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Abstract—A large body of published geochemical data on the Phanerozoic granitoids of within-plate, colli-
sion, and subduction environments was used (0 revise the universally accepted methods for the determination
of the geodynamic setting of granitoid formation on the basis of chemical characteristics. Possible errors related
to the use of particular methods were distinguished. The granitoids of the environments considered were
geochemically characterized and the conclusion on their geochemical individuality was confirmed. On the basis
of the discriminant analysis of available geochemical data, a set of discriminant functions was calculated for

improved analytical or graphical solution of the proble

m of the tectonic correlation of granitoids of primary

magmatic nature (volcanics of dacite-rhyolite composition and intrusive granitoids and granites containing
more than 65 wt % SiO,) using the concentrations of either major elements only or major and trace elements.
The proposed discriminant functions were tested on the example of Precambrian granitoids, which illustrated
prospects of their use for the tectonic reconstructions of Precambrian regions.

INTRODUCTION

A number of studies demonstrated that igneous
rocks, including silicic ones, formed in different geody-
namic environments show significantly different chem-
ical compositions. This fact provides a basis for the use
of geochemical rock characteristics in paleotectonic
reconstructions. The methods that are now used for the
discrimination of silicic igneous rocks of various set-
tings on the basis of their chemical compositions were
proposed 10-15 years ago and are not free of draw-
backs. In particular, many of them were constructed
using limited input data, and the mathematical methods
of data processing were also not optimal.

The importance of the determination of the tectonic
position of granitoids from their geochemical charac-
teristics is beyond doubt. It is of special importance for
the tectonic analysis of the Early Precambrian, where
other (in particular, geological) methods of geody-
namic correlation are often impracticable. Because of
this, it is necessary to assess on the basis of a more rep-
resentative data set, which was compiled through the
generalization of a large body of analytical data accu-
mulated up to now in the geological literature, the effi-
ciency of previously proposed methods. Furthermore,
if they will appear to be inadequate, new geochemical
criteria must be developed for the classification of gran-
itoids of major geodynamic settings, which are more
consistent with the available data. There is a vast body
of analytical data in the literature on diverse granitoids
represented by the results of silicate analysis only.
Since the most widely used methods are based on trace-
element data, it is of special interest to construct criteria

for the geochemical classification of granitoids using
analytical results for both trace and major elements.
Taking into account these considerations, the following
problems were addressed in our study:

(1) assessment of available geochemical methods
for the tectonic classification of granitoids;

(2) estimation of the generalized geochemical char-
acteristics of granitoids of major geodynamic environ-
ments;

(3) development of multidimensional geochemical
criteria for the tectonic classification of granitoids on
the basis of both silicate analyses and the optimum set
of trace elements; and

(4) testing of the proposed criteria on the example of
some Precambrian granitoids.

INITIAL DATA

The problems formulated can be obviously solved
only on the basis of generalization of analytical data for
granitoids published in the geological literature. In this
paper we considered the available data that were used
for the construction of traditional discriminant diagrams
(Pearce et al., 1984; Papu et al., 1989; Thiblemont and
Cabanis, 1990) and those used by Forster et al. (1997)
for the evaluation of the (Y + Nb)-Rb diagram. In addi-
tion, the input data set was significantly expanded at the
expense of a large volume of geochemical information
on granitoids from the territory of Russia and the former
USSR and data from recent publications.

This paper is concerned with the geochemical char-
acteristics of silicic igneous rocks of subduction,

327



328

1200

sof @

IAG\olf lAG.mr

n =985 n=993
25t
0 S A |
-2000 -1000 0 1000 2000

D(x)

Fig. 1. Results of the discriminant analysis of intrusive
granitoids and volcanics from (a) subduction and (b) colli-
sional settings. n, % is the volume of the data set.

within-plate, and collision settings. In contrast to previ-
ous work (Pearce et al, 1984; Papu et al., 1989;
Thiblemont and Cabanis, 1990), the granitoids of mid-
ocean ridge and suprasubduction environments were
not considered, because these settings are more effi-
ciently recognized using the geochemical characteris-
tics of mafic and ultramafic rocks.

It is worth noting that the well-known diagrams for
the discrimination of granitoids of main geodynamic
settings by chemical characteristics were constructed
using the data on both intrusive and volcanic rocks,
although the validity of such an approach was never
specially investigated. The discriminant analysis of
intrusive granitoids and silicic volcanics from subduc-
tion and within-plate settings (Fig. 1) demonstrated that
their chemical compositions are identical, which allows
us to use with more confidence a combined data set on
intrusive and volcanic rocks for the evaluation of
geochemical characteristics of the silicic magmatism of
major geodynamic settings. Thus, the assembled initial
data reflect the chemical composition of silicic igneous
rocks as a whole. Because of this, the groups of igneous
rocks considered are collectively referred to as grani-
toids.

Igneous rocks from island-arc environments are sta-
tistically represented by continuous differentiated
series from basic to silicic rocks. The maximum of the
distribution varies depending on the type of an island
arc. Igneous rocks from within-plate environments are
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represented with rare exceptions by bimodal associa-
tions with distribution maxima at gabbro and granite
compositions. The statistically felsic component of the
bimodal association corresponds to rocks with SiO, >
65 wt %. Granites are the most abundant rocks in colli-
sion environments, and more basic rocks occur in
minor amounts. In this respect, the correct comparison
of the chemistry of granitoids from various geodynamic
settings requires a selection of common intervals of dif-
ferentiated series, for instance, intervals with identical
SiO, contents. This condition is met, if granitoids with
Si0, > 65 wt % are considered, which is done below.

The results of the silicate analysis of granitoids are
often reported on a water-free basis. Because of this, all
petrochemical data were also recalculated to water-free
compositions.

The general characteristics of granitoids from the
geodynamic environments considered whose geochem-
ical data were used for further investigations are given
in Table 1.

The complete list of the sources of initial data
includes more than 400 references and could not be
published in this paper. However, if necessary, all the
information on data sources is available from the author
via e-mail (SDTJ@SV1403.SPB.EDU).

The compiled analytical information is not the full
inventory of geochemical data for granitoids formed in
the geodynamic settings under consideration. However,
the wide regional and age scatter of available data sug-
gests that they are representative with respect to geody-
namic settings and excludes the possibility of interpre-
tation of the chemical features of the granitoids as a
result of the manifestation of regional or time evolution
differences. The total volume of analytical data is char-
acterized in Table 2.

Before proceeding with the geochemical character-
istics of the granitoid groups considered, it is necessary
to address the problem of comparison of different ana-
lytical data. It is commonly believed that the results of
silicate analyses obtained in different laboratories are
adequately compatible with each other, whereas the
results of the determination of trace elements obtained
by various methods in various laboratories may differ
significantly. Probable exceptions are the results of
determination of rare earth elements (REE) and Rb and
Srisotopic data. Owing to high analytical precision, the
systematic errors of various laboratories and methods
and random errors are probably relatively low for these
parameters. In fact, the problem of reduction of diverse
analytical data to the form of equal accuracy and preci-
sion has no solution even if the metrological parameters
of analytical methods are known. Because of this, there
are only two variants: one can either use different ana-
lytical data in the form in that they were published
ignoring analytical errors or do not use them at all. For-
tunately, there is some indirect evidence allowing us to
accept the former variant. For instance, each of the
granitoid groups considered was characterized to the
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Table 1. Generalized characteristics of granitoid complexes used in this work (numbers of silicate analyses are shown in pa-

rentheses)

Geodynamic setting

Region, complex, pluton

Modern
island arcs

oceanic Granitoids of Mariana and Tonga—Kermadec-New Zeeland arcs (27)

developed | Granitoids of the Aleutian—Alaskan (144), Kurile-Kamchatka (436), Fiji (12),
and New Hebrides (3) arcs

mature Granitoids of the Japan (152), New Guinea (63), Indonesia (12), and Mediterranean (66) arcs;
Lesser Antilles (29); and others (37)

Subduction

Continental arcs and
continental margins

Granitoids of the Mesozoic—Cenozoic belts of the Pacific margin of North America (330),
Pacific margin of South America (185), northwestern Pacific margin of Russia (35), and
continental margins of other regions (45)

Phanerozo

ic paleoarcs

Granitoids of the paleoarcs of the Caucasus, Urals, Blue Mountain, West Shasta, and others (229)

Syncollisional

1. Early Paleozoic granitoids related to the collision of the West African craton and the Tuareg
shield: Iforas batholith (36)

2. Granitoids of the Hercynian collision zones of western Europe: Trois Seigneurs pluton,
Pyrenees; Pedrobernardo, Spain; Braga and Lixa, northern Portugal; Boodmin, Dartmoor,
St. Austell, Brannel, Carmenell, Meldon, Lands End, and Cornubian, England; Moldanubian,
Austria; Velay complex, Massif Central, France; and others (307)

3. Paleozoic granitoids of collisional zones of the Atlantic margin of North America: plutons
of the Meguma zone, Nova Scotia; plutons of the Gander zone, Brunswick; Ackley City
batholith, Newfoundland; and others (144)

4. Granitoids of the India—Asia collision zone: Manaslu complex, Gangotori leucogranite
plutons, Karakorum (Himalaya), and others (177); and Guntskii complex, Pamirs (29)

5. Mesozoic granitoids of various collision zones of the Pacific margin of Russia:
Grodekovskii and Khungariiskii complexes (50)

Collisional

Late-collisional

1. Granitoids of the Hercynian collision zones of western Europe: Sardinia-Corsica batholith,
plutons of the Iberian massif, Querigut pluton (Pyrenees), Central Bohemian pluton

(Czech Republic), Southern Bohemian pluton (Austria), Eisgarn, Fichtelgebirge, Erzgebirge,
Falkenberger, and Steinwald plutons, Germany; and others (480)

2. Granitoids of the India—Asia collision zone: Lhasa and other plutons of the Himalaya; Bazarryk-
skii, Ortobuzskii, Bashgumbezskii, and Bazardarinskii complexes, Pamirs; and others (285)

late-collisi

Syncollisional and

onal

undifferentiated

1. Proterozoic and Paleozoic granitoids related to the collision of the Kara microcontinent and
the Siberian craton, Taimyr (21)

2. Granitoids related to the Early Mesozoic collision of the Kolyma microcontinent and the
Verkhoyansk continental margin of the Siberian craton: Nelkanskii, Nelchenskii, Nyurgun-
Tasskii, Chimgalinskii, Ust'-Nera, Kigilyakhskii, Chalbinskii, Chimgalinskii, Kere-Yuryakh,
and other massifs (211)

3. Hercynian granitoids of the tin-bearing belt of southeastern Asia related to the accretion of
Laurasia, Thailand (152)

4. Mesozoic granitoids of the collision zones of the Pacific margin of North America: White
Creek batholith; plutons of the Kootenay arc, Canadian Cordillera; Hall Canyon pluton,
California; and others (81)

5. Granitoids of various ages of the southwestern framing of the Siberian platform (42)

6. Mesozoic granitoids of various collision zones of the Pacific margin of Russia, Sandinskii
complex (5)

7. Granitoids of various regions: Caucasus, Urals, New Zeeland, Carpathians, and others (67)

Oceanic

Volcanic and intrusive complexes of the islands of Galapagos, Guadeloupe, Iceland,
and Ascension (54)

Within-plate

Continental

T. Granitoids of ring complexes: Nigeria, Sudan, Arabian shield, North Wales, Corsica,
and other regions (300)

2. Granitoids of modern and paleocontinental rifts: Afar, Kenya, Ethiopia, California, Mexico,
Central Asia, Oslo, and other rift zones (636)

3. Granitoids of continental flood basalt provinces: Brazil, Deccan, Karoo, northwest Scot-
land, Yellowstone Plateau, Campbell Island, and others (201)

4. Granitoids of settings transitional from back-arc spreading to continental rifting:
Trans-Pecos province, Latir, Henderson, and New Zeeland (296)

5. Proterozoic anorogenic granitoids including rapakivi granites: Ulkanskii and Korosten
plutons, plutons of Brazil and Australia (255)

6. Granitoids of undifferentiated within-plate settings (69)
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Fig. 2. Discriminant diagram R|—R, (Batchellor and
Bowden, 1985) with the points of (a) subduction, (b) colli-
sional, and (c) within-plate granitoids. Here and in Figs. 3,
4,5, 8, and 9, the points, oblique crosses, and crosses show
the compositions of within-plate, collisional, and subduc-
tion granitoids, respectively. Ry = 4Si0,—~11(Na,O + K,0) -
2(FeO + TiO,) and R, = 6Ca0O + 2MgO + Al,O3, mole frac-
tions.
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same degree by diverse analytical data obtained in a
number of laboratories, which most likely excludes the
presence of systematic between-group errors. On the
other hand, the correctness of determination may vary
considerably and its numeric estimation is impossible.
In such a case, the only criterion for the validity of the
use of available analytical data is that the natural dis-
persion of trace element contents in the granitoid
groups considered must be higher than the respective
analytical uncertainties. As will be shown below,
according to the available analytical data, the granitoids
of the geodynamic settings considered are significantly
different in most trace elements (Table 2; Figs. 6, 7),
and their use for discriminant analysis significantly
reduces the empirical risk of improper classification
(Table 3). Thus, it can be supposed with much confi-
dence that the above criterion is held in our case.

The concentrations of most rock-forming elements
in the granitoids are adequately approximated by the
normal distribution. Because of this, the results of sili-
cate analyses were preliminary screened rejecting val-
ues lying outside X * 3S, where X is the mean and S is
the standard deviation. The rejection of outliers was not
carried out for trace elements, which often show more
complex distributions.

PREVIOUS WORK

The compiled analytical data set was first used for
the assessment of the discriminating power of methods
proposed by various authors to determine the tectonic
position of granitoids from their chemical composi-
tions.

One of the earliest attempts at discriminating grani-
toids from various settings on the basis of their chemi-
cal characteristics was the diagram of Batchellor and
Bowden (1985) in the coordinates of petrochemical
parameters R, and R,, which were previously used for
the classification of silicic igneous rocks (de la Roch
et al., 1980). The position of subduction, collisional,
and within-plate granitoids on this diagram is shown in
Fig. 2. The distribution of granitoid points on this dia-
gram is in general consistency with the distinguished
fields: the maxima of distribution of points of subduc-
tion, collisional, and within-plate granitoids fall within
the appropriate fields. However, there are considerable
variations exceeding the limits of fields on this dia-
gram, and the compositions of subduction, collisional,
and within-plate granitoids overlap in part, which sug-
gests a low discriminating power of this diagram. It
reflects only the most general features of the differ-
ences between the chemical compositions of grani-
toids.

Papu et al. (1989) proposed a set of simple petro-
chemical diagrams for the tectonic classification of
granitoids. However, these diagrams were constructed
on the basis of a small (less than 500 analyses) and not
quite representative data set. In particular, their
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Fig. 6. Distribution of concentrations of major (wt %) and trace (ppm) elements in subduction, collisional, and within-plate grani-

toids. n, % is the volume of the data set.

reference island-arc granites included only the data on
the complexes of Papua, New Guinea, and the Solomon
Islands; continental margin granitoids were represented
by data from the Sierra Nevada batholith only; collision
granitoids, by the Himalayan granitoids and the Idaho
batholith; and within-plate granitoids, by the igneous
rocks of the Oslo rift and granitoid complexes of Nige-
ria. In this paper we cannot present the results of the test
of all diagrams proposed by Papu et al. (1989). Only
two of them are shown in Figs. 3a and 3b. Similarly to
the previous case, the distribution of data points sug-

gests that these diagrams have an inadequate discrimi-
nating power and reflect only the most general features
of chemical differences between the granitoids consid-
ered. The practical application of this method may
result in serious errors.

The most universally accepted geochemical method
for the determination of the tectonic position of grani-
toids is currently the diagram of Pearce et al. (1984).
This diagram is also based on a relatively small number
of initial data, about 650 analyses. The concentrations
of only three informative elements, Rb and (Y + Nb),
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are used as discriminating factors. The diagram was
constructed for the discrimination between oceanic,
island-arc, within-plate, and syncollisional granitoids.
Its significant drawback is that it does not allow recog-
nition of late-collisional granites, which compose a
considerable portion of collision magmatism. This dia-
gram is more efficient than the series of diagrams pro-
posed by Papu er al. In particular, the points of within-
plate and subduction granitoids occur in the respective
fields (Fig. 4). However, the compositions of island-arc
and collisional granitoids show a considerable overlap,
which significantly decreases the possibility of their
correct classification. It should be noted that Fig. 4 dis-
plays the points of both syncollisional and late-colli-
sional granitoids. However, the addition of data on late-
collisional granitoids does not increase the extent of the
compositional overlap of syncollisional and island-arc
granitoids.

The systematics of granitoids on the basis of their
hypothetical sources was proposed by Chappel and
White (1974) and Whalen et al. (1987) and is now uni-
versally accepted. This classification is also widely
used in tectonic reconstructions. It was suggested that
I-granites are formed in subduction settings; S-granites,
in collision settings; and A-granites, in within-plate set-
tings. The logic of such an approach is probably in gen-
eral correct, but the degree of correspondence has never
been rigorously assessed. Maeda (1990) proposed the
A/CNK—(N + K)/A diagram for the petrochemical clas-
sification of A-, S-, and I-granites. This diagram ade-
quately assigns the reference samples of A-, S-, and
I-granites. The majority of points of within-plate gran-
itoids occur in the field of A-granites; collisional gran-
itoids, in the field of S-granites; and island-arc grani-
toids, in the fields of S- and I- granites (Fig. 5). The
maximum of the distribution of island-arc granitoid
points corresponds to the line dividing the fields of
S- and I-granites. Thus, the diagram reveals the correla-
tion of within-plate granitoids with A-type anorogenic
granites and, similarly to the previous case, allows their
reliable classification. However, the use of this diagram
for the classification of collisional and subduction gran-
itoids may lead to significant errors, because the latter
are not correlated with the I-type only. A surprising cor-
relation between subduction granitoids and S- and
I-types should be also noted. It would be more under-
standable if the points of collisional granitoids occurred
in the fields of S- and I-granitoids, because their source
was evidently heterogeneous and involved sedimentary
rocks and previous precollisional (mainly, subduction)
granitoids. It is possible that the heterogeneity of the
source of subduction granitoids was controlled by the
processes of contamination of crustal material.
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Fig. 7. Distribution of chondrite-normalized REE contents
in granitoids of (a) subduction, (b) within-plate, and (c) col-
lisional environments. The outer contour in Figs. 7a-7c
envelopes 90% of analytical data, and the inner contour,
50% (isolines of distribution are drawn through 10%).
Numerals above the x axis are the total numbers of analyses.
Figure 7d shows the non-parametric estimate of REE con-

tents within the lower and upper quartiles.
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GEOCHEMICAL CLASSIFICATION OF SILICIC IGNEOUS ROCKS

GEOCHEMICAL CHARACTERISTICS
OF GRANITOIDS FROM MAJOR GEODYNAMIC
ENVIRONMENTS

The generalized statistical characteristics of the
chemical composition of granitoids from the geody-
namic environments considered are listed in Table 2,
and the distribution of the concentrations of chemical
elements are shown in Fig. 6. The chondrite-normal-
ized REE distribution patterns are shown in Fig. 7. The
inspection of these data suggests that the three granitoid
groups are statistically different in the concentrations of
many chemical elements. The most significant differ-
ences were observed between within-plate and subduc-
tion granitoids. The characteristic features of the distri-
bution of most chemical elements allow us to consider
these granitoids as two polar groups, whereas colli-
sional granitoids usually show transitional composi-
tions. This is most clearly seen in the SiO, distribution:
subduction granitoids show an almost uniform SiO,
distribution with a broad maximum near 69%, within-
plate granitoids show a nonsymmetrical left-sided dis-
tribution with a sharp maximum near 78%, and colli-
sional granitoids show a relatively symmetrical distri-
bution with a maximum at 75%. Collisional granitoids
resemble the granitoids of within-plate environments
with respect to contents of most major elements (except
for Na and P) and some trace elements (Sr, Rb, Th, U,
and Eu) and approach the granites of subduction envi-
ronments with respect to the character of La, Ce, Nd,
Sm, Gd, Ho, Tb, Er, Yb, Y, Zr, Nb, and Hf distribution
(Fig. 6, Table 2).

Although the granitoids of the geodynamic settings
considered differ significantly in the contents of many
chemical elements, the applicability of these data for
their geochemical classification is in general limited
because of the wide overlap of the distributions of par-
ticular elements. However, the established differences
imply that reliable and efficient discrimination criteria
can be obtained by means of multidimensional statisti-
cal analysis.

CLASSIFICATION OF SUBDUCTION,
COLLISIONAL, AND WITHIN-PLATE
GRANITOIDS BY MEANS OF LINEAR
DISCRIMINANT FUNCTIONS

The granitoid groups were separated using the appa-
ratus of discriminant functions. For this purpose we
used a variant of discriminant analysis described by
Rodionov et al. (1987, pp. 154-156), which assumes
inequality of the covariance matrices of the sets com-
pared and includes estimation of distribution parame-
ters from a set. This variant yields two solutions, linear
and quadratic discriminant functions. In our case, the
quadratic discriminant functions appeared to be less
informative and are not considered in this paper.

The examination of the geochemical methods that
have been proposed for the classification of granitoids
PETROLOGY  Vol. 11

No. 4 2003

337

of various geodynamic settings demonstrated that they
are rather reliable for the granitoids of within-plate set-
tings and granitoids of compression regimes (subduc-
tion and collisional) (Figs. 4, 5). Because of this, an
important improvement of available methods would be
the separation of subduction and collisional granitoids.

This problem can be solved by discriminant analy-
sis. Table 3 presents a number of discriminant func-
tions, which adequately separate subduction and colli-
sional granitoids and are ranked with respect to
decreasing empirical risk of incorrect classification
(nos. 6-12). These functions provide a significant
improvement in the efficiency of geochemical classifi-
cation methods for granitoid from various geodynamic
settings. For instance, it is possible to construct dis-
crimination diagrams on the basis of combinations of
the calculated discriminant functions and some param-
eters of previously proposed diagrams. In particular, the
parameter (N + K)/A or (Y + Nb) can be plotted along
one axis, which provides a reliable separation of
within-plate granitoids from the combined set of
island-arc and collisional granitoids (Figs. 4 and 5,
respectively), and one of the discriminant functions on
the other axis (Table 3, nos. 6-12).

On the other hand, there are various methods of rec-
ognition on the basis of the results of discriminant anal-
ysis shown in Table 3. For instance, granitoids of the
geodynamic settings considered can be classified on the
basis of petrochemical data only using the discriminant
functions of Table 3 (nos. 1, 3, 6) and the scheme of
dichotomous division. Using the function F,_,,, (no. 1),
the object studied can be assigned to subduction + col-
lisional or within-plate + collisional granitoid groups. A
further classification is made by the functions F_,,
(no. 3) and F;_.,; (no. 6). More reliable results can be
obtained using similar discriminant functions (Table 3)
including the concentrations of the most commonly
analyzed trace elements, which are characterized by
smaller probability of incorrect classification (R): func-
tion no. 2 in the first stage and function nos. 4, 5, and 7—
11 in the following stages of recognition.

Table 3 presents the optimum variants of discrimi-
nant functions dividing the sets of granitoids consid-
ered. In fact, the number of all possible discriminant
functions is much greater. The choice of optimum vari-
ants took into account the interplay of two factors:
small value of the risk of incorrect classification and
representativeness of the data sets compared. In other
words, the choice was dictated, on the one hand, by the
use of the most informative chemical elements as argu-
ments and, on the other hand, by the search for a com-
bination of the chemical elements providing the repre-
sentativeness of the data set. This scheme resulted in
some cases in the elimination of rather informative but
rarely analyzed elements from the set of arguments.
The results of recognition on the basis of different dis-
criminant functions from Table 3 are not identical but
fairly similar. In this respect, each of them can be used
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in practice but, if the necessary analytical data are avail-
able, the functions with the lower risk of incorrect clas-
sification R are preferable.

One of the drawbacks of the above-described
approach is that the results of recognition are difficult
to present in a clear graphical form, because this
implies the construction of three-dimensional dia-
grams. However, the graphical presentation of the
results of recognition is desirable especially in the case
of point occurrence near field boundaries, because it
provides additional information for the choice of the
most adequate solution. Two variants of the graphical
recognition of the geodynamic setting of granitoid for-
mation are considered below: (a) using only major ele-
ments and (b) using major and trace elements providing
the minimum risk of incorrect classification. For this
purpose we calculated additional discriminant func-
tions, in particular, F; ., and F;_,,, (nos. 12—13), sep-
arating subduction granitoids from the combined set of

collisional and within-plate rocks. For example, the
binary diagram with F._,,, on the abscissa and F_,,
(or F_,y) on the ordinate efficiently separates the
granitoids of various geodynamic settings using the
concentrations of major elements only.

The discriminant diagram F;_,.,—F.,, was pub-
lished by Velikoslavinskii and Velikoslavinskii (2001),
and F_,.y1—F . 1s shown in Fig. 8. Formally, dis-
criminant analysis implies that the lines separating the
fields of subduction, within-plate, and collisional gran-
itoids must coincide with the coordinate axes. How-
ever, the character of the distribution of granitoid points
(Figs. 8a—8c) and results of their statistical analysis
(Fig. 8d) suggest that the coordinate axes approximate
adequately only the boundaries of the within-plate
granitoid field, whereas the dividing line between the
fields of subduction and collisional granitoids does not
coincide with the coordinate axis.
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84.778K,0 + 0.379Ba — 0.339Sr —

0.733Rb — 0.429La — 3.33Ce — 5.242Nd + 10.5655m — 19823.8 and f5(F ;_,, . Fﬁ_m. Fliey6) = 1292.9628i0, + 4002.667TiO, +

1002.231A1,05 + 1297.136FeO* + 262.067MgO + 1250.48Ca0 + 1923.417
0.701Rb + 0.8015La + 3.347Ce + 2.68Nd + 10.11Sm — 126860.0.

The comparison of the empirical errors of classifica-
tion of the discriminant functions used for the construc-
tion of discriminant diagram (Fig. 8) with the empirical
errors of functions with concentrations of major and trace
elements as arguments shows that the F;_,,.,;—F|.,. dia-
gram is attractive, because it allows estimation of the
tectonic position of granitoids using the results of sili-
cate analysis only, but not optimal with respect to the
risk of incorrect classification. Because of this, we con-
structed a discriminant diagram in the coordinates that
minimize the value of this error.

In particular, such coordinates can be represented by
the discriminant functions F_ ., F._3 and F .
(Table 3, nos. 2, 5, and 11), whose arguments include
major and trace elements. As was shown above, these
functions allow recognition in an analytical form,
whereas graphical presentation requires the construc-
tion of a three-dimensional diagram. A discriminant
function was calculated separating subduction grani-
toids from the combined set of within-plate and colli-
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a0 + 1009.287K,0 + 0.3634Ba — 0.325Sr —

sional granitoids using the contents of major elements
and providing the minimum classification error. This
function is given in column 13 in Table 3. However, the
error of classification of the function F; ., (8.6%) is
significantly higher than the errors of classification of
the functions discriminating subduction and collisional
(7.5%) and subduction and within-plate (5.8%) grani-
toids separately. Therefore, the use of this discriminant
function as a coordinate axis is irrational. In order to
transform the discrimination diagram F_,,—F .~
Fi_oy into a two-dimensional form, the following pro-
cedure was applied. The values of the discriminant
functions F;_,, F(._,3 and F;_. calculated for island-
arc, collisional, and within-plate granitoids were pro-
cessed by principal component analysis (calculation
from the covariance matrix). The principal components
were obtained with loadings of 70.18, 28.15, and
1.67%. Thus, there is an opportunity to construct a dis-
criminant diagram without a significant loss of infor-
mation using the first and second principal components.
The first and second principal components are calcu-
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bols are the same as in Fig. 8.

lated by the formulas: fi(F 2. Fiws Flioe) =
0.711F;_» + 0.411F )3 + 0.57F ;_6 and f5(F 2,
F 3> Fiioe) = 0.05F L0 — 0.837F 3 + 0.545F ;_6.

Figure 9 shows the diagram f,(F 2, F (3 Fiier)
versus fo(F iy Fieowss Fliies) With the points of grani-
toids of the environments considered and 95% contours
of the compositional fields. Its coordinates were trans-
formed into a form convenient for calculations by sub-
stituting F;_,.5, F_3, and F;_. values from Table 3
into the above formulas.

In addition, we attempted to perform a more
detailed geochemical discrimination of each granitoids
group (subduction, collisional, and within-plate) into
subgroups in accordance with the classification pre-
sented in Table 1. However, no significant differences
were found between the subgroups of granitoids. The
problem of a more detailed tectonic classification of
granitoids probably requires further special investiga-
tions.

i=C)

TESTING OF THE METHOD ON THE EXAMPLE
OF PRECAMBRIAN GRANITOIDS

The proposed geochemical methods of the geotec-
tonic classification of granitoids may be helpful in the
tectonic reconstructions of various regions. Their appli-
cation is probably most promising in the tectonic anal-
ysis of Precambrian complexes, where other criteria

VELIKOSLAVINSKII

may be less informative. However, since these criteria
were obtained on the basis of geochemical data mainly
for Phanerozoic granitoids, the. validity of the use of
geochemical data for the tectonic classification of Pre-
cambrian granitoids is not quite obvious. Below we
give several examples illustrating the possibility of the
tectonic classification of Precambrian granitoids using
the proposed geochemical criteria.

Subduction Granites

Subduction granitoids are exemplified by the Late
Archean continental-margin granitoids of the Norse-
man—Wiluna belt of Western Australia (Cassidy et al.,
1991), the Late Precambrian tonalite—trondhjemite
complex of the Birbir magmatic arc of western Ethiopia
(Wolde et al., 1996), and the trondhjemite—granophyre
complex of the Idsas arc of Saudi Arabia (Al-Shanti
etal., 1984).

Eighteen of 20 points of the Norseman—-Wiluna
granitoids plot within the subduction granitoid field
(Fig. 10), and only two points occur within the uncer-
tainty field; of 25 points of the Idsas granitoids, only
one point falls within the uncertainty field; and all eight
points of the Birbir arc granitoids are located within the
subduction granitoid field. Thus, the examples of sub-
duction granitoids considered are correctly classified
by the proposed discriminant functions.

Collisional Granitoids

One of the examples of Precambrian granitoids are
the late kinematic microcline granites of the northern
Ladoga region (Putsarskii, Borodinskii, Zavetinskii,
Kuznechinskii, and Tervusskii plutons), which form a
linear northeast-striking zone about 100 km long with
an age of ~1.8 Ga and were probably related to the col-
lision of the Ladoga block and the Karelian craton
(Shinkarev and Grigor’eva, 1995; Velikoslavinskii,
1999; etc.). Figure 11 shows the distribution of
179 points of the microcline granites of the northern
Ladoga region (Velikoslavinskii, 1999). About 73% of
these points correspond unambiguously to collision
granitoids; 10% lie in the uncertainty fields; and 17%,
in the fields of within-plate and island-arc granitoids.

Also shown in Fig. 11 are the points of the Early
Proterozoic (~2 Ga) granites of the Transamazonian
orogen (Cuney et al., 1990), which owed its formation
to a continental collision. Although three of 11 point of
these granites occur in the uncertainty field, the granites
are unequivocally classified as collisional rocks. The
consideration of trace elements results in a more reli-
able classification: all data points are located within the
field of collisional granitoids (Fig. 12).

Within-Plate Granitoids

Within-plate Precambrian magmatism is exempli-
fied by (1) within-plate igneous rocks of the northern
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Fig. 11. Discriminant diagram F;_,.,1=F(._) with the
points of Precambrian collisional granitoids. (1) Microcline
granites of the northern Ladoga region and (2) granites of
the Transamazonian orogen. Other symbols are the same as
in Fig. 8.

Baikal volcanoplutonic belt (extrusive rocks of the
Akitkanskaya Group and granitoids of the Irelskii and
Primorskii complexes) with an age of 1.82-1.87 Ga,
which were characterized by Salop (1967), Manuilova
et al. (1964), and Neimark er al. (1998); (2) rapakivi
granites of the Ragunda complex (Kornfilt, 1976); and
(3) Late Precambrian (702-735 Ma) extrusive rocks
and granitoids of the Robertson River basin of the Blue
Ridge Province, Virginia related to the early stages of
Laurentian rifting (Tollo and Aleinikoff, 1996).

Only three of 48 points of the rocks of the northern
Baikal volcanoplutonic belt (Fig. 10) fall beyond the
field of within-plate granitoids (one point lies in the
field of collision granitoids and two points, in the
uncertainty field). Four of the 35 points of the granites
of the Ragunda complex (Fig. 12) are located outside
the field of within-plate granitoids (one point in the
field of collision granitoids and three points in the
uncertainty field). All the points of the rift-related gran-
itoids of the Robertson River basin (Figs. 10, 12) are
located within the field of within-plate granitoids.
Overall, the examples of within-plate granitoids con-
sidered are reliably classified as within-plate granitoids
in the proposed discriminant diagram.

Thus, the examples considered suggest the validity
of the proposed discriminant functions for the tectonic
analysis of Precambrian granitoids.
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S iy2s Fieowyas Fliey) With the points of (1) Precam-
brian collisional granitoids of the Transamazonian orogen
and (2) within-plate rift granitoids of the Robertson River
basin.

CONCLUSIONS

The following results were obtained in our study:

(1) The statement on the geochemical individuality
of granitoids from within-plate, subduction, and colli-
sional environments was corroborated.

(2) A generalized geochemical portrait was pro-
vided for the granitoids of the geodynamic environ-
ments considered.

(3) The methods that are commonly used for the
determination of the geodynamic environment of gran-
itoid formation on the basis of chemical characteristics
were revised. It was demonstrated that their application
may lead to erroneous results.

(4) Discriminant functions were calculated for the
more reliable solution of the problem of the tectonic
classification of granitoids of primary igneous nature
(volcanics of dacite-rhyolite composition and intrusive
granodiorites and granites with Si0, > 65 wt %). The
systematics shown in Figs. 8d and 9 are of special inter-
est for practical application. The former allows the
determination of granitoid formation setting from the
results of silicate analysis only, and the latter is charac-
terized by the lower error of incorrect classification but
requires a wider spectrum of analytical data. If there is
no analytical data for P,Os, the F;_,,.,,—F,.,, diagram
can be used (Velikoslavinskii and Velikoslavinskii,
2001, Fig. 4).

(5) The results of testing of the calculated discriminant
functions on the example of Precambrian granitoids sug-
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gest that the propased method can be used for the welonic
reconstructions of Precambrian domains.

It should he tsken mto account that, although the
propased systernatics allow one o reconstnict more
reliably the geodynamic setting of gramtoid formation,
it dees not solve all the problems of their lectonic clas-
sitication. Tirst, the fields of granitoids of the coviron-
ments considered overlap in parl. which may resulls in
the occusrence of graniteids studied in uncertainty
fields. Sccond, the proposcd systematics ignored at
least two widespread groups of granitoids: {1} ntrusive
sranitoids formed under conditions of posteollisional
extension and (2} diverse palygenetic ulteametamor-
phic granitoids. Their tectonic classification on the
hasis of geochemical data s a subject for future nves-
ligations.
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