
netic types: resulted from the differentiation of alkali-basaltic
magmas with minor assimilation (A1) and from the interaction
of mantle melts with felsic continental crustal material accom-
panied by serious contamination (Ap). This diagram must be
applied to interprete the geodynamic formation conditions with
caution. It should be used as a tool for a comprehensive
analysis of obtained geological, petrological, and geochemical
information. Nevertheless, Aj-type rocks form mostly in the
intraplate magmatism setting: in intraoceanic system (oceanic
islands) or near the divergent boundaries of lithospheric plates
in cold intracontinental rifts, whereas As-type rocks are
generated in the postcollisional (or late-collision) setting as
well as during the lithospheric-plate sliding and at the late
stages of evolution of hot rift structures.

The petrochemical data must be interpreted with regard to
the restrictions made by the author on the diagram testing:
One should use only felsic igneous rocks containing >67 wt.%
Si0»; ignore rocks subjected to considerable secondary super-
posed alterations and volcanic glasses, fiammes, or their
fragments as well as rocks with SiOp > 80 wt.% and liquation
products; make statistical processing of data in the 95%
confidence interval for each complex of igneous rocks in order
to achieve the maximum reliability of analytical results; and
carefully interpret the compositions of oxidized (magnetite)
A-type granitoids (including postcollisional) because of the
expanding (up to 10%) zone of their overlapping with highly
differentiated /- and S-type granitoids in the lowermost part
of the field of Ap-type granites.
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