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Abstract

The statistical method of linear discriminant analysis has been applied to distinguish Pliocene to
Recent basic rocks on the basis of their major-element composition. Studied basic rock suites are
from four tectonic settings: island arc, continental rift, ocean island, and mid-ocean ridge. Field
boundaries were derived by computing probability functions replacing the past practice of fitting
lines by “eye.” Highly successful discrimination diagrams have been obtained. A testing set shows
that the rate of correct classification ranges from 76% to 96%, and from 80% to 92% when three and
four tectonic groups are considered at a time, respectively. The high potential of this approach to
identify different tectonic settings for basic rocks is only reduced by the complex tectonic history
shown by a few of the compiled samples, by crustal contamination effects in some basic rock sam-

ples, and the similarities of mantle sources tapped in different tectonic settings.

Introduction

OF LATE, THE CONCEPT of classifying igneous rocks
into distinct tectonic varieties solely based on field
occurrence in different tectonic environments has
gained wide acceptance amongst geologists (Wilson,
1989). The tectonic setting of an igneous rock is
indicated by using suitable prefixes such as conti-
nental arc, island arc, continental rift, ocean island,
and mid-oceanic ridge for describing basic rocks.
Further, based on the assumption that physical
parameters and chemical environments of magma
generation in various tectonic settings are distinct,
numerous attempts have been made to identify dif-
ferences in the chemical composition of the magmas
generated in different tectonic environments. Based
on major- and trace-element composition of the
magmas, several geochemical tectonic discrimina-
tion diagrams have been proposed (Pearce and
Cann, 1973; Pearce, 1976, 1982; Pearce et al. 1977,
1984; Pearce and Norry, 1979; Wood et al., 1979;
Bachelor and Bowden, 1985; Meschede, 1986;
Whalen et al., 1987; Maniar and Piccoli, 1989;
Sylvester, 1989; Agrawal, 1995; Vasconcelos-F. et
al., 1998, 2001; Verma, 2000). That the objective of
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these diagrams is not to identify new tectonic
settings is obvious from the fact that the same class
definitions and names are used in prior (field) and
posterior (tectonomagmatic-chemical) classifica-
tions. These diagrams provide additional variables
that extend the prior (field) classification to such
igneous rocks that cannot be classified by means of
field evidence alone. Examination of the literature
for igneous rocks reveals that geochemical discrim-
ination diagrams are routinely applied for paleotec-
tonic reconstructions.

However, several studies (Thompson et al., 1980;
Philpotts, 1985; Arculus, 1987; Duncan, 1987;
Myers and Breitkopf, 1989; Wang and Glover, 1992)
have shown that often these discrimination diagrams
are unable to correctly identify the paleotectonic
environments. It must be realized here that the
success of the discrimination scheme would depend
upon the validity of the geological and statistical
assumptions inherent in the diagrams. When we plot
our samples of igneous rocks in these discrimination
diagrams, we automatically enter into the realm of
statistics. We assume that the assignment rules (i.e.,
class boundaries) can be extended beyond the
dataset on which the diagram was created—i.e., to
the entire population of the igneous rocks. Thus, if
the geological assumption regarding existence of
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different tectonic settings as discrete spatial entities
having distinct physical and chemical parameters of
magma generation which form the basis of prior
(field) and posterior (chemical composition) tectonic
classifications of igneous rocks is indeed valid, the
above-mentioned discrimination diagram limita-
tions can only result from violation of the statistical
assumptions. Examples include, first, inadequacy of
the dataset used in the creation of the diagram to
represent the population, and secondly, the lack of
objectiveness in the formulation of the classification
rules (Agrawal, 1999). In fact, in all tectonomag-
matic and petrologic discrimination diagrams, the
linear field boundaries between the groups, instead
of some objective method, have been invariably,
explicitly or implicitly, drawn by “eye” (e.g., Pearce,
1976, p. 22; Pearce et al., 1984, p. 969; Rickwood,
1989, p. 256).

Using major-element composition of basic rocks
from different tectonic settings, viz., island arc (IA),
continental rift (CR), oceanic island (OI), and mid-
oceanic ridge (MOR), an attempt has been made in
this paper to demonstrate that use of sufficiently
large sample size and probability-based rules
obtained from linear discriminant analysis for defin-
ing the field boundaries can result in creation of
highly successful discrimination diagrams.

Data Processing

Chemical analyses of basic rocks were collected
from the literature (Appendix 1) from around the
world corresponding to four tectonic settings,
selected on the basis of their occurrence in distinct
plate tectonic environments (Fig. 1). We note that
continental arc is a missing set that should have
been included. This set was initially included, but
the results were discouraging because, on the basis
of major-element compositions, it is not feasible to
discriminate continental arc basalts from island-arc
basalts because they are derived from similar
sources and by similar processes. The generation of
continental-arc and island-arc basic magmas is a
very complicated process and only highly differenti-
ated rocks will give contrasting compositions for
these two tectonic settings because of the involve-
ment of different types of underlying crust. To solve
the problem for basic rocks, trace elements should
be incorporated. Our future work on discriminant
analysis will involve more elements.

The database contains 249 samples from island
arc basic rocks (IAB; named group 1), 234 samples
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from continental rift basic rocks (CRB; group 2),
252 samples from ocean-island basic rocks (OIB;
group 3), and 424 from mid-oceanic ridge basic
rocks (MORB; group 4). Major-element analyses of a
total of 1159 samples of basic rocks from the above
four tectonic groups (Table 1) have been selected to
perform the discriminant analysis.

The samples in the database were chosen
according to the following criteria: tectonic setting
described explicitly and unambiguously by the
author(s), (S10,),; content < 52%, and age Pliocene
to Recent. All major-element data were included in
the database as well as sample name, locality, tec-
tonic setting, and a reference code to identify the
bibliographic source (see Table 1 and Appendix 1).
All data were processed employing the Middlemost
(1989) recommendation for iron-oxidation ratio
adjustment using SINCLAS—a program for comput-
ing CIPW norm and rock classification according to
the TUGS recommendations (Verma et al., 2002).
SINCLAS calculates the sum of the major elements
(recalculated to an anhydrous 100% adjusted basis)
and compares it to the sum of calculated normative
minerals, achieving with this an accuracy of no less
than 0.002 (%m/m, equivalent to wi% as commonly
known to the geological community)—a salient fea-
ture that very few existing computer programs are
capable of providing (Verma et al., 2003). Because
of these novel features, prior to the discriminant
analysis we used SINCLAS for computations. We
emphasize the importance of using this computer
program under the Middlemost option (and not any
other method of calculation) for a correct application
of the results of our discriminant analysis to
“unknown” samples. Otherwise, the user will obtain
inconsistent results.

In order to acquire an improved or unbiased esti-
mate of the performance, the assignment rules
obtained by discriminant analysis must be tested
with data other than those used to derive the assign-
ment rules. For this purpose, we divided the dataset
into two parts, viz., the “training set” used for the
discriminant analysis to derive the assignment rules,
and the “testing set” used to estimate the perfor-
mance of the assignment rules obtained from the
training set.

Thus, in order to create a “testing set,” 25 sam-
ples were randomly drawn from each group. The
remaining (n — 25) samples in each group consti-
tuted the training set. The sample size of the training
set and testing set of different group is given in
Table 2.
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FIG. 1. Location map of the samples included in the database. Details on the sample locations (Loc #) and references are given in Table 1. For the list of literature references
for goechemical data from each location see Appendix 1.
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TABLE 1. Location, Number of Samples and References for the Samples from Different Tectonic Settings!

Number
# Loc. Location name of samples Reference
Island arc?

1 Aleutian Islands 36  Brophy, 1986; Kay et al., 1982; Kay and Kay, 1994; Myers et al.,
1985, 2002; Nye and Reid, 1986; Romick et al., 1990

2 Alaska 13 Kay and Kay, 1994; Singer et al., 1992a, 1992b

3 Aeolian 11 Francalanci et al., 1993

4 Antarctic 5  Saunders et al., 1980; Smellie, 1983

5 Philippines 27  Bau and Knittel, 1993; Defant et al., 1989; Tatsumi et al., 1992

6 Indonesia, Muriah, Shangihe arc, 52  Edwards et al., 1991; Foden and Varne, 1980; Stolz et al., 1988;

Sunda arc Tatsumi et al., 1991; Turner and Foden, 2001; Turner et al., 2003;

Wheller et al., 1987; Whitford, 1979

7 Japan, Iwate Volcano, Kuril Arc 25  Kita et al., 2001; Nakada and Karmata, 1991; Nakawa et al.,
2002; Sakuyama and Nesbitt, 1986; Tamura, 1994; Togashi et al.,
1992

8 Lesser Antilles 18 Arculus, 1976; Brown et al., 1977; Defant et al. 2001; Devine,
1995

9 Mariana Islands 4 Hole et al., 1984; Woodhead, 1988

10 Burma 4 Stephenson and Marshall, 1984

11 New Zealand (Kermadec and Tongan 25  Bryanetal., 1972; Ewart et al., 1977

Islands)
12 New Guinea Papua 7  Hegner and Smith, 1992; Woodhead and Johnson, 1993
13 Vanuatu, Australia 22 Barsdell, 1988; Barsdell and Berry, 1990
Continental rift?

14 Baja California 32 Luhretal., 1995

15  China 26  Chung et al., 1994; Fan and Hooper, 1991; Liu et al., 1992

16 Djibouti 33 Deniel et al., 1994

17 Ethiopia 19  Hart et al., 1989

18 France 12 Chauvel and Jahn, 1984

19  Spain 1 Benito et al., 1999

20 Kenya 28  Class et al., 1994; Le Roex et al., 2001; MacDonald et al., 2001

21 New Mexico 16 Dunker et al., 1991; Johnson and Lipman, 1988; McMillan et al.,
2000; Singer and Kudo, 1986

22 Pagalu Island 4 Leeetal., 1994

23 Rwanda, Zaire 32 Aoki et al., 1985; Auchapt et al., 1987; De Mulder et al., 1986

24 Saudi Arabia 13 Camp et al., 1991

25  Sudan 4 Davidson et al., 1989

26 Western U.S.A. 14  Lum et al., 1989

Table continues
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TABLE 1. Continued

Number
# Loc. Location name of samples Reference
Ocean island*
27 Hawaii 167  Bergmanis et al., 2000; Chen et al., 1990, 1991; Frey et al., 1994;
Garcia et al., 1992; Lipman et al., 1990; Maalge et al., 1992; West
et al., 1992
28 French Polynesia 82 Dupuy et al., 1988, 1989; Liotard et al., 1996
29  Galapagos 3 Geistetal., 1986
Mid-ocean ridge®
30 Antarctica Ridge 10 Le Roex et al., 1981
31 Atlantic Ocean 216 Bryan et al., 1981; Schilling et al., 1983; Le Roex et al., 1987
32 Indian Ridge 26 Dosso et al., 1988; Humler and Whitechurch, 1988; Mahoney et
al., 1992
33 Indian Ocean 11  Price et al., 1986
34 Chile Ridge 22 Bachetal., 1996
35 East Pacific Rise 12  Bachetal., 1994
36 Easter microplate, South Pacific 12 Hekinian et al., 1996
37 Mid Atlantic triple junction 9  Bougault et al., 1988
38 Mohns ridge, Norwegian-Greenland sea 8  Haase et al., 1996
39 North Mid-Atlantic Ridge 88  Dosso et al., 1993
40 Triple junction of Pacific-Cocos-EPR 10 Lonsdale et al., 1992

For the complete list of references see Appendix Al.

2249 samples: 186 subalkali basalt; 10 picrite; 13 alkali basalt; 15 potassic trachybasalt; 1 tephriphonolite; 1 tephrite,
basanite; 12 phonotephrite; 5 tephrite, melanephelinite; 1 basanite, melanephelinite; 3 basaltic trachyandesite, shoshonite;
2 trachybasalt, hawaiite.

3234 samples: 64 subalkali basalt; 1 picrite; 85 alkali basalt; 21 potassic trachybasalt; 9 tephrite, basanite; 2 phonotephrite;
3 tephrite, melanephelinite; 7 basanite, melanephelinite; 1 basaltic trachyandesite, shoshonite; 28 trachybasalt, hawaiite;
11 basanite, basanite; 2 basaltic trachyandesite, mugearite.

4252 samples: 150 subalkali basalt; 22 picrite; 35 alkali basalt; 4 potassic trachybasalt; 1 tephrite, basanite; 6 basanite,
melanephelinite; 10 trachybasalt, hawaiite; 18 basanite, basanite; 2 basaltic trachyandesite, mugearite; 4 meimechite.
5424 samples: 412 subalkali basalt; 4 picrobasalt; 7 alkali basalt; 1 trachybasalt, hawaiite.

Comparison of major-element composition

Ti0,, FeO, MgO, and the lowest Al,O,. The MORB

of basalt types have the highest SiO,, and CaO and the lowest Na,0,

Average chemical composition and correspond-
ing standard deviation values of the four tectonic
types of basic rocks involved in the present study
are presented in Table 3. Study of these data reveals
some marked differences in their major-element
compositions. The IAB have the highest AL,O,, the
lowest TiO,, and relatively low MgO contents. The
CRB have low SiO, and Ca0, and high Fe,0,, MnO,
Na,0, K,0, and P,0.. The OIB have the highest

K,0, and P,0 amongst the four groups.

An assessment of the within-group and between-
group variation in the major-element composition
has also been made to evaluate the differences
between the group averages given in Table 3. In
order to develop a successful discrimination scheme
for the four tectonic groups of basic rocks, geochem-
ical variation within the group must be low com-
pared to that between groups.
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TABLE 2. Sample Sizes in the Training and Testing sets!

Group Training set Testing set Total
IAB (1) 224 25 249
CRB (2) 209 25 234
OIB (3) 227 25 252
MORB (4) 399 25 424
Total 1059 100 1159

TAB = island-arc basic rock; CRB = continental-rift basic rock; OIB = ocean-island basic rock; MORB = mid-ocean ridge
basic rock. The numbers in parentheses are group numbers discussed in the text.

TABLE 3. Means and Standard Deviations of Major Elements for Each of the Tectonic Settings!

Element IAB (1) CRB (2) OIB (3) MORB (4)
(n = 249) (n=234) (n=252) (n=424)
mean S mean S mean S mean S
(Si0,),, 49.9 1.4 47.6 1.8 48.6 2.5 50.2 0.8
(Ti0,) 0.91 0.30 2.5 0.7 2.7 0.6 1.42 0.41
(ALOy), 17.5 2.2 15.0 1.3 13.7 1.8 15.6 1.3
(Fey0y),.5 1.69 0.28 2.21 0.41 2.06 0.29 1.69 0.27
(Fe0) 7.8 1.0 9.6 1.3 9.8 1.0 8.4 1.3
(MnO©), 0.180  0.034 0188  0.026 0.181 0.020 0.175  0.028
(Mg0), 6.8 2.6 7.9 2.2 8.8 3.3 7.9 1.3
(Ca0),,, 11.2 1.3 9.8 1.4 10.4 1.4 1.7 0.9
(Na0), 2.6 0.7 3.2 0.6 2.6 0.8 2.54 0.41
(K,0), 1.2 1.4 1.4 0.9 0.7 0.6 0.23 0.21
(P04),45 0.25 0.22 0.52 0.22 0.38 0.18 0.16 0.08

ISubsecript o Tefers to the concentrations recalculated to an anhydrous 100% adjusted basis using the computer program
SINCLAS employing the Middlemost (1989) recommendation for iron-oxidation ratio adjustment (Verma et al., 2002).
Rounding of mean values was done according to the corresponding standard deviation (s) data. Tectonic settings and group

numbers are the same as in Table 2. The number of compiled samples (n) is the same as in Table 1 (for rock types, see

Table 1).

Table 4 shows Wilk’s lambda, sometimes called
the U-statistic. When variables are considered indi-
vidually, the Wilk’s lambda is the ratio of the within-
group sum of squares to the total sum of squares. A
lambda of 1 occurs when all group means are equal.
Values close to zero occur when within-group vari-
ability is small compared to the total variability.
Thus large values of lambda indicate that group

means do not appear to be different, whereas small
values indicate that group means do appear to be
different. The Wilk’s lambda values for all major
elements except for MgO and MnO are much lower
than 1, indicating that group means of these
elements are different.

Another statistic given in Table 4 is the signifi-
cance test for the equality of group means for each
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major element. For computing the F-ratio statistic,
total variation is divided into two components: (a)
variation within the group; and (b) variation between
the groups. The F values are obtained by dividing
the between-group variation by within-group varia-
tion. The value of significance given in Table 4 are
for “between-group degrees of freedom” df1, which
is number of groups minus 1, and “within-group
degrees of freedom” df2, which is total number of
samples minus number of groups. Because the
observed significance level for every major element
is less than 0.01 (even <0.0001), the hypothesis that
all group means are equal is rejected in each case at
the confidence level of 99% (even at the highest
confidence level of 99.99%); thus, each element can
be considered as a possible candidate for predictor
variable in the discriminant analysis.

Discriminant Analysis

In tectonic (field) classifications of igneous
rocks, various tectonic varieties, named after differ-
ent tectonic settings, are distinguished a priori.
These classes are defined by qualitative field vari-
ables, which in turn permit tectonic classification of
igneous rocks within the scheme. In geochemical
tectonic discrimination schemes, class definitions
and names used in the a priori (field) classification
are retained, and an attempt is made to identify new
quantitative, chemical variables that can surrogate
for the field variables. The chemical variables make
it possible to extend the prior classification to such
rocks that cannot be classified due to inconclusive
field evidences. Obviously, both the prior (field) and
posterior (geochemical) classifications of igneous
rocks into tectonic classes, in mathematical terms,
are discriminant analyses. Therefore, the statistical
technique of linear discriminant analysis has
been selected to distinguish the tectonic varieties of
basic rocks on the basis of their major-element
compositions.

The discriminant analysis is a statistical tech-
nique most commonly used to examine how far it is
possible to distinguish between members of differ-
ent, pre-defined, groups, on the basis of observa-
tions made upon them. The aim in mathematical
terms is to summarize p-dimensional observations
from the classes on a one-dimensional linear func-
tion or index that discriminates between the classes
by some measure of maximum separation, and
serves as a basis for classifying samples of unknown
classes. Although the concept of discriminant analy-
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TABLE 4. Test for Equality of Group Means!

Variable Wilks” Lambda ~ F-ratio  Significance
(Si0,), 0.718 1211 0.0000
(Ti0,), 0.310 684.8 0.0000
(AL,03), 0.579 223.6 0.0000
(Fey05),y; 0.644 170.4 0.0000
(FeO), 0.685 1415 0.0000
(MnO),; 0.976 7.6 0.0000
(MgO),; 0.907 31.7 0.0000
(Ca0),; 0.752 1015 0.0000
(Nay0),; 0.863 48.8 0.0000
(K0), 0.743 106.5 0.0000
(P,05).y; 0.602 203.7 0.0000

'Wilks’ Lambda (U-statistic) and univariate F-ratio with
degrees of freedom, dfl = 3 and df2 = 1155.

sis is fairly simple, actual mechanics of computing
the same is somewhat involved (see Kendall et al.,
1983; Morrison, 1990). Discriminant analysis, how-
ever, can be easily performed with standard statisti-
cal software. In this work we used the SPSS/PC+
Advanced Statistics Version 4.0 statistical package.
A detailed account of the mathematical procedure
involved in discriminant analysis is given in Kendall
et al. (1983) and Morrison (1990).

As mentioned earlier, in all tectonic discrimina-
tion diagrams that are in vogue, group boundaries
have been almost invariably drawn by fitting lines
by “eye.” These purely subjective field boundaries
are then used for determining tectonic settings of
“unknown” samples. In contrast to this, the use of
the linear discriminant analysis provides formal
(mathematical) methods of classification having
several advantages. For example, the classification
rules are objective, the results can be reproduced,
the performance of the assignment rules can be sub-
jected to rigorous assessment, and by selecting only
those variables that contribute to the power of the
discriminant function, the dimensionality of the
problem can be reduced. Discriminant analysis
provides functions from which discriminant scores
for the samples can be computed. When two or more
functions are obtained, they can be used to create
binary tectonic discrimination diagrams. We note
here that the number of discriminant functions when
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there are g groups and p independent variables (one
minus the actual number of data variables in case of
closed data) will be either g-1 or p, whichever is
smaller.

The major-element analyses in the dataset used
in this paper all sum to 100. Aitchinson (1986,
1989), in his pioneering work on the statistical anal-
ysis of unit-sum constrained data, has suggested that
in case of closed number data, log-ratio transforma-
tion should be performed. Rock (1989), on the other
hand, has discussed the practical difficulties associ-
ated with log-ratio transformation, for example, the
extreme difficulty to grasp nature of the concepts,
the unavailability of executable algorithms of esti-
mation of log-ratio vectors, and the inapplicability of
log-ratio transformation in cases where a variable
had zero or a missing value. Further, it must be real-
ized here that log transformation has the effect of
assigning less weight to the larger values and more
weight to the smaller values in the original data
points. Although it may be helpful in constraining
values that have extremely dissimilar magnitudes,
according to Whitten et al. (1987a), assigning dis-
similar (or for that matter equal) weights to various
variables can be considered as “subjective,” and
different geologists might suggest a multitude of
different weights for each variable based on their
personal geological experiences and biases. In view
of the above, in the present analysis no transforma-
tion has been applied to the data except for the
method of adjustment described above under the
heading Data Processing.

Selection of predictor variables

The success of discriminant analysis depends
on selection of appropriate predictor variables.
Whitten et al. (1987b) have argued that each and
every measured variable must be included in the
discriminant analysis to make it petrogenetically
meaningful. On the other hand, Chayes (1987)
warned that including variables that do not contrib-
ute to the power of the discriminant function could
result in so much “noise” that a petrogenetically
meaningful interpretation of the discriminant func-
tions may not be possible. Often, predictor variables
are selected on the basis of a significance test
(univariate F-ratio) for the null hypothesis that all
group means are equal. In fact, Pearce (1976)
adopted this approach in creating his discriminant
diagrams for tectonic varieties of basalts.

As compared to the above method of selection of
predictor variables on the basis of univariate analy-
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sis of variance, statistical procedures such as linear
discriminant analysis, with emphasis on analyzing
all variables together, permit incorporation of impor-
tant information about the mutual relationships
between the variables. In linear discriminant analy-
sis, each raw variable is projected in the form of dis-
criminant functions, and thus, the selection of
predictor variables can be based on the test of
Wilk’s lambda, that in the population means of the
discriminant function in all the groups are equal. In
the present analysis, predictor variables were
selected by a stepwise method, with minimization of
the Wilk’s lambda as the criterion for variable selec-
tion. At each step the variable that resulted in the
smallest lambda for the discriminant function was
selected.

Number of groups considered simultaneously

In tectonic discrimination diagrams often an
attempt is made to simultaneously distinguish as
many as five groups in the narrow space of two
(bivariate diagrams) or three (ternary diagrams)
compositional variables. Use of discriminant func-
tions instead of raw variables is advantageous in the
sense that each discriminant function can represent
several of the compositional variables. However, it
must be realized here that even when using bivariate
plots of discriminant functions, simultaneous
consideration of five or more groups would be an ill-
posed problem in view of the difficulties in general-
izing the classification rules in mathematical terms,
particularly where the groups show overlapping.
Thus, the efficiency of the classification rule would
increase if two or three groups only were considered
at a time. In view of this, although initially all four
groups were considered simultaneously, in order to
reduce the number of groups taken at a time,
discriminant analysis was performed for all combi-
nations of the four groups by taking only four and
three groups at a time.

Discriminant score and classification rule

The analysis provided unstandardized linear dis-
criminant function coefficients. Based on the coeffi-
cients, the discriminant score of the individual case
in each group can be obtained as:

D=B X, +B,X,+....+BpXp+B,, (1)

where X is the major-element value, B is the dis-
criminant function coefficient, and By, is a constant.
If g groups are involved in discriminant analysis, g —
1 discriminant functions are obtained; hence the
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TABLE 5. Assessment of Correct Classification (%) between the IAB (1), CRB (2),
OIB (3), and MORB (4) Groups

Group Set n TAB (1) CRB (2) OIB (3) MORB (4) Overall
1-2-3-4 Training 1059 80.8 70.3 80.6 93.0 83.3
1-2-3-4 Testing 100 84.0 80.0 88.0 92.0 86.0
1-2-3 Training 660 84.0 79.4 79.7 85.0
1-2-3 Testing 75 92.0 88.0 84.0 85.0
1-2-4 Training 832 80.8 84.7 93.5 87.9
1-2-4 Testing 75 88.0 96.0 92.0 92.0
1-3-4 Training 850 84.8 95.6 94.5 92.2
1-3-4 Testing 75 92.0 96.0 92.0 93.3
2-3-4 Training 835 71.8 82.4 97.5 86.9
2-3-4 Testing 75 76.0 88.0 96.0 86.7

number of discriminant functions in three- and four-
group discriminant analyses are 2 and 3, respec-
tively. The discriminant scores D1, D2, and D3 were
calculated using the above equation. Further, from
the discriminant scores, the mean discriminant
scores for the groups, known as group centroids, can
be calculated.

The rule for classifying a given basic rock sam-
ple into one of the tectonic groups can be obtained
from its discriminant score D. The probability that a
basic rock with a discriminant score D belongs to
group i is estimated by:

P(Gi/D) = P(D/Gi) P(Gi), 2)

where P(Gi/D) is the posterior probability, P(D/Gi) is
the conditional probability, and P(Gi) is the prior
probability.

The prior probability, which is an estimate of the
likelihood that a case belongs to a particular group
when no information about it is available, has been
assumed to be equal for all groups in the present
analysis. Furthermore, if the discriminant scores (of
the cases used for the analysis) are normally distrib-
uted, and the parameters of distribution can be esti-
mated using the mean discriminant scores, it is
possible to calculate the probability of obtaining a
particular discriminant score value D if the case is a
member of Group 1 or Group 2, and so on. This

probability is called conditional probability P(D/Gq)
of D given the group. The case is assumed to belong
to a particular group and the probability of the
observed score given membership in the group is
estimated. From the prior and conditional probabil-
ities, the posterior probability P(Gi/D) can be esti-
mated using Bayes’ rule. A case is classified, based
on its discriminant score D, in the group for which
the posterior probability is largest (see Morrison,
1990, for further information).

Result of the Discriminant Analysis

Table 5 displays the result of the discriminant
analysis using the training set of the IAB, CRB, OIB,
and MORB groups. The discriminant analysis was
performed five times to consider the four tectonic
groups of basic rocks and all possible combinations
of three groups taken at a time. In each analysis, the
predictor variables were selected by the criterion of
reduction of Wilk’s lambda for the discriminant
function. Further, considering the testing set as
“unknown” cases, the assignment rules obtained
from the discriminant analysis of the training set
were used to classify samples comprising the testing
set. The rates of correct classification obtained for
the testing set are also given in Table 5. The first
column of the table indicates which groups were
involved in the analysis, and the third column gives
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FIG. 2. Diagram IAB-CRB-OIB-MORB displaying sam-
ples of the testing set. The symbols used for plotting the testing
set samples are: open circles = IAB; open squares = CRB;
open thombus = OIB, open triangle = MORB. The coordinates
(DF1, DF2) of the field boundaries between different tec-
tonic settings are as follows: (-1.03, —8.00) and (-0.52, —
0.99) for the boundary IAB-CRB; (0.80, 0.32) and (8.00, —
4.75) for CRB-0OIB; (0.80, 0.32) and (2.67, 8.00) for OIB-
MORB; (-0.52, —1.03) and (-8.00, 6.33) for IAB-MORB; and
(-0.52, -1.03) and (0.80, 0.32) for CRB-MORB. The percent-
ages shown in this figure refer to the percentage of the correct
classification for samples of the testing set (see Table 5). Dis-
criminant function coefficients are displayed in Table 6; i.e.,
for computing the discriminant functions DF1 and DF2 for
“unknown” samples use equations (3) and (4) in the text (note
the discriminant function coefficients, i.e., the multiplication
factors for major elements are listed in Table 6).

the total number of samples. In the fourth to seventh
columns the success rate of the discriminant analy-
sis is given in terms of percentage of correct classi-
fication of the cases in each tectonic group. The last
column gives overall rate of correct classification
achieved in discriminant analysis for that particular
combination of groups.

Perusal of Table 5 for the training set reveals
that: (1) the rate of correct classification for the sam-
ples in the IAB group shows the highest value
(84.8%) when IAB, OIB, and MORB groups are
considered simultaneously; (2) the CRB group
yields the highest rate (84.7%) of correct classifica-
tion in the discriminant analysis involving IAB-
CRB-MORB groups, which is significantly higher
than the 70.3% rate of correct classification
obtained in the four-group discriminant analysis of
TAB-CRB-OIB-MORB groups; (3) the samples of
the OIB group show the highest rate (95.6%) of cor-
rect classification when the groups IAB-OIB-MORB
are analyzed together and the lowest rate (79.7%)
for the set IAB-CRB-OIB; (4) the MORB samples
show consistently high rates of correct classification
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(>90%) in all combinations of the groups. The high-
est rate of correct classification for the MORB group
is 97.5%, achieved in the discriminant analysis
involving CRB-OIB-MORB groups.

It is also obvious from Table 5 that the overall
rate of correct classification increases when the
number of groups taken for discrimination is
reduced from four to three. The high rates of correct
classification obtained for individual groups clearly
demonstrate the potential of discriminant analysis to
identify basic rocks belonging to different tectonic
settings on the basis of major-element compositions.

It must be realized here that the assignment
rules obtained in the discriminant analysis are
based on the characteristics exhibited by the sam-
ples (training set) used in the analysis, and designed
to minimize mis-classification in the training set.
Therefore, it is generally expected that unless the
data used in discriminant analysis (i.e., in the train-
ing set) are perfectly representative of the popula-
tion, the resulting classifier may perform poorly with
respect to the population as a whole. In view of this,
the classification results of the testing set are most
interesting. It may be recalled here that cases in the
testing set were not included in the dataset used for
obtaining the classification rules (training set), and
thus the rates of correct classification obtained on
the testing set provide a realistic estimate of the
performance of the classification rules for the entire
population of basic rocks, i.e., for future applica-
tions to “unknown” samples. Perusal of Table 5
reveals that for the tectonic groups IAB, CRB, and
OIB, the rates of correct classification obtained in
the testing set are higher than the corresponding
training set. In the case of the MORB group,
although the testing set gives marginally lower rates
of correct classification, very high rates of correct
classification (92% or more) have been consistently
obtained. Most promising are discriminant analyses
where only three groups are considered at a time,
because high overall rates of 85.0% to 93.3%
correct classification have been obtained for both
the training and testing sets.

Discrimination between IAB-CRB-OIB-MORB
groups

Based on the above results, an attempt has been
made to develop a discrimination scheme for the
four tectonic types of basic rocks, namely, TAB,
CRB, OIB, and MORB. The scheme consists of five
diagrams (Figs. 2 and 3A-3D). Figure 2 includes
all the four tectonic types of basic rocks, whereas
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discrimination between three groups has been inte-
grated in Figures 3A-3D. Thus, each tectonic group
appears in four of these diagrams, which are plots of
the two discriminant functions, DF1 and DF2,
respectively. Use of the discriminant function for
displaying the variations between the groups is
advantageous because the discriminant functions
maximize the between-group variations of the raw
variables, and hence reduce the dimensionality of
the problem (for example, the 11 major oxide com-
positional variables are now represented by two dis-
criminant functions). In the four-group discriminant
analysis, which resulted in Figure 2, three discrimi-
nant functions (g —1; g = 4) were obtained. Amongst
these three functions, the first two functions
accounted for 97.16% of between-group variability.
In view of the insignificance of the third function in
terms of between-group variability, the classifica-
tion rules in Figure 2 are based on the two discrim-
inant functions, DF1 and DF2 only. The form of
these functions is:

DF1 = 0.258 - (Si0,),; + 2.395 - (Ti0,) 4, + 0.106 -
(ALO,) i + 1.019 - (Fe,0,) .~ 6.778 -
(Mn0), ; + 0405 - (Mg0); + 0.119 - (Ca0)  +
0.071 - (Na,0) s ~ 0.198 - (K,0),; + 0.613 -

(P,03),; — 24.065 3)

ac

DF2 =0.730 - (Si0,),g;+ 1.119 - (Ti0,), ; +

0.156 -(ALy0,) i + 1.332 - (Fe,0,), 4 +
4.376 - (MnO0),; + 0.493 - (Mg0), 4 + 0.936 -

(Ca0),4;+ 0.882 - (Nay0),;— 0.291 -

(Ky0),= 1.572 - (P,05), 4 — 59.472 (4)
The discriminant function coefficients for each
major element (i.e., the corresponding multiplica-
tion factors) are also listed in Table 6.

Similarly, the discriminant function coefficients
for the three-group analyses (Fig. 3A-D) are
reported in Table 7. It should be noted here that
major elements selected in the discriminant func-
tions are not identical in all the diagrams. This is
because only those major elements which resulted
in minimization of the Wilk’s lambda for the dis-
criminant function were selected.

In a significant departure from the past practice
of defining the field boundaries between the groups
by fitting lines by “eye,” the field boundaries in Fig-
ures 2 and 3A-3D were derived by computing the
posterior probability from discriminant scores D1
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TABLE 6. Discriminant Function Coefficients for the
Four Groups TAB-CRB-OIB-MORB!

DF1 DF2
(Si0y) g5 0.258 0.730
(Ti0y),q; 2.395 1.119
(ALO3), 4 0.106 0.156
(Fey03),; 1.019 1.332
(MnO),; -6.778 4.376
(Mg0),q; 0.405 0.493
(Ca0),; 0.119 0.936
(Nay0), 0.071 0.882
(Ky0),4 -0.198 -0.291
(P505) 45 0.613 -1.572
Constant —24.065 -59.472
% of variance 77.83 19.33

IThe third function obtained in this analysis accounted for
the remaining 2.84% of between-groups variance.

and D2. Thus, in Figures 2 and 3A-D, the line sep-
arating any two groups represents values of scores
D1 and D2 that would yield equal (i.e., 50 percent)
posterior probabilities for the two groups, and poste-
rior probability belonging to the other group(s)
would be zero. The triple junction of the two group
field boundaries in Figures 2 and 3A-3D represents
the values of D1 and D2 for which the posterior
probability belonging to the three groups is equal,
i.e., 33.33%. As we move away from the field
boundary, i.e., into the field of a group, the posterior
probability becomes highest for that group. The field
boundaries in Figures 2 and 3A-3D obviously are
projections of the Bayes rule of classification
described earlier. Thus, the classification of a case
obtained by calculation of posterior probability and
by plotting the case in the figures always will be
identical. The use of the diagram, however, is advan-
tageous because it eliminates the need for computa-
tion of posterior probabilities for unknown cases.

It is interesting to note that the MORB samples
form a tight cluster in all the diagrams, whereas
IAB, CRB, and OIB samples show wide variations in
the discriminant scores, suggesting that crustal
processes (such as differentiation or magma contam-
ination) and/or mantle processes (such as chemical
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88%

92%

96%

MORB

DF1

DF1

FIG. 3. Diagrams considering three groups at the time (symbols as in Fig. 2) for samples of the testing set. The

symbols used for plotting the testing set samples are the same as in Figure 2. The percentages shown refer to the percent-
age of the correct classification for samples of the testing set (see Table 5). Discriminant function coefficients are shown
in Table 7. For computing the functions DF1 and DF2 for “unknown” samples, use the discriminant function coefficients
listed in Table 7 for each group of three tectonic settings and construct new equations similar to equations (3) and (4) in
the text. As an example, the new equations for the group IAB-CRB-OIB (1-2-3) (Fig. 3A) are as follows: [DF1 = 0.251 -
(5i0y),4; + 2.034 - (Ti0,),4; = 0.100 - (AL,05), ; + 0.573 - (Fe,0;), 4 + 0.032 - (FeO), ;— 2.877 - (MnO),; + 0.260 - (MgO)
+0.052 - (Ca0),; + 0.322 - (Nay0) — 0.229 - (K,0),,— 18.974] and [DF2 = 2.150 - (Si0), + 2.711 - (Ti0,),; + 1.792
- (ALOy), g + 2295 - (Fey0y), 4 + 1.484 - (FeO),; + 8.594 - (MnO),; + 1.896 - (Mg0),; + 2.158 - (Ca0),; + 1.201 -
(Naz())adj + 1.763 - (KQO)adj —200.276). Similar equations can be constructed for using the other three diagrams. The
corresponding coordinates (DF1, DF2) for plotting field boundaries between different tectonic settings are as follows: A.
Group IAB-CRB-OIB (1-2-3): (=0.52, 1.34) and (-2.76, —8.00) for the boundary IAB-CRB; (-0.52, 1.34) and (8.00, —
5.11) for CRB-OIB; and (-0.52, 1.34) and (-1.09, 8.00) for IAB-OIB. B. Group IAB-CRB-MORB (1-2-4): (-0.49, 0.84)
and (—4.97, -8.00) for the boundary CRB-MORB; (-0.49, 0.84) and (8.00, —3.04) for IAB-MORB; and (-0.49, 0.84) and
(-1.93, 8.00) for IAB-CRB. C. Group IAB-OIB-MORB (1-3-4): (0.50, —2.17) and (0.97, —8.00) for the boundary IAB-
0IB; (0.50, —2.17) and (4.27, 8.00) for OIB-MORB; and (0.50, —2.17) and (-8.00, 7.10) for IAB-MORB. D. Group CRB-
OIB-MORB (2-3-4): (0.17, 0.07) and (~3.83, —8.00) for the boundary CRB-MORB; (0.17, 0.07) and (8.00, ~1.17) for
CRB-OIB; and (0.17, 0.07) and (-2.28, 8.00) for OIB-MORB.

nature of magma sources, melting regime, etc.), may
have an effect on the composition of the basic rocks
of these tectonic settings.

Further considerations on mis-classified samples

Advances in analytical techniques imply an
improvement in accuracy and precision of quantita-
tive analysis. Unfortunately, still there is no rule that
chemical analyses should be reported including
individual uncertainties. This information would

help to discard or retain data according to their
quality. Considering that major-element analyses
included in the database were made during the past
three decades, the uncertainty of analytical data
may affect the result of discrimination for those sam-
ples that plot near the field boundaries in Figures 2
and 3.

Table 8 presents a summary of the mis-classified
samples from the training set as well as the testing
set. In Figure 2 (note only samples from the testing
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TABLE 7. Discriminant Function Coefficients for the Three Group Discriminant Analyses!

IAB-CRB-OIB (1-2-3)

IAB-CRB-MORB (1-2-4)

DF1 DF2 DF1 DF2
(Si0y),; 0.251 2.150 (5i0y),; 0.435 0.601
(Ti0),g; 2.034 2.711 (TiOy),; -1.392 -0.335
(ALO3), -0.100 1.792 (ALOy), 4 0.183 1.332
(Fey03),; 0.573 2.295 (Fe0),; 0.148 1.449
(Fe0),; 0.032 1.484 (MnO),; 7.690 0.756
(MnO), -2.877 8.594 (Mg0),4; 0.021 0.893
(Mg0),y; 0.260 1.896 (Ca0),; 0.380 0.448
(Ca0),; 0.052 2.158 (Nay0),4; 0.036 0.525
(Nay0),4; 0.322 1.201 (K50),; 0.462 1.734
(K50),4; -0.229 1.763 (P,05),; -1.192 2.494
Constant -18.974 —200.276 Constant —29.435 -78.236
IAB-OIB-MORB (1-3-4) CRB-OIB-MORB (2-3-4)
DF1 DF2 DF1 DF2
(510,),4; 1.232 1.384 (5i0y),; 0.310 0.703
(Ti0),4; 4.166 1.091 (TiOy),; 1.936 2.454
(AL05),; 1.085 0.908 (ALy03),; 0.341 0.233
(Fey03),4; 3.522 2.419 (Fey03),4; 0.760 1.943
(Fe0),; 0.500 0.886 (Fe0),g; 0.351 —-0.182
(MnO),; -3.930 5.281 (MnO),; -11.315 -2.421
(Mg0),4; 1.334 1.269 (Mg0),4; 0.526 0.618
(Ca0),; 1.085 1.790 (Ca0),; 0.084 0.712
(Na,0), 0.416 2.572 (K50),45 0.312 -0.866
(K50),4; 0.827 0.138 (P,05),; 1.892 -1.180
Constant -119.050 -134.295 Constant -32.909 -56.455

!The two functions (DF1 and DF2) together account for 100% of between-group variance in all the above three-group

analyses.

set are plotted in this diagram, and not those from
the training set; therefore, refer to Table 8 for
details) most mis-classified IAB samples are classi-
fied as MORB (39 out of 47 mis-classified samples).
This may be due to the possibility that such IAB
samples might have originated in a MORB-type
mantle with a very small contribution from the sub-
ducting slab (fluids/melts), thus rendering their
chemistry very similar to MORB chemistry. Simi-

larly, a few mis-classified IAB samples as CRB in
Figure 2 (7 out of 47 mis-classified samples; Table
8) may be due to their origin in a relatively enriched
mantle that is less depleted than a MORB mantle
and an insignificant involvement of fluids or melts
from the subducting slab.

Samples from both CRB and OIB tectonic set-
tings may have similar sources with lithospheric and
asthenospheric contributions. This is the main
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TABLE 8. Synthesis of Number of Mis-classified Samples from Training Set! and Testing Set?

Using: Training set Testing set
Figure # Group IAB  CRB OIB MORB Total IAB CRB OIB MORB Total
2 1AB - 7 1 35 43 - 0 0 4 4
CRB 4 - 36 22 62 0 - 3 2 5
OIB 0 42 - 2 44 0 1 - 2 3
MORB 15 6 7 - 28 1 1 0 - 2
3A TAB - 36 0 n.a. 36 - 2 0 n.a. 2
CRB 5 - 38 n.a. 43 0 - 3 n.a. 3
OIB 1 45 - n.a. 46 0 4 - n.a. 4
3B 1AB - 8 n.a. 35 43 - 0 n.a. 3 3
CRB 4 - n.a. 28 32 0 - n.a. 1 1
MORB 13 19 n.a. - 22 1 1 n.a. 0 2
3C T1AB - n.a. 2 32 34 - n.a. 0 2 2
OIB 0 n.a. - 10 10 0 n.a. - 1 1
MORB 13 n.a. 9 - 22 1 n.a. 1 - 2
3D CRB n.a. - 33 26 59 n.a. - 5 1 6
OIB n.a. 38 - 2 40 n.a. 2 - 1 3
MORB n.a. 4 6 - 10 n.a. 1 0 - 1

TAB (224 samples), CRB (209 samples), OIB (227 samples), and MORB (399 samples).
2[AB (25 samples), CRB (25 samples), OIB (25 samples), and MORB (25 samples).

3n.a. = not applicable for this diagram.

reason why in Figure 2 most mis-classified CRB
samples are classified as OIB (39 out of 67 mis-clas-
sified samples; Table 8) and vice versa (43 out of 47
mis-classified samples; Table 8). Similarly, in Fig-
ure 2 some CRB mis-classified as MORB (24 out of
67 mis-classified samples; Table 8) may have origi-
nated in a depleted mantle similar to a MORB man-
tle with only a little additional metasomatism in
their source region. A still lesser number of CRB
and OIB samples that fall in the arc setting (IAB) in
Figure 2 (4 out of 114 mis-classified samples; Table
8) might have been contaminated by the crust. A few
mis-classified MORB samples in Figure 2 (30 mis-
classified samples; Table 8) owe their origin to the
similar mechanisms as those put forth above for the
mis-classification of other tectonic types. Similar
reasoning is valid for the mis-classifications
observed in Figures 3A-3D (Table 8).

Thus, the high potential of the discriminant anal-
ysis approach to identify different tectonic settings
for basic rocks is only reduced by the complex tec-
tonic history shown by a few of the mis-classified
samples. Another reason is that some basic rocks
have characteristics that suggest involvement of
crustal contamination. Finally, the mantle sources
for some samples from different tectonic settings in
some cases are similar. The knowledge of major- and
trace-element chemistry, field observation, petrog-
raphy, and tectonic history can help to explain the
mis-classified cases.

Using the discrimination diagrams for classifying
“unknown” samples
In order to use the diagrams (Figs. 2 and 3A-

3D), the major-element composition of the basic
rocks must first be adjusted by the same method
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applied to the data bank used in this analysis.
Thereafter, using the adjusted major-element analy-
ses (i.e., those obtained from the computer program
SINCLAS; Verma et al., 2002), the values of dis-
criminant scores D1 and D2 for each sample can be
computed from the discriminant functions DF1 and
DF2 given in Tables 6 and 7 and plotted in Figures
2 and 3A-3D for the tectonic classification. The
task of obtaining classification of an unknown sam-
ple can be accomplished simply from its location in
the diagrams with respect to the field boundaries,
which can be reproduced by means of the coordi-
nates (Figs. 2 and 3A-3D) given for each combina-
tion of tectonic settings.

The strategy is to plot the unknown cases in all
the five diagrams and see if the samples plot in the
field of the same group in all diagrams. The use of
multiple diagrams is advantageous because if 85%
or more of the “unknown” samples plot in the field
of the same tectonic group in all the diagrams, our
confidence in the correct determination of the tec-
tonic type of the unknown will certainly increase
manifold.

Conclusions

The use of the linear discriminant analysis pro-
vides a powerful, objective method of classification
for basic rocks of several tectonic settings. The
assignment rules suggest the use of only those vari-
ables that contribute to the power of the discrimi-
nant function, reducing the dimensionality of the
problem. A comparison of the results of the training
and testing sets reveals that in all cases, the rates of
correct classification are consistently high for both
sets (ca. 83-93%). There is not a universal diagram
to fulfill all expectations, but the application of a
statistical and objective method of discrimination,
with field boundaries that can be reproduced, cer-
tainly provides a tool that can contribute to the
reconstruction of paleotectonic settings. These new
diagrams based on correctly adjusted major-element
parameters on a 100% anhydrous basis using the
computer program SINCLAS (Verma et al., 2002)
should constitute a step forward in achieving a reli-
able tectonic classification system for basic rocks.
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