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ABSTRACT

The statistically correct handling of compositional data requires log-ratio transformation whereas 
the multivariate technique of linear discriminant analysis (LDA) assumes a normal distribution of the 
transformed variables. In addition to other requirements, both these aspects were considered for proposing 
five new discriminant function diagrams based on log-ratios of five high-field strength elements – (TiO2)adj, 
Nb, V, Y, and Zr. A representative world database of 1877 analyses of basic and ultrabasic magmas from 
four tectonic settings of island arc, continental rift, ocean-island, and mid-ocean ridge, was used. After 
identifying discordant outliers in log-transformed ratios using single outlier tests, 1793 analyses proved 
to be normally distributed in terms of the following four variables: ln(Nb/(TiO2)adj), ln(V/(TiO2)adj), 
ln(Y/(TiO2)adj), and ln(Zr/(TiO2)adj). Use of LDA of the complete dataset of 1877 analyses divided into 
1477 analyses for training set and 400 for testing set provided high success rates of 78.5–92.2% and 
81.7–93.0% for the discrimination of the four tectonic settings based on the training and testing sets, 
respectively. However, using LDA of the normally distributed 1793 analyses divided into 1393 for training 
set and 400 for testing set, we obtained new diagrams that showed still higher success rates of 80.2–93.5% 
and 84.0–94.0%, respectively. The advantage of fulfilling the requirement of normal distributions of 
log-ratio variables resides in the observation that an overall net gain in success rates of 0.5–3.3% 
was achieved when the LDA was correctly applied to discordant-outlier-free log-transformed ratios 
(1793 analyses) than to the complete data set (1877 analyses). The application of these discrimination 
diagrams to ophiolites from Taitao Peninsula (southern Chile), Gabal Gerf complex (northeastern 
Africa), Jormua (northeastern Finland) and Macquarie Island (southwest Pacific) indicated tectonic 
setting of mid-ocean ridge, transitional between island arc and mid-ocean ridge, mid-ocean ridge and 
continental rift, respectively. Although only a few rock samples from a study of south-central Sweden 
could be identified as mafic, the present diagrams indicated an arc setting for this area. The application 
to three case studies from Turkey, being a country with highly complex geological history, suggested 
continental rift setting for Kula Quaternary basic volcanic rocks, inconclusive evidence for Jurassic 
volcanic rocks from eastern Pontides, arc setting for Tauride belt ophiolite, and continental rift setting for 
East Anatolian and Dead Sea fault zones, the latter application being based on probability calculations 
for each sample without any need to plot the samples in the discrimination diagrams. The use of normal 
discordant outlier-free samples of log-transformed ratios from each area in our new discrimination 
diagrams reinforced these conclusions for all areas, providing somewhat better discrimination in those 
cases in which such discordant observations were observed. We suggest that the new diagrams be used 
for tectonic discrimination of basic and ultrabasic rock samples that are confirmed to have discordant 
outlier-free normally distributed log-transformed variables. Basic and ultrabasic character of the rock 
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samples could be determined from computer program SINCLAS and the discordant outliers of log-
transformed variables identified from DODESSYS, whereas the use of new diagrams proposed during 
2004-2011 would be facilitated from program TecD.

Key words: discordant outliers, normal sample, tectonic setting, log-transformation, adjusted major-
elements, ophiolites, Archean, Turkey, Sweden.

RESUMEN

El manejo estadísticamente correcto de datos composicionales requiere transformaciones 
logarítmicas de relaciones de composiciones, mientras que la técnica multivariable de análisis 
discriminante lineal (LDA) supone una distribución normal de las variables transformadas. Adicionalmente 
a otros requerimientos, ambos aspectos fueron tomados en cuenta para proponer cinco nuevos diagramas 
de funciones discriminantes basados en relaciones-log de cinco elementos de alta fuerza de campo 
– (TiO2)adj, Nb, V, Y y Zr. Una base mundial representativa de datos de 1877 análisis de magmas básicos 
y ultrabásicos de cuatro ambientes tectónicos de arco de isla, rift continental, isla oceánica y cresta mid-
oceánica, fue empleada. Después de identificar valores discordantes en las relaciones log-transformadas 
mediante pruebas de discordancia de tipo sencillo, 1793 análisis demostraron ser distribuidos en forma 
normal en términos de las cuatro variables siguientes: ln(Nb/(TiO2)adj), ln(V/(TiO2)adj), ln(Y/(TiO2)adj) y 
ln(Zr/(TiO2)adj). El uso de LDA con el conjunto de datos completos de 1877 análisis divididos entre 1477 
análisis para el entrenamiento y 400 para la prueba proporcionó altos valores de éxito de 78.5–92.2% 
y 81.7–93.0% para la discriminación de los cuatro ambientes tectónicos basados en los conjuntos de 
entrenamiento y prueba, respectivamente. Sin embargo, usando LDA de los 1793 análisis distribuidos 
normalmente divididos entre 1393 análisis para el entrenamiento y 400 para el de prueba, obtuvimos 
diagramas nuevos que demostraron aún más altos valores de éxito de 80.2–93.5% y 84.0–94.0%, 
respectivamente. La ventaja de cumplir con el requerimiento de distribuciones normales de las variables 
log-transformadas reside en la observación de que se obtuvo una ganancia neta de 0.5–3.3% en los 
valores de éxito cuando el LDA fue aplicado correctamente a relaciones log-transformadas libres de 
valores discordantes (1793 análisis) en comparación con el conjunto completo de datos (1877 análisis). 
La aplicación de estos diagramas discriminantes a ofiolitas de la Península de Taitao (sur de Chile), 
complejo Gabal Gerf (noreste de África), Jormua (noreste de Finlandia) e Isla Macquarie (suroeste 
del Pacífico), indicó el ambiente tectónico de cresta mid-oceánica, transicional entre el arco de isla y 
cresta mid-oceánica, cresta mid-oceánica y rift continental, respectivamente. Aunque solamente pocas 
muestras de rocas de un estudio sobre Suecia sur-central pudieron ser identificadas como máficas, los 
diagramas propuestos indicaron un ambiente de arco para esta área. La aplicación a tres estudios de 
Turquía, siendo un país con un historial geológico sumamente complejo, sugirieron el ambiente de rift 
continental para las rocas volcánicas cuaternarias de Kula, evidencia inconclusa para rocas volcánicas 
jurásicas de Pontides oriental, ambiente de arco para ofiolitas de cinturón de Tauride y rift continental 
para zonas de este de Anatolia y las fallas del Mar Muerto, la última aplicación se basó en los cálculos 
de las probabilidades para cada muestra sin la necesidad de graficar los resultados en los diagramas de 
discriminación. El uso de las muestras de relaciones log-transformadas libres de valores discordantes 
de cada área en nuestros nuevos diagramas discriminantes confirman estas conclusiones para todas 
las áreas, proporcionando una discriminación mejor en todos aquellos casos en donde se observaron 
estos valores discordantes. Sugerimos que los diagramas nuevos sean usados para la discriminación 
tectónica de muestras de rocas básicas y ultrabásicas con una distribución normal de las variables 
log-transformadas, libres de valores discordantes. La naturaleza básica y ultrabásica de las muestras a 
utilizar deberá ser determinada con el programa computacional SINCLAS y los valores discordantes de 
las variables log-transformadas identificadas con el programa DODESSYS, mientras que el uso de los 
nuevos diagramas propuestos entre 2004 y 2011 podría ser facilitado por el programa TecD.

Palabras clave: valores desviados, muestra normal, ambiente tectónico, transformación-log, elementos 
mayores ajustados, Ofiolitas, Arqueano, Turquía, Suecia.

INTRODUCTION

Discrimination diagrams constitute a widely used 
complementary technique to other petrological methods 
for interpreting compositional data (Pearce and Cann, 1973 
cited ~1750 times according to the Institute for Scientific 

Information database as confirmed on August 8, 2010, with 
~275 cites during the last five years; Pearce and Gale, 1977 
with ~150 cites, of which ~30 are recent cites; Pearce et 
al., 1977, 1984 with ~175 and ~2050 cites, respectively, 
of which ~20 and ~670 are recent cites; Wood, 1980 with 
~540 cites, of which ~200 are recent cites; Shervais, 1982 
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(generally +5) and small ionic radius (e.g., Shannon and 
Prewitt, 1969). 

DATABASE AND LINEAR DISCRIMINANT 
ANALYSIS (LDA)

The database used for this work was a modified and 
completed version of those used by Verma et al. (2006), 
Agrawal et al. (2004, 2008), and Verma (2010). Because 
full description of the compiled locations and references 
can be obtained from these papers and to keep the present 
paper relatively short, we have restrained from giving more 
details in the present work. Nevertheless, we provide here 
a list of the complete dataset of basic and ultrabasic rocks 
as randomly divided into training and testing sets (see the 
electronic supplement to this paper). These are reproduced 
in Tables A1 (1477 analyses) and A2 (400 analyses), 
respectively. 

The need to objectively divide the database into train-
ing and testing sets arises from the fact that in all statistical 
analyses leading to new development, it is desirable to have 
an independent unbiased estimate of their overall success 
or success rates. The statistical analysis of a part of the 
samples (called training set) provides such an estimate, but 
the randomly selected remaining samples (called testing set) 
give us an independent, unbiased estimate of the results. 
Of course, the future applications to statistical samples of 
the entire population will again be independent estimates 
of the quality of the new diagrams and the parameters used 
for constructing them.   

We assigned a proper rock name and magma type 
(basic or ultrabasic) to each compiled rock sample follow-
ing the IUGS volcanic rock classification scheme (Le Bas 
et al., 1986, Le Bas, 2000), using the computer program 
SINCLAS (Verma et al., 2002, 2003) under the Middlemost 
(1989) option for Fe-oxidation adjustment. This implicitly 
requires that complete chemical analysis involving all 10 
major oxides be available for a rock sample to be quali-
fied for inclusion in our database even if we are not using 
all major-elements in our diagrams. The major-element 
composition after SINCLAS processing is identified by the 
subscript adj added to each major-oxide name. The use of 
SINCLAS emphasizes the basic idea of initially complying 
with the closed space of 100% for all ten major-element vari-
ables (including both Fe-oxidation varieties as determined 
by SINCLAS), but without volatiles and trace-elements, 
and thus standardize the use of TiO2 as (TiO2)adj in the new 
diagrams. This also requires that for any given sample all 
ten major-element variables should be available for their 
use in the new discrimination diagrams irrespective of the 
fact that only (TiO2)adj is explicitly used. 

Basic requirements for constructing the database were 
that the tectonic setting should be explicitly and unambigu-
ously described by the author(s) and (SiO2)adj ≤ 52% after 
SINCLAS processing. Basic (and ultrabasic) rock samples 

with ~685 cites, of which ~200 are recent cites; Cabanis 
and Lecolle, 1989 with ~150 cites, of which ~70 are recent 
cites; Rollinson, 1993; Verma, 2000, 2010; Agrawal et al., 
2004, 2008, with ~15 and ~20 recent cites, respectively; 
Verma et al., 2006 with ~10 recent cites). Such diagrams 
have been in use practically since the advent of plate tec-
tonics. More importantly, they are still in wide use even 
today (see the recent cites mentioned above). J.A. Pearce 
and J.R. Cann, with their papers (Pearce and Cann, 1971, 
1973), were the pioneers in this adventure. A large number 
of diagrams have been proposed that vary from binary and 
ternary to complex discriminant function types (Rollinson, 
1993; Verma, 2010). 

There are several inherent requirements for good 
discrimination diagrams (Agrawal and Verma, 2007); these 
are representative databases, objective probability based 
boundaries replacing those drawn by eye, correct statistical 
treatment of compositional data, and the immobile nature 
of chemical elements used. Major advancement has been 
achieved through extensive, carefully validated databases 
(Agrawal et al., 2004), objective boundaries (Agrawal, 
1999), linear discriminant analysis of natural logarithm-
ratio transformed compositional data (Verma et al., 2006), 
and use of relatively immobile elements (Agrawal et al., 
2008).

Recently, Vermeesch (2007), Sheth (2008), and 
Verma (2010) have evaluated most existing discrimination 
diagrams. It appears that the newer discriminant function 
diagrams (Agrawal et al., 2004, 2008; Verma et al., 2006) 
obtained from linear discriminant analysis (LDA) work well 
(Sheth, 2008; Verma, 2010), whereas the older bivariate 
and ternary diagrams all plagued by erroneous treatment of 
compositional data (Aitchison, 1986; Agrawal and Verma, 
2007; Verma, 2010) and generally show very low success 
rates. When success rates are higher, these diagrams then 
discriminate only two tectonic settings under the broad 
names of “within-plate” and “plate margin”.

In spite of these recent advances achieved during 
2004-2008 (see Verma, 2010), newer diagrams based on 
immobile elements that could be easily determined by 
conventional analytical techniques such as x-ray fluores-
cence spectrometry, are still required. Correct application 
of LDA is another requirement. LDA implicitly requires 
that the individual variables (log-transformed ratios used 
in the present study) be normally distributed. With these 
additional requirements in mind, we developed a set of five 
new discriminant function discrimination diagrams that use 
natural logarithm-ratios of five high-field strength elements 
(TiO2)adj, Nb, V, Y, and Zr for magmas from four tectonic 
settings of island arc, continental rift, ocean-island, and 
mid-ocean ridge. The subscript adj refers to adjusted data 
as explained in the following section. The elements Ti, 
Nb, Y, and Zr are generally classified as high-field strength 
elements (e.g., Rollinson, 1993). Nevertheless, although V 
is classified as a transition metal, it can also be considered 
as a high-field strength element because of its high charge 



New tectonic discrimination diagrams for basic and ultrabasic volcanic rocks 27

were assigned to one of the four classes or tectonic settings 
of island arc (IAB; group no. 1), continental rift (CRB; group 
no. 2), ocean-island (OIB; group no. 3), and mid-ocean ridge 
(MORB; group no. 4). Samples from doubtful and complex 
settings were excluded from the database. 

Only the so-called immobile elements were considered, 
and several combinations of these elements were evaluated 
through exploratory discriminant analysis. The combination 
of five high-field strength elements (TiO2)adj, Nb, V, Y, and 
Zr demonstrated the overall best performance. 

Following the recommendation of Aitchison (1986) 
for correct statistical treatment of compositional data, the 
LDA was carried out on four natural logarithm-transformed 
ratios of these five elements using (TiO2)adj as the common 
denominator. LDA requires that complete information 
of these components for the analyses be available in this 
multivariate technique (e.g., Agrawal and Verma, 2007). 
Therefore, samples with complete major-element analysis 
(all ten oxides from (SiO2)adj to (P2O5)adj, including the two 
Fe-oxidation varieties) and the four trace-elements (Nb, 
V, Y, and Zr) were separated from the database for further 
analysis. Our database constituted a total of 1877 analyses 
(Tables A1 and A2 in the electronic supplement). 

The other basic requirement of LDA is that the pa-
rameters used in the statistical analysis of the samples for a 
given tectonic setting represent a normal distribution (e.g., 
Morrison, 1990), which was attained by processing the four 
log-transformed ratios 1n(Nb/(TiO2)adj), 1n(V/(TiO2)adj), 
1n(Y/TiO2)adj), and 1n(Zr/(TiO2)adj), for possible discordant 
outliers (Barnett and Lewis, 1994; Verma, 1997, 2005), 
using computer program DODESSYS (S.P. Verma and L. 
Díaz-González, manuscript in preparation) at 99% con-
fidence level. This program is based on new, precise and 
accurate critical values for discordancy tests (Verma and 
Quiroz-Ruiz, 2006a, 2006b, 2008; Verma et al., 2008). A 
total of 84 analyses (< 4.5%) from the four tectonic set-
tings were identified as discordant (see Table A3 in the 
electronic supplement); the remaining (1793 analyses) were 
considered in the final LDA and new discriminant function 
diagrams. The discordant nature of log-ratio variables in a 
few samples (< 4.5% of all complied samples) more likely 
implies the role of sampling (field sampling as well as 
representativity of very small sample mass fractions to be 
analyzed) and analytical (calibration as well as “unknown” 
sample measurement) errors. Unfortunately, this cannot 
be fully ascertained because most published papers do not 
report details on all these errors, at least not individually 
for each sample.  Therefore, given the requirement of LDA 
regarding normality of log-ratio transformed variables, it 
would be best to use discordant outlier-free samples in 
this statistical analysis. Nevertheless, we stress that for 
LDA the log-transformed ratio variables, and not the crude 
compositional variables, must be discordant outlier-free 
normal samples. 

The available discordant outlier-free data, comprising 
these 1793 analyses, were randomly divided into training 

and testing sets (Table 1). A synthesis of these data pertinent 
to LDA is included in Table 2. All log-transformed ratios 
are negative because we have chosen the major-element 
(TiO2)adj as the denominator. Both negative and positive 
values could have been obtained had we chosen a trace 
element as the denominator. A qualitative comparison of 
log-transformed mean ratios reveals that CRB and OIB show 
rather similar mean values, but generally different from 
both IAB and MORB, the latter are characterized by some 
differences between their chemical compositions. Table 3 
gives the results of the tests of equality for these elements 
and their ratios. Both tests (Wilks´ lambda < < 1 and F-ratio 
> > 1) show that there are statistically significant differ-
ences among the four tectonic groups at an extremely low 
significance level (see the very small “Significance” values 
practically approaching zero for all variables in Table 3).

RESULTS OF THE DISCRIMINANT ANALYSIS

Success rates or correct discrimination of training and 
testing sets

The results of LDA performed on the training and 
testing sets (Table 2) are presented in Table 4 for both com-
plete dataset (1877 analyses divided into 1477 training and 
400 testing samples) as well as discordant outlier-free data 
(1793 analyses divided into 1393 training and 400 testing 
samples). The discriminant analysis was carried out five 
times, once for all four groups with CRB and OIB combined 
together and four times for all possible combinations of three 
groups at a time. Because we purposely wanted to better 
train the LDA than the testing operation, we maintained 
much greater number of samples in the training than the 
testing set (Table 4). In spite of this, for the complete dataset 
(1877 analyses) the overall success rates of 78.5–92.2% for 
the training set are comparable to (even slightly smaller 
than) 81.7–93.0% obtained for the testing set (see Overall 
% for B process in Table 4). Similarly, LDA of the normally 
distributed outlier-free dataset (1793 analyses) the overall 

Group Dataset
Name Number Training set Testing set Total

IAB 1 371 100 471
CRB 2 449 100 549
OIB 3 384 100 484
MORB 4 189 100 289
Sum 1 – 4 1393 400 1793

Table 1. Sample sizes in the training and testing sets of normally distributed 
discordant outlier-free database.

IAB = island arc basic rock; CRB = continental rift basic rock; OIB = ocean 
island basic rock; MORB = mid-ocean ridge basic rock. The numbers 
1–4 are group numbers discussed in the text and used in parentheses in 
other Tables.



Verma and Agrawal28

success rates of 80.2–93.5% and 84.0–94.0% were obtained 
for the training and testing sets, respectively (see Overall 
% for C process in Table 4).

An alternative to the approach of subdividing the da-
taset into training and testing sets might be a method called 
“Leave one out”, which consists of using all but one sample 
for the training set and checking the sole sample left out for 
its correct or incorrect discrimination. In this method, all 
samples –one at a time– are left out, and the success rates 
are estimated from all of them in this objective way. The 
final LDA results can then be reported for all samples from 
a database, without excluding any of them. 

The advantage of log-ratio transformation (correct sta-
tistical treatment) in comparison with the use of crude com-
positional data (incorrect statistical treatment; Aitchison, 
1986; Agrawal and Verma, 2007) has already been well 
documented by Verma et al. (2006) and Agrawal et al. 
(2008). The latter authors also commented on the advantage 
of combining CRB and OIB settings as a single group in 
the first discriminant analysis as compared to dealing them 
separately as done earlier by Agrawal et al. (2004) and 
Verma et al. (2006).

Here we document the advantage of fulfilling the ba-
sic requirement of normal distributions of log-transformed 
variables. In Table 4, the rows marked B are for original 
complete dataset whereas those marked C are for discordant-
outlier-free dataset. There is an overall net gain in success 
rates of 0.5–3.3% when the LDA is correctly applied to 
discordant-outlier-free log-transformed ratios (see the last 
column in Table 4). 

Good understanding of correct as well as incorrect 
discrimination by LDA can be achieved from Table 5, 
in which actual number and percentages are reported for 
all 1793 samples in our database. The testing set samples 
(400 analyses) are plotted in the five discriminant func-
tion discrimination diagrams (Figure 1a-1e); the training 
set samples (being too numerous, 1393 analyses) are not 
shown in Figures, but their results are summarized in Table 
5. Four of the five diagrams apply for a given tectonic set-

ting. The success rates for IAB vary from 85.2–98.6% for 
training set and 88–99% for testing set, with the incorrect 
discrimination mainly as MORB (13.5–14.0% and 11%, 
respectively, for training and testing sets). The highest 
rates of about 99% (correct discrimination) for both train-
ing and testing sets of IAB are obtained for Figure 1b, in 
which MORB setting is absent (see Table 5). When CRB 
and OIB settings are combined together (Figure 1a), these 
samples show very high success rates of 94–99.5%, with 
slightly greater mis-discrimination of CRB as MORB in 
comparison with CRB as IAB (Table 5). Such high correct 
discrimination (95.3–99.2%) was also obtained when these 
settings were not present together in a diagram (viz., Figure 
1c, 1d; Table 5). However, when both settings were pres-
ent as in Figure 1b, 1e, the correct discrimination was less 
(73–86%). Finally, MORB samples were very efficiently 
discriminated (93–96.3%), with the mis-discrimination 
mainly as CRB or IAB. 

The equations for computing the DF1 and DF2 func-
tions (x- and y-axes) of Figure 1a-1e are given in Table 6; 

Log-transformed ratio variable IAB (1) (n =371) CRB (2) (n =449) OIB (3) (n =384) MORB (4)  (n =189)
x s x s x s x s

(TiO2)adj  9310 2710 23700 6500 30800 7600 1536 3430
Nb 4.6 6.6 57.7 38.2 41.9 26.8 6.0 5.4
V 291 75 222 61 280 57 267 41
Y 21.2 6.1 28.2 6.1 28.2 7.0 32.9 7.1
Zr 74 47 221 79 241 99 107.9 30.5

In(Nb/(TiO2)adj) -8.18 0.99 -6.19 0.58 -6.78 0.55 -8.13 0.69
In(V/(TiO2)adj) -3.464 0.354 -4.669 0.285 -4.690 0.282 -4.043 0.179
In(Y/(TiO2)adj) -6.094 0.190 -6.721 0.276 -6.994 0.200 -6.146 0.144
In(Zr/Tio2)adj) 4.967 0.441 -4.700 0.306 -4.900 0.242 -4.974 0.118

Table 2. Means and standard deviations of (TiO2)adj  and trace elements (all in μg/g) and their log-transformed ratio variables (no measurement units) for 
the four group sets IAB-CRB-OIB-MORB in the training set (discordant outlier-free samples).

x – mean; s – standard deviation;  rounded values are reported as suggested in textbooks such as Bevington and Robinson (2003) and Verma (2005).

Element Wilks’ lambda F-ratio Significance

(TiO2)adj 0.325 963.8 0.00000
Nb 0.563 359.6 0.00000
V 0.822 100.1 0.00000
Y 0.744 159.0 0.00000
Zr 0.509 446.1 0.00000

In(Nb/(TiO2)adj) 0.410 665 0.00000
In(V/(TiO2)adj) 0.234 1516 0.00000
In(Y/TiO2)adj) 0.253 1366 0.00000
In(Zr/TiO2)adj) 0.881 62.83 0.00000

Table 3. Test of equality of group means for the five elements and their 
log-transformed ratio variables in the training set (discordant outlier-free 
samples).

Wilks’ lambda (U-statistic) and univariate F-ratio with degrees of freedom, 
df1= ν1 = g-1 = 4-1 = 3 and df2 = ν2 = n-g = 1393- 4 = 1389, where g is 
the number of groups and n is the total number of samples. 
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note in these equations (TiO2)adj from SINCLAS should be 
used instead of actually measured, crude, unadjusted TiO2. 
In all diagrams (Figure 1a-1e), including Figure 1a, we 
are dealing with three groups at a time. Therefore, the two 
functions (DF1 and DF2) together account for 100% of 
between-groups variance in all the above three-groups at a 
time analyses. Finally, we note that these diagrams (Figure 
1a-1e) are easy to reproduce, because the boundaries are 
clearly specified by their coordinates in each of them (see 
explanation of Figure 1). 

Probability based boundaries and petrogenetic models

As ascertained by Agrawal (1999), the boundaries in 
diagrams created by LDA are based on probability calcula-
tions. These boundaries represent about 50% (0.50) prob-
ability (see boundaries shown by solid lines in Figures 1 and 
2) when they separate two fields or tectonic settings, but as 
one approaches the triple point (intersection of three bound-
aries), the probability reaches to about 33.3% for any given 
field. We have calculated the probability for other areas of 
the diagrams and have drawn probability based boundaries 
for 70% and 90% (see green dashed and blue long-dashed 
boundaries in Figure 2a-2e). It is interesting to note that 
the probability to belong to a certain group increases very 
rapidly as we move away from the discrimination boundar-

ies (solid blank lines) into a given field.
For illustration purposes, group-centroids for the four 

tectonic groups from our database as well as average com-
positions of high-MgO (MgO > 7%, an arbitrarily chosen 
value for this subdivision; the use of any other MgO for 
this subdivision will not change any of the conclusions) 
and low-MgO samples (up to 7%) were plotted in Figure 
2a-2e. These compositions plot close to the discrimination 
boundaries. We also computed the effects of fractional 
crystallization (FC) of common minerals (olivine, ortho-
pyroxene, clinopyroxene, plagioclases, garnet and am-
phiboles), along with the partition coefficient values from 
Torres-Alvarado et al. (2003). In all cases, the FC vectors 
remain within the designated tectonic field for degrees of 
fractional crystallization (f) of up to 0.15 – a reasonable 
maximum value of f to maintain the rock type to basic vari-
ety. With greater degrees of f, the rock types may change to 
intermediate magmas, for which these diagrams should be 
used with caution although our earlier discriminant function 
diagrams (Verma et al., 2006) have been successfully used 
for charnockites–magmas with intermediate SiO2 values 
(Rajesh 2007). On the other hand, the diagrams proposed 
by Verma et al. (2006) and Agrawal et al. (2004, 2008) 
were unsuccessful for intermediate magmas from central 
Mexico (Rodriguez-Ríos and Torres-Aguilera, 2009; S.P. 
Verma, unpublished results).

For modeling partial melting processes, we added 

Table 4. Assessment of correct discrimination (%) between the IAB (1), CRB (2), OIB (3), and MORB (4) groups.

Process Group Set n 1–IAB, 
%

2+3–CRB+OIB, 
%

2–CRB, 
%

3–OIB, 
%

4–MORB, 
%

Overall, 
%

Gain, 
%

B 1–2+3–4 Training 1477 82.7 96.4 92.9 92.2 –
B 1–2+3–4 Testing 400 89.0 97.0 89.0 93.0 –
C 1–2+3–4 Training 1393 85.2 97.1 94.2 93.5 1.3
C 1–2+3–4 Testing 400 88.0 96.5 93.0 93.5 0.5

B 1–2–3 Training 1281 97.2 72.6 81.4 83.2 –
B 1–2–3 Testing 300 99.0 68.0 85.0 84.0 –
C 1–2–3 Training 1204 98.7 75.5 82.6 84.9 1.7
C 1–2–3 Testing 300 99.0 77.0 86.0 87.3 3.3

B 1–2–4 Training 1052 82.7 96.1 92.9 90.4 –
B 1–2–4 Testing 300 89.0 95.0 89.0 91.0 –
C 1–2–4 Training 1009 85.2 95.3 93.6 91.3 0.9
C 1–2–4 Testing 300 88.0 99.0 93.0 93.3 2.3

B 1–3–4 Training 1020 83.5 96.7 93.4 90.9 –
B 1–3–4 Testing 300 88.0 97.0 91.0 92.0 –
C 1–3–4 Training 944 86.3 99.2 96.3 93.5 2.6
C 1–3–4 Testing 300 88.0 98.0 96.0 94.0 2.0

B 2–3–4 Training 1078 73.1 76.9 94.4 78.5 –
B 2–3–4 Testing 300 70.0 85.0 90.0 81.7 –
C 2–3–4 Training 1022 73.5 81.2 94.2 80.2 1.7
C 2–3–4 Testing 300 73.0 84.0 95.0 84.0 2.3

B – training and testing sets divided from all data (1877 analyses); C – training and testing sets divided from discordant outlier-free data (1793 analyses); 
Overall % is weighted percentage for correct discrimination; Gain % is the difference between Overall % of C Training and B Training sets, or of C 
Testing and B Testing sets.
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Actual affinity Discriminant function 
discrimination

diagram

Total no. of samples 
[training or testing]

Predicted tectonic affinity: no. of samples (%)
IAB (1) CRB+OIB

(2+3)
CRB (2) OIB (3) MORB (4)

IAB (1) 1–2+3–4 371 [training] 316 (85.2) 3 (0.8) --- --- 52 (14.0)
CRB (2) 1–2+3–4 449 [training] 5 (1.1) 427 (95.1) --- --- 17 (3.8)
OIB (3) 1–2+3–4 384 [training] 0 (0.0) 384 (99.5) --- --- 2 (0.5)
MORB (4) 1–2+3–4 189 [training] 3 (1.6) 9  (4.8) --- --- 177 (93.6)

IAB (1) 1–2+3–4 100 [testing] 88 1 --- --- 11
CRB (2) 1–2+3–4 100 [testing] 2 94 --- --- 4
OIB (3) 1–2+3–4 100 [testing] 0 99 --- --- 1
MORB (4) 1–2+3–4 100 [testing] 3 4 --- --- 93

IAB (1) 1–2–3 371 [training] 366 (98.6) --- 4 (1.1) 1 (0.3) ---
CRB (2) 1–2–3 449 [training] 9 (2.0) --- 339 (75.5) 101 (22.5) ---
OIB (3) 1–2–3 384 [training] 0 (0.0) --- 67 (17.4) 317 (82.6) ---

IAB (1) 1–2–3 100 [testing] 99 --- 0 1 ---
CRB (2) 1–2–3 100 [testing] 1 --- 77 22 ---
OIB (3) 1–2–3 100 [testing] 0 --- 14 86 ---

IAB (1) 1–2–4 371 [training] 316 (85.2) --- 3 (0.8) --- 52 (14.0)
CRB (2) 1–2–4 449 [training] 5 (1.1) --- 428 (95.3) --- 16 (3.6)
MORB (4) 1–2–4 189 [training] 3 (1.6) --- 9 (4.8) --- 177 (93.6)

IAB (1) 1–2–4 100 [testing] 88 --- 1 --- 11
CRB (2) 1–2–4 100 [testing] 1 --- 99 --- 0
MORB (4) 1–2–4 100 [testing] 3 --- 4 --- 93

IAB (1) 1–3–4 371 [training] 320 (86.2) --- --- 1 (0.3) 50 (13.5)
OIB (3) 1–3–4 384 [training] 0 (0.0) --- --- 381 (99.2) 3 (0.8)
MORB (4) 1–3–4 189 [training] 4 (2.1) --- --- 3 (1.6) 182 (96.3)

IAB (1) 1–3–4 100 [testing] 88 --- --- 1 11
OIB (3) 1–3–4 100 [testing] 0 --- --- 98 2
MORB (4) 1–3–4 100 [testing] 3 --- --- 1 96

CRB (2) 2–3–4 449 [training] --- --- 330 (73.5) 102 (22.7) 17 (3.8)
OIB (3) 2–3–4 384 [training] --- --- 69 (20.0) 312 (81.2) 3 (0.8)
MORB (4) 2–3–4 189 [training] --- --- 10 (5.3) 1 (0.5) 178 (94.2)

CRB (2) 2–3–4 100 [testing] --- --- 73 25 2
OIB (3) 2–3–4 100 [testing] --- --- 15 84 1
MORB (4) 2–3–4 100 [testing] --- --- 5 0 95

Table 5. Detailed discrimination of the 1393 training and 400 testing set (normally distributed discordant outlier-free) samples in the tectonic groups of 
IAB, CRB, OIB, and MORB.

For testing set, the no. of samples is the same as their percentage, because 100 samples from a given setting are evaluated. Therefore, % values are not 
explicitly indicated here.

in Figure 2a-2e average compositions of depleted MORB 
mantle (DM of Xu et al., 2005; see also, Salters and Stracke, 
2004) and bulk silicate earth (BSE of McDonough and Sun, 
1995). Both sources lie in the IAB field (Figure 2a-2e). 
This observation has important bearing on the use of these 
discrimination diagrams–they should, in principle, not be 
used for source rocks; they are meant for the discrimination 
of magmas resulting from partial melting of source rocks. 
After all, the discrimination boundaries result from LDA of 
magmatic rock samples compiled from all over the world, 
and not from cumulates or source rocks. It is possible that the 
diagrams work consistently for cumulates or source rocks, 
but the conclusions drawn from magmas should be given 

more weight when the two results do not fully agree.
Batch partial melting models were calculated for DM 

source corresponding to 0–15% of olivine, orthopyroxene, 
or clinopyroxene individually and for 0–5% of plagioclases, 
garnet and amphiboles, which is not a realistic process. For 
a realistic process of partial melting of DM and BSE sources 
with combined 0–30% melting of olivine, orthopyroxene 
and clinopyroxene (in the proportion of 50:25:25, respec-
tively), the thick solid pink curves show that the partial melts 
of CRB, OIB and MORB tectonic types can be generated 
depending on the degree of melting. Low degrees of melting 
favor melts of CRB and OIB types, whereas higher degree 
melts are of MORB types.
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Probability calculations for individual samples

We briefly present the procedure to estimate prob-
ability for each given sample from the initial training and 
testing sets or the application databases, to belong to any 
of the tectonic settings in a given DF1-DF2 discriminant 
function diagram. Let us assume that a sample is charac-
terized by df1s, df2s coordinates or scores in this diagram. 
First, the centroid or mean values for each discriminant 
function and for each group are calculated from the training 
set; let us denominate them as mdf1g1 and mdf2g1 for group 
1, mdf1g2 and mdf2g2 for group 2, and mdf1g3 and mdf2g3 

for group 3. Note that in the discrimination scheme (e.g., 
Figure 1a-1e), only three groups are discriminated at a time, 
including Figure 1a where CRB and OIB are treated as a 
single group. It is mandatory that the training set be used 
for this purpose, because the discrimination diagrams and 
the field boundaries are based on these data. These values 
are reported in Table A4 for all five diagrams.

These mean values are then used to estimate the 
squared distances of the sample under evaluation from the 
centroid of each group as follows:
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Figure 1. The set of five new discriminant function tectonomagmatic discrimination diagrams based on natural logarithm-transformed ratios of (TiO2)adj, 
V, Y, Nb and Zr. The first diagram is for four groups represented as three groups by combinig CRB and OIB settings. The other four are “three-groups at 
a time” type diagrams. All diagrams display normally distributed discordant outlier-free samples of the testing set. Training set samples were also plotted 
but are not shown; results are summarized in Table 5. The symbols are shown as inset in (a). For computing the discriminant functions DF1 and DF2 
for “unknown” samples use the equations in Table 6; note in these equations TiO2 stands for (TiO2)adj. (a) IAB–CRB+OIB–MORB (1–2+3–4) diagram: 
the coordinates –DF1(IAB–CRB+OIB–MORB)t2 and DF2(IAB–CRB+OIB–MORB)t2– (the subscript t2 is used here to distinguish these diagrams from 
earlier trace-element based diagrams proposed by Agrawal et al., 2008, whose axes were identified by t1 in Verma, 2010), of the field boundaries are 
(0.02820, 8.0000) and (0.63849, 0.87812) for the boundary IAB–CRB+OIB, (-3.2318, -8.0000) and (0.63849, 0.87812) for CRB+OIB–MORB, and 
(8.0000, -4.5532) and (0.63849, 0.87812) for IAB–MORB, the percentages shown in this figure (IAB 88 percent, CRB+OIB 96.5 percent, CRB 94%, OIB 
99%, and MORB 93 percent) refer to the correct classification for samples of the testing set (see Table 4); (b) IAB–CRB–OIB (1–2–3): the coordinates 
of the field boundaries are (2.27820, 8.0000) and (0.883172, -0.667465) for the boundary IAB–CRB, (-8.0000, 1.66740) and (0.883172, -0.667465) for 
CRB–OIB, and (1.87600, -8.00000) and (0.883172, -0.667465) for OIB–IAB, the correct classification is IAB 99 percent, CRB 77 percent, and OIB 
86 percent; (c) IAB–CRB–MORB (1–2–4): the coordinates of the field boundaries are (-0.43580, 8.00000) and (-0.016496, 0.972583) for the boundary 
IAB–CRB, (8.00000, -5.79920) and (-0.016496, 0.972583) for IAB–MORB, and (-4.19440, -8.00000) and (-0.016496, 0.972583) for CRB–MORB, the  
correct classification is IAB 88 percent, CRB 99 percent, and MORB 93 percent; (d) IAB–OIB–MORB (1–3–4): the coordinates of the field boundaries 
are (-0.81840, 8.00000) and (-0.322489, 1.040295) for IAB–OIB, and (8.00000, -4.36500) and (-0.322489, 1.040295) for the boundary IAB–MORB, and 
(-3.72100, -8.00000) and (-0.322489, 1.040295) for OIB–MORB, the correct classification is IAB 88 percent, OIB 98 percent, and MORB 96 percent; and 
(e) CRB–OIB–MORB (2–3–4): the coordinates of the field boundaries are (-8.00000, 1.48500) and (1.129586, -0.4194316) for the boundary CRB–OIB, 
(3.32100, 8.00000) and (1.129586, -0.4194316) for CRB–MORB, and (2.43000, -8.00000) and (1.129586, -0.4194316) for OIB–MORB, the correct 
classification is CRB 73 percent, OIB 84 percent, and MORB 95 percent.
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(2)
 

(3)

New functions sg1, sg2, and sg3 based on these 
squared distances for that particular sample, are then com-
puted as follows:

(4)

(5)

 (6)

Finally, the probabilities for belonging to each of three 
groups, P1s, P2s and P3s, are then calculated from the above 
parameters as follows:

 (7)
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(9)

Although the probabilities are generally referred to as 
fractional numbers, we may also express them in percent-
age to establish analogy with the success rates (referring to 
individual samples) as follows:

 (10)

 (11)

 (12)

These calculations must be repeated five times to ob-
tain probabilities for all five discrimination diagrams. The 
probability estimates thus obtained can be directly used to 
assign any given sample to a tectonic setting without any 
need to plot the data in discrimination diagrams. Simply 
the sample is assigned to the tectonic setting showing the 
highest probability. Thus, a set of samples from any given 
area under study can be easily counted for their highest 
probabilities and the success rates can be calculated. 
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Figure 1a 
IAB–CRB+OIB–MORB 
(1–2+3–4)

DF1 (IAB–CRB+OIB–MORB)t2
 = –0.6611 · ln (Nb/(TiO2)adj) + 2.2926 · ln(V/TiO2)adj) + 1.6774 · ln (Y/TiO2)adj) + 

1.0916 · ln (Zr/(TiO2)adj) + 21.3603

DF2 (IAB–CRB+OIB–MORB)t2
 = 0.4702 · ln (Nb/(TiO2)adj) + 3.7649 ·ln (V/TiO2)adj) – 3.911 · ln (Y/TiO2)adj) + 

2.2697 · ln (Zr/(TiO2)adj) + 4.8487

Figure 1b
IAB–CRB–OIB
(1–2–3)

DF1 (IAB–CRB–OIB)t2
 = –0.6146 · ln(Nb/(TiO2)adj) + 2.3510 · ln(V/TiO2)adj) + 1.6828 · ln(Y/TiO2)adj) + 

1.1911 · ln (Zr/(TiO2)adj) + 22.7253

DF2 (IAB–CRB–OIB)t2
 = 1.3765 · ln(Nb/(TiO2)adj) – 0.9452 · ln(V/TiO2)adj) + 4.0461 · ln(Y/TiO2)adj) – 

2.0789 · ln(Zr/(TiO2)adj) + 22.2450

Figure 1c
IAB–CRB–MORB 
(1–2–4)

DF1 (IAB–CRB–MORB)t2
 = –0.6624 · ln(Nb/(TiO2)adj) + 2.4498 · ln(V/TiO2)adj) + 1.2867 · ln(Y/TiO2)adj) +

1.0920 · ln(Zr/(TiO2)adj) + 18.7466

DF2 (IAB–CRB–MORB)t2
 = 0.4938 · ln(Nb/(TiO2)adj) + 3.4741 · ln(V/TiO2)adj) – 3.8053 · ln(Y/TiO2)adj) +

2.0070 · ln(Zr/(TiO2)adj) + 3.3163

Figure 1d
IAB–OIB–MORB
(1–3–4)

DF1 (IAB–OIB–MORB)t2
 = –0.2646 · ln(Nb/(TiO2)adj) + 2.0491 · ln(V/TiO2)adj) + 3.4565 · ln(Y/TiO2)adj) +

0.8573 · ln(Zr/(TiO2)adj) + 32.9472

DF2 (IAB–OIB–MORB)t2
 = 0.01874 · ln(Nb/(TiO2)adj) + 4.0937 · ln(V/TiO2)adj) – 4.8550 · ln(Y/TiO2)adj) +

2.9900 · ln(Zr/(TiO2)adj) + 0.1995

Figure 1e
CRB–OIB–MORB 
(2–3–4)

DF1 (CRB–OIB–MORB)t2
 = –0.7829 · ln(Nb/(TiO2)adj) + 0.3379 · ln(V/TiO2)adj) + 3.3239 · ln(Y/TiO2)adj) –

0.51232 · ln(Zr/(TiO2)adj) + 16.0941

DF2 (CRB–OIB–MORB)t2
 = 1.7478 · ln(Nb/(TiO2)adj) – 0.0421 · ln(V/TiO2)adj) + 3.5301 · ln(Y/TiO2)adj) –

1.4503 · ln(Zr/(TiO2)adj) + 28.3592

Table 6. Discriminant function equations (with rounded coefficient values) for the discrimination diagrams (Figure 1a - 1e).

In all equations, adjusted value of (TiO2)adj (and not the actually measured TiO2) should be used after proper adjustment of major-element composition 
by SINCLAS computer program (Verma et al., 2002). Also, note that (TiO2)adj has to be expressed in μg/g so that the ratio variables become simple 
numbers, without measurement units. Further, more precise coefficients are programmed in computer program TecD by S.P. Verma and M.A. Rivera-
Gómez, available on request from SPV.
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Before final counting of correctly discriminated 
samples and calculating success rates, we may also ascertain 
that all samples under study show normally distributed log-
transformed ratios. Any discordant sample(s) can thus be 
excluded from the counting or success rate calculations. 

APPLICATIONS TO DIFFERENT AREAS AND 
ROCKS AROUND THE WORLD

Although the IUGS classification is not ideal for older, 
probably altered rocks, the widely used alternative schemes 
(Floyd and Winchester, 1975, 1978; Winchester and Floyd, 
1976, 1977) too do not provide a satisfactory classification 
scheme (Verma et al., 2010). Therefore, we used the IUGS 
classification scheme also for ascertaining the basic and 
ultrabasic nature of all samples used in our application 
examples. Furthermore, adjusted TiO2 values (Verma et al., 
2002) were always used in all discrimination diagrams.

We clarify that for assigning rock names and ascertain-

ing magma types to our application samples, we had to use 
the TAS classification (Le Bas et al., 1986; Le Bas, 2000; 
Verma et al., 2002, 2003), because no efficient diagrams 
exist in the literature to correctly classify altered volcanic 
rocks (Verma et al., 2010). Use of computer program 
SINCLAS (available on request to the first author SPV) 
is also recommended to ascertain the basic or ultrabasic 
nature of the samples and to estimate (TiO2)adj values that 
have to be involved in this work instead of crude estimates 
(measured TiO2 values).

Ophiolite discrimination

Recently, Pearce (2008) used Nb/Yb–Th/Yb and Nb/
Yb–TiO2/Yb diagrams to classify ophiolites into four types: 
Contaminated MORB (C-MORB), Normal MORB (N-
MORB), Enriched MORB (E-MORB), and Plume MORB 
(P-MORB). We compiled their C-MORB ophiolite example 
from Taitao Peninsula (Le Moigne et al., 1996), N-MORB 
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Figure 2. The set of five new discriminant function discrimination diagrams based on natural logarithm-transformed ratios of TiO2, V, Y, Nb and Zr (for 
more details on Figure. 2a-2e, see Figure 1). The symbols are explained as insets in (a). The solid red lines represent discrimination boundaries; the green 
dashed lines are for 70% probability and blue long dashed lines for 90% probability; red solid filled circles are for the G-centroids – group centroids 
(individual group-centroids for CRB and OIB are marked C and O, respectively; as expected the combined group-centroid –C+O, not marked– plots be-
tween them); blue filled circles and open blue triangles are respectively for average compositions of high-MgO and low-MgO magma types (all computed 
from the present database). Two sets of petrogenetic models are included (fractional crystallization FC and partial melting PM). FC vectors for fractional 
crystallization of common minerals olivine (ol), orthopyroxene (o), clinopyroxene (c), and plagioclase (p) are shown in blue solid lines whereas those 
for garnet (g) and amphibole (am) are in green solid lines. Similarly, DM and BSE (open pink squares) are average mantle compositions of depleted 
mantle (Salters and Stracke, 2004; Xu et al., 2005) and bulk silicate earth (McDonough and Sun, 1995). The batch partial melting curves for melting of 
individual minerals (0–15% of ol, o, or c; 0–5% of p, g, or am) of the DM source are shown by pink dotted curves whereas those for the simultaneous 
partial melting of 0–30% of ol+o+c in the proportion of 50:25:25, are shown by pink thick solid curves. The partition coefficients for these calculations 
were taken from the compilation by Torres-Alvarado et al. (2003).  
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from Gabal Gerf complex (Zimmer et al., 1995), and E-
MORB from Jormua (Peltonen et al., 1996) and Macquarie 
Island (Kamenetsky et al., 2000). Then, we used our new 
discriminant function diagrams (Figure 3a - 3e) and sum-
marized the results of discrimination in Table 7.

Taitao Peninsula of southern Chile is considered 
an example of a subducted ridge (3–5 Ma) on land (Le 
Moigne et al., 1996; Guivel et al., 2003; Lagabrielle et al., 
2009). We will describe in more detail how to use our new 
discrimination diagrams for a given locality or region. The 
analyses presented by Le Moigne et al. (1996) will be used 
as an example. However, the use of normally distributed 
discordant outlier-free samples (facilitated by DODESSYS 
computer program) should be preferred; see below the sec-
tion of “Correct statistical treatment of compositional data 
for application examples”.

First, using SINCLAS computer program (Verma et 
al., 2002), we classified the samples into basic and ultra-
basic magmas (10 samples) and intermediate magmas (16 
samples). Because our diagrams should be used preferably 
for basic and ultrabasic rocks, the identity of magma types 
must be maintained. The basic and ultrabasic rocks were 
plotted in Figure 3a, which has three fields (IAB, CRB+OIB, 
and MORB), and shows that most samples plot in MORB 
field (9 out of 10; Table 7). Thus, this diagram clearly indi-
cates a MORB setting for the Taitao samples. Now, these 

samples are evaluated in three of the other four diagrams. 
In this case, the diagram of IAB–CRB–OIB (Figure 3b), in 
which the indicated setting of MORB is not present, should 
be excluded from further consideration. In all the remaining 
three diagrams (Figure 3c-3e), a large proportion of these 
basic and ultrabasic rocks (from a total of 10 samples) plot 
in the MORB field (9, 9, and 10 samples, respectively in 
Figure 3c, Figure 3d, and Figure 3e; Table 7). Thus, after 
excluding the “unused” or “inapplicable” diagram (Figure 
3b), all the four applicable diagrams suggest MORB set-
ting for these samples. Incidentally, the same conclusion is 
reached from the intermediate magmas (16 samples) from 
Taitao Peninsula, because most (14 to 16) of these samples 
plot in the MORB field (Table 7). If this were not the case, 
the conclusion reached from basic and ultrabasic magmas 
should be considered as valid.

The present discrimination diagrams were used for 
pillow and sheeted dykes from Harga Zarga and Heiani of 
600–700 Ma old Gabal Gerf ophiolite complex, northeast-
ern Africa (Zimmer et al., 1995). Pearce (2008) classified 
these (a total of 23) samples as N-MORB. However, three 
of these samples proved to be of intermediate rocks and 
were excluded from our diagrams (Figure 3a-3e), which are 
based on 20 samples of basic rocks (Table 7). Nevertheless, 
our diagrams do not discriminate them as MORB setting; 
the samples are divided into MORB and arc settings, with 
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Figure 3. Application of the set of five new discriminant function discrimination diagrams to ophiolites from Taitao Peninsula (southern Chile), Gabal 
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Ophiolite locality Total
samples

Number of discriminated samples

IAB Within-plate MORB
CRB+OIB CRB OIB

IAB–CRB+OIB–MORB (Figure 3a)
Taitao Peninsula Basic 10 1 0 --- --- 9

Intermediate 16 1 0 15
Gabal Gerf complex    Basic 20 11 0 --- --- 9
Jormua ophiolite Basic-Ultrabasic 30 1 2 --- --- 27

Intermediate 6 0 0 6
Macquarie Island Group I 18 0 16 --- --- 2

Group II 37 0 33 4

IAB–CRB–OIB (Figure 3b)
Taitao Peninsula Basic-Ultrabasic 10 9 --- 0 1 ---

Intermediate 16 14 2 0
Gabal Gerf complex    Basic 20 20 --- 0 0 ---
Jormua ophiolite Basic-Ultrabasic 30 24 --- 4 2 ---

Intermediate 6 6 0 0
Macquarie Island  Group I 18 1 --- 17 0 ---

Group II 37 2 35 0

IAB–CRB–MORB (Figure 3c)
Taitao Peninsula Basic-Ultrabasic 10 1 --- 0 --- 9

Intermediate 16 1 0 15
Gabal Gerf complex    Basic 20 12 --- 0 --- 8
Jormua ophiolite Basic-Ultrabasic 30 0 --- 2 --- 28

Intermediate 6 0 0 6
Macquarie Island Group I 18 0 --- 17 --- 1

Group II 37 0 34 3

IAB–OIB–MORB (Figure 3d)
Taitao Peninsula Basic-Ultrabasic 10 1 --- --- 0 9

Intermediate 16 2 0 14
Gabal Gerf complex    Basic 20 11 --- --- 0 9
Jormua ophiolite Basic-Ultrabasic 30 0 --- --- 2 28

Intermediate 6 0 0 6
Macquarie Island  Group I 18 0 --- --- 6 12

Group II 37 0 10 27

CRB–OIB–MORB (Figure 3e)
Taitao Peninsula Basic-Ultrabasic 10 --- --- 0 0 10

Intermediate 16 0 0 16
Gabal Gerf complex    Basic 20 --- --- 0 0 20
Jormua ophiolite Basic-Ultrabasic 30 --- --- 0 2 28

Intermediate 6 0 0 6
Macquarie Island Group I 18 --- --- 17 0 1

Group II 37 35 0 2

Table 7. Application of the set of five discrimination diagrams based on natural logarithm transformation of trace-element ratios discrimi-
nant function DF1–DF2 for ophiolites from four localities of the world.

Subducted ridge, Taitao Peninsula, southern Chile, samples from Main volcanic unit, Chile margin unit and Bahia Barrientos ophiolite, 3–5 
Ma, from Le Moigne et al. (1996); Gabal Gerf ophiolite complex (pillow + sheeted dykes from Harga Zarga and Heiani), 600–700 Ma, 
from Zimmer et al. (1995); Jormua ophiolite, northeastern Finland, 1.95 Ga, from Peltonen et al. (1996); “Uplifted” crest of Macquarie 
ridge, Macquarie Island, southwest Pacific, Group I (primitive) and Group II (differentiated), Miocene, from Kamenetsky et al. (2000). 
Numbers in boldface italics font are for the inferred tectonic setting whereas those in italics are for probably conflicting “dual” tectonic 
setting, or for “unused” or “inapplicable”diagram.
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somewhat greater number of samples plotting as IAB.
Our next example of ophiolites is for Jormua, north-

eastern Finland (Peltronen et al., 1996). These authors 
considered Jormua ophiolite as a unique fragment of Red 
Sea-type oceanic crust formed in a setting of continental 
break-up 1950 Ma ago. Thirty-six samples from early 
dikes and main basalt suite from this complex (Peltronen 
et al., 1996), being E-MORB of Pearce (2008), classified 
as basic and ultrabasic magmas (30 samples) and interme-
diate magmas (6 samples), plotted mainly (28 samples) 
or completely (6 samples), respectively, in the MORB 
field (Figure 3a,3c-3e; Figure 3b being the “inapplicable” 
diagram; Table 7), clearly establishing thus MORB setting 
for Jormua ophiolites. Continental rift setting envisioned 
by Peltronen et al. (1996) was not observed.

Finally, Kamenetsky et al. (2000) reported two 
groups of Miocene glassy rocks, which they called Group 
I (primitive) and Group II (differentiated), from “uplifted” 
crest of the Macquarie ridge on the Macquarie Island, 
southwestern Pacific. These rocks with unusual compositions 
were termed as E-MORB by Pearce (2008). Eighteen basic 
rock samples belonging to Group I and thirty-seven of 
Group II (also basic rocks with the exception of one sample 
of intermediate magma) had complete chemical analyses for 
our discrimination diagrams (Figure 3a-3e; Table 7). These 
rocks indicated a continental rift setting (Figure 3a-3c,3e, 
with Figure 3d being the “inapplicable” diagram), because 

most of them plotted in the CRB+OIB field (Figure 3a) or 
CRB field (Figure 3b,3c,3e; Table 7). Thus, these unusual 
compositions of basaltic glasses from the Macquarie Islands 
are more consistent with continental rift setting rather than 
MORB or OIB setting. Their designation as E-MORB 
by Pearce (2008) does not seem to be justified from our 
diagrams (see Verma, 2010 who showed that E-MORB 
magmas generally plot in the MORB field). Nevertheless, 
more work is required to clarify these discrepancies.

Mafic rock discrimination

Rutanen and Andersson (2009) reported geochemistry 
of mafic intrusive rocks from the Trans-Scandinavian igneous 
belt and Hedesunda igneous complex in the Fennoscandian 
shield of south-central Sweden. From several lines of 
evidence they inferred a continental arc setting for their 
samples. We used our present discrimination diagrams 
to evaluate their samples in Figure 4a-4e. Although these 
authors designated their rocks as mafic, chemically they 
represent magma of ultrabasic (one sample), basic (three 
samples), and intermediate (13 samples) types. Because our 
diagrams should be used for basic and ultrabasic magmas, 
the results are individually presented for basic+ultrabasic 
and intermediate rocks (Table 8). The basic and ultrabasic 
magmas (four samples) show consistently an arc setting, and 
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thus support the conclusion of the original authors (Rutanen 
and Andersson, 2009). More samples of basic and ultrabasic 
rocks are required for confirmation of the tectonic setting 
of this area. On the other hand, although the intermediate 
magmas (13 samples) are almost equally divided between 
IAB and MORB settings, these results cannot be considered 
decisive, because our diagrams are not recommended to 
be used for differentiated magmas. Obviously, appropriate 
diagrams will have to be proposed for such magmas.

Discrimination of volcanic and ophiolitic rocks from 
Turkey

Turkey has had a very complicated geological and 
tectonic evolution, which makes this country fascinating for 
tectonomagmatic studies. Recently, Verma (2010) consid-
ered three case histories from Turkey: (i) Quaternary Kula 
volcanic rocks from western Anatolia (Tokcaer et al., 2005; 
Borsi et al., 1972; Ercan et al., 1985, 1997; Güleç, 1991; 
Richardson-Bunbury, 1996; Alici et al., 2002; Agostini, 
2004; Innocenti et al., 2005; also F. Innocenti, unpublished 
data–compiled by S. Agostini); (ii) Jurassic volcanism in the 
eastern Pontides (Sen, 2007); and (iii) dikes from Tauride 
belt ophiolite (Lycian ophiolite) in southwestern Turkey 
(Celik and Chiaradia, 2008). Using major-element and 
trace-element (La, Sm, Yb, Nb, and Th) based discriminant 
function diagrams of Verma et al. (2006) and Agrawal et 
al. (2008), respectively, Verma (2010) obtained clearly 
continental rift setting for Kula, probably arc setting for 

Pontides, and undecisive results for Tauride belt ophiolites 
probably due to major-element mobility. For the latter, 
Agrawal et al. (2008) diagrams could not be used due to 
the absence of complete trace-element data required. It is 
therefore interesting to use these newer discriminant func-
tion diagrams for these cases.

The application to Kula basic and ultrabasic rocks 
fully confirmed continental rift setting (Figure 5a-5c, 5e; 
Figure 5d being the “inapplicable” diagram; Table 9). For 
eastern Pontides, the decision is not conclusive although 
from basic rocks it seems to be more in favor of MORB 
setting (Table 9). Finally, for basic rocks from Tauride belt 
ophiolite of southwestern Turkey, the new diagrams suggest 
an arc setting (Figure 5a-5d; Figure 5e being the “inap-
plicable” diagram; Table 9). The results for intermediate 
rocks, although not recommended to be used in this work, 
are consistent with an arc setting for this ophiolite suite.

For another case study, we compiled the data on 20 
Quaternary basalt samples from the East Anatolian and Dead 
Sea fault zones of southern Turkey (Ceyhan-Osmaniye plain 
basalts and Hassa graben basalts; Polat et al., 1997). Instead 
of using the discrimination diagrams, we will illustrate the 
use of probability calculations (see equations 1-12 and Table 
A4) to discriminate the tectonic setting of these samples. 
The results are given in Table A5, which will be referred to 
in the following discussion. 

The probabilities for the first set of discriminant 
functions corresponding to the IAB–CRB+OIB–MORB 
(groups 1–2+3–4) diagram (not shown) reported in the first 
part of Table A5 show that all 20 samples have the highest 

Locality
(Fennoscandian shield)

Total
samples

Number of discriminated samples

IAB Within-plate MORB
CRB+OIB CRB OIB

IAB–CRB+OIB–MORB (Figure 4a)
Basic and Ultrabasic 4 3 1 --- --- 0
Intermediate 13 6 0 --- --- 7

IAB–CRB–OIB (Figure 4b)
Basic and Ultrabasic 4 3 --- 0 1 ---
Intermediate 13 12 --- 1 0 ---

IAB–CRB–MORB (Figure 4c)
Basic and Ultrabasic 4 3 --- 1 ---
Intermediate 13 6 --- 0 --- 7

IAB–OIB–MORB (Figure 4d)
Basic and Ultrabasic 4 3 --- --- 1 0
Intermediate 13 6 --- --- 0 7

CRB–OIB–MORB (Figure 4e)
Basic and Ultrabasic 4 --- --- 0 0 4
Intermediate 13 --- --- 0 0 13

Table 8. Application of the set of five discrimination diagrams for mafic rocks from south-central Sweden.

Mafic rocks from Trans-Scandinavian igneous belt and Hedesunda igneous complex, 1780–1870 Ma, south-central Sweden (Rutanen and Andersson, 
2009). Numbers in boldface italics font are for the inferred tectonic setting whereas those in italics are for probably conflicting “dual” tectonic setting, 
or for “unused” or “inapplicable” diagram.
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probability expressed in percent (90.986–99.999%) for the 
CRB+OIB field and extremely small or negligible for the 
other two fields (0.000–0.140% for IAB and 0.001–8.956% 
for MORB). Therefore, either CRB or OIB setting is 
likely. 

The probabilities for the second set of discriminant 
functions (IAB–CRB–OIB; groups 1–2–3) for CRB are also 
highest (55.641–88.101%) for all 20 samples although the 
probabilities for OIB (11.899–0.44.359%) are not negli-
gible; in fact, they are higher than the by-chance probability 
of 33.333% (35.827–44.359%) for 10 out of 20 samples. 
Nevertheless, CRB setting is more likely.

 The probabilities for the third set of discriminant 
functions (IAB–CRB–MORB; groups 1–2–4) for CRB are 
also highest (85.933–100.000%) for all 20 samples. Because 
the competing OIB setting is missing from this diagram, 
the probabilities for CRB are very high and for the other 
two settings are extremely low (0.000–0.122% for IAB and 
0.000–13.944% for MORB). Therefore, again from this 
third diagram CRB setting is more likely. 

Thus, the fourth set of discriminant functions (IAB–
OIB–MORB; groups 1–3–4) should be considered as 
inapplicable because the expected CRB setting is missing 
from this set. Nevertheless, the probabilities for OIB are 
high (58.419–100.000%) for all 20 samples and low for 
the other two settings. Only for one sample, the probability 

for MORB (41.277%) exceeds the by-chance probability 
of 33.333%.

Finally, the fifth set of discriminant functions (the 
CRB–OIB–MORB diagram; groups 2–3–4), provides high 
probabilities for both CRB (33.664–74.039%) and OIB 
(22.724–66.336%). For CRB these probabilities exceed the 
by-chance value of 33.333% for all 20 samples whereas for 
OIB this is so for only 16 out of 20 samples. For MORB 
all samples show very low probabilities (0.000–3.825%). 
On the other hand, in terms of the number of samples with 
the highest probabilities, nine samples indicate CRB setting 
whereas 11 are consistent with OIB setting. In this context, 
it is interesting to note that the average probability of all 
samples for CRB (51.13%) is slightly higher than that for 
OIB (48.49%). Discordant outlier analysis of complete 
dataset of 20 samples using DODESSYS did not resolve 
this complexity of the fifth diagram.

From the above discussion, we conclude that for East 
Anatolian and Dead Sea fault zones of southern Turkey, 
CRB setting is more likely. The tectonics of this region is 
very complex, because this fault zone connects two thrust 
faults (Polat et al., 1997). Nevertheless, given the compli-
cations indicated by the fifth diagram, we should probably 
have treated the Ceyhan-Osmaniye plain (10 samples) and 
Hassa graben (10 samples) as separate areas for applica-
tions of discrimination diagrams and applied DODESSYS 
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to individual datasets and not the combined one. 

Correct statistical treatment of compositional data for 
application examples

One way to improve and, in fact, correctly use the new 
discrimination diagrams would be to ensure that the log-ratio 
transformed compositional data for application are normally 
distributed. This can de achieved in a similar manner as 
for the initial world database by processing the data for 
each application separately for discordant outliers (Barnett 
and Lewis, 1994; Verma, 1997; Verma and Quiroz-Ruiz, 
2006a, 2006b, 2008; Verma et al., 2008). We processed 

each data set (Tables 7-9) of the four log-transformed ratios, 
ln(Nb/TiO2)adj), ln(V/TiO2)adj), ln(Y/TiO2)adj), and 1n(Zr/
(TiO2)adj) using DODESSYS from only single-outlier tests 
(Verma et al., 2009) at 99% confidence level. To avoid 
possible swamping effects, multiple-outlier tests (González-
Ramírez et al., 2009) were not used. None or only a few 
(one to three) discordant outliers were observed in these 
statistical samples or different datasets.

For ophiolites (Table 7) from Taitao (basic and 
intermediate rocks), Jormua intermediate rocks, and 
Macquarie Island group I samples, one discordant 
observation was indicated by DODESSYS. For Jormua 
basic rocks two observations and for Macquarie Island group 
II rocks three observations were identified as discordant, 

Ophiolite locality Total
samples

Number of discriminated samples

IAB Within-plate MORB
CRB+OIB CRB OIB

IAB-CRB+OIB-MORB (Figure 5a)
Kula Basic and Ultrabasic 93 0 92 --- --- 1
Eastern Pontides Basic 12 5 1 --- --- 6

Intermediate 19 9 1 9
Tauride belt ophiolite Basic 16 16 0 --- --- 0

Intermediate 7 7 0 0

IAB-CRB-OIB (Figure 5b)
Kula Basic and Ultrabasic 93 1 --- 92 0 ---
Eastern Pontides Basic 12 9 --- 1 2 ---

Intermediate 19 17 2 0
Tauride belt ophiolite Basic 16 16 --- 0 0 ---

Intermediate 7 7 0 0

IAB-CRB-MORB (Figure 5c)
Kula Basic and Ultrabasic 93 0 --- 92 --- 1
Eastern Pontides Basic 12 5 --- 1 --- 6

Intermediate 19 7 1 11
Tauride belt ophiolite Basic 16 16 --- 0 --- 0

Intermediate 7 7 0 0

IAB-OIB-MORB (Figure 5d)
Kula Basic and Ultrabasic 93 0 --- --- 92 1
Eastern Pontides Basic 12 5 --- --- 1 6

Intermediate 19 10 0 9
Tauride belt ophiolite Basic 16 16 --- --- 0 0

Intermediate 7 7 0 0

CRB-OIB-MORB (Figure 5e)
Kula Basic and Ultrabasic 93 --- --- 91 1 1
Eastern Pontides Basic 12 --- --- 0 1 11

Intermediate 19 1 0 18
Tauride belt ophiolite Basic 16 --- --- 0 0 16

Intermediate 7 0 0 7

Table 9. Application of the set of five discrimination diagrams for Kula volcanic rocks, Eastern Pontides and dikes from Tauride belt ophiolites, all 
from Turkey.

Quaternary Kula volcanic rocks from western Anatolia (Tokcaer et al., 2005; complemented from other papers – see text for more details); Jurassic 
volcanism in the eastern Pontides (Sen, 2007); and dikes from Tauride belt ophiolite, southwestern Turkey (Celik and Chiaradia, 2008). Numbers in 
boldface italics font are for the inferred tectonic setting whereas those in italics are for probably conflicting “dual” tectonic setting, or for “unused” or 
“inapplicable” diagram.
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Ophiolite locality Total
samples

Number of discriminated samples

IAB Within-plate MORB

CRB+OIB CRB OIB

IAB-CRB+OIB-MORB (Figure 3a)

Taitao Peninsula Basic 9 1 0 --- --- 8
Intermediate 15 1 0 14

Gabal Gerf complex Basic 20 11 0 --- --- 9
Jormua ophiolite Basic-Ultrabasic 28 1 0 --- --- 27

Intermediate 5 0 0 5
Macquarie Island Group I 17 0 16 --- --- 1

Group II 34 0 32 2

IAB-CRB-OIB (Figure 3b)
Taitao Peninsula Basic-Ultrabasic 9 9 --- 0 0 ---

Intermediate 15 13 2 0
Gabal Gerf complex Basic 20 20 --- 0 0 ---
Jormua ophiolite Basic-Ultrabasic 28 24 --- 4 0 ---

Intermediate 5 5 0 0
Macquarie Island Group I 17 0 --- 17 0 ---

Group II 34 0 34 0

IAB-CRB-MORB (Figure 3c)
Taitao Peninsula Basic-Ultrabasic 9 1 --- 0 --- 9

Intermediate 15 1 0 14
Gabal Gerf complex  Basic 20 12 --- 0 --- 8
Jormua ophiolite Basic-Ultrabasic 28 0 --- 0 --- 28

Intermediate 5 0 0 5
Macquarie Island Group I 17 0 --- 17 --- 0

Group II 34 0 33 1
IAB-OIB-MORB (Figure 3d)
Taitao Peninsula Basic-Ultrabasic 9 1 --- --- 0 8

Intermediate 15 2 0 13
Gabal Gerf complex Basic 20 11 --- --- 0 9
Jormua ophiolite Basic-Ultrabasic 28 0 --- --- 0 28

Intermediate 5 0 0 5
Macquarie Island Group I 17 0 --- --- 6 11

Group II 34 0 10 24
CRB-OIB-MORB (Figure 3e)
Taitao Peninsula Basic-Ultrabasic 9 --- --- 0 0 9

Intermediate 15 0 0 15
Gabal Gerf complex Basic 20 --- --- 0 0 20
Jormua ophiolite Basic-Ultrabasic 28 --- --- 0 0 28

Intermediate 5 0 0 5
Macquarie Island Group I 17 --- --- 17 0 0

Group II 34 34 0 0

whereas for Gabal Gerf no observation was discordant. 
The discordant observations were identified in Figure 3a, 
and the results of application of our new discrimination 
diagrams to the remaining data are summarized in Table 
10. The conclusions remain the same as in the original 
Table 7 although with somewhat improved discrimination 
of samples. In other words, the discordant observations 
were generally the mis-classified samples in these cases 

(compare Tables 7 and 10).
For application to basic and intermediate rocks from 

Sweden, no discordant outliers were observed, and therefore, 
the results of Table 8 and Figure 4 remained as such. 

Finally, for each the three case studies from Turkey, one 
observation was inferred as discordant for Kula Quaternary 
basic volcanic rocks, Eastern Pontides intermediate rocks, 
and Tauride belt intermediate ophiolites. Two observations 

Table 10. Application of the set of five discrimination diagrams based on natural logarithm transformation of immobile-element ratios discriminant func-
tion DF1–DF2 for ophiolites from four localities of the world after processing the log-transformed element-ratio data for discordant outliers.
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were discordant for Tauride belt basic ophiolites, and no 
observation was discordant for Eastern Pontides basic rocks. 
The results are summarized in Figure 5 and Table 11. Once 
again, the conclusions of Table 9 are reinforced from Table 
11. The success rates (although not reported in Tables 7-11 
to keep the Tables simpler and because we are generally 
dealing with relatively small number of samples) can be 
easily calculated. They remain consistently high for most 
application examples, for which tectonic settings have been 
inferred in the present work.

The computer program DODESSYS for objectively 
identifying outliers as discordant is available on request to 
the first author (SPV).

Other applications of discriminant function diagrams

The new discriminant function diagrams have been 
widely used to decipher tectonic settings of several areas 
around the world. Thus, one or both sets of major-element 
based diagrams (Agrawal et al., 2004; Verma et al., 2006) 
were used in the following studies: South Andaman ophio-
lite suite (Srivastava et al., 2004); basaltic lavas from the 
central part of New Mexico, U.S.A. (Maldonado et al., 
2006); intermediate and silicic charnockites from southern 
India (Rajesh, 2007); metabasic volcanic rocks from the 
Salumber area, Aravalli Supergroup, northwestern India 
(Shekhawat et al., 2007); Early Cretaceous alkaline-mafic-

Table 11. Application of the set of five discrimination diagrams for Kula volcanic rocks, Eastern Pontides and dikes from Tauride belt ophiolites, all from 
Turkey after processing the log-transformed element-ratio data for discordant outliers.

Ophiolite locality Total
samples

Number of discriminated samples

IAB Within-plate MORB

CRB+OIB CRB OIB

IAB-CRB+OIB-MORB (Figure 5a)
Kula Basic and Ultrabasic 92 0 92 --- --- 0
Eastern Pontides Basic 12 5 1 --- --- 6

Intermediate 18 9 0 9
Tauride belt ophiolite Basic 14 14 0 --- --- 0

Intermediate 6 6 0 0

IAB-CRB-OIB (Figure 5b)
Kula Basic and Ultrabasic 92 0 --- 92 0 ---
Eastern Pontides Basic 12 9 --- 1 2 ---

Intermediate 18 17 1 0
Tauride belt ophiolite Basic 14 14 --- 0 0 ---

Intermediate 6 6 0 0

IAB-CRB-MORB (Figure 5c)
Kula Basic and Ultrabasic 92 0 --- 92 --- 0
Eastern Pontides Basic 12 5 --- 1 --- 6

Intermediate 18 7 0 11
Tauride belt ophiolite Basic 14 14 --- 0 --- 0

Intermediate 6 6 0 0

IAB-OIB-MORB (Figure 5d)
Kula Basic and Ultrabasic 92 0 --- --- 92 0
Eastern Pontides Basic 12 5 --- --- 1 6

Intermediate 18 10 0 8
Tauride belt ophiolite Basic 14 14 --- --- 0 0

Intermediate 6 6 0 0

CRB-OIB-MORB (Figure 5e)
Kula Basic and Ultrabasic 92 --- --- 91 1 0
Eastern Pontides Basic 12

 
--- --- 0 1 11

Intermediate 18 0 0 18
Tauride belt ophiolite Basic 14 --- --- 0 0 14

Intermediate 6 0 0 6

Quaternary Kula volcanic rocks from western Anatolia (Tokcaer et al., 2005; complemented from other papers – see text for more details); Jurassic 
volcanism in the eastern Pontides (Sen, 2007); and dikes from Tauride belt ophiolite, southwestern Turkey (Celik and Chiaradia, 2008). Numbers in 
boldface italics font are for the inferred tectonic setting whereas those in italics are for probably conflicting “dual” tectonic setting, or for “unused” or 
“inapplicable” diagram.
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ultramafic igneous complex from Jasra, Shillong Plateau, 
northeastern India (Srivastava and Sinha, 2007); magmatic 
activity in southwestern margin of the East European Craton 
in Poland (Wiszniewska et al., 2007); Precambrian mafic 
magmatism in the Western Dharwar Craton, southern India 
(Ramakrishnan, 2009); ophiolites from Turkey (Verma, 
2010); Carboniferous volcanic rocks from Junggar basin, 
China (Wang et al., 2010); and Miocene to Recent rocks 
from the central part of the Mexican Volcanic Belt (Verma, 
2009; Torres-Alvarado et al., 2010). These latter authors also 
used Agrawal et al. (2008) trace-element based diagrams. 
Both major- and trace-element based sets of diagrams were 
used by Verma (2006) for deciphering the tectonic setting 
of volcanic rocks from the Los Tuxtlas volcanic field and 
by Verma (2010) for Turkey. Similarly, all sets of discrimi-
nation diagrams including the present ones, were further 
tested by Verma et al. (2011) from independent data sets 
from the four tectonic settings and then used to decipher 
the tectonic settings of the Mexican Volcanic Belt, Los 
Tuxtlas volcanic field, and Central American Volcanic Arc. 
The Agrawal et al. (2008) immobile trace-element based 
diagrams have been used for constraining geodynamic 
setting for the Mesoarchean (ca. 3075 Ma) pillow basalts, 
Archean, (ca. 2970 Ma – Ali Polat, personal communica-
tion, June 2010) anorthosite and associated meta-volcanic 
rocks, southwestern Greenland (Polat et al. 2009a, 2009b). 
For all these cases, the present set of new diagrams should 
prove useful in tectonomagmatic studies.

A computer program TecD by S.P. Verma and M.A. 
Rivera-Gómez is available on request to SPV that would 
facilitate the application of these diagrams to potential 
users.

CONCLUSIONS

A set of five new discriminant function based tec-
tonomagmatic discrimination diagrams based on immobile 
elements has been successfully proposed. These diagrams 
have been used for several case studies, and in most cases, 
consistent results are obtained for the tectonic settings. 
These new diagrams should prove an excellent addition 
to the already existing (2004-2008) discriminant function 
diagrams based on major- as well as trace-elements. Our 
new diagrams are strictly meant to be used for basic and 
ultrabasic rocks. Their use for intermediate rocks requires 
caution and consistency of results with basic and ultrabasic 
rocks. Finally, normally distributed log-ratio transformed 
compositional data are to be preferred for use of our dia-
grams for tectonomagmatic discrimination of four tectonic 
settings (island arc, continental rift, ocean-island, and mid-
ocean ridge). All programs ─SINCLAS, DODESSYS, and 
TecD─ are available on request to SPV; they are not only 
essential for the use of these new diagrams but also they 
should facilitate this endeavor. 
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