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Abstract

This thesis consists of the Introduction and seven chapters followed by a reference

section and six annexures.

The Introduction provides the main reasons for developing new discrimination and
classification diagrams, including the importance of this work in energy research. It

also briefly states the objectives set forth for the thesis.

Chapter 1 outlines the previous work on discrimination as well as classification
diagrams.

Chapter 2 describes the evaluation of the four tectonic discrimination diagrams of
Pearce et al. (1984) [Journal of Petrology, v. 25, p. 956-983; a highly cited paper] for
granitic rocks, along with the proposal of a set of five new discriminant-function-based
multi-dimensional diagrams for acid magma from four tectonic settings (island arc,
continental arc, continental rift, and collision), published by Verma et al. (2012)
[International Geology Review, v. 54, p. 325-347; Annexure 1]. The very similar
tectonic settings of island and continental arcs are discriminated for the first time. The
success rates obtained from the testing set were about 60%-90%. These diagrams are
based on statistically correct handling of compositional data as documented by Verma
et al. (2010) [Advances in Geosciences, v. 26, p. 11-22; Annexure 11], which requires
log-ratio transformation, whereas the multivariate technique of linear discriminant
analysis (LDA) assumes a normal distribution of the transformed variables. These
diagrams were applied to data for acid rock samples of Cretaceous to Quaternary age

from all over the world.

11



Chapter 3 illustrates the application example of discriminant-function-based multi-
dimensional discrimination diagrams for basic and ultrabasic rocks (four sets of new
diagrams published by Agrawal et al. 2004, 2006; Verma et al. 2006; Verma and
Agrawal 2011, proposed through Indo-Mexican collaboration) to tectonically complex
area of southern Mexico (Mexican Volcanic Belt, Los Tuxtlas volcanic field, and
Eastern Alkaline Province) and continental arc area of Central America (Central
American Volcanic Arc); the results were documented by Verma et al. (2011) [Pure
and Applied Geophysics, v. 168, p. 1501-1525; Annexure Il1]. Success rates of
51.0%-94.4% and 89.3%-98.7% were obtained for the Mexican Volcanic Belt and Los
Tuxtlas, respectively. The inferred tectonic settings are presented in this publication.
The success rate for Central America Volcanic arc as an arc setting were also high
(76.5%-80.7%). Similarly, for the application to northern Mexico (Baja California,
Baja California Sur and Sonora, including the Gulf of California), the paper by
Pandarinath and Verma (2012) [Journal of Iberian Geology, in press; Annexure 1V] is
presented. The success rates were shown as follows. For on-land basic rocks of <13
Ma age, success rates of 71%-93% and 58%-90% were obtained for major-element and
trace-element based diagrams, respectively. For the on-land basic rocks of >13 Ma age,
major-element based diagrams indicated a rift setting (high success rates of 62-92%).
However, the trace-element based discrimination diagrams of Agrawal et al. (2008)
indicated a transition from arc to rift setting. A single sample from Comondu arc of an
age >13 Ma consistently showed an arc setting in all diagrams of Verma and Agrawal
(2011) based on immobile elements. All the four sets of discrimination diagrams
indicated a MORB setting (very high success rates 90%-98% and 100% for major-
element and trace-element based diagrams, respectively) for off-shore rocks
(dominantly from DSDP drilled sites in the Gulf of California and some dredged rock

samples from the Gulf of California).

Chapter 4 documents a set of five multi-dimensional discrimination diagrams
obtained from the correct statistical methodology of log-ratio transformation and linear
discriminant analysis of discordant outlier-free normally distributed major element log-

ratio variables in 2595 intermediate rock samples from five tectonic settings. From

12



these diagrams with probability-based tectonic field boundaries, high success rates
(60%-95%) were obtained for tectonic discrimination of thirteen case studies of
Archean to highly altered Quaternary rocks. The results are submitted by Verma and
Verma (2012) [Turkish Journal of Earth Science, in press; Annexure V] of arc, rift,
ocean island, and collision settings for eight, one, one, and three case studies,
respectively, were supported by probability estimates and were generally consistent
with those of the multi-dimensional diagrams for basic and acid magmas from the

same regions.

Chapter 5 presents one discriminant-function-based classification diagram for altered
igneous rocks. For its proposal an extensive database for 23768 analyses of Miocene to
Recent fresh rocks was used. This classification diagram can provide the name of
magma type as basic and ultrabasic, intermediate, or acid. This diagram is based on
discriminant-function of log-transformed ratio variables and probability based
boundaries and gave success rates of 81%-96%. The utility of this diagram resides in
the proper selection of discrimination diagrams for basic and ultrabasic, intermediate or

acid rock varieties.

Chapter 6 elaborates the application examples of classification and discrimination
diagrams from five case studies (three geothermal fields and two calderas of Mexico).
The success rates were showed as follows for different case studies: in the Sierra La
Primavera a rift setting was shown with very high success rates 86%-100% for acid
rocks; for Los Azufres geothermal field, both the intermediate and acid rocks
consistently showed a collision setting with high success rates of 71%-76% and 56%-
68%, respectively; the intermediate rocks from the Amealco caldera showed a collision
setting because very high (81%-94%) success rates were shown of this tectonic field,
although the acid rocks showed an arc setting with less success rates of 48%-81%; the
intermediate and acid rocks from the Huichapan caldera showed a collision setting
because relatively high success rates (48%-68% for intermediate rocks and 48%-52%
for acid rocks) were shown of this field; and finally the Los Humeros geothermal field
or caldera seems to be characterized by a collision setting because relatively high

13



success rates (49%-75% for intermediate rocks and 52%-76% for acid rocks) were
shown for this field. These results were supported by probability estimates. For most
cases, the multi-dimensional diagrams for intermediate and acid magmas provided

mutually consistent results for the inferred tectonic setting.

Chapter 7 presents the application example of Archean rocks from five case studies
(Australia, South Africa, Brazil, Canada, and India). The tectonic settings were showed
as follows for different case studies: For the eastern part of the Pilbara craton
(Australia), a Paleoarchean (3570-3450 Ma) and Mesoarchean (2900 Ma) continental
arc setting apparently evolved to a collision setting during the Neoarchean (2600 Ma).
Infer an island arc environment for Kambalda (Australia) during the Neoarchean (2700
Ma). For the Barberton belt (South Africa), transition from a mid-ocean ridge regime
during the older part of the Paleoarchean (3470 Ma) to an island arc setting during the
younger part (3300-3260 Ma) is likely. An arc environment were indicated for the Séo
Francisco craton (Brazil) and the Rio Maria terrane (Brazil) during the Mesoarchean
(3085-2983 Ma and 2870 Ma, respectively), whereas a within-plate setting is clearly
indicated for the Carajas metallogenic province (Brazil) during the Neoarchean (2740-
2700 Ma). Also recognize an island arc regime for the Mesoarchean (3000 Ma) North
Caribou and Neoarchean (2700 Ma) Abitibi greenstone belts (Canada), and for the
Gadwal greenstone belt (India) during the Neoarchean (2700-2500 Ma). A collision
setting was inferred for the Archean sanukitoid suite (Canada) and the Kolar suture
zone (India) during the Neoarchean (2700-2660 Ma and 2630-2520 Ma, respectively.
This work has been accepted by [International Geology Review, in press, DOI:
10.1080/00206814.2012.693246, ISSN 0020-6814 print/ISSN 1938-2839 online;

Annexure VI].

The references cited in this thesis are listed in a separate section after Chapter 7. This is
followed by six annexures, which include the six papers (three published two in press
and one submitted) in international journals, in which the author of this thesis actively

participated.
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Resumen

Esta tesis consiste en la introduccién y siete capitulos seguidos de una seccién de
referencia y seis anexos.

La introduccion proporciona las razones principales para el desarrollo de una nueva
clasificacion de diagramas de discriminacién, incluida la importancia de este trabajo en
la investigacién energética. También se describen brevemente los objetivos
establecidos para la tesis.

En el Capitulo 1 se exponen los trabajos anteriores sobre la discriminacidn, asi como
los diagramas de clasificacion.

En el capitulo 2 se describe la evaluacion de los cuatro diagramas de discriminacion
tectonica de Pearce et al. (1984) [Journal of Petrology, v. 25, p. 956-983; un articulo
muy citado] para rocas graniticas, junto con la propuesta de un conjunto de cinco
nuevos diagramas multi-dimensionales basados en las funciones discriminantes para
magma &cido de cuatro ambientes tectonicos (arco de isla, arco continental, rift
continental, y colisién), publicado por Verma et al. (2012) [International Geology
Review, v. 54, p. 325-347; Anexo 1]. Las configuraciones tectonicas muy similares de
arco de isla y arco continental han sido discriminadas por primera vez. Los porcentajes
de éxito obtenidos a partir del conjunto de pruebas fueron alrededor de 60%-90%.
Estos diagramas se basan en el manejo estadisticamente correcto de los datos de
composicion como fue documentado por Verma et al. (2010) [Advances in
Geosciences, v. 26, p. 11-22; Anexo 11], lo cual requiere transformacién logaritmica de
relaciones de las concentraciones de dos elementos, mientras que la técnica
multivariada del andlisis discriminante lineal (LDA) supone una distribucion normal de
las variables transformadas. Estos diagramas se aplicaron a los datos de muestras de
roca acida del Cretécico al Cuaternario de todo el mundo.

En el Capitulo 3 se ilustra el ejemplo de aplicacion de diagramas multi-dimensionales
basados en las funciones discriminantes para las rocas basicas y ultrabasicas (cuatro
conjuntos de diagramas publicado por Agrawal et al. 2004, 2006; Verma et al. 2006;
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Verma y Agrawal 2011, que fueron propuestas a través de la colaboracion indo-
mexicana) provenientes de la zona tectonicamente compleja del sur de México
(Cinturén Volcénico Mexicano, campo volcanico de Los Tuxtlas, y la Provincia
Oriental Alcalinas) y el area del Arco Continental de América Central; los resultados
fueron documentados por Verma et al. (2011) [Pure and Applied Geophysics, v. 168,
p. 1501-1525; Anexo II1]. La tasa de exito del 51.0%-94.4% y 89.3%-98.7% fue
obtenida para el Cinturén Volcanico Mexicano y Los Tuxtlas, respectivamente. Los
ambientes tectonicos inferidos se presentan en esta publicacion. La tasa de éxito para el
Arco Volcénico de Centroamérica como el ambiente de un arco también fue elevada
(76.5%-80.7%). Del mismo modo, para la aplicacion del norte de Meéxico (Baja
California, Baja California Sur y Sonora, incluyendo el Golfo de California), se
presenta el trabajo de Pandarinath y Verma (2012) [Journal of Iberian Geology, en
prensa; Anexo IV]. Las tasas de éxito se muestran de la siguiente manera. Para las
rocas basicas de la tierra firme con la edad <13 Ma, se obtuvo una tasa de éxito de
71%-93% Yy 58%-90% para los diagramas basados en los elementos mayores Yy traza,
respectivamente. Para las rocas basicas de la tierra firme con la edad >13 Ma, los
diagramas basados en elementos mayores indicaron un ambiente de rift continental
(altas tasas de éxito del 62-92%). Sin embargo, los diagramas basados en elementos
traza (Agrawal et al. 2008) indicaron una transicion del ambiente de arco a rift
continental. Una sola muestra proveniente del arco de Comondu consistentemente fue
discriminada como del arco en todos los diagramas de elementos inmoviles propuestos
por Verma y Agrawal (2011). Todos los cuatro tipos de diagramas de discriminacion
indicaron ajuste MORB (las tasas de éxito muy altas del 90%-98% y 100% para los
diagramas de elementos mayores y trazas de elementos basados, respectivamente) para
las rocas off-shore (predominantemente de DSDP sitios de perforacion en el Golfo de
California y algunas muestras de rocas de dragado del Golfo de California).

En el capitulo 4 se documenta una serie de cinco diagramas de discriminacién multi-
dimensionales obtenidos a partir de la metodologia estadistica correcta de la
transformacion logaritmica de relaciones de dos elementos y el andlisis discriminante
lineal de datos libres de valores discordantes de los variables de interés en 2595
muestras de rocas intermedias de cinco ambientes tectonicos. Uso de estos diagramas,
en los cuales los limites del campo tectonicos se basan en la probabilidad, nos dio las
tasas de éxito altas (60%-95%) para la discriminacion tecténica de trece casos de
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aplicacién en rocas desde el Arcaico hasta el Cuaternario; para este Gltimo se probaron
rocas muy alteradas. Los resultados son enviadas por Vermay Verma (2012) [Turkish
Journal of Earth Science, en prensa; Anexo V] de ambientes de arco, rift, islas
ocednicas y colisién para ocho, uno, uno, y tres estudios, respectivamente, fueron
apoyados en las estimaciones de probabilidad y fueron, en general, consistentes con los
de los esquemas multi-dimensionales para los magmas basicos y acidos de las mismas
regiones.

En el capitulo 5 presenta un diagrama multi-dimensional basado en las funciones
discriminantes para la clasificacion de las rocas igneas alteradas. Para su propuesta,
una amplia base de datos de 23768 analisis de las rocas frescas del Mioceno al
Reciente fue usada. Este esquema de clasificacion puede proporcionar el nombre del
tipo de magma bésico y ultrabasico, intermedio o acido. Este diagrama se basa en
funciones discriminantes de las variables log-transformadas, en el cual los limites de
los ambientes tectdnicos fueron obtenidos por estimaciones de la probabilidad; este
diagrama tuvo la tasa de éxito del 81%-96%. La utilidad de este esquema radica en la
adecuada seleccion de los diagramas de discriminacién para las variedades de rocas
béasicas y ultrabasicas, intermedio o acido.

En el capitulo 6 se desarrolla los ejemplos de aplicacion de la clasificaciéon y los
diagramas de discriminacion para cinco estudios (tres campos geotérmicos y dos
calderas de México). Las tasas de éxito se muestran de la siguiente manera para los
diferentes estudios: Sierra La Primavera se muestra una configuracion de ruptura (rift
continental) con las tasas de éxito de 86%-100% para las rocas acidas; para el campo
geotérmico de Los Azufres, tanto las rocas intermedias como las &cidas mostraron
consistentemente un escenario de colisidn con las tasas de éxito muy elevadas de 71%-
76% y 56%-68%, respectivamente; las rocas intermedias de la caldera de Amealco
mostraron un escenario de colisién debido a las tasas de éxito muy altas (81%-94%),
aunque las rocas acidas mostraron un ambiente del arco con tasas de éxito menores
48%-81%; las rocas intermedias y el &cido de la caldera de Huichapan mostraron un
escenario de colision debido a tasas de éxito relativamente altas (48%-68% para las
rocas intermedias y 48%-52% para las rocas acidas); y, finalmente, el campo
geotérmico de Los Humeros parece estar caracterizado por un entorno de colision
debido a las tasas de éxito relativamente altas (49%-75% para las rocas intermedias y
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el 52%-76% de rocas acidas) mostradas para este campo. Estos resultados fueron
apoyados por las estimaciones de probabilidad. Para la mayoria de los casos, los
esquemas multi-dimensionales para los magmas intermedios y acidos proporcionaron
resultados coherentes entre si de los ambientes tectonicos inferidos.

El capitulo 7 presenta el ejemplo de aplicacion de las rocas Arcaicas de los cinco
estudios de caso (Australia, Sudafrica, Brasil, Canada y la India). EI ambiente tecténico
se mostro de la siguiente manera para los estudios de casos diferentes: Para la parte
oriental del Craton de Pilbara (Australia), un Paleoarchean (3570-3450 Ma) vy
Mesoarchean (2900 Ma) ajuste de arco continental aparentemente evolucioné a un
ajuste de colision durante el Neoarchean (2600 Ma). Inferir un ambiente de arco de
islas para el Kambalda (Australia) durante el Neoarchean (2700 Ma). Por el cinturén de
Barberton (Sudéfrica), la transicién de un régimen de dorsales oceénicas durante la
parte mas antigua de la Paleoarchean (3470 Ma), a un ajuste de arco de islas en el parte
maés joven (3300-3260 Ma) es probable. Un ambiente de arco se indica para el Sao
Francisco craton (Brasil) y el Rio Maria terreno (Brasil) durante el Mesoarchean
(3085-2983 Ma y 2870 Ma, respectivamente), mientras que un ajuste dentro de la placa
es claramente indicado para la provincia de Carajas metalogénico (Brasil) durante el
Neoarchean (2740 — 2700 Ma). Reconocemos asimismo un régimen de arco de islas
para la Mesoarchean (3000 Ma), del Norte Caribou y Neoarchean (2700 Ma),
cinturones de Abitibi piedraverde (Canadd), y para el Gadwal Cinturén de piedraverde
(India) durante el Neoarchean (2700-2500 Ma). Una colisién ajuste se dedujo para el
conjunto de sanukitoid Arcaico (Canadd) y la sutura Kolar zona (India) durante el
Neoarchean (2700-2660 Ma y 2630-2520 Ma, respectivamente. Este trabajo ha sido
aceptado por Verma y Verma (2012) [International Geology Review, en prensa, DOI:
10.1080/00206814.2012.693246, ISSN 0020-6814 print/ISSN 1938-2839 en linea;
Anexo VI].

Las referencias citadas en esta tesis se presentan en una seccion aparte después del
Capitulo 7. Esto es seguido por seis anexos, que incluyen los seis documentos (tres
publicados, dos en prensa, uno entregado) en revistas internacionales, en los cuales el
autor de esta tesis ha participado activamente.
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Introduction

Igneous rocks, thermal springs, and geothermal systems in a given area are
associated to each other, particularly when the former are young (ages < 1 Ma). Many
geothermal systems contain extrusive igneous rocks. In Mexico, for example, three
geothermal fields under exploitation (Los Azufres, Los Humeros, and Las Tres
Virgenes) are associated with igneous rocks and the most important one (Cerro Prieto)
probably owes its origin to extensional tectonics (Demant 1981; Verma 1984; Dobson
and Mahood 1985; Ferriz and Mahood 1987; Cathelineau et al. 1987; Pradal and Robin
1994; Silva and Mora 1998; Torres-Alvarados and Satir 1998; Verma 2000a; Torres-
Alvarados 2002; Verma et al. 2005, 2006; Pandarinath et al. 2008; Verma et al. 2011).
However, surrounding this geothermal field too, there are igneous rocks whose study
could throw light on the deeper part of this field. On the other hand, high temperature
geothermal systems are mostly located along or near the boundaries of the lithospheric
plates that make up the brittle outermost rind of the earth. Even though these plate
boundary zones comprise less than 10% of the earth surface, their potential to
contribute to world energy supply is substantial and widespread. The “Ring of Fire”
that surrounds the Pacific Ocean basin, mostly as subduction zones and related
volcanic arcs, is replete with high temperature geothermal resources; these make
significant and growing contribution to the energy demand of many circum pacific
countries. Thus, igneous activity, regional tectonics and hydrothermal alteration play

important role in the study of geothermal fields.

Contemporaneously with the development of plate tectonics and the recognition of
specific tectonic settings such as island arc, continental rift, oceanisland, and mid-
ocean ridge, the idea that magmas from different tectonic settings might be
distinguishable in their chemistry was pioneered by Pearce and Cann (1971, 1973).
Since then, numerous bivariate and ternary tectonomagmatic diagrams have appeared

in the literature (for more details see, e.g., Rollinson 1993; Verma 2000a, 2006). These
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diagrams provide additional evidence, complementary to the field evidence, and
suggest an affiliation rather than an unequivocal confirmation of the tectonic
environment. From the statistical point of view, probably a major advance in the
proposal and functioning of discrimination diagrams came with the introduction of
discriminant analysis, in which a large number of variables are examined to isolate
those that most effectively classify the samples in their predefined classes or groups.
As early as 1965, Chayes and Velde (1965) used discriminant functions to distinguish
between circum-oceanic and ocean-island basaltic lavas. Later, Pearce (1976) used 8
major-elements (SiO,, TiO,, Al,O3, FeO, MgO, Ca0, Na,0, and K;0) in a total of 358
samples of basaltic rocks and 6 classes to propose new discriminant function diagrams.
The linear field boundaries between the groups were, however, drawn by ‘eye’ (Pearce
1976, p. 22), instead of some objective procedure. Soon afterwards, Yellur and Nair
(1978) used Pearce (1976) discriminant function and other diagrams to infer the
tectonic environment of Chitradurga metabasalts in south India. The problem of ‘eye-
fitted boundaries’ persisted in the proposal of most discrimination diagrams until
Agrawal (1999) suggested how to replace these eye-fitted boundaries by probability-
based surface boundaries. The other problem in the creation of such discrimination
diagrams was the inadequacy of the dataset used to represent the population, i.e., the
statistical sample probably was not representative of the population. For example, only
358 samples were used by Pearce (1976) to represent 6 classes; many other diagrams
are based on similar or still smaller data sets (e.g., 507 samples from 5 settings by
Mullen 1983; 35 mean values from about 300 analysis for 5 classes by Butler and
Woronow 1986). The lack of representativeness as well as the use of ‘eye-fitted’
boundaries might be the reasons why Armstrong-Altrin and Verma (2005) found that
many tectonic setting discrimination diagrams proposed and used for sedimentary
rocks do not work properly. Both these shortcomings of discrimination diagrams (lack
of representativeness of the database and use of ‘eye-fitted’ boundaries) were recently
overcome by Agrawal et al. 2004, who used a total of 1159 samples of mostly basic
rocks from 4 tectonic settings (island arc, continental rift, oceanisland, and mid-ocean
ridge) and performed the discriminant analysis to propose 5 new discriminant function

diagrams, in which the boundaries were probability-based surfaces (or lines in two
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dimensions). Another problem attacked or addressed by none of the proposals of
discrimination diagrams using linear discriminant analysis, as of today, is the ‘closure’
or ‘constant sum’ of compositional data including the major-elements in rocks (e.g.,
Chayes 1960; Skala 1977, 1979; Aitchison 1986; Reyment 1987; Woronow and Love
1990; Rollinson 1993; Reyment and Savazzi 1999). One of the rare exceptions is
Butler and Woronow (1986) who used a small set of 35 TiO, , Zr, Y, and Sr average
analyses (based on about 300 individual analyses) of basalts to perform principal
component analysis (but not linear discriminant analysis) of log centred components.
As is well known, the compositional data ideally sum to 1 (constant sum of parts) or
100% (the ‘closure’ problem persists even if the constituents of analysis do not sum
exactly to 100%). This makes them statistically dependent of each other, for example,
if we suppose that the rock composition is represented by 10 major-elements or oxides
(SiOy, TiO,, Al,O3, Fe,0Ot;, MnO, MgO, Ca0, Na,O, K;0, and P,0s), all parts are
mutually dependent because all of them sum up ideally to 1 or 100%. Now, if we
assume that all parts are non-zero, and we fix one part (no matter which first part we
choose, an essential property of the closure or constant sum is that this part has to be
less than the whole, i.e., <1 or <100%), the second part (irrespective of which part we
imagine to be the second), although not totally predictable, has to be < (1-first part) or
< (100%-first part%) (i.e. partly predefined and dependent). The third and later parts
will also be partly defined, but within consecutively smaller ranges. The final part will
be totally predictable, defined, and dependent. These interdependences arising from the
closure problem are an undesirable property for any statistical analysis, including the
frequently used bivariate ‘Harker-type’ and ternary diagrams for the interpretation of
igneous rock chemistry (for the latter, the situation is even worse because of the
renormalization — to 100 — of the three parts used for constructing them; see Butler
1979). According to Aitchison (1986), the study of compositions is essentially
concerned with the relative magnitudes of the parts rather than their absolute values,
which leads to the conclusion that we should think in terms of ratios (e.g., Rollinson
1993) and perhaps some additional transformation of these ratio data in order to free
the sample space. We must, however, be aware of the danger of spurious correlations

between certain kind of ratios (e.g., Chayes 1978; Butler 1986). The ratios formed
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from uncorrelated variables will be correlated (a so called spurious correlation) if both
ratios have common denominator. | am giving here some geochemical ratios; which
may show spurious correlation, e.g., [SiO2/TiO2] and [(MgO+FeQ)/ TiO2] as pointed
out by Butler (1986). However, this phenomenon will influence bivariate and ternary
discrimination diagrams because variables are not multiplied by any factor but in
multi-dimensional discrimination diagrams the variables (ten major elements) are
multiplied by a factor prior to linear discriminant analysis (LDA) so there should not
be a spurious correlation. Further, my aim is not looking for any correlation between
variables in this thesis, may be there could be some correlation. Basically 1 am looking
for group separation in variables (ten major elements) by LDA. For LDA, the variable
should be normally distributed then log-transformed ratios between geochemical

variables are an adequate solution.

Objective of thesis

My present thesis work is intended to address the issue of closure or constant sum,
while complying with the other two aspects — the statistical sample representative of
the population and an objective procedure for drawing probability based field
boundaries, to arrive at a statistically sound or valid discriminant analysis of major-
element data. | present a set of five highly successful, new discrimination-function
based multi-dimensional discrimination diagrams (using linear discriminant analysis of
log-transformation of major-element ratios). | performed discriminant analysis of
actual major-element concentration data from the new extended database and
compared the success rates with my research group earlier work with a smaller
database, as well as with those obtained from the log-transformation of concentration
ratios to show that the log-transformation is a recommended, statistically-correct
procedure for handling compositional data. | also include some specific application

examples for illustration purposes.

Furthermore, for identifying magmas types according to the IUGS Subcommission
on the Systematics of Igneous Rocks (Le Bas et al. 1986), the volcanic rock

classification and TAS diagram should be prepared on an anhydrous 100% adjusted
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basis after a proper Fe-adjustment of the major-element data, i.e., using both Fe,O3 and
FeO varieties and not simply total Fe as Fe,Oi or FeO; The Subcommission
recommended that either actually-analyzed Fe,O3; and FeO concentrations be used
before the adjustment to 100%, or when only total Fe is available, Le Maitre (1976)
method for Fe,O3; and FeO calculations should be used. However, the use of actually
measured Fe,O3; and FeO concentrations in igneous rocks for rock classification may
not be appropriate, in spite of the Subcommission’s recommendations, because
inevitable, extensive post-eruptive changes in their values take place, according to
Middlemost (1989) who, in fact, evaluated the different ways for estimating the
Fe,O3/FeO ratio and proposed rock-type based values for the division of total Fe into
the Fe,O3 and FeO varieties. And this subdivision is a difficult task without using a
suitable computer program, such as SINCLAS - standard igneous norm and volcanic
rock classification system (Verma et al. 2002). All data should be, therefore, processed
using SINCLAS computer program under the option of Middlemost (1989) for iron-
oxidation ratio calculations and 100% adjustment on an anhydrous basis (Verma et al.
2002); this computer program provides highly accurate and consistent results as
documented by Verma et al. (2003). The data processing by SINCLAS is thus a
required step because | wish to separate the total Fe into its two types — the Fe,O3 and

FeO varieties, and to choose the appropriate samples with (SiO2).qj Value.

Energy engineering related importance of the work
The importance of the work is as follows.

. Although some geothermal fields such as in Central America (Gonzélez Partida et al.
1997; Agostini et al. 2006) are located in a well known tectonic setting of subduction
(arc setting), the Mexican geothermal fields such as Los Azufres (Dobson and Mahood
1985; Cathelineau et al. 1987; Pradal and Robin 1994; Silva and Mora 1998; Verma et
al. 2005; Pandarinath et al. 2008), Los Humeros (Demant 1981; Ferriz and Mahood
1987; Verma 2000), or La Primavera (Demant 1981; Mahood 1981), are housed in the
Mexican Volcanic Belt (MVB), which is shown to be a very complex tectonic area
(e.g. Marquez et al. 1999; Verma 2002, Velasco-Tapia and Verma 2012). Thus, the
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MVB is interpreted classically as a continental arc (Robin 1982) but also as the trace of
a mantle plume (Mérquez et al. 1999) as well as a continental rift (Verma 2009). When
two or more types of tectonic settings are involved in a given area, the thermal regime
will reflect all these tectonic mechanisms. In an arc setting, the primary magmas are
likely to be originated at relatively lower temperatures due to the presence of
subduction fluids, whereas in a rift setting, the mantle is likely to come closer to the
upper crust and magmas may be generated at higher temperature. Besides, the mantle,
being the primary heat source, is likely to underlie a thinner crust. In a dual or
transitional tectonic setting, the thermal regime will thus be controlled by multiple
processes. Therefore, it is important to understand the tectonic setting of geothermal

areas.

To decipher tectonic setting one of the widely techniques involves the use of
discrimination diagrams. Therefore, it is necessary to develop new more efficient tools

for this purpose.

Geothermal fields are also known in several other countries, some of them may have a
simpler tectonic history, such as Japan, whereas others, such as Turkey, are likely to
show a more complex tectonic evolution. Tectonic setting is more complex in Turkey
because on a regional scale, many different plate tectonic processes have taken place
throughout the Cenozoic. These include: subduction, collision, and rifting (e.g., Evans
et al. 1985; Keskin 2003; Collins et al. 2008). On the other hand, in Japan only the
subduction process has taken place during all of Cenozoic e.g., Shuto et al. (2006).
Therefore, the discrimination diagrams will be able to clarify the tectonic setting of

fields in other countries as well.

Thermal modelling has proved to be an important tool to understand the evolution of
geothermal fields at a local scale and the present subsurface temperature contours in
such areas (Verma and Andaverde 2007). In such models, one of the input variables is
the rock type. Thermal properties and emplacement temperatures of rocks depend on
their type, whether ultrabasic, basic, intermediate, or acid. For example, basic and
ultrabasic magmas are emplaced at higher temperatures than the intermediate and acid
varieties. Therefore, it is mandatory to precisely know the rock or magma types present

in a geothermal area. However, the conventional diagrams to infer the magma types
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depend on mobile elements (Le Bas et al. 1986). Therefore, new diagrams for
classification of magma types are required. Besides, the correct application of

discrimination diagrams also requires the identification of magma types.

The rocks from the geothermal fields may be altered due to hydrothermal processes,
which may make it difficult to infer the original rock or magma type, or prevailing
tectonic setting. Therefore, on one hand the diagrams should be able to identify the
magma type and tectonic settling and on the other to know the implications of
hydrothermal effects. If the samples plot coherently in a given tectonic field, these
effects may not have been so severe, and the original magma type or the tectonic
setting can be correctly inferred. Otherwise, if the samples show a wide scatter, this
may be due to severe alteration effects. In that case, the diagrams may have to be

improved.

Both discrimination and classification diagrams will be applicable to study the roots of
geothermal systems, probably exposed in mines (which are the source of precious
minerals or elements). This would constitute a very extensive application for a major
part of the Earth’s crust. This kind of application will clarify us whether the present
diagrams provide a satisfactory answer or more appropriate diagrams should be

proposed in future from a suitable database.
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Chapter 1

Discrimination and Classification Diagrams

1.1 Theoretical approach

The idea of trying to fingerprint magma from different tectonic settings
chemically is probably best attributed to Pearce and Cann (1971, 1973). In two very
important papers these authors showed that it was possible to use geochemistry to
distinguish between basalts produced in different, known tectonic settings. They
produced what have become known as tectonomagmatic discrimination diagrams,
geochemical variation diagrams on which magmas produced in different tectonic
settings may be distinguished from one another on the basis of their chemistry. The
relatively simple approach and the wide applicability of their results meant that the
environment of eruption of both ancient and modern basalts could be defined by the
analysis of a rock for just a few readily determined elements. This led quickly to a
plethora of papers purporting to show the tectonic setting of ancient volcanic rocks
whose state of preservation and poor exposure had previously precluded the
identification of the palaeotectonic environment. More recently, however, geochemists
have moved away from the ‘cookbook’ type of approach to tectonomagmatic
discrimination diagrams to closer examination of the reason why different tectonic

environments have variable geochemical signature.

The work pioneered by Pearce and Cann (1971, 1973) brought together three
separate strands of thinking. These are the statistical technique of discriminant

analysis, the rapid and accurate analysis of trace elements though to be normally
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immobile under hydrothermal conditions and the identification of a number of distinct

tectonic environments.

1.2 Tectonic environments

The number of tectonic environments recognized today is much greater than
twenty years ago. This reflects the advances made in understanding both earth
processes and the geochemistry of igneous rocks. Pearce and Cann (1971, 1973)
originally identified the geochemical signature of rocks from volcanic arc, from the
ocean floor and from within plates. Today the chemical discrimination of tectonic

environments has expanded to include granitic rocks and sediments.

A summary of the main tectonic environments discussed in this thesis is given

below:

Tectonic environments recognizable using geochemical criteria

Arc setting
Island arc
Continental arc

Rift setting
Continental rift

Island setting
Ocean island
Ridge setting
Mid-ocean ridge

Collision setting
Collision

It is not possible to develop discrimination diagrams that can work for all these six
tectonic setting at a time. In other words, no single discrimination diagram or a set of
diagrams can successfully identify six tectonic settings for several reasons. First, basis

rocks are present in all tectonic settings (island arc, continental arc, continental rift,
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1.3

ocean-island, mid-ocean-ridge) except collision, whereas acid rocks are scarce at least
in ocean-island and mid-ocean-ridge settings. Further, ocean ridge are best
distinguished using basalt chemistry, whereas discrimination between the different
types of collision zone is better done using granite geochemistry. The second reason
might be related to the more complicated petrogenetic history of granites affected by
processes such as crystal fractional and accumulation, extensive involvement of
continental crust, magma mixing, and redistribution and loss of elements by volatile
fluxing (e.g. Rollinson 1993), which can make the chemical composition of such
evolved acid magmas more difficult to interpret than of basic magmas. These
complexities may also significantly reduce the chemical differences of acid magma
from different tectonic settings with the consequence that meaningful tectonic
discrimination diagrams may not be easily proposed. There are also statistical
difficulties if one wishes to discriminate all six tectonic settings at a time, which will
not be elaborated in this thesis.

Discrimination diagrams

Discrimination diagrams have been in use for nearly four decades since the advent
of the plate tectonics theory. Discrimination of fresh igneous rocks into distinct
tectonic varieties solely based on field occurrence in different tectonic environments
(island arc, continental rift, ocean-island, mid-ocean ridge and collision) has gained
wide acceptance amongst geologists (e.g., Wilson 1989). 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
differences in the chemical composition of the magmas generated in different tectonic

environments.

Secondly, using a discrimination diagram constructed from modern volcanic rocks
to postulate an Archaean tectonic setting is likely to produce equivocal results.
Furthermore, discrimination diagrams were never intended to be use for single

samples, but rather with a suite of samples. This simple precaution will eliminate the
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occasional spurious results and highlight data sets from mixed or multiple

environments.

Since the early seventies, a plethora of tectonomagmatic discrimination diagrams
have been proposed (e.g., Wang and Golver 111 1992; Rollinson 1993; Vermal996,
1997, 2000b, 2006; Gorton and Schandl 2000; Agrawal et al. 2004, 2008;
Vasconcelos-F et al. 2004, 2008; Verma et al. 2006; Verma and Agrawal 2011). These
diagrams were mostly meant for use with basic igneous rocks. Very few diagrams exist
for granitic rocks or felsic rocks (Pearce et al. 1984; Verma et al. 2012) and with
exception of bivariate diagrams by Bailey (1981) for refined tectonic setting of only
orogenic andesite, almost none are available for intermediate rocks. Such a scarcity of
tectonic diagrams for intermediate rocks led us to fill this gap in the literature, the new
multi-dimensional discrimination diagrams were proposed by Verma and Verma
(2012). Tectonic settings have also been discriminated by Arai et al. (2011) using
chromian spinel chemistry. A meaningful approach to the problem of tectonics and
basalt geochemistry can be through careful stratigraphic geochemical studies which
document important temporal and spatial variations in melt compositions (Myers and
Breitkopf 1989). Multi-dimensional discrimination technique is also based on Bayesian

probability theory (Shragge and Snow 2006).

Discrimination diagrams are widely used for sedimentary rocks as well (e.g.,
Bhatia 1983; Roser and korsch 1986), which were evaluated by Armstrong-Altrin and
Verma (2005), using published data from Miocene to Recent sand and sand stone from

all around the world.

1.3.1 Examples of different discrimination diagrams

There are large number of discrimination diagrams are available to basalt and
basaltic andesites which use trace elements, major and minor elements. Further these

are divided into different subheadings.
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a)

1)

Four bivariate diagrams

All bivariate diagrams are based on the so-called immobile or high field strength

elements

Ti, Zr, Na, Y and V (Rollinson 1993), which seems to be an advantage for application
to altered samples, especially those from older terrains. Nevertheless, the problems
common to all diagrams in this category are incorrect statistical handling of
compositional data (Aitchison 1981, 1986; Vermeesch 2006; Verma et al. 2006;
Agrawal and Verma 2007) and use of boundaries subjectively drawn by eye (Agrawal
1999). The lack of a representative sample database may be also included in these

criteria.
Ti/Y-Zr/Y of Pearce and Gale (1977)

Pearce and Gale (1977) proposed a discrimination diagram which based upon
Ti/Y and Zr/Y variations to discriminate between within-plate basalts and other types
of basalt, collectively termed ‘plate margin basalts’ (Figure 1). This diagram makes use

of the enrichment in Ti and Zr but not Y in within-plate basalt.
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Figure 1. The Ti/Y-Zr/Y (Pearce and Cann 1977) discrimination diagram for basalts
showing the fields of plate margin basalts (PMB) and within-plate basalts (WPG).
PMB is assumed to include both arc and mid-ocean ridge (MOR) setting, whereas
WPB would include both continental rift and ocean-island setting.
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2)

3)

Zr-Zr/Y of Pearce and Norry (1979)

Pearce and Norry (1979) found that the fractional index Zr plotted against the
ratio Zr/Y proved an effective discriminant between basalts from ocean-island arc,
MORB and within- plate basalts (Figure 2). Arc basalts plot in filed A and D, MORB
in field B, D and E and within-plate basalts in field C and E. Pearce (1980) contoured
the MORB field of this diagram for spreading rate.
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Figure 2. The Zr-Zr/Y bivariate diagram (base 10 log-log scales; Pearce and Norry
1979) for island arc basalt (IAB; field A), within-plate basalt (WPB; field C), mid-
ocean ridge basalt (MORB; field B), overlape region of IAB and MORB
(IAB+MORSB; field D), and WPB and MORB (WPB+MORB; field E).

Ti/1000-Vof Shervais (1982)
Ti and V are adjacent members of the first transitional series in the periodic table

and yet silicate system they behave in different ways. This is basis of the
discrimination diagram of Shrivais (1982), which is used to distinguish between

volcanic-arc tholeiites, MORB and alkali basalts.
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4)

The different basalt fields are subdivided according to Ti/1000-V ratio (Figure 3).
MORB plots between Ti/1000-V ratio of 20 and 50, although there is considerable
overlap with the fields of continental flood basalt and back-arc basin basalts. Ocean-
island and alkali basalts plot between Ti/1000-V ratio of 50 and 100. Island-arc
thoeiites plot between Ti/1000-V ratio of 10 and 20 with a small overlap onto the field
of MORB.
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Figure 3. The Ti/1000-V bivariate diagram (Shervais 1982) for island arc basalt (IAB;
Ti/1000-V equi value of 10-20), ocean-island basalt (OIB; Ti/1000-V equi value of 50-
100), and mid-cean ridge basalt (MORB; equi value of 20-50).

Nb/Y-Ti/Y of Pearce (1982)

This diagram, shown in Figure 4, successfully separates the within-plate basalt
group from MORB and volcanic-arc basalts, which overlap extensively on this plot.
Within-plate  basalts have higher Nb/Y and Ti/Y than the other types of basalt,
difference which are thought to reflect an enrich mantle source relative to the source of
MORB and volcanic-arc basalts. Differences in Nb/Y allow the within-plate basalt

group to be further subdivided into tholeiitic, transitional and alkaline types.
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Figure 4. The Nb/Y-Ti/Y bivariate diagram (Pearce 1982) for island arc basalt (I1AB;
field A), within-plate basalt (WPB; field W), mid-ocean ridge basalt (MORB; field M),
overlap region of IAB and MORB (IAB+MORSB; field A+M).

b) Six Ternary Diagrams

As like bivariate diagrams, the six ternary diagrams are as described below.

1) Zr-3Y-Ti/100 Ternary Diagram of Pearce and Cann (1973)
The diagram in Figure 5, most effectively discriminates between within-plate basalts,
i.e. ocean-island or continental flood basalts (field D) and other basalt types. Island-arc
tholeiites plot in field A and calc-alkaline basalts in field C. MORB, island-arc
tholeiites and calc-alkaline basalts all plot in field B. Data points are calculated
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according to their assigned weightings [Zr (ppm), 3Y (ppm), Ti/100 (ppm)], recast to
100%, and plotted on the triangular diagram.

Ti /100

£ N : N 1 ‘3Y

Figure 5. The Zr-3Y-Ti/100 ternary diagram (Pearce and Cann 1973) for island arc
tholeiite (1AT; field A), mid-ocean ridge (MORB; field B), calc-alkaline basalts (CAB;
field C), and within-plate basalts (WPB; field D).

2) Mgo-Al,03-FeQ' of Pearce et al. (1977)

Pearce et al. (1977) used a data file of 8400 analyses of recent volcanic rocks to
discriminate between basalt from different tectonic environments on the basis of their
major element chemistry. This diagram is different from most others described in this
chapter because it applies to rock in the silica range 51-56 wt % (Analyses recalculated
dry), i.e. for subalkaline basalts and basaltic andesites. Pearce et al. (1977) found that
the oxides MgO, Al,0O; and FeO (Total Fe recalculated as FeO) were able to
discriminate between the following tectonic environments: ocean-island and floor
basalts (MORB); ocean-island basalts; continental basalts; volcanic arc and active

continental margin basalts (orogenic basalts in terminology of Pearce et al. (1977);
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spreading centre island basalt (e.g. Iceland, Galapagos). The boundaries between the
different fields are shown in Figure 6.

FeO!

Figure 6. The Mgo-Al,03-FeO' ternary diagram (Pearce et al. 1977) for island and
continental arc (IA+CA shown as IA), mid-ocean ridge and ocean floor (termed as
MOR), continental rift (CR), ocean-island (Ol), and spreading centre island (termed as
E-MOR).

3) Th-Ta-Hf/3 of Wood (1980)

A discrimination diagram based upon immobile HFS (High Field Strength)
elements Th-Ta-Hf was proposed by Wood (1980). In order to expand and centre the
fields of basalt types, concentrations are plotted (in ppm) as Th, Ta and Hf/3. The
elements Th, Ta and Hf are present in very low concentration in basalt and cannot be
accurately determined by XRF analysis and so must be determined by INAA. In cases
where reliable Hf and Ta analyses are not given but Zr and Nb concentration have been

Figure 7 shows the filed for different magma type. N-type MPRB plot in field A whilst
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E-type MORB and tholeiitic within-plate basalts both plot in field B. Within-plate
alkali basalts plot on the Th-Ta-Hf diagram in filed C and volcanic-arc basalts in filed

D. Field D may be subdivided into island-arc tholeiites (primitive arc tholeiites) - lavas

with an Hf/Th ratio greater than 3- and calc-alkaline with an Hf/Th ratio less than 3.

Hf/3

Figure 7. The Th-Ta-Hf/3 ternary diagram (Wood 1980) for island arc basalt (1AB;
field D), within-plate basalt (WPB; field C), normal type mid-ocean ridge basalt (N-
MORSB; field A), and enriched type mid-ocean ridge basalt (E-MORB; filed B).

4) 10MnO-15P,0s-TiO, of Mullen (1983)

Basalts and basaltic andesites in the silica range 45-54 wt % SiO;, can be
subdivided on the basis of their MnO,, TiO, and P,0s concentrations into the following
types: MORB; ocean-island tholeiites, ocean-island alkali basalts; island-arc tholeiites;
calc-alkali basalts (Mullen 1983). The boundaries defined in Figure 8 are based upon
an empirical study. MnO and P,Os values are multiplied by 10 in order to expand the
plotted fields and although this also amplifies the analytical errors for MnO and P,0s,
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the enhanced errors still do not exceed the width of the fields. It should be noted,
however, that the composition ranges for these elements are small- the mean values for
all basalt types are in the range MnO 0.16-0.24 wt %, P,Os 0.14-0.74 wt % and TiO,

0.81-3.07 wt % - and require accuracy of measurement.

TiO,
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Figure 8. The 10MnO-15P,0s-TiO, ternary diagram (Mullen 1983) for island arc
tholeiite (IAT), calc-alkaline basalt (CAB), boninite (Bon), ocean-island tholeiite
(OIT), ocean-island basalt (OIA), and mid-ocean ridge basalt (MORB).

5) Zr/4-Y-2Nb of Meschede (1986)

The oceanic basalt chemistry has expanded over the past 20 years, it has become
apparent that there is more than one type of MORB or ‘ocean-floor basalt’ as it was
called by Pearce and Cann (1973). Meschede (1986) suggested that the immobile trace
element Nb can be used to separate the different type of ocean-floor basalt and
recognized two type of MORB. These are N-type MORB, basalt from a ‘normal’ mid-
ocean ridge environment depleted in incompatible trace elements, and E-type MORB
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6)

(also known as P-type MORB) - ocean floor basalt from plume-influenced regions
such as Iceland which are generally enriched in incompatible trace elements. On the
triangular plot of Zr/4, Y and 2Nb, Figure 9 showed that four main basalt field can be
identified.

2Nb

Zrl4 Y

Figure 9. The Zr/4-Y-Nb ternary diagram (Meschede 1986) for within-plate alkali
basalts and tholeiite (WPB; region A), enriched type mid-ocean ridge basalt and
within-plate tholeiite (IAB+WPT; region C), and overlap region of normal type island
arc basalt and mid-ocean ridge basalt (IAB+N-MORB; region D).

La/10-Nb/8-Y/15 of Cabanis and Lecolle (1989)
Using a comparatively small number of samples, Cabanis and Lecolle (1989)
constructed

a triangular diagram based on La-Nb-Y concentration which discriminate between

volcanic-arc basalts, continental basalts and oceanic basalts. Elemental concentrations
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are plotted in ppm as La/10, Nb/8 and Y/15 and the three main fields are further
subdivided. Volcanic-arc basalts plot in (field A), continental basalt (field B), and

oceanic basalt (field C). Figure 10 is represented all these fields.

Y/15

Figure 10. The La/10-Nb/8-Y/15 ternary diagram (Cabanis and Lecolle 1989) assumed
to discriminated arc basalt (IAB) field A, continental basalt (CRB) field B and ocean
floor basalt (OIB+N-MORB+E-MORB) filed.
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¢) Four discriminant function based diagrams
As like bivariate and ternary diagrams, the four discriminant function based diagrams

are as described below.

1) Score;-Score; diagram of Butler and Woronow (1986)
The Score;-Score, diagram is much less used probably because of the complicated
calculations involved, which are more difficult than those for the simple bivariate

and ternary diagrams.
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Figure 11. The Score;-Score, diagram (Butler and Woronow 1986) for arc (IAB),
within-plate (WPB), and mid-ocean ridge (MORB).

2) F-F, diagram of Pearce (1976)
Pearce (1976) calculated discriminant functions based upon the eight major element
oxides SiO,, TiO,, Al,O3, FeO (recalculated from total Fe), MgO, Ca0O, Na,O, K,0
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and presented discriminant diagrams to identify MORB, within-plate basalts (ocean-
island/continental basalts), calc-alkaline basalt, island arc tholeiites and shoshonite.
The boundaries of discriminant diagrams were based upon fresh modern basalt
(samples with FeO/Fe,0Os3< 0.5 were rejected) in the compositional range 20 wt %>
Ca0+Mg0O>12 wt%, with sum (including H,0) between 99 and 101%, figure 12 and
13.
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Figure 12. The F;-F; discriminant function diagram (Pearce 1976) for low-potassium
tholeiite and calc-alkali basalt (LKT+CRB; assumed as arc —1AB- setting), within-plate
(WPB), shoshonite (SHO; not assumed to belong to any of the four setting), ocean
floor basalt (OFB; assumed as mid-ocean ridge basalt -MORB- setting).
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3) F2-F3diagram of Pearce (1976)
A plot of separates island-arc tholeiites, calc-alkaline basalts and shoshonite from
each other from MORB.
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Figure 13. The F;-F, discriminant function diagram (Pearce 1976) for low-potassium
tholeiite (LKT), calc-alkali basalt (CRB), shoshonite (SHO), ocean floor basalt (OFB;

assumed as mid-ocean ridge basalt -MORB- setting).

4) Set of five diagrams based on major elements (Agrawal et al. 2004, Verma et al.
2006)
Examples of these multi-dimensional discriminant-function based discrimination
diagrams were already presented in Annexure I, Il and 1V along with chapter 4. See

Annexures Il, 11, IV and chapter 4.
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1.4  Classification diagrams

Rock classification and nomenclature is widely used in igneous petrology but is also
useful for some sedimentary rocks. With advent of automated XRF analysis, most
geochemical investigations produce a large number of major elements data. Thus,
increasingly it is both useful and in some cases necessary to attempt to classify rocks
on the basis of their chemical composition. It is reviews the classification schemes in
current use and outlines the rock types for which they may be specifically suited. The
criteria employed in the evaluation of a classification scheme are that it should be easy
to use and widely applicable; its logical basis should be readily understood and that as
far as possible it accurately should reflect the existing nomenclature, based upon
mineralogical criteria. The summary of chemical classification schemes are described

below in box.

Summary of chemical classification schemes

Igneous rocks
The total alkalis-silica diagram (TAS) is:

1. For volcanic rocks

1.4.1 Examples of different classification diagrams
There is several classification diagrams are proposed by different researcher but | am
going to present here only two diagrams, rest are Ne-Di-Ol-Hy-Q diagram of
Thompson (1984) for basaltic classification, Ab-An-Or diagram of O’ Connor (1965)
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1)

for granite classification, The Q(F)-ANOR diagram of Streckeisen and Le Maitre
(1979), The R1-R2 diagram of De la Roche et al. (1980).

The total alkalis-silica diagram (TAS) of Le Bas et al. (1986)

The total alkali-silica diagram is one of the most useful classification schemes
available for volcanic rocks. Chemical data - the sum of the Na,O and K,O content
(total alkalis, TA) and the SiO, content (S) are taken directly from a rock analysis as wt
% oxides and plotted onto the classification diagrams.

The usefulness of the TAS diagram was demonstrated by Cox et al. (1979), who
showed that there are sound theoretical reasons for choosing SiO, and Na,O+ K,O as a
basis for the classification of volcanic rocks. This diagram was constructed from a
data-set of 24000 analyses of fresh volcanic rocks carrying the names used in their
original classification. The field boundaries are defined according to current usage with
the minimum of overlap between adjoining fields, Figure 11.

The TAS diagram divides rocks into ultrabasic, basic, intermediate and acid on the
basis of their silica content (following the usage of Peccerillo and Taylor 1976). The
TAS classification scheme is intended for the more common, fresh volcanic rocks. It is
inappropriate for potash-rich rocks and highly magnesian rocks and should not be
normally used with weathered, altered or metamorphosed volcanic rocks because the
alkalis are likely to be mobilized. Rocks showing obvious signs of crystal fractionation
should also be avoided. Analysis should be recalculated to 100% on an H,0- and CO-

free basis.
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Figure 14. The chemical classification and nomenclature of volcanic rocks using the
total alkali versus silica diagrams of Le Bas et al. (1986).

2) Co-Th diagram of Hastie et al. (2007)
Recently, Hastie et al. (2007) proposed classification diagrams for altered igneous
rocks. He recognised from an altogether different approach (analysis of the chemical
effect of alternation) that there is need for a reliable way to classify rocks from the

geological records”. They state that none of the frequently used SiO,-K,0 (Peccerillo
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and Taylor 1976) and the IUGS recommended TAS (Le Bas et al. 1986) diagrams
are appropriate. They also argued that although Winchester and Floyd (1977)
developed immobile element proxies for the TAS diagram, the need still existed for
the proxies of the SiO,-K,0 diagram. Hastie et al. (2007) proposed the use of two

proxy elements —Co for SiO, and Th for K,O- in a new Co-Th bivariate diagram.
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Figure 15. Co-Th, (Hastie et al. 2007) classification diagram for altered igneous rocks.
The rock type abbreviations in Co-Th diagram are: B-basalt; BA/A-basaltic
andesite/andesite; D/R*-dacite/rhyolite/latite/trachyte; IA-T-island arc tholeiite; CA-
calc-alkaline; and H-K and SHO-high-K and shoshonite.
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Chapter 2

2.1

Statistical evaluation of existing discrimination diagrams for

granitic rocks and proposal of new discriminant-function-

based multi-dimensional diagrams for acid rocks

Antecedents

This chapter is based on the following two publications, in which the author of
this thesis actively participated. Both are listed in the Science Citation Index

(the first as a journal and the second as a book).

Appendix I:
Verma S.K., Pandarinath, K., Verma, S.P. (2012) Statistical evaluation of

tectonomagmatic discrimination diagrams for granitic rocks and proposal of
new discriminant-function-based multi-dimensional diagrams for acid rocks.
International Geology Review 54 (3): 325-347.

My contribution involved in this work can be summarized as follows.

1) Compilation of the databases.

2) Statistical evaluation of old discrimination diagrams with compiled
new databases.

3) Computation of discriminant-function equations.

4) Calculation of probability based boundaries in discrimination diagrams.

5) Proposal of the new discriminant-function-based multi-dimensional
diagrams.
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2.2

Appendix I1:
Verma S.P., Pandarinath, K., Verma, S.K. (2010) Statistically correct
methodology for compositional data in new discriminant function
tectonomagmatic diagrams and application to ophiolite origin. Advance in
Geosciences, A 6-Volume Set (Set Editor-in-chief: Kenji Satake), Solid Earth,
v. 26, p. 11-22, world Scientific Publishing Company.

My contribution in this work was as follows.
1) Compilation of databases.
2) Preparation of discriminant-function diagrams.

Introduction

There are several inherent discrimination diagrams proposed for basic igneous
rocks (e.g. see Rollinson 1993; Verma 2010), but only a few diagrams are available for
tectonic discrimination of acid magmas or granitic rocks (see Appendix I). The main
reasons to explain the existence of very few diagrams for discriminating tectonic
setting of acid rocks are probably many. First, basic rocks are present in all tectonic
settings (island arc, continental arc, continental rift, ocean-island, mid-ocean ridge, and
flood basalt province), whereas acid rocks are scarce at least in the ocean-island and
mid-ocean ridge settings (Appendix I). The second reason might be related to the more
complicated petrogenetic history of granites affected by processes such as crystal
fractionation or accumulation, extensive involvement of continental crust, magma
mixing, and redistribution and loss of elements by volatile fluxing (e.g., Hanson 1978;
Rollinson 1993), which can make the chemical composition of such evolved acid
magmas more difficult to interpret than of basic magmas (Appendix 1). That’s why I
proposed the new discriminant-function-based multi-dimensional diagrams for acid

rocks.
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2.3

2.4

Statistical evaluation and proposal of new discriminant-function-
based multi-dimensional diagrams

| have evaluated the performance of the four discrimination diagrams Y-Nb,
Yb-Ta, (Y+Nb)-Rb, and (Yb+Ta)-Rb) of Pearce et al. (1984), using a parameter called
"success rate” (Appendix I). Success rate refers to the efficiency of a plot for a given
tectonic setting, and is the ratio of the number of correctly discriminated samples to the
total number of samples, expressed as percentage. The incorrect discrimination or mis-
discrimination is the complement of the efficiency, which refers to the samples
incorrectly plotted in a tectonic setting different from the expected or inferred one. To
understand the quality of the diagrams proposed by Pearce et al. (1984) | used the
original database of these authors (Appendix I). The first diagram (Y-Nb) cannot
discriminate volcanic-arc and collision settings. Both Y-Nb and Yb-Ta diagrams have
an overlapping field for within-plate and ocean-ridge granitoids. The remaining two
diagrams (Y+Nb-Rb and Yb+Ta-Rb) use a mobile element (Rb) in their y-axis
(Appendix ). Although these diagrams successfully discriminate volcanic-arc and
within-plate granites, they perform less well for collision tectonics. Besides, felsic or
acid rocks are scarce in ocean-ridge setting, which limits the usefulness of these
diagrams for this geological environment. Therefore, using an extensive database, |
proposed a set of five new discriminant-function-based multi-dimensional diagrams for
acid magmas from four tectonic settings (island arc, continental arc, continental rift,
and collision). The very similar tectonic settings of island and continental arcs are
discriminated for the first time. The success rates of these diagrams as inferred from
testing set are indicated in Appendix I. These diagrams are based on correct statistical
treatment of compositional data (see Appendix II), objective probability based
boundaries replacing those drawn by eye, natural logarithm transformation of major-

element ratios and linear discriminant analysis (LDA) (e.g., Verma and Agrawal 2011).

Compositional data in discriminant-function-based multi-dimensional
diagrams

Data expressed as part of whole (percentages or parts per million) are described
as compositional data. A normal percentage array of major element data is described
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2.5

by Chayes (1960) as a ‘closed’ space (see also Aitchison (1986) who uses the term
‘composition’ for such arrays). Chayes (1960) showed that both positive and negative

(non-zero) correlations could be obtained in compositional data from

statistical considerations alone and thus drew attention of geoscientists to such false
correlations (Appendix Il). Therefore, caution is required if we were to interpret
geochemical data in diagrams based on compositional data. However, statistical
methods to handle variables under study assume an ‘‘open’’ space for them, i.e.,
theoretically, the variables can take any value up to infinity, which is not possible for
compositional data. Thus, most diagrams used in geochemical work for interpreting
compositional data violate the basic statistical assumption of open the space for all
variables, although this violation may be of somewhat less concern for diagrams used
for simply classification purposes (Appendix Il). Therefore, log-ratio transformation of
compositional variables suggested by Aitchison (1986) was opted to overcome these

statistical problems (Appendices | and I1).

Five new discriminant-function-based multi-dimensional discrimination

diagrams were proposed from LDA of log-ratios of major elements (Appendix I).

Application of new discriminant-function-based multi-dimensional
diagrams

Application of these new diagrams to five case studies is provided in Appendix
I. The data from these case studies were not complied in the initial database used for
constructing these diagrams. The inference from this application were as follows
(Appendix I): a collision setting for the Himalayas at about 30 Ma; an island arc setting
for Quaternary acid rocks from geothermal boreholes in El Salvador; an island- or
continental-arc setting for northern Italy at 35-52 Ma; a continental arc setting for
Italy-Austria border at about 30 Ma; either a rift or a collision setting for northern

Nigeria at about 164 Ma; a collision setting for central Nigeria at about 144 Ma and for
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2.6

the Cretaceous Masirah ophiolites of Oman; and an island arc setting for the

Cretaceous Semail ophiolites of Oman.

Conclusions

A set of five new discrimination diagrams were successfully proposed
(Appendix 1). These diagrams provided high success rates in both training and testing
sets. These multi-dimensional diagrams are based on natural log-ratio transformation
of major-element ratios and application of discordant outlier tests prior to LDA. Thus,
the combination of discordant outlier tests and LDA has provided a powerful and
correct statistical treatment of compositional data. These diagrams have been used for
several case studies, and in most cases, consistent results are obtained for the tectonic

setting (Appendices | and 11).
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Chapter 3

Application of tectonomagmatic discrimination diagrams in
Southern and Northwest Mexico and Central America

3.1 Antecedents
This chapter is based on the following two publications, in which the author
of this thesis actively participated. Both are listed in the Science Citation
Index (both as a journal).

Appendix I11:

Verma S.P., Verma, S.K., Pandarinath, K., Rivera-Gémez, M.A. (2011)
Evaluation of recent tectonomagmatic discrimination diagrams and their
application to the origin of basic magmas in southern Mexico and Central
Americas. Pure and Applied Geophysics 168, 1501-1525.

My contribution involved in this work can be summarized as follows.
1)  Compilation of the databases.
2)  Simplified tectonic map of Southern Mexico and Central America.
3)  Statistical evaluation of tectonomagmatic discrimination diagrams.

Appendix 1V:

Pandarinath, K., Verma, S.K., (2012) Application of four sets of
tectonomagmatic discriminant function based diagrams to basic rocks from

northwest Mexico. Journal of Iberian Geology (in press).
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3.2

My contribution involved in this work can be summarized as follows.
1)  Compilation of the databases.

Introduction

The main volcanic area of southern Mexico and Central America, constituting
the Mexican Volcanic Belt (MVB), Los Tuxtla volcanic field (LTVF) and isolated
centers, such as El Chichon volcano, which merge with the Central American Volcanic
Arc (CAVA). Geochemical and radiogenic isotope data for volcanic rocks from
Southern Mexico, mainly from the central to eastern parts of the MVB and LTVF were
interpreted by Verma (2002, 2004) to demonstrate a lack of relationship with the
subduction process, in spite of the ongoing subduction of the Cocos plate beneath the
North American plate. Such a conclusion was also drawn by Verma (2006) for the
LTVF. Verma (2002) also showed a text-book type case for volcanic centers of the
CAVA, particularly from Guatemala to north-western Costa Rica (see Appendix IllI).
Nevertheless, for the MVB and LTVF conventional subduction-related models (see
appendix I11) and other proposals such as plume-related origin also exist, which
therefore make the tectonic setting of these provinces highly complex and
controversial (Appendix Il1). More recently, Verma (2009) reviewed all the available
geological, geochemical and geophysical evidence from the MVB, particularly for its
central part, and concluded that this volcanic province should better be called Mexican
Volcanic Rift, because all the available data are more consistent with a rift rather than

an arc.

These are some of the reasons that motivated me to explore more constraints to
elucidate this problem of the Mexican Pacific and on-land volcanism as well as to
document the differences or similarities between the volcanism and tectonics of
Southern Mexico and Central America (CAVA).
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Northwest Mexico

The late Cenezoic tectonic framework of northwestern Mexico has been
discussed in detail by several researchers (for example, Saunders et al. 1987; Luhr et
al. 1995; Calmus et al. 2003) and hence, only a brief discussion is provided here. The
west coast of northwestern Mexico has been a convergent plate boundary since mid-
cretaceous. The eastward subduction of oceanic lithosphere beneath western North
America continued from Cretaceous to about 29 Ma (Mammerickx and Klitgord 1982).
Towards the west of northwestern Mexico, subduction related magmatism is
represented by batholitic granitoids between 90 and 40 Ma (McDowell et al. 1997).
Whereas, towards the east of the Baja California peninsula, a continuous subduction
related magmatism during Eocene-Oligocene (between 38 and 23 Ma) has generated
important inland magmatism along the Sierra Madre Occidental belt (McDowell and
Keizer 1977; Stock and Lee 1994; Benoit et al. 2002). Afterwards, during the Lower
Miocene, the volcanic front shifted towards the west, forming the magmatic arc (the
Comondu arc) all along the Baja California Peninsula. This volcanic belt had a longer
activity between 24 and 12 Ma in southern Baja California compared to northern Baja
California where Miocene (21 to 16 Ma) volcanism consisted several volcanic fields.
The subduction in this region ended at 12.9 Ma (Mammerickx and Klitgord 1982;
Calmus et al. 2003). Afterwards, transform boundary is developed between Pacific
and North America plates parallel to the Pacific margin of Baja California (Spencer
and Normark, 1979). Consequently, the tectonic setting has changed from subduction
to rifting along the western margin of North America in Late-Cenozoic time (see
Appendix V).

Databases for Application to Southern and Northwest Mexico and
Central America

For the application of the new discrimination diagrams, four extensive
databases of basic and ultrabasic rocks of (1) island arc (IAB); (2) continental rift
(CRB); (3) ocean island (OIB); (4) mid-ocean ridge (MORB), were separated from the
combined database of all rock type (Appendices I11&1V)
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3.4.2

Results of Application

Southern Mexico and Central America

The results of application of the four sets of new diagrams to basic rocks from
Southern Mexico (Mexican Volcanic Belt (MVB), arbitrarily divided into four parts:
W-western, WC-west-central, C-central and E-eastern) and Los Tuxtlas volcanic field
(LTVF) and Central America (Appendix Il1). The success rates are calculated when
the number of samples was at least 30 (an arbitrarily set limit), and the “inapplicable”
results are also indicated. Although a total of 120 diagrams were prepared, | present
only four sets of discrimination diagrams as follows: Agrawal et al. (2004) diagrams
for W-MVB and WC-MVB; Verma et al. (2006) diagrams for C-MVB; Agrawal et al.
(2008) diagrams for E-MVB; and Verma and Agrawal (2011) diagrams for LTVF and
CAVA (Appendix Il1). I described in detail only one set of diagrams Agrawal et al.
(2004) to illustrate their use for inferring the tectonic setting. I compiled W-MVB data
plotted in diagram and calculate rates for four tectonic settings of IAB, CRB, OIB and
MORB. The results show that for W-MVB the expected tectonic setting from the first
four filed IAB, CRB, OIB and MORB is a continental rift setting (Appendix I11).

For the LTVF, both set of major-element based diagrams Agrawal et al. (2004)
and Verma et al. (2006) clearly indicated a rift setting very high success rate 82.7-89.3
and 89.3-98.7% (Appendix I11). Simultaneously, For CAVA, both set of major-element
based diagrams Agrawal et al. (2004) and Verma et al. (2006) clearly provide an arc
setting, with high success rates 74.8-99.2% and 76.5-82.4% (Appendix I11).

Northwest Mexico

The geochemical database of on-land and off-shore basic rocks of northwest
Mexico is plotted in all four sets of new discrimination diagrams (Agrawal et al. 2004,
2008; Verma et al. 2006; Verma and Agrawal 2011) to infer the tectonomagmatic

origin of these rocks. For each set of diagrams, five different plots were prepared,
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which provides a total of 20 diagrams. The samples in different tectonic setting fields
are counted and their percentage range in each tectonic setting was calculated
(wherever number of samples >8) and reported in Appendix IV. I discuss below only
the dominant tectonic settings inferred by these diagrams for each group of rocks. All
the indicated dominant tectonic setting are statistically significant because they are
>>33.3% (being the simple “by chance” probability).

For on-shore basic rocks of northwest Mexico, the major-element based discrimination
diagrams of (Agrawal et al. 2004; Verma et al. 2006) and immobile-element based
diagrams of (Agrawal et al. 2008; Verma and Agrawal 2011), indicated the tectonic
setting of continental rift for on-land basic rocks of <13 Ma age and continental rift and
island arc) setting for on-land basic rocks of >13 Ma age (Appendix 1V).

For off-shore basic rocks of northwest Mexico, the major-element based discrimination
diagrams of (Agrawal et al. 2004; Verma et al. 2006) and immobile-element based
diagrams of Verma and Agrawal (2011) indicated MORB tectonic setting for these off-
shore rocks (Appendix 1V).

Conclusions

The four sets of new discrimination diagrams proposed during 2004-2011 were
evaluated with high success rates from data from four tectonic settings of arc, rift,
ocean-island, and mid-ocean ridge. They were then applied to decipher tectonic setting
of MVB and LTVF in Southern Mexico and CAVA in Central America. The arc
setting of the CAVA was confirmed from these diagrams, whereas for the MVB and

LTVF the dominance of a rift setting was concluded (Appendix IlI). .

These diagrams (2004-2011) have also indicated with very high success rates in
case of northern Mexico: the dominant continental rift setting for on-land basic rocks
of <13 Ma age; the dual tectonic settings of continental rift and arc for on-land basic
rocks of >13 Ma age; and MORB setting for offshore rocks (Appendix V).
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Chapter 4

The first multi-dimensional tectonic discrimination diagrams

for intermediate magmas

Antecedents
This chapter includes the result of investigation related to discrimination
diagrams for the intermediate magma. Paper has been submitted in Turkish

Journal of Earth Sciences.

Abstract

Although for ultrabasic and basic magmas a plethora of tectonomagmatic
diagrams have been in use now for nearly forty years, with the exception of one
bivariate diagram for refined tectonic setting of orogenic andesites, none is available
for intermediate magma, which is highly abundant in the Earth’s crust. To fill this gap
in the literature and allow tectonic discrimination of intermediate magmas, we present
here the first set of five multi-dimensional discrimination diagrams obtained from the
correct statistical methodology of log-ratio transformation and linear discriminant
analysis of discordant outlier-free normally distributed major element log-ratio
variables in 2595 intermediate rock samples from five tectonic settings. These
diagrams with probability-based tectonic field boundaries and high success rates (60%-
95%) were used for tectonic discrimination of thirteen case studies of Archean to
highly altered Quaternary rocks; none of them was included in the original database for
proposing the diagrams. The results of arc, rift, ocean island, and collision settings for
eight (Wawa greenstone belt, Canada; South-central Sweden; Adola, Ethiopia;
Western Tasmania, Australia; Bonin Islands, Japan; Guam, Marianas; Moyuta and
Tecuamburro volcanoes, Guatemala; and Berlin and Ahuachapan, EI Salvador), one
(South-western Tibet), one (Malani, Rajasthan, India), and three (Nanded and Yeotmal

disticts, Maharastra, India; Alps, France-ltaly-Switzerland; and Central Anatolia,
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Turkey) case studies, respectively, were supported by probability estimates and
were consistent with those of the multi-dimensional diagrams for basic and acid

magmas from the same regions.

Introduction

Magmas are subdivided in four main categories on the basis of anhydrous
100% adjusted SiO2 contents (Le Bas et al.1986)—ultrabasic (Si02=35-45%); basic
(45-52%); intermediate (52-63%); and acid (>63%), which may originate in different
tectonic settings (island arc—IA; continental arc—CA; continental rift—CR; ocean-
island—OI; collision—Col; and mid-ocean ridge—MOR). To reconstruct the geologic-
tectonic history, especially in older or tectonically complex areas, it is mandatory to
know the most likely tectonic setting that gave rise to magmas in a given region. This
can be done by the so called tectonomagmatic discrimination diagrams (e.g. Rollinson
1993). Numerous such diagrams (bivariate—x-y, ternary—x-y-z and multi-
dimensional-DF1-DF2) are available for ultrabasic, basic or acid magmas (e.g. Pearce
and Cann 1971, 1973; Wood 1980; Shervais 1982; Meschede 1986; Verma 2010;
Verma and Agrawal 2011; Verma et al. 2011) and only bivariate type Bailey (1981)
for “fine-scale” discrimination of only one type of intermediate magma (orogenic or

arc andesite).

Therefore, tectonic origin of intermediate magma (basaltic andesite, andesite,
basaltic trachyandesite, trachyandesite, tephriphonolite, phonolite, and boninite) cannot
be inferred from discrimination diagrams and new ones are very much required to
innovate this widely used geochemical technique. | propose a set of five new multi-
dimensional diagrams for intermediate magma, evaluate their success rates, and use

them efficiently for thirteen case studies demonstrating thus their versatility.
Database and the statistically correct procedure

For constructing the new diagrams, a representative five-part database (IA,
CA, CR, OlI, and Col; MOR was not included due to the scarcity of intermediate
magma) was established from Miocene to Recent rocks from different parts of the

world (Tablel) where tectonic setting is clearly and unambiguously known.
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TABLE 1. LOCATIONS AND LITERATURE SOURCES FOR THE FIVE-PART DATABASE

Region (References)
island arcs
Aegean (Zellmer et al.2000)

Alaska peninsula
Aleutian

Barren Islands
Burma
Izu-Bonin
Japan

Java
Kamchatka

Kuril
Lesser Antilles

Mariana

New Britain
New Hebrides

Papua New Guinea
Philippines (Arayat,
Bataan, Bicol,
Ryukyu

Sangihe

South Shetland
Sunda-Banda

Taupo
Tonga-Kermadec

Vanuatu
continental arcs
Argentina

Bolivia
Chile

Costa Rica
El Salvador

Guatemala

Honduras
Nicaragua
Panama

(Hildreth et al.2004)

(Kay et al.1982; Myers et al.1985, 2002; Brophy 1986; Nye and Reid 1986; Romick et al.1990;
Singer et al.1992a, 1992b; Kay and Kay 1994; Finney et al.2008)

(Alam et al.2004; Luhr and Haldar 2006)

(Stephenson and Marshall 1984)

(Tatsumi et al.1992; Taylor and Nesbitt 1998; Shukuno et al.2006; Tamura et al.2007)

(Sakuyama and Nesbitt 1986; Togashi et al.1992; Tamura 1994; Ujike and Stix 2000; Kita et al.2001;
Sano et al.2001; Kimura et al.2002; Tamura et al.2003; Moriguti et al.2004; Shuto et al.2004, 2006;
Hirotani and Ban 2006; Kimura and Yoshida 2006; Sato et al.2007; Ohba et al.2009),

(Edwards et al.1994)

(Kepezhinskas et al.1997; Dorendorf et al.2000; Ishikawa et al.2001; Churikova et al.2001; 1zbekov
et al.2004)

(Zhuravlev et al.1987; Nakagawa et al.2002)

(Brown et al.1977; Thirlwall and Graham 1984; Smith et al.1996; Turner et al.1996; Thirlwall et
al.1997; Defant et al.2001; Zellmer et al.2003; Lindsay et al.2005)

(Hole et al.1984; Woodhead 1988; Bloomer et al.1989; Elliott et al.1997; de Moor et al.2005; Nakada
et al.2005; Pallister et al.2005; Wade et al.2005)

(Woodhead and Johnson 1993)

(Dupuy et al.1982; Monzier et al. 1997)

(Hegner and Smith, 1992)

(Defant et al.1989, 1991a; Bau and Knittel, 1993; Knittel et al.1997; Castillo and Newhall, 2004;
McDermott et al.2005; DuFrane et al.2006)

(Shinjo, 1998, 1999; Shinjo et al.2000)

(Tatsumi et al.1991)

(Smellie, 1983)

(Foden and Varne, 1980; Wheller et al.1987; Stolz et al.1988, 1990; van Bergen et al.1992;
Hoogewerff et al.1997; Turner and Foden, 2001; Turner et al.2003; Elburge and Kamenetsky, 2007;
Sendjaja et al.2009)

(Cole, 1981; Gamble et al.1993, Schmitz and Smith, 2004)

(Bryan et al.1972; Ewart and Bryan, 1972; Ewart et al.1977; Gamble et al.1993, 1995; Haase et
al.2002; Smith et al.2003; Wright et al.2006)

(Barsdell, 1988; Barsdell and Berry, 1990; Eggins, 1993; Peate et al.1997)

(Déruelle, 1982, 1991; Sruoga et al.2005; Bruni et al.2008)

(Hoke and Lamb, 2007)

(Déruelle, 1982; Frey et al.1984; Hickey et al.1986, Hickey-Vargas et al.1989; Davidson et al.1988;
Gerlach et al.1988; Kay et al.1987, 1988; de Silva, 1991; Lopez-Escobar et al.1991, 1993; Tormey et
al.1991; Kay and Gordillo, 1994; Trumbull et al.1999; Vergara et al.2004)

(Reagan and Gill, 1989; Alvarado et al.2006; Chan et al.1999; Bolge et al.2006; Ryder et al.2006)

(Carr, 1984; Gonzalez Partida et al.1997; Rotolo and Castorina, 1998; Chan et al.1999; Agostini et
al.2006)

(Bardintzeff and Deniel, 1992; Duffield et al.1992; Chan et al.1999; Walker et al.2000; Cameron et
al.2002)

(Patino et al.1997; Walker et al.2000)

(Sussman, 1985; Hazlett, 1987; Carr et al.1990; Chan et al.1999; Walker et al.2001; Pardo et al.2008)

(Defant et al.1991b, 1991c)
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TABLE 1 (CONTD.). LOCATIONS AND LITERATURE SOURCES FOR THE FIVE-PART DATABASE

Region

(References)

continental rifts and break-up regions

Afar

Antractica
Australia
Beppu-Shimbara
graben, Japan
China

Ethiopia
France
Germany
Kenya

Mali and Morocco
Republic of Congo
Ruanda

Saudi Arabia
Spain

Sudan

Taiwan

Tanzania

Turkey

Uganda

U.S.A- Henry basin

U.S.A- Basin and
Range

U.S.A- Rio Grande

Rift

Zaire

ocean islands
Cameroon line
Canary islands
Cape Verde
Cook-Austral-
Samoa islands
French Polynesia
Hawaiian islands

Heard and
McDonald
Kerguelen
Madeira
Pitcairn
San Miguel
Socorro
Tenerife
Tropic seamount
Collision
Azerbaijan
Himalayas
Italy
Turkey

(Barberi et al.1975; Deniel et al.1994)
(Hart et al.1995; Kelly et al.2008)
(Price et al.1997)

(Kita et al.2001)

(Peng et al.1986; Zhi et al.1990; Basu et al.1991; Fan and Hooper, 1991; Liu et al.1994; Zhang et
al.1995; Han et al.1999; Ho et al.2000; Hsu et al.2000; Zou et al.2000, 2003)

(Hart et al.1989; Trua et al.1999; Peccerillo et al.2003, 2007; Rooney et al.2007; Ronga et al.2010)
(Chauvel and Jahn, 1984)

(Haase et al.2004)

(Bell and Peterson, 1991; Kampunzu and Mohr, 1991; Macdonald et al.1995, 2008; Kabeto et
al.2001; Le Roex et al.2001)

(Bertrand, 1991)

(de Mulder et al.1986)

(Kampunzu and Mohr, 1991)

(Camp et al.1991)

(Benito et al.1999)

(Davidson and Wilson, 1989)

(Chung et al.1995)

(Kampunzu and Mohr, 1991; Paslick et al.1995)

(Buket and Temel, 1998; Aldanmaz et al.2000)

(Kampunzu and Mohr, 1991; Llyod et al.1991)

(Streck and Grunder, 1999)

(Singer and Kudo, 1986; Moyer and Esperanca, 1989; Perry et al.1990; Fitton et al.1991; Kempton et
al.1991; Feuerbach et al.1993)

(Johnson and Lipman, 1988; Duncker et al.1991, Gibson et al.1992; McMillan et al.2000; Maldonado
et al.2006)

(Auchapt et al.1987)

(Déruelle et al.1991)
(Praegel and Holm, 2006)
(Holm et al.2006)

(Palacz and Saunders, 1986)

(Cheng et al.1993)

(Feigenson et al.1983; Spengler and Garcia, 1988; Chen et al.1990; Lipman et al.1990; West et
al.1992; Frey et al.1994; Cousens et al.2003; Xu et al.2005, 2007)

(Barling et al.1994)

(Weis et al.1993)

(Geldmacher and Hoernle, 2000)
(Hekinian et al.2003)

(Beier et al.2006)

(Bohrson and Reid, 1995)
Krochert and Buchner, 2009)
(Blum et al.1996)

(Dilek et al.2010)

(Turner et al.1993; Mo et al.2007; Reichardt et al.2010)

(Dini et al.2002)

(Pearce et al.1990; Keskin et al.1998; Aldanmaz et al.2000; Ekici et al.2009)
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Importantly, the character of intermediate magma for each sample included in
the database was confirmed from SINCLAS software Verma et al. (2002). Because
compositional data represent a “closed” space with unit sum constraint and linear
discriminant analysis (LDA) requires that variables be normally distributed, log-ratio
transformation (Aitchison 1986; Agrawal and Verma 2007) was used to provide the
“normal” or “Gaussian” variable space. Before applying LDA, the compiled data from
each tectonic setting were processed through DODESSYS software Verma and Diaz-
Gonzalez (2011) for identifying and separating discordant outliers Barnett and Lewis
(1994) in the ten variables of logarithms of element ratios (logarithms of the ratio of all
major elements—Ti0; to P,Os—with SiO2 as the common denominator). The samples
with complete analyses and discordant outlier-free log-ratio data were used to propose
the new diagrams from training set data and evaluate them independently from testing
set data. Success rates (i.e. correct classification expressed as percentages) were
calculated from counting the correctly discriminated samples. The probability-based
boundaries and the probabilities for individual samples were computed from the
method recently outlined Verma and Agrawal (2011). For applications, probabilities
for individual samples of intermediate magma were used to infer the dominant tectonic

setting.

New Diagrams

A total of 3032 rock samples with complete major-element analyses were
available in our database for proposing new diagrams. The results of LDA performed
on these samples (success rates) can be summarized as follows: 81.20% for IA+CA
together, 74.93% for CR+0I together, and 73.90% for Col.

Discordant outlier-free 2731 complete major element analyses of intermediate rocks
from the five tectonic settings were randomly divided (Table 2) in training (2595
analyses) and testing (136 analyses) sets. We purposely selected many more data for
training set because our aim was to obtain “best-trained” diagrams for a more reliable
application to different case studies. After all, the good functioning of the diagrams can

also be demonstrated from application examples.
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TABLE 2. NUMBER OF SAMPLES IN THE TRAINING AND TESTING SETS OF
NORMALLY DISTRIBUTED DISCORDANT OUTLIER-FREE DATABASE

Tectonig Group Training set  Testing set Total
setting number
1A 1 1254 65 1319
CA 2 583 30 613
CR 3 333 18 351
Ol 4 245 13 258
Col 5 180 10 190
Sum 1-5 2595 136 2731

“IA = island arc; CA = continental arc; CR= continental rift; Ol= ocean-island; Col =
collision; the numbers 1-5 are group numbers discussed in the text and used in other
Tables.

The log-ratio variables used in LDA are summarized in Table 3. Although IA and CA
as well as CR and Ol are somewhat similar, statistically significant differences inferred
from statistical tests (Wilks” lambda<<l and F-ratio>>1) exist for element
concentrations and, more importantly, in log-transformed ratios among the five
tectonic groups at an extremely low significance level approaching zero for all
variables (Table 4), i.e. very high confidence level approaching 100%. These

differences were enhanced by the multivariate technique of LDA practiced here.

LDA was performed five times on 2595 samples of the training set, the first time being
for all groups with 1A+CA (arc samples were always kept together), CR+OI together
and Col settings (Fig. 1A), and four times for all possible combinations of three groups
at a time out of four groups—IA+CA, CR, Ol, and Col (Fig. 1B-E). The equations for
the DF1 and DF2 functions (x- and y-axes; Fig. 1A-E) are given in Table 5.
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TABLE 3. MEAN AND STANDARD DEVIATION OF (SiO,).ij AND LOG-TRANSFORMED RATIO
VARIABLES FOR THE FIVE TECTONIC SETTINGS (1A, CA, CR, Ol, AND Col) FOR DISCORDANT
OUTLIER-FREE SAMPLES OF THE TRAINING SET

loge-transformed 1A (1) CA (2 CR (3 Ol (4) Col (5)
ratio variable (n =1254) (n =583) (n =333) (n =245) (n =180)
X S X S X S X S X S
Si0,)..¢ 56.28 3.22 55.63 2.84 55.40 2.98 54.95 291 58.50 2.71
( | Z)adl
IN(TiO,/SiO,),; 4192 0.288 -4.181 0.328 -3.570 0.416 -3.57 0.63 -4.049 0.249
IN(AI1L,03/Si0,).; -1.166 0.109 -1.111 0.102 -1.257 0.108 -1.209 0.134 -1.220 0.085
In(F6203/SiOZ)adj
-3.367 0.189 -3.382 0.160 -3.239 0.225 -3.264 0.317 -3.576 0.223
In(Feo/Si0z)u 2234 0239 -2232 0205 -2196 0317 -225 049 -2541 0.242
IN(MNO/SiOy), -5.829 0.202 -5.884 0.186 -5.911 0.357 -5.716 0.200 -6.299 0.330
IN(MgO/SiOy), -2.671 0415 -2.660 0.376 -2.68 0.70 -3.02 1.09 -2.860 0.364
IN(CaO/SiOy),gi -1.948 0.256 -1.932 0.236 -2.136 0.425 -2.30 0.68 -2.178 0.217
IN(Na,O/SiOy)aqi -2.860 0.168 -2.798 0.133 -2.707 0.243 -2.553 0.418 -2.710 0.118
. -4.05 0.59
IN(K,0/Si0y)qj -4.08 0.50 -3.33 0.72 -3.63 1.11 -3.352 0.347
IN(P,05/Si07),qi -5.70 0.50 -5.534 0.340 -4.96 0.65 -5.10 0.76 -5.220 0.380

X —mean; s—standard deviation.

TABLE 4. TEST OF EQUALITY OF GROUP MEANS FOR TEN LOG-TRANSFORMED RATIO

VARIABLES IN THE TRAINING SET (DISCORDANT OUTLIER-FREE SAMPLES)

Element Wilks” lambda F-ratio Significance
In(TiO./SiOz)us 0.37147 261.559 0.00000
I(ALO/SiO5)u 0.27277 20.615 0.00000
In(Fe,05/Si0%)u 0.27381 23.154 0.00000
In(FeO/SiOy)u; 0.28204 43.254 0.00000
In(MNO/SiOy)uy 0.30620 102.218 0.00000
In(MgO/SiO,)ug 0.26872 10.738 0.00000
In(Ca0/SiOs)ug 0.27771 32,673 0.00000
IN(N2,0/SiOs)ug 0.26997 13.778 0.00000
In(K,0/Si0%). 0.28449 49.226 0.00000
In(P,04/Si0%)u 0.27422 24.146 0.00000

Wilks’ lambda (U-statistic) and univariate F-ratio with degree of freedom, df1=v1 = g-1 =5-1 =4 and

df2 =v2 =n-g = 2595-5 = 2590, where g is the number of groups and n is total number of samples.
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Figure 1 The set of five new discriminant-function multi-dimensional diagrams
for the discrimination of intermediate rocks from island arc (1A) or continental
arc (CA), continental rift (CR), ocean-island (Ol), and collision (Col) tectonic
settings, showing samples from the training set. The symbols are explained as inset
in Figure la. Although this is the first set of diagrams for intermediate magma, the
subscript m4 in axis names refers to the fourth set of multi-dimensional diagrams based
on log-transformed major element ratios. The percentages in each figure refer to
correct discrimination for training and testing sets samples (see Table 6). The red lines
represent discrimination boundaries, the green dotted curves are for 70% probability,
and blue dashed curves represent 90% probability. a, IA+CA-CR+OI-Col (1+2-3+4-
5) diagram, the coordinates of the field boundaries are (—0.08229, —8.0) and
(-0.69747, 0.37221) for IA+CA—CR+OI; (8.0, 6.50811) and (-0.69747, 0.37221) for
IA+CA—Col; and (8.0, 4.98409) and (—0.69747, 0.37221) for CR+OI-Col; b,
IA+CA-CR-OI (1+2-3-4) diagram, the coordinates of the field boundaries are
(1.94467, 8.0) and (-0.88017, —0.40397) for IA+CA—CR; (1.39285, —8.0) and
(—0.88017, —0.40397) for IA+CA-OI; and (-8.0, 1.66752) and (—0.88017, —0.40397)
for CR-OI; ¢, IA+CA-CR-Col (1+2-3-5) diagram, the coordinates of the field
boundaries are (0.67196, —8.0) and (—0.89178, 0.15656) for IA+CA-CR; (6.13605,
8.0) and (—0.89178, 0.15656) for IA+CA—Col; and (—8.0, 3.11951) and (—0.89178,
0.15656) for CR—Col; d, IA+CA-OI-Col (1+2-4-5) diagram, the coordinates of the
field boundaries are (—0.62593, —8.0) and (—1.31519, 0.54604) for IA+CA-OI; (8.0,
4.01586) and (—1.31519, 0.54604) for IA+CA—Col; and (—8.0, 6.77499) and
(—1.31519, 0.54604) for OI-Col; and e, CR-OI-Col (3—4-5) diagram, the coordinates
of the field boundaries are (—8.0, 6.21312) and (0.26727, —0.65169) for CR-OlI;
(5.93160, 8.0) and (0.26727, —0.65169) for CR—Col; and (0.55856, —8.0) and (0.26727,
—0.65169) for Ol-Col.
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TABLE 5. DISCRIMINANT-FUNCTION EQUATIONS FOR THE FIVE NEW MULTI-DIMENSIONAL
DISCRIMINATION DIAGRAMS

Figure no. Equations

Figure 1A DFlyscacn.orca, = (341369 In(TiO/Si0,)
(-3.95490 x In(Fe,0,/Si0, ) .
(-0.099086 x In(MnO/SiQ))
(177544 x In(Ca0/SiQ)
(0.083364 x In(K,0/SiQ,)

) + (024375 xIn(A1,0,/Si0,)
)+ (5.14611x In(Fe0/SiQ),,) +

)+ (-0.674715 x In(MgO/SiQ)
) +(-0.10447 x In(Na,0/Si0,)
) +(0.24752 x In(P,0,/Si0,)

adj) +

adj) +
adj) +

) —12.6521102

adj adj

DF244.ca.creoncon,, = (-0-34899 x In(TiO,/SiO,)
(-1.22636 x In(Fe,0,/Si0,)
(-3.465298 x In(MnO/SiQ)
(0.946505 x In(Ca0/SiQ)
(-0.02155 x In(K,0/SiQ,)

.y) +(-0.51400 x In(Al,0,/Si0,)
) +(-0.13289 x In(FeO/SiQ)
ag) +(-0.22304 x In(MgO/SiQ,)
) +(0.3491613 x In(Na,0/Si0,)
)+ (0.544490 x In(P,0,/Si0,)

adj) +

adj )+
adj) +
adj) +

) - 21.6119757

adj adj

Figure 18 DF1,,.cpcnon, = (-345953x In(Ti0,/SiO,)
(1+2:3-4) (-4.36425 x In(Fe,0,/Si0,)
(-0.565639 x In(MnO/SiQ))
(188951 x In(Ca0/SiQ),,
(0.226288 x In(K,0/SiQ,)

) + (-0.062717 x In(Al1,0,/Si0,)
)+ (555420 x In(Fe0/SiQ),
)+ (-0.65991 x In(MgO/SiQ)
) +(-0.131752 x In(Na,0/SiQ,)
) +(0.27691 x In(P,0,/Si0,)

adj) +

adj ) +
adj) +
adj) +

) —15.515287

adj adj

DF2a.cacron,. = (-0.89931xIn(TiO,/Si0,)
(1.73385 x In(Fe,0,/Si0,)
(-2.53190 x In(MnO/SiQ)
(0.95076 x In(Ca0/SiQ)
(1.590374 x In(K,0/Si0,)

)+ (-1.71911x In(AI,0,/Si0,)
) +(1.23288 x In(Fe0/SiQ),,
) +(0.26325 x In(MgO/SiQ)
) +(-1.92768 x In(N&,0/SiQ,)
) +(0.052335 x In(P,0,/Si0,)

adj) +

adj ) +

adj) +

)+
) —8.14012524

adj adj

Continues
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TABLE 5 (CONTD.). DISCRIMINANT-FUNCTION EQUATIONS FOR THE FIVE NEW MULTI-
DIMENSIONAL DISCRIMINATION DIAGRAMS

Figure no. Equations
Figure 1C DFLja.cacrcol, = (-3.153??1>< In(TiG,/Si0,),y) + (0.6553-7 xIN(ALL,O,/Si0,),q) +
(1+2-3-5) (-3.93836 x In(Fe,0,/Si0, ), ) + (5.06475 x In(FeO/SiQ ) ;) +

(0.829539 x In(MnO/SiQ ) ,,;) + (-0.661201 x In(MgO/SiQ,) ) +

(0.865299 x In(Ca0/SiQ),4) +(0.558129 x In(Na,0/Siq, ) ;) +

(-0.203319 xIn(K,0/SiQ,) ) + (0.0254213 x In(P,0,/Si0,) ;) — 8.2453098

DF24.cncrcan, = (-0.69738x In(Ti0,/Si0,),q) + (0.202068 x IN(AI,0,/Si0, ) ;) +
(-1.97925 x In(Fe,0,/Si0,), ;) + (0.147678 x In(FeO/SiQ)
(-3.085997 x In(MnO/SiQ)), ) + (-0.4668309 x IN(MgO/SiQ)), ;) +
(13204017 x In(Ca0/SiQ),,;) + (0.87092558 x In(Na,0/SiQ,) ) +
(-0.203454 x In(K,0/SiQ,), ;) + (04222721 x In(P,0,/Si0, ), ;) — 21.7732917

adj) +

adj adj

Figure 1D DFLy,.cuo1.cop,, = (-3.86046 x IN(TiO,/SI0, ) ;) +(-1.220169 x IN(AI,0,/Si0, ) ;) +
(1+2-4-9) (-4.09366 x In(Fe,0,/Si0,),,;) + (6.3396597 x In(FeO/SiQ) ;) +
(-1.3538459 x IN(MnO/SiQ), ;) + (-0.50564138 x IN(MgO/SiQ ) .)) +
(2.316068 x In(Ca0/SiQ),,;) + (-0.373064279 x In(Na,0/Si0, ) ;) +
(0.658549 x In(K,0/SiQ,) ) + (0.22007139 x In(P,0,/Si0,) ;) — 18.6852137
DF2n.cnocon., = (02793486 x In(Ti0,/S10,),;) + (-0.500346 x In(A1,0,/Si0,) o)) +
(0.755699 x In(Fe,0,/Si0, ), ) + (-1.463788 x In(FeO/SiQ) ) +
(-4.1433447 x IN(MnO/SiQ)) ;) + (0.0105235 x In(MgO/SiQ) ;) +
(0.876947 x In(Ca0/SiQ),,) + (-0.2604276 x In(Na,0/SiQ,) ) +
(0.28334509 x In(K,0/SiQ, ) ;) + (0.421289 x In(P,0,/Si0,), ;) ~ 19.9901665

adj

adj

adj

Continues
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TABLE 5 (CONTD.). DISCRIMINANT-FUNCTION EQUATIONS FOR THE FIVE NEW MULTI-
DIMENSIONAL DISCRIMINATION DIAGRAMS

Figure no. Equations
Figure 1E DF1cr oico, = (-2.274018 x In(TiO,/S iOZ)adj) + (-0.02205 x In(AIZO3/SiOZ)adj) +
3-4-5 ™
( ) (-3.339376 x In(Fe,0,/Si0,) ) +(3.093479 x In(FeO/SiQ) ) +
(-1.94631 x In(MnO/SiQ),;) +(-0.1064117 x In(MgO/SiQ,) ;) +
(14126369 x In(CaO/SiQ),;) +(-0.4156048 x In(Na,0/SiQ,) ;) +

(0.658919 x In(K,0/Si0,), ;) + (0.639796 x In(P,0,/Si0,), ) — 16.7770813

adj adj

DF2cr-or.con,, = (0.069719x In(Ti0,/Si0,),;) + (-1.65749 x IN(AI,0,/Si0,) ) +
(1853310 x In(Fe,0,/Si0,),;) + (1.69862 x In(Fe0/SiQ) ) +

(-0.41540 x IN(MnO/SiQ), ;) + (0.89240 x IN(MgO/SiQ)) ;) +

(-0.178666 x In(Ca0/SiQ),,,) + (-0.86792 x IN(N&,0/Si0,) ;) +

(2.04786 x In(K,0/Si0,). ) + (-0.950417 x In(P,0./Si0,), ;) + 7.85372358

adj

adj adj

The three boundaries dividing the fields in each diagram (Fig. 1A-E) were
based on probability calculations expressed in percentages (Verma and Agrawal,
2011). Training and testing sets group centroid DF1-DF2 values required for these
calculations are included in Fig. 1. Each boundary represents 50% probability for the
two fields that it separates, and this probability decreases to 33.33% at the triple point.
For all fields (Fig. 1), we also calculated the probability-based curves for 70% (dotted
curves) and 90% (dashed curves). The probability to belong to a certain group
increases very rapidly for transects from the discrimination boundaries (thick solid

line) into a given field (dotted and dashed curves).

The correct and incorrect discriminations (Table 6) are reported separately for training
and testing sets (Fig.1). For each tectonic setting, only four of the five diagrams (Fig.
1A-E) are applicable (the inapplicable diagram is indicated by an asterisk in Table 6).
The success rates for IA and CA, discriminated as combined IA+CA setting, varied
from 84% to 91% and 83% to 90% for training set and 82% to 86% and 67% to 80%

for testing set, respectively.
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TABLE 6. ASSESSMENT OF CORRECT DISCRIMINATION (SUCCESS RATE %) OF ISLAND ARC (GROUP 1-1A), CONTINENTAL ARC
(GROUP 2—CA), CONTINENTAL RIFT (GROUP 3—CR), OCEAN ISLAND (GROUP 4-0l), AND COLLISION (GROUP 5-COL)
TECTONIC SETTINGS IN THE SET OF FIVE DISCRIMINANT-FUNCTION-BASED MULTI-DIMENSIONAL DIAGRAMS

Actual  Discrimination Total no. of samples Predicted tectonic affinity and number of discriminated samples (%)
affinity diagram [training or testing] IA+CA (1+2) CR+0I (3+4) CR@A) o1 @) Col 5)
1A (1) 1+2-3+4-5 1254 [training] 1057 (84) 83 (7) 114 (9)
1A (1) 1+2-3-4 1254 [training] 1142 (91) 80 (6) 32 (3)
1A (1) 1+2-3-5 1254 [training] 1071 (85) 77 (6) 106 (9)
1A (1) 1+2-4-5 1254 [training] 1071 (85) 57 (5) 126 (10)
1A (1) 3-4-5* 1254 [training] 263 (21) 198 (16) 793 (63)
1A (1) 1+2-3+4-5 65 [testing] 53 (82) 7 5

1A (1) 1+2-3-4 65 [testing] 56 (86) 8 1
1A (1) 1+2-3-5 65 [testing] 53 (82) 7 5

1A (1) 1+2-4-5 65 [testing] 54 (83) 2 9
CA(2)  1+2-3+45 583 [training] 483 (83) 40 (7) 60 (10)
CA(2)  1+2-34 583 [training] 523 (90) 34 (6) 25 (4)
CA(2) 1+2-3-5 583 [training] 487 (84) 41(7) -—- 55 (9)
CA(2) 1+2-4-5 583 [training] 487 (84) -—- 38 (6) 58 (10)
CA(2) 3-4-5* 583 [training] 76 (13) 46 (8) 461 (79)
CA(2) 1+2-3+4-5 30 [testing] 20 (67) 3 7
CA(2) 1+2-3-4 30 [testing] 24 (80) 5 1
CA(2) 1+2-3-5 30 [testing] 20 (67) 3 -—- 7
CA(2) 1+2-4-5 30 [testing] 20 (67) -—- 3 7
CA(2) 3-4-5* 30 [testing] 6 1 23 (77)
CR (3) 1+2-3+4-5 333 [training] 35 (11) 231 (69) -—- -—- 67 (20)
CR (3) 1+2-3-4 333 [training] 42 (13) 211 (63) 80 (24)
CR (3) 1+2-3-5 333 [training] 30(9) 253 (76) -—- 50 (15)
CR(3) 1+2-4-5* 333 [training] 57 (17) 158 (48) 118 (35)
CR(3) 3-4-5 333 [training] 198 (60) 77 (23) 58 (17)
CR(3) 1+2-3+4-5 18 [testing] 1 14 (78) 3
CR (3) 1+2-3-4 18 [testing] 2 9 (50) 7
CR (3) 1+2-3-5 18 [testing] 2 14 (78) --- 2
CR (3) 1+2-4-5* 18 [testing] 2 - 11 (61) 5
CR (3) 3-4-5 18 [testing] 9 (50) 6 3

Ol (4) 1+2-3+4-5 245 [training] 16 (7) 228 (93) - --- 1

Ol (4) 1+2-3-4 245 [training]] 13 (5) 51 (21) 181 (74)
Ol (4) 1+2-3-5 * 245 [training] 31 (13) 202 (82) 12 (5)
Ol (4) 1+2-4-5 245 [training] 11 (4) 233 (95) 1

Ol (4) 3-4-5 245 [training] 53 (22) 187 (76) 5

Ol (4) 1+2-3+4-5 13 [testing] 2 11 (85) - --- 0

Ol (4) 1+2-3-4 13 [testing] 1 1 11 (85)
Ol (4) 142-3-5* 13 [testing] 3 10 (75) 0

Ol (4) 1+2-4-5 13 [testing] 1 12 (92) 0

Ol (4) 3-4-5 13 [testing] 2 11 (85) 0
Col (5) 1+2-3+4-5 180 [training] 18 (10) 27 (15) --- --- 135 (75)
Col (5) 1+2-3-4 * 180 [training] 108 (60) 66 (37) 6
Col (5) 1+2-3-5 180 [training] 15(8) 31(17) 134 (75)
Col (5) 1+2-4-5 180 [training] 21(12) 16 (9) 143 (79)
Col (5) 3-4-5 180 [training] 27 (15) 6 147 (82)
Col (5) 1+2-3+4-5 10 [testing] 1 1 8 (80)
Col (5) 1+2-3-4 * 10 [testing] 9 1 0
Col (5) 1+2-3-5 10 [testing] 1 1 8 (80)
Col (5) 1+2-4-5 10 [testing] 1 1 8 (80)
Col (5) 3-4-5 10 [testing] 1 0 9 (90)

The numbers in the parentheses “()” are the percentages of samples plotting in a given field: the correct discrimination can be seen in the
column with italic boldface numbers. * inapplicable diagram.
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4.4

The success rates for CR and Ol were, respectively, 60%-76% and 74%-95% for
training set and 50%-78% and 85%-92% for testing set. When the CR and Ol settings
were combined together (Fig. 1A), high success rates of about 69%-93% were
obtained. The highest success rate of about 95% (correct discrimination) for Ol was
obtained in Fig. 1D, in which CR setting is absent. Finally, for Col samples we
obtained high success rates of about 75%-82% and 80%-90% for training and testing

sets, respectively.

Applications

| selected thirteen case studies with ages varying from Archean to Quaternary
to illustrate the application and excellent functioning of the new multi-dimensional
discrimination diagrams. The Archean to Proterozoic rocks were evaluated under the
assumption of prevalence of plate tectonic processes and similar log-ratio geochemical
variables for Archean to present-day tectonic regimes. The plotting of samples in
diagrams (Fig. 2) can be fully replaced by probability calculations (Tables 7 and 8). In
any discrimination diagram (Fig. Fig.2 A-E) a sample will have probability values for
all tectonic fields being discriminated, which will add up to 1.0000, and the sample

will be plot in the field for which the probability is the highest.

Importantly, besides the intermediate magma, contemporaneous ultrabasic,
basic, and acid magmas may also be present in a given area. The inferences from the
new diagrams should be considered more reliable when the multi-dimensional
diagrams for other magma varieties (ultrabasic and basic by Verma et al. 2006 and
Verma and Agrawal 2011; and acid by Verma et al. 2011) also provided consistent

results.
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Figure 2. The set of five new discriminant-function
multi-dimensional diagrams based on natural
logarithm-transformed ratios of major elements for
the discrimination of intermediate rocks, showing
samples from the thirteen case studies. The solid
red lines represent discrimination boundaries. A:
IA+CA-CR+0OI1-Col (1+2-3+4-5) diagram; B:
IA+CA-CR-OI (1+2-3-4) diagram; C: IA+CA-
CR-Col (1+2-3-5) diagram; D: IA+CA-OI-Col
(1+2-4-5) diagram; and E: CR-OI-Col (3-4-5)
diagram.



TABLE 7. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR
INTERMEDIATE MAGMAS

(case study no.) Figure Total Number of discriminated samples
(Lrg$::étr¥ce); age: type § ”“r:fber IA+CA (1+2) Within-plate Col (5)
inferred tectonic samples [Piaccal © CR+OI (3+4) CR(3) Ol (4) [Pcal ©
setting [Pcr+ol] © [Pcr] © [Poi] ©
(1) Wawa 1+2- 14 10 [0.6548- 4[0.7655- --- 0
greenstone belt, 3+4-5 0.9955] 0.9996]
Canada (Polat et 1+2-3-4 14 9[0.5078- --- 1[0.7290] 4[0.7865-
al.1999); Late 0.9933] 0.9971]
Archean, 2700 Ma;  1+2-3-5 14 10[0.7597- --- 4[0.8445- -—- 0
arc. 0.9980] 0.9950]
1+2-4-5 14 10 [0.6211- --- --- 4[0.7981- 0
0.9999] 1.0000]
3-4-5* 14 5 [0.6758- 9[0.7143- 0
0.9914] 0.9947]

8 Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1-1A,
2-CA, 3-CR, 4-0l, 5-Caol;

* Inapplicable results and diagrams;

® Probability estimates for different tectonic groups are summarized after the number of discriminated samples as
follows: [p;a+ca]-range of probability values estimated for IA+CA settings, [pcr+oi]—for CR+OI, [pcr]-for CR, [poil—
for Ol and [pcq]—for Col. Boldface italic font shows the expected or more probable tectonic setting;

For the Late Archean Wawa greenstone belt in Canada (Polat et al. 1999), the present
diagrams for intermediate magma (14 samples) indicated a dominantly arc setting,
because the probabilities for 9 or 10 samples were highest for arc (0.5078-0.9999),
whereas for the remaining 5 or 4 samples the probabilities were highest (0.7290-
1.0000) as continental rift or ocean island (Table 7; Fig. 2A-D, with Fig. 2E considered
as the inapplicable diagram). An arc setting was also indicated from multi-dimensional
diagrams based on immobile elements in ultrabasic and basic magmas (Verma and
Agrawal 2011), because 36 to 41 samples (out of 50) were discriminated as arc
(probabilities 0.3887-1.0000; Table 9). Similarly, in the other set of diagrams (Verma
et al. 2006) also, 32 to 35 samples (out of 50) plotted in the arc field (Table 10).

76



TABLE 8. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR
INTERMEDIATE MAGMAS

(case study no.) Figure type Total Number of discriminated samples
Locality (reference); number _
age; inferred tectonic of IA+CA (1+2) Within-plate Col (5)
setting samples [Piascal CR+0I (3+4) CR (3) Ol (4) [Pca]
[Perial] [Pcr] [Pl
(2) Maharastra 1+2-3+4-5 12 0 0 - - 12 [0.6396-0.9999]
(Nanded and Yeotmal 1,534« 12 2[0.5281-0.9146] 10[0.7952-0.9994] 0
disticts), India
(Banerjee and 1+2-3-5 12 0 --- 0 === 12 [04825-09997]
Shivkumar, 2010); 1+2-4-5 12 0 0 12 [0.9498-1.0000]
Early Proterozoic,
2385-2074 Ma; 3-4-5 12 - - 4 [0.5896-0.8149] 0 8 [0.5539-0.9987]
collision.
(3) South-central 1+2-3+4-5 13 12[0.5762-0.9904] 0O - - 1[0.6868]
Sweden (Rutanen and
1+2-3-4 13 12 [0.7558-0.9961] --- 11[0.6440 0 -
Andersson, 2009); [ ] i ]
Ear'y Proterozoic’ 1+2-3-5 13 12 [05357-09867] --- 0 === 1 [05591]
1870-1780 Ma); arc. 145 4.5 13 12[0.5705-0.9943] - — 0 1[0.8518]
3-4-5* 13 2 [0.5092, 0.5595] 0 11 [0.5071-0.8814]
(4) Adola, Ethiopia 142-3+4-5 12 11[0.8617-1.0000] 1 [0.6287] - - 0
(Wolde et al.1996); 1+2-3-4 12 10 [0.8239-1.0000] --- 2 [0.7276-0.9340] 0 -
Late Proterozoic, 1+2-3-5 12 11 [0.6592-1.0000] - 1 [0.9467] - 0
885-765 Ma; arc.
142-4-5 12 12 [0.9446-1.0000] - 0 0
3-4-5* 12 4[0.6429-0.9976] 1[0.7848] 7 [0.5066-0.9945]
(5) Malani, Rajasthan,  1+2-3+4-5 20 2[0.7007,0.8338] 16 [0.5356-0.9999] --- 2[0.4771,0.5681]
India (Maheshwari et 1+2-3-4 20 0 8[0.5085-0.8325] 12 [0.6437-0.9988]
al.1996; Bhushan and
Chandrasekaran, 2002: 142-3-5* 20 1[0.9114] 18 [0.6028-0.9998] 1[0.5810]
Sharma, 2004; Singh and ~ 1+2-4-5 20 4[0.5882-0.9444] --- - 15[0.6175-1.0000] 1 [0.7212]
Vallinayagam, 2004); 3-4-5 20 - - 6 [0.5619-0.8364] 12 [0.5030-0.9998] 2 [0.4746, 0.5545]
Late Proterozoic, 750
Ma; ocean island.
(6) Western 142-3+4-5 29 28[0.8212-1.0000] 1 [0.9097] 0
Tssmamav (fJUStfa“a 1+2-3-4 29 27 [0.9486-1.0000] --- 21[0.7709,0.9968] 0
ggg%\;v.nca;mbﬁggégm 142-35 29 28 [0.5948-1.0000] - 1[0.9711] 0
1+2-4-5 29 28[0.7246-1.0000] - 1 [0.9330] 0
3-4-5* 29 - - 10 [0.6378-0.9784] 6 [0.5538-0.9465] 13 [0.4495-0.9986]
(7) Alps, France- 1+2-3+4-5 6 0 0 — — 6 [0.8188-0.9849]
Italy-Switzerland
1+2-3-4 * 6 0 6 [0.7571-0.9951 0
(Debon and Lemmet, [ !
1999): Late 1+2-3-5 6 0 2[05088, 0.7089] - 4[0.6773-0.8881]
Carboniferous, 295 1+2-4-5 6 0 - - 0 6 [0.9279-0.9999]
Ma; collision 3-4.5% 6 - - 1[05238] 0 5 [0.5198-0.9233]
(8) Central Anatolia, 1+2-3+4-5 22 8[0.4792-0.9415] 0 14 [0.5285-0.9830]
Turkey (llbeyli et
1+2-3-4 * 22 19 [0.5884-0.9966] --- 3[0.5086-0.6194 0 -
al.2004); Late i ] i ]
Cretaceous, 76 Ma; 1+2-3-5 22 51[0.4934-0.9596] --- 0 - 17 [0.4060-0.9749]
collision 14245 22 5[0.6322-0.9760] - 0 17 [0.4751-0.9914]
3-4-5* 22 - - 1[0.6721] 0 21 [0.5076-0.9803]
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TABLE 8 (CONTD.). APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS

FOR INTERMEDIATE MAGMAS

(case study no.) Locality Figure type Total Number of discriminated samples
(reference); age; inferred number
tectonic setting of IA+CA (1+2) Col (5) [Pl
samples [Piarcal CR+0I (3+4) CR (3) 0l (4)
[Pereal [Per] [pol
(9) Bonin Islands, Japan 1+2-3+4-5 35 35[0.8574-1.0000] O -- 0
(Taylor et al.1994); 1+2-3-4 35 35[0.9997-1.0000] - 0 0
Eocene; arc.
1+2-3-5 35 35 [0.8984-1.0000] - 0 - 0
1+2-4-5 35 35 [0.7389-1.0000] - -- 0 0
3-4-5* 35 - - 7[0.5006-0.7335] 0 28 [0.5264-0.9909]
(10) Guam, Marianas 1+2-3+4-5 15 14[0.6601-0.9998] 0 - 1 [0.5649]
(Reagan and Meijer,
1984)‘ Eocene_oligocene’ 1+2-3-4 15 15 [09788'10000] === 0 0 -
43-32 Ma; arc.
1+2-3-5 15 14 [0.7031-0.9998] - 0 1 [0.5508]
1+2-4-5 15 13[0.9659-0.9999] - - 0 2[0.5084, 0.7810]
3-4-5* 15 --- - 0 0 15 [0.4813-0.9944]
(11) South-western Tibet ~ 1+2-3+4-5 35 0 8[0.5017-0.9497] - 27 [0.4971-0.9876]
(Zhao et al.2009);
Miocene, 11.5-17.7 Ma; 1+2-3-4 35 0 -- 35[0.9658-0.9998] 0 -
continental rift (collision
to continental rift 1+2-3-5 35 0 -- 22[0.5919-0.9916] --- 13 [0.4985-0.7970]
transition). 142-4-5 35 0 - 1[0.6787] 34 [0.8312-1.0000]
3-4-5 35 - -- 24[0.5395-0.9846] 0 11 [0.5119-0.6863]
(12) Moyuta and 1+2-3+4-5 7 4 [0.5975-0.9517] 0 -- - 3[0.6874-0.9067]
I;ecuambll";g volcanoes,  1+2-3-4 7 7[0.7713-0.9808]  --- 0 0
uatemala (Patino et
2l.2003): Quaternary: arc.  1+2-35 7 4[0.6845-0.9542]  --- 0 3 [0.5490-0.8651]
1+2-4-5 7 4 [0.6870-0.9776] -- -- 0 3[0.7587-0.9455]
3-4-5%* 7 - - 1 [0.4496] 0 6 [0.6362-0.9635]
(13) Berlin and 1+2-3+4-5 18 15 [0.5467-0.9918] 1[0.5392] --- - 2 [0.4980-0.5507]
ﬁhuatc_hap?n,l Ezloggl)vador 142-3-4 18 16 [0.6885-0.9952] - 1[0.4557] 1[0.6128]
gostini et al. ;
Quaternary; arc 142-3-5 18 17 [0.4915-0.9914] - 0 1 [0.5099]
1+2-4-5 18 16 [0.5213-0.9973] - 1[0.5390] 1[0.5247]
3-4-5* 18 - - 41[0.5728-0.7058] 1 [0.9336] 13 [0.5370-0.9036]

For more explanation see footnote of Table 7.

Most samples of intermediate magma from Early Proterozoic intrusive rocks of the

Nanded and Yeotmal districts, Maharastra, India (Banerjee and Shivkumar, 2010)

plotted in the collision setting (Fig. 2A,C-E) and showed high probabilities (Table 8)
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TABLE 9. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR BASIC
MAGMAS (VERMA AND AGRAWAL 2011)

(case study no.) Figure Total Number of discriminated samples
t"e(é‘t’sr']'lté’ o inferred  type “ug“fber IAB (1) Within-plate MORB (4)
9 samples [Pias] CRB+OIB (2+3) CRB (2) OIB (3) [Pwmore]
[Pcre+ois] [Pcrel [Poie]
(1) Wawa greenstone 1-2+3-4 50 36 [0.3887-1.0000] 8 [0.6040- 6 [0.5829-0.9605]
belt, Canada; Late 1.0000]
Archean, 2700 Ma; arc. 1-2-3 50 411[0.5783-1.0000] --- 1[0.5017] 8[0.6071-0.9888] ---
1-2-4 50 36 [0.8620-1.0000] --- 5 [0.7905-0.9973] 9 [0.7315-0.9873]
1-3-4 50 36 [0.9063-1.0000] --- 6[0.7424-1.0000] 8 [0.7848-0.9331]
2-3-4%* 50 3[0.5456-0.6117] 9 [0.4944-0.9678] 38 [0.6935-0.9306]
(2) Maharastra (Nanded 1-2+3-4
and Yeotmal districts), 1-23 Only 2
India; Early Proterozoic, samples. Collision setting was not included in these diagrams.
2385-2074 Ma. 1-2-4
1-3-4
2-3-4
(3) South-central 1-2+3-4 4 3[0.9597-0.9980] 1 [0.6727] 0
Sweden; Early
" 1-2-3 4 3[0.9990-1.0000] --- 1[0.5753 0
Proterozoic, 1870-1780 [ ] [ ]
Ma); arc. 1-2-4 4 3[0.9361-1.0000] --- 1[0.5753] 1 [0.6254]
1-3-4 4 2 [0.9909-1.0000] --- 1[0.9243] 1[0.9984]
2-3-4%* 4 0 0 4 [0.4936-0.9894]
(4) Adola, Ethiopia; Late  1-2+3-4 7 5 [0.9286-1.0000] 0 2[0.6680, 0.8833]
Proterozoic, 885-765 1-2-3 7 6[0.9502-1.0000] -- 0 1[0.9771]
Ma; arc. 1-2-4 7 6 [0.5717-1.0000]  --- 0 1 [1.0000]
1-3-4 7 5[0.9898-1.0000] -- 0 2 [0.7527, 1.0000]
2-3-4%* 7 0 1[0.7473] 6 [0.6330-0.9080]
(5) Malani, Rajasthan, 1-2+3-4 No
India; Late Proterozoic, 1-2-3 samples
750 Ma. with
1-2-4 complete
1-3-4 data.
2-3-4
(6) Western Tasmania, 1-2+3-4 No
Australia; Cambrian. 123 samples
with
1-2-4 complete
1-3-4 data.
2-3-4
(7) Alps, France- 1-2+3-4 No
Italy-Switzerland; 123 sa_mples
Late Carboniferous, with
295 Ma. 1-2-4 complete
13-4 data.
2-3-4
(8) Central Anatolia, 1-2+3-4 Only 1
Turkey; Late 1-2-3 sa_mple
Cretaceous, 76 Ma. with
1-2-4 complete Collision setting was not included in these diagrams.
13-4 data.
2-3-4
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TABLE 9 (CONTD.). APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS
FOR BASIC MAGMAS (VERMA AND AGRAWAL, 2011)

(case study no.) Locality; Figure type Total Number of discriminated samples
age; inferred tectonic number
setting of IAB (1) MORB (4)
samples [Piae] CR+0I (2+3) CR(2) 0l (3) [Pvore]
[Pcreois] [pcrel [poie]
(9) Bonin Islands, Japan; 1-2+3-4 No
Eocene. samples
1-2:3 with
1-2-4 complete
data.
1-3-4
2-3-4
(10) Guam, Marianas; 1-2+3-4 No
Eocene-Oligocene, 43-32 samples
Ma. 1-2-3 with
complete
1-2-4 data.
1-3-4
2-3-4

(11) South-western Tibet; 1-2+3-4

Miocene, 11.5-17.7 Ma. 5
1-2-3 samples. Collision setting was not included in these diagrams.
1-2-4
1-3-4
2-3-4
(12) Moyuta and 1-2+3-4 No
Tecuamburro volcanoes, 1-2-3 sa_mples
Guatemala; Plio- with
Pleistocene. 1-2-4 complete
1-3-4 data.
2-3-4
(13) Berlin and 1-2+3-4 No
Ahuachapan, El Salvador; 155 samples
Quaternary. with
1-2-4 complete
1-3-4 data.
2-3-4

Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1-1AB, 2—
CRB, 3-01B, 4-MORB; *—inapplicable results and diagrams; boldface italic font shows the expected or more probable
tectonic setting; the probability estimates for the different tectonic groups are summarized after the number of
discriminated samples as follows: [pjag]-range of probability values estimated for IAB settings, [pcre+ois]-for
CRB+OIB, [pcre]-for CRB, [po)]-for OIB, and [pmors]-for MORB.

The collision setting was confirmed from the diagrams for acid magmas because 32 to
44 (out of 50) samples plotted in this field (Table 11).
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TABLE 10. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR BASIC
AND ULTRABASIC MAGMAS (VERMA ET AL. 2006)

(case study no.) Figure type Total number of Number of discriminated samples

Locality; age; inferred samples

tectonic setting 1AB (1) Within-plate MORB (4)

CRB (2) OIB (3)

(1) Wawa greenstone 1-2-3-4 50 34 6 1 9

belt, Canada; Late 1-2-3 50 35 2 13

Archean, 2700 Ma; arc. 104 50 32 5 13
1-3-4 50 34 10 6
2-3-4* 50 12 13 25

(2) Maharastra, Nanded 1-2-3-4

and Yeotmal districts, 123
India; Early Proterozoic, o ) ) . .
2385-2074 Ma. 1-2-4 Only 2 samples. Collision setting was not included in these diagrams.
1-3-4
2-3-4
(3) South-central 1-2-3-4 5 5 0 0 0
Sweden; Early 1-2-3 5 5 0 0
Proterozoic, 1870-1780
Ma); arc. 1-2-4 5 5 0 0
1-3-4 5 5 0 0
2-3-4% 5 4 0 1
(4) Adola, Ethiopia; Late  1-2-3-4 10 9 0 0 1
Proterozoic, 885-765 1-2-3 10 9 0 1
Ma; arc. 1-2-4 10 9 0 1
1-3-4 10 9 0 1
2-3-4%* 10 7 0 3
(5) Malani, Rajasthan, 1-2-3-4 19 2 12 3 2
India; Late Proterozoic, 1-2-3 19 2 15 2
750 Ma; continental rift. 1.2-4 19 2 15 2
1-3-4* 19 4 13 2
2-3-4 19 14 3 2
(6) Western Tasmania, 1-2-3-4 6 6 0 0 0
Awustralia; Cambrian; 1-2-3 6 6 0
arc. 1-2-4 6 6 0 0
1-3-4 6 6 0
2-3-4%* 6 6 0
(7) Alps, France- 1-2-3-4
Italy-Switzerland,; 123
Late Carboniferous, . . . . .
205 Ma. 1-2-4 No samples. Collision setting was not included in these diagrams.
1-3-4
2-3-4
(8) Central Anatolia, 1-2-3-4
Turkey; Late 123
Cretaceous, 76 Ma. o ) . . i
1-2-4 Only 1 sample. Collision setting was not included in these diagrams.
1-3-4
2-3-4
Continues
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TABLE 10 (CONTD.). APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL
DIAGRAMS FOR BASIC AND ULTRABASIC MAGMAS (VERMA ET AL. 2006)

(case study no.) Figure type Total number of Number of discriminated samples

Locality; age; inferred samples

tectonic setting 1AB (1) Within-plate MORB (4)
CRB (2) OIB (3)

(9) Bonin Islands, Japan;  1-2-3-4

Eocene. 1-2-3
1-2-4 No samples.
1-3-4
2-3-4
(10) Guam, Marianas; 1-2-3-4 3 3 0 0 0
Eocene-Oligocene, 43- 1.2-3 3 3 0
32 Ma; arc.
1-2-4 3 3 0 0
1-3-4 3 3 0 0
2-3-4* 3 1 0 2
(11) South-western 1-2-3-4
Tibet; Miocene, 11.5- 1-23
17.7 Ma; continental rift . . ) ) )
(collision to continental 1-2-4 5 samples. Collision setting was not included in these diagrams.
rift transition). 1-3-4
2-3-4
(12) Moyuta and 1-2-3-4
Tecuamburro volcanoes, — 1-2-3
Guatemala; Plio- 1-2-4
Pleistocene. Only 2 samples
1-3-4 (not plotted).
2-3-4
(13) Berlin and 1-2-3-4 2 2 0 0 0
Ahuachapan, El 1-2-3 2 2 0 0
Salvador; Quaternary; 1-2-4 2 2 0 0
arc 1-3-4 2 2 0
2-3-4* 2 2 0

Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1-1A, 2-CR,
3-0I, 4-MORB; *—inapplicable results and diagrams; boldface italic font shows the expected tectonic setting.

For mafic intrusive rocks (1870-1780 Ma) from south-central Sweden (Rutanen and
Andersson 2009), 12 out of 13 intermediate rock samples consistently showed an arc
setting (Fig. 2A-D; Table 7). Additionally, three out of four and all five basic rock

samples showed an arc setting (Tables 9 and 10, respectively).

Ten to all twelve Late Proterozoic intermediate rock samples from Adola (Wolde et al.
1996) showed high probabilities for arc (IA+CA) tectonic setting (Table 8; Fig. 2A-D).

In agreement with this, ten samples of ultrabasic and basic magmas from the same area
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also indicated an arc setting because nine of them plotted in this tectonic field (Table
10). Seven of these samples had complete data for immobile-element-based diagrams;
five or six of them also showed very high probabilities for the arc field (Table 9).
Finally, nine samples of acid magma confirmed the arc setting (high probabilities for 4
to 6 samples for the arc field; Table 11).

Twenty samples of Late Proterozoic intermediate magma from Malani igneous
complex, Rajasthan, India (Maheshwari et al. 1996; Bhushan and Chandrasekaran,
2002; Sharma, 2004; Singh and Vallinayagam, 2004), showed an ocean island or
continental rift setting (Fig. 2). Twelve to fifteen samples were discriminated as ocean
island, whereas six to eighteen samples as continental rift (Table 8). The nineteen
ultrabasic and basic rock samples from Malani indicated a continental rift setting (12 to
15 samples in this field; Table 10). Similarly, thirty samples of acid magma from
Malani also indicated a continental rift setting (Table 11; ocean island setting was not
included in these diagrams). This case study highlights the difficulty in discriminating

very similar continental rift and ocean island settings.

Twenty-nine samples of Cambrian intermediate magma from western
Tasmania, Australia (Brown and Jenner 1989), were discriminated as an arc setting
(Fig. 2), because most (27 to 28 out of 29) samples showed high probabilities (Table 8)
for the IA+CA field. The six basic rock samples fully confirmed the arc setting (Table
10).

Six samples of intermediate rocks of about 295 Ma from the Alps (France-Italy-
Switzerland; Debon and Lemmet 1999) clearly showed a collision setting during the
Late Carboniferous, because most (four to all six) samples plotted in this field with
high probabilities (Fig. 2; Table 8). This result was fully consistent with the 11 samples
of acid magma, most (9 to 10) of which plotted in the collision field (Table 11).

Twenty-two samples of Late Cretaceous intermediate magma from central
Anatolia, Turkey (llbeyli et al. 2004), showed a collision setting because most (14 to
21) samples
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TABLE 11. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR ACID
MAGMAS (VERMA ET AL. 2011)

(case study no.) Figure Total Number of discriminated samples
Locality; age; inferred  type number
tectonic setting of IA+CA (1+2) Col (4)
samples [Piascal 1A (1) CA(2) CR(3) [Pcal
[Pia] [Pcal [Pcr]
(1) Wawa greenstone 1+2-3-4
belt, Canada; Late 1-2-3
Archean, 2700 Ma. No
1-2-4 samples.
1-3-4
2-3-4
(2) Nanded and 1+2-3-4 50 1[0.4987,0.6026] 11 [0.4615-0.9625] --- 37[0.4181, 0.9947]
T%‘?tm;" :V'aharas”av 1-2-3* 50 1[0.5857] 46 [0.5803-0.9343] 43 [0.4975- 0.9973]
naia; early
Proterozoic, 2385- 1-2-4 50 2[0.5863, 0.6678] --- 4[0.4941-0.8015] - 44 [0.4159- 0.9998]
2074 Ma; collision. 1-3-4 50 4[0.5411-0.9311] - 14 [0.5024-0.9106] 32 [0.5289-0.9879]
2-3-4 50 4[0.4280-0.8763] 12 [0.4792-0.9445] 34 [0.4155, 0.9834]
(3) South-central 1+2-3-4
Sweden; Early 1-2-3
Proterozoic, 1870- No
1780 Ma). 1-2-4 Samples.
1-3-4
2-3-4
(4) Adola, Ethiopia; 1+2-3-4 9 6 [0.3727-1.0000] 2 [0.5185,0.7216] --- 1 [0.6740]
Late Proterozoic, 885-  1-2-3 9 5[0.5414-1.0000] - 1[0.3648] 3[0.8045-0.9856]  ---
765 Ma; arc. 1-2-4 9 4[0.6117-1.0000] - 0 5 [0.5326-0.9789]
1-3-4 9 5[0.4570-1.0000]  --- 2[0.4427,0.7516]  1[0.8622]
2-3-4* 9 7[0.4597-1.0000]  2[0.4441,0.6419] 0
(5) Malani, Rajasthan, ~ 1+2-3-4 30 1[0.6448] 16 [0.0.7085-1.0000] --- 13 [0.4741-0.9947]
India: Late 1-2-3 30 0 3[0.3921-0.7299] 27 [0.5065-1.0000]
Pr?ff;oﬁ?'f}?o Ma;  1o4% 30 2[0.4328,05072] - 7[0.3703-0.6580] - 21 [0.5720-1.0000]
continental rit. 1-3-4 30 1[0.5690] 16 [0.6921-1.0000] 13 [0.5029-0.9966]
2-3-4 30 3[0.3975-0.6989] 15 [0.5576-1.0000] 12 [0.5059-0.9645]
(6) Western Tasmania,  1+2-3-4
Australia; Cambrian,; 1-2-3
arc. No
1-2-4 Samples.
1-3-4
2-3-4
(7) Alps, France- 1+2-3-4 11 0 1[0.6925] 10 [0.3997-0.9859]
Italy-Switzerland; 1.2-3% 11 0 2[0.6198,0.9150]  8[0.4330-0.9941] -
Late Carboniferous,
295 Ma: collision 1-2-4 11 0 2[0.6316,0.7949] - 9 [0.6094-0.9956]
1-3-4 11 0 2[0.5104, 0.8442] 9 [0.6170-0.9793]
2-3-4 11 0 2[0.4933,0.7594] 9 [0.5354-0.9699]
(8) Central 1+2-3-4 13 2[0.5779,0.6053]  1[0.4402] 10 [0.3793-0.9719]
Anatolia, Turkey;
' ' 1-2-3* 13 0 11[0.5000-0.9469]  2[0.6300,0.7672] -
Late Cretaceous, 76 [ 1 [ 1
Ma; collision 1-2-4 13 0 7[0.5952-0.7964]  --- 6 [0.6411-0.9936]
1-3-4 13 0 3[0.5157-0.5473] 9 [0.5387-0.9759]
2-3-4 13 1[0.4520] 1[0.4771] 11 [0.4789-0.9480]
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TABLE 11 (CONTD.). APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS

FOR ACID MAGMAS (VERMA ET AL. 2011)

(case study no.) Locality; Figure type Total Number of discriminated samples
age; inferred tectonic number
setting of IA+CA (1+2) Col (4)
samples [Piascal 1A (1) CA(2) CR (3) [Pcal
[Pia] [Pcal [Pcel
(9) Bonin Islands, Japan; 1+2-3-4 7 7 [0.7530-0.9905] 0 0
Eocene; arc. 123 7 7[0.8119-0.9860] - 0 0
1-2-4 7 7 [0.8467-0.9902] 0 0
1-3-4 7 7 [0.9814-0.9999] 0 0
2-3-4%* 7 7[0.9939-0.9999] 0 0
(10) Guam, Marianas; 1+2-3-4
Eocene-Oligocene, 43-32
Ma. 1-2-3
No
1-2-4 samples.
1-3-4
2-3-4
(11) South-western Tibet; ~ 1+2-3-4
Miocene, 11.5-17.7 Ma.
1-2-3
No
1-2-4 samples.
1-3-4
2-3-4
(12) Moyuta and 1+2-3-4
Tecuamburro volcanoes, 1-2-3
Guatemala; Plio-
Pleistocene. 1-2-4 No
1-3-4 samples.
2-3-4
(13) Berlin and 1+2-3-4 4 4 [0.8506-0.9526] 0 0
AhUtaChapan, El Salvador; 153 4 4[0.8314-0.9955] - 0 0
uaternary; arc
Q y 12-4 4 4[0.8936-0.9899] - 0
1-3-4 4 410.9682-0.9997] 0 0
2-3-4% 4 4[0.9926-1.0000] 0 0

Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1—
IA, 2-CA, 3-CR, 4-Col; *—inapplicable results and diagrams; boldface italic font shows the expected or more
probable tectonic setting; the probability estimates for the different tectonic groups are summarized after the
number of discriminated samples as follows: [p,a+cal-range of probability values estimated for IA+CA settings,

[pial-for 1A, [pca]-for CA, [pcrl-for CR and [pco]-for Col.

plotted in this field (Fig. 2; Table 8). Thirteen samples of acid magma confirmed these

results (Table 11).
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The Bonin Archipelago represents an uplifted fore-arc area exposing the
products of Eocene supra-subduction zone magmatism, with Chichijima being the type
locality for boninite rocks (Taylor et al. 1994). An arc setting was fully confirmed for
the Bonin Archipelago during the Eocene because all 35 intermediate rock samples
plotted in the arc field with very high probabilities (Table 8). Interestingly, the arc
setting was also inferred from seven samples of acid magma, all of which plotted in
this field (Table 11).

In spite of the alteration in Eocene-Oligocene volcanic rocks from Guam,
Marianas fore-arc area (Reagan and Meijer 1984), 15 samples of intermediate rocks
clearly showed an arc setting with 13 to 15 samples having high probabilities (Table 8)
for the IA+CA field. The major element data for three samples of basic rocks

confirmed the arc setting (Table 10).

Thirty-five samples of ultrapotassic intermediate post-collision Miocene rocks
from south-western Tibet (Zhao et al. 2009) showed a transition from collision to rift
setting (Table 8). In two diagrams (Fig. 2A,C), 27 and 34 samples plotted in the
collision field, whereas in the remaining three (Fig. 2B,D,E), 22 to 35 samples did so
in the continental rift field (Table 8).

Seven samples of intermediate magma of corestone-shell complexes from
Moyuta and Tecuamburro volcanoes of Guatemala (a part of the Central American
Volcanic Arc-CAVA; Patino et al. 2003) were used to evaluate the effects of
spheroidal weathering in our new multi-dimensional diagrams (Table 8). An arc setting
was still inferred for these highly altered rocks because most of them (4 to all 7
samples) plotted in the IA+CA field (Fig. 2) and showed high probabilities for this
field (Table 8). Although these authors did not report analyses of fresh rocks from
these volcanoes, which might have helped in better understanding of the alteration
effects in our multi-dimensional diagrams, we may hypothesize that these effects
probably rendered some samples to plot in the collision field, with relatively high
probabilities (Table 8).

Eighteen samples of hydrothermally altered (zeolite alteration) intermediate
volcanic rocks from boreholes in Berlin and Ahuachapan geothermal areas of El
Salvador (CAVA; Agostini et al. 2006) clearly showed an arc setting, because, in spite

of the alteration effects, most of them (15 to 17 samples) plotted in the arc (IA+CA;
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4.5

Fig. 2) field (Table 8). Major element data for two samples of basic (Table 10) and four

of acid magmas confirmed the arc setting (Table 11).

Conclusions

A The new set of five diagrams with high success rates for intermediate
magma, put forth in this work from correct statistical treatment of log-ratio
transformation, discordant outlier-free database, multivariate technique of LDA,
probability-based boundaries and associated sample probability calculations as a
replacement for plotting samples, are shown to work well for relatively fresh to highly
altered rocks of almost all ages from several areas around the world, and are therefore
recommended to be used to decipher the tectonic settings of old or tectonically

complex areas.
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Chapter 5

Proposal of first multi-dimensional classification diagram for

magma type of altered igneous rocks

Antecedents

In this chapter, | am presenting the progress proposal report of the classification

diagram. In future, this work may be published in international journal.

Abstract

The International Union of Geological Sciences (IUGS) has proposed
recommendations for the classification of relatively fresh rocks. The total alkali versus
silica (TAS) diagram has been in use for the classification of fresh rocks now for over
thirty years. | present here the new multi-dimensional classification diagram obtained
from correct statistical methodology of log-ratio transformation and linear discriminant
analysis, major element log-ratio variables in 23764 rock samples from four rock or
magma types (BasictUIltrabasic, Intermediate and Acid). This diagram with
probability-based field boundaries and high success rates (80.47%-96.89%) was used
for class discrimination. This classification diagram consistent with the UGS

nomenclature for fresh rocks can be used for altered rocks as well.
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5.1

Introduction

The most widely used classification diagrams for fresh volcanic rocks are the
total alkali-silica (TAS) diagrams (Le Bas et al. 1986, 1992). The total alkali
(Na,O+K,0) axis mainly distinguishes alkaline from sub-alkaline rock type, whereas
the silica axis mainly distinguishes primitive from evolved rock types. This diagram
does, however, have limited application to volcanic arc lavas, the vast majority of
which simply classify as sub-alkaline instead of the subdivision into calc-alkaline and

tholeiitic rock types.

In the published literature, some diagrams (alternative to the TAS diagram)
have long been proposed, using the so-called immobile elements (Floyd and
Winchester 1975, 1978; Winchester and Floyd 1976, 1977) with hundreds of citations.
More recently, classification diagrams for altered rocks are proposed by Hastie et al.
(2007) who state that the existing diagrams did not work well for arc rocks and
proposed, more specifically, the use of Co-Th diagrams for the classification of altered

rocks from volcanic arcs.

According to the original authors, these diagrams (Floyd and Winchester 1975,
1978; Winchester and Floyd 1976, 1977) and more recent (Hastie et al. 2007)
diagrams “correctly” classified altered rocks. Verma et al. (2010) presented the
following reasoning before evaluating these diagrams. The question was: Do the
diagrams work well for altered rocks? We cannot precisely answer this question by
studying altered rocks, because we do not know how much their chemical composition
was modified by alteration processes in the field. We could, of course, resort to
experimental laboratory-controlled work to answer it, which could also be costly, time
consuming and difficult due to multivariate nature of this problem. Verma et al. (2010)
thus concluded that the above mentioned old as well as the newer diagrams do not

work well, making it clear that new classification diagrams are still needed.

Therefore, | proposed a new multi-dimensional classification diagram based on
all ten major element oxides, instead of a few selective elements used in the earlier

diagrams, for altered igneous rocks, using the philosophy of International Union of
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5.2

Geological Sciences (IUGS) classification scheme (contribution of TAS diagram and
CIPW norms Le Maitre et al. 2002; Verma et al. 2002). The main purpose was to
correctly classify the magma type as one of the three varieties: (i) ultrabasic or basic,
(i) intermediate, and (iii) acid. This could help me to correctly choose the suitable

discrimination diagrams.

Databases

In order to propose the classification diagram, an updated version of database
was prepared with new analyses (about 9492 samples) and the combined data for
23764 samples were used for this work. The existing database was used earlier by
Verma et al. (2011, 2012); for more information see Annexure | & Ill as well as
chapter 4 which already presents the information of number of samples, their tectonic
setting and magma type and location coordinates, and literature references. Therefore,
to avoid repetition and reduce the thesis space, these details are omitted from this

chapter.
The important aspects of this database are as follows.
- Rocks type: Fresh igneous rocks
- Age: Young (Miocene to Recent)
- Location: All over the world (oceans and continents)

| assigned a proper rock name and magma type (basic, ultrabasic, intermediate and
acid) to each compiled rock sample following the IUGS volcanic rock classification
scheme (Le Bas et al. 1986, Le Bas 2000) using 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.

The samples with complete analyses and log-ratio data were used to propose
the new classification diagram from complete data set. Success rates (i.e. correct
classification expressed as percentages) were calculated from counting the correctly

discriminated samples. The probability-based boundaries and the probabilities for
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5.3

individual samples were computed from the method recently outlined Verma and
Agrawal (2011).

New Classification Diagram

A total of 23764 rock samples with complete major-element analyses were
available in my database for proposing new diagram. The results of linear discriminant
analysis (LDA) performed on these samples (success rates) can be summarized as
follows: 86.22% for basic+ultrabasic rock together, 96.89% for intermediate rock, and

80.47% for acid rock.

The complete major element analyses of classification diagram are divided into their

magma types (Table 1).

TABLE 1. TOTAL NUMBER OF SAMPLES AND ROCKS TYPE IN DATABASE

Rocks Type ~ Group Total
number Samples
Basic+Ultrabasic 1+2 10435
Intermediate 3 8465
Acid 4 4864
Sum 1-4 23764

The synthesis of log-ratio variables used in LDA is summarized in Table 2. In which

the mean and standard deviation values for all samples are included.
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TABLE 2. MEAN AND STANDARD DEVIATION OF (SiO),; AND LOG-TRANSFORMED
RATIO VARIABLES FOR THE THREE ROCKS TYPE (BASIC+ULTRABASIC,
INTERMEDIATE, AND ACID) SAMPLES OF THE DATABASE

loge-transformed Basic+Ultrabasic (1+2) Intermediate (3) Acid (4)

ratio variable (n =10435) (n = 8465) (n =4865)

X S X S X S
(Si02)ag; 48.42 2.70 57.06 3.29 69.43 5.00
IN(TiO,/SiOy).gj -3.287 0.572 -4.122 0.488 -5.194 0.799
IN(Al,05/Si02)44 -1.163 0.157 -1.211 0.138 -1.554 0.310
In(Fe,05/Si0y)4g -3.238 0.243 -3.465 0.265 -4.300 0.657
In(Feo/SiOz)uq -1.718 0.231 -2.402 0.338 -3.513 | 0.710
IN(MNO/SiO,).gj -5.590 0.394 -6.034 0.486 -6.877 0.804
IN(MgO/SiO;).qj -1.880 0.481 -2.764 0.731 -4.816 1.619
IN(CaO/SiOy).gj -1.547 0.301 -2.153 0.449 -3.607 1.167
In(Na,O/SiO;).qj -2.837 0.372 -2.764 0.317 -2.868 0.459
IN(K,0/Si0,)4q -4.300 1.198 -3.615 0.780 -3.164 0.620
IN(P205/Si0;).qj -5.041 0.971 -5.474 0.753 -6.792 1.417

X —mean; s—standard deviation.

All log-transformed ratios are negative, because | have chosen the most abundant
major element (SiO,).qj as denominator. Although there is progressive, unwanted
increase of mean value of (SiO,).; from basic+ultrabasic rock to acid (Table 2), there

are differences in mean value of most log-transformed ratio as well.

To understand if these differences are statistically significant, Table 3 gives the results
of equality of these elements and their ratio. Both tests (Wilks” lambda<<1 and F-
ratio>>1) indicate that significant differences exist for element concentrations and,

more importantly, in log-transformed ratios among the four groups at an extremely low
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significance level approaching zero for all variables except In(P20s/SiO)4qj (Table 3),
i.e. very high confidence level approaching 100%.

TABLE 3. TEST OF EQUALITY OF GROUP MEANS FOR TEN LOG-TRANSFORMED RATIO
VARIABLES IN THE GROUP SAMPLES

Element Wilks’ lambda F-ratio Significance
IN(TiO,/Si0y)agj 0.11928 364.334 0.00000
IN(Al,05/Si02)4g 0.12135 559.399 0.00000
In(Fe,05/Si0y)4g 0.20716 9351.693 0.00000
In(FeO/SiO,).qj 0.20840 9479.668 0.00000
IN(MNO/SiO;).qj 0.11724 137.644 0.00000
IN(MgO/SiO;).qj 0.11855 271.541 0.00000
IN(CaO/SiOy).gj 0.11701 114.602 0.00000
IN(Na,O/SiO;).gj 0.11711 124.812 0.00000
IN(K,0/Si02)44 0.11921 339.343 0.00000
IN(P205/Si0;).qj 0.11592 2.967 0.05146

Wilks’ lambda (U-statistic) and univariate F-ratio with degree of freedom, dfl=v1 =g-1 =4-1 =3 and
df2 =v2 =n-g = 23764-4 = 23760, where g is the number of groups and n is total number of samples.

Furthermore, these differences among groups can be enhanced by the multivariate
technique of LDA to achieve acceptable separation of groups in multi-dimensional

classification diagram.
5.4 Probability-based field boundaries

| carried out LDA on 23764 samples of data set. In total, the discriminant

analysis was carried out only one time because only three groups had to be separated.

Table 4 contains the equation of DF1 and DF2 functions (x-and y-axes; Fig. 1).
In these equations, the log-transformed ratios of major elements are multiplied by

corresponding coefficients or the multiplication factors obtained from LDA (called
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‘raw coefficients’ of canonical analysis in Statistica software). The last factor in each

equation is a constant term for that equation.

Because in LDA | used three groups at a time, even in the first diagram, two
functions (DF1 and DF2) together would define the total (100%) variance (Fig.1), with
two discriminant functions is sufficient to fully visualize the samples from three groups
being discriminated at a given time. Furthermore, we call this diagram as multi-
dimensional, because each of two DF1 and DF2 functions contains 10 log-ratio
variables. Thus, we are able to visualize 10-dimentional data in two dimensions. This

is the major advantage of discriminant-function-based diagram.

TABLE 4. DISCRIMINANT-FUNCTION EQUATIONS FOR THE NEW MULTI-DIMENSIONAL
CLASSIFICATION DIAGRAM

Figure no. Equations

Figure 1 DF g, up.inaciay = (0-381852x In(Ti0,/SIiO ,) ) + (0.789856 x In(Al,0,/Si0 ,) ;) +
(1+2-3-4) (-5.26887 x In(Fe,0,/Si0 , ) ;) + (5.64354 x In(FeO/SIO , ) ;) +
(0.228959x In(MnO/SiO,, ) .;,) + (0.020858 x IN(MgO/SIO , ) ;) +

(-0.0003908 x In(Ca0/SiO ,)
(0.252379 x In(K ,0/SiO , )

;) + (0.056826 x In(Na, 0/SiO , )
) +(0.026725 x In(P,0,/SiO ,)

adj) +

DF2, pmiacey = (-0.526167 x In(TiO, /S0 , )
(5.97823 x In(Fe,0,/Si0 ,)
(0.216275 % In(MnO/SiO,,)
(0.430037 x In(Ca0/Si0 , ).,
(-0.178113x In(K ,0/Si0 ,)

) (219843 In(Al,0,/SiO ,)
) +(-4.65921x In(FeO/SiO , ) .,
) +(0.438321x In(MgO/SiO , )
) +(-0.632727 x In(Na,0/Si0 , ) .,
) +(-0.0055025 x In(P,0,/SiO , )

adj) +

adj )+

adj )+

)+
) +11.93836316452

adj adj
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As an example, for drawing the boundary the discriminates Basic+Ultrabasic
and Intermediate fields in Figure 1, I first calculated the probabilities all along the top
horizontal line (DF1 top axis) of the diagram, i.e., the line connecting (-8, 18) and (18,
-8), and tried to obtain the coordinates of the point with equal probability for
Basict+Ultrabasic and Intermediate fields, which were observed to be (8, 17.5347).
Similarly, | obtained the coordinates of the Intermediate-Acid boundary along the DF2
axis (the line joining 8, -8 and 18, -8) as (-8, 9.29077) and those for the
Basic+Ultrbasic-Acid along the DF1 axis (the line joining -8, -8 and 18, -8) as (-
0.0007636, -8.00). The next step was to locate additional equal probability points along
two horizontal or vertical lines well within the diagram, e.g., for Figure 1, | located
equal probability points along two lines, one horizontal joining (8, 4) to (-8, 9) and the
other vertical joining (-4, -8) and (-4, 8). These equal probability inner coordinates
were (4.00, 8.03245) for the Basic+Ultrabasic—Intermediate boundary and (-0.3341, -
4.00) for the Basic+Ultrabasic—Acid boundary. Then, | obtained two equations, one
joining two points (4, 8.03245) and (8, 17.5370) to obtain Basic+Ultrabasic—
Intermediate boundary and the other connecting (-0.3341, -4.00) and (-0.0007636, -8)
for the Basic+Ultrabasic—Acid boundary. The point of intersection of these two
equations was obtained to be (-0.454898, -2.5504358). The third boundary
(Intermediate—Acid) from (-8.00, 9.29077) will automatically pass through this point
(-0.454898, -2.5504358). Because all three boundaries meet at this point, it can be
called triple point for this diagram. | assured that the probability for this triple point
was about 0.3333, or 33.33%, for each of the three tectonic fields (Figure 1), because
in LDA we had assumed equal probability for all groups being discriminated,

irrespective of the sample sizes.

The major advantage of LDA is that the tectonic boundaries can be based on
probability estimates (Agrawal 1999). The posterior probability calculations for
individual samples are similar to those describe recently by Verma and Agrawal
(2011). Therefore instead of elaborating on these probability calculations, | briefly

present the method to obtain the probability-based field boundaries.

The boundary coordinates for all diagrams are reported in the explanation of
Figure 1.
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Figure 1 New discriminant-function based multi-dimensional diagrams for the
classification of igneous rocks from basic+ultrabasic (B+Ub), intermediate (Int),
and acid rocks, showing samples from the data set.

The symbols are explained as inset in Figure 1. The black lines represent
discrimination boundaries, Basic+Ultrabasic-Intermediate-Acid (1+2-3-4) diagram,
the coordinates of the field boundaries are (8, 17.5347) and (-0.454898, -2.5504358)
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5.5

5.6

for Basic+Ultrabasic-Intermediate; (—8.0, 9.29077) and (-0.454898, -2.5504358) for
Intermediate-Acid; and (—0.0007636, -8) and (-0.454898, -2.5504358) for

Basic+Ultrabasic-Acid.

Result of success rate

Using the complete data set samples (23764) | obtained the success rates, for
which the samples were plotted in new discriminant-function-based multi-dimensional

classification diagram (Figure 1).

In Figure 1, about 86% samples are plotted in basic+ultrabasic field. For the
intermediate field | obtained the success rate of about 96%. The success rate for Acid
filed is achieved 81%.

Conclusions

The new classification diagram with high success rates for basic+ultrabasic,
intermediate and acid magmas is successfully proposed. This multi-dimensional
diagram is based on correct statistical treatment of log-ratio transformation,
multivariate technique of LDA, probability-based boundaries and associated sample
probability calculations as a replacement for plotting samples, are shown to work well
for relatively fresh as well as altered rocks. This multi-dimensional diagram is

consistent with the IUGS nomenclature.
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Chapter 6

Application of Classification and Discrimination diagrams

6.1 Application of the classification diagram

| selected five case studies, with Neogene ages, to illustrate the application of
the new classification diagram. None of the samples from these case studies had
been included in the database used for constructing this diagram (chapter 5).
Therefore, these case studies provide an unbiased application result of new

classification diagram for fresh as well as altered rocks.
Further, 1 divided these case studies samples in two parts.
1. Case studies based on fresh rocks (Table 1)
2. Case studies based on altered rocks (Table 2)

1. Case studies based on fresh rocks

For fresh rocks, I compiled the samples from five areas (Caldera Los Azufres,
Caldera Amealco, Caldera Huichapan, and Caldera Los Humeros, Sierra la
Primavera) around the Mexico, age and references are given in Tables 3 and 4.
Then, | plotted these samples in Total Alkali versus Silica diagram (Fig. 1a) as well
as in new discriminant-function-based classification diagram (Fig 1b) to compare
the result efficiency of new discriminant-function-based classification diagram.
Here, | considered TAS diagram as a reference for new discriminant-function-

based classification diagram and the results are summarized in Table 1.
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6.2 Location map

Location map of Sierra La Primavera, Los Azufres geothermal field, Amealco

Caldera, Huichapan Caldera and Los Humeros geothermal field in Mexico. The

symbols are indicated on the above map.
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First, using TAS diagram Le Bas et al. (1986), | classified the samples into basic
magma (14 samples), intermediate magma (193 samples) and acid magma (215
samples) for (Fig. 1a and Table 1).

1 2 Acid fresh rock from
{3 (Sierra la Primavera, Los Azufres,

Amealco, Huichapan, Los Humeros)

Intermediate fresh rocks from
po— 0 (Los Azufres, Amealco,
" — Huichapan, Los Humeros).
L=
© | Basic fresh rocks from
E 8 (Los Azufres, Huichapan,
— Los Humeros).
+ 4r A
O

[
y]
< ‘
Ultrabasic| Basic| Intermediate Acid
(a)
0 1
42 52 62 72

SiO, (% m/m adj.)

Figure 1a. Total Alkali versus Silica (TAS) classification diagram for fresh rocks, showing samples from
the five case studies. The solid pink lines represent field boundaries for ULTRABASIC-BASIC-
INTERMEDIATE-ACID (1+2-3-4) fields.

The same samples 14 for basic magma, 193 samples for intermediate magma and
215 samples for acid magma were plotted in Figure 1b, for evaluation of the new
discriminant-function-based classification diagram. The results are summarized in
Table 1). For the basic rocks samples, (14 out of 14) plot in basic field while

intermediate and acid rocks were mis-classified with (3 out of 193) and (6 out of
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215 samples) in acid and intermediate fields, respectively (Fig. 1b; Table 1). So
over all | obtained very high (97%-100%) success rate for the new discriminant-

function-based classification diagram.

1 T T T T T T T T T T T T T
1] [ Acid fresh rocks from < 6 Acid samples plot in
E 1 6 B 0 (Sierra la Primavera, Los Azufres, Intermediate field
- [ Amealco, Huichapan, Los Humeros) # 3 Intermediate samples | -
© 5 plot in acid field
Q - Intermediate fresh rocks from
E 1 2 - <> (Los Azufres, Amealco,
E L Huichapan, Los Humeros). 7
ot | -
= ! Basic fresh rocks from I nte rmEd Iate
- 8 | (Los Azufres, Huichapan, E
.2 Los Humeros).
—
8T T
=BT 7
® g 4 O
=
? -
Ol 240
® A -
© n
m . .
~ -4 Basic+Ultrabasic
5
_8 1 1 1 1 1 1 1

DF1(Basic+Ultrabasic-Intermediate-Acid)

Figure 1b. The new discriminant-function, multi-dimensional diagram based on natural logarithm-
transformed ratios of major elements for the classification of fresh rocks, showing samples from the five
case studies. The solid green lines represent discrimination boundaries for BASIC+ULTRABASIC-
INTERMEDIATE-ACID (1+2-3-4) fields.

Thus, it is justified that new discriminant-function-based classification diagram
can be use for fresh volcanic rocks, as well TAS diagram because in both

diagrams, | obtained significant result.
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TABLE 1. APPLICATION OF TAS DIAGRAM FOR FRESH ROCKS FROM LOS
AZUFRES, AMEALCO, HUICHAPAN, LOS HUMEROS, AND SIERRA LA
PRIMAVERA FOR THE EVALUATION OF DISCRIMINANT-FUNCTION-BASED
CLASSIFICATION DIAGRAM.

Rock Type in Discriminant-function-based
classification diagram [Total Number of samples (%)]

Rocks Type Total Number of

San;ﬁ);zsr:r;IAS Basic Intermediate Acid
Basic 14 (100) 14 (100) 0 0
Intermediate 193 (100) 0 190 (98) 3(2)
Acid 215 (100) 0 6 (3) 209 (97)

* TAS diagram is reference for the discriminant-function-based classification diagram

We also see (Table 1) that more samples of intermediate and acid rocks than basic

rocks have been analyzed, which may reflect the actual abundance of these magma

types in these geothermal fields. Further, in TAS diagram (Fig. 1a) numerous rock

samples plot close to the boundaries (fixed following the accepted nomenclature),

some of them are mis-discriminated in the new multi-dimensional diagram (Fig. 1b).
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2. Case studies based on altered rocks

For altered rocks, | also compiled geochemical data, age and references (Tables 3
and 4) samples from two areas (Caldera Los Azufres, and Caldera Los Humeros;

for the rest of the areas, no geochemical data are available for altered rocks.

T T T T T T T T T T T T T
Acid Altered rocks from
(Los Azufres, Los Humeros)

N
(o))
O

B Intermediate altered rocks from
Los Humeros

-
N
)

Basic altered rocks from

-_ A (Los Azufres, Los Humeros Intermediate

oo

Acid)
N

Basic+Ultrabasic

DF 2(Basic+Ultrabasic-Intermediate-

(a)
_8 - - - - - -
8 4 0 4 8

DF1(Basic+Ultrabasic-Intermediate-Acid)

Figure 2a. The new discriminant-function, multi-dimensional diagram based on natural logarithm-
transformed ratios of major elements for the classification of altered rocks, showing samples from the five
case studies. The solid green lines represent discrimination boundaries for BASIC+ULTRABASIC-
INTERMEDIATE-ACID (1+2-3-4) fields.

For the application of altered rocks, I classified, compile samples into basic
magma (3 samples), intermediate magma (19 samples) and acid magma (34
samples) from new discriminant-function-based classification diagram in Figure
2a.
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Figure 2b. Total Alkali versus Silica (TAS) classification diagram for altered rocks, showing samples from
the five case studies. The solid pink lines represent field boundaries for ULTRABASIC-BASIC-
INTERMEDIATE-ACID (1+2-3-4) fields.

Further, | plotted these samples in TAS diagram. For the basic magma, (3 out of 3
samples), plot in basic field (Fig. 2b; Table 2). For intermediate magmas (19 out of 19
samples) plot in intermediate filed. The same pattern is also repeated for acid
magma (34 out of 34 samples) plot in acid field (Fig 2b; Table 2). For the TAS
diagram, | obtained 100% success rate for all cases. Here, | used new discriminant-
function-based multi-dimensional diagrams as a reference material for the TAS diagram.

Furthermore, | can say safely that the new discriminant-function-based multi-dimensional

diagrams can be use for the fresh as well as altered rocks.
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TABLE 2. APPLICATION OF DISCRIMINANT-FUNCTION-BASED CLASSIFICATION
DIAGRAM FOR ALTERED ROCKS FROM LOS AZUFRES AND LOS HUMEROS FOR
THE EVALUATION OF TAS DIAGRAM

Rock Type in (TAS) diagram

Rocks Type Total Number of samples in [Total Number of samples (%)]
(Discriminant-function-based _ _ _
classification diagram*) Basic Intermediate Acid

Basic 3 (100) 3 (100) 0 0

Intermediate 19 (100) 0 19 (100) 0

Acid 34 (100) 0 0 34 (100)

* Discriminant-function-based classification diagram is reference material for the TAS diagram

For altered rocks, the number of samples is much more limited than for fresh rocks
(Compare Tables 1 and 2) and most of them plot in the TAS diagram (Fig. 2b) well
within the assumed fields of magma types. This may be the reason why all samples
are equally well classified in both the new classification and TAS diagrams (Table
2). In order to better evaluate the functioning of the TAS diagram for altered rocks,
we need to establish a world database having a much larger number of samples than
Table 2. For the Mexican fresh and altered rocks compiled in this chapter, both

diagrams seem to work well.

Finally, newer classification diagrams based on immobile elements should also be

proposed in future.
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6.3 Application of discrimination diagrams

For application of discrimination diagrams, | selected the same five case
studies of Neogene rocks to illustrate the application and excellent functioning of
the new multi-dimensional discrimination diagrams. The rocks were evaluated
under the assumption of prevalence of plate tectonic processes and similar log-ratio
geochemical variables for Neogene tectonic regimes. The plotting of samples in
intermediate and acid diagrams (Fig. 3 and 4) can be fully replaced by probability
calculations (Tables 3 and 4). In any discrimination diagram (Fig. 3a-e and Fig.4a-e)
a sample will have probability values for all tectonic fields being discriminated,
which will add up to 1.0000, and the sample will be plot in the field for which the
probability is the highest. | also note that very few basic rock samples with complete
data were available for this work. These samples were, therefore, not used for the
evaluation of tectonic setting. Further, the basic rock samples from the Mexican

Volcanic Belt were also extensively used and discussed in Chapter 3.

Importantly, besides the intermediate magma, contemporaneous acid magmas
may also be present in a given area. In terms of the inferences based exclusively on
discrimination diagrams, the inferences from the intermediate diagrams (Chapter 4)
should be considered more reliable when the multi-dimensional diagrams for other

magma varieties (acid by Verma et al. 2012) also provided consistent results.
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Figure 3. The set of five new discriminant-function multi-
dimensional diagrams based on natural logarithm-transformed ratios
of major elements for the discrimination of intermediate rocks,
showing samples from the five case studies. The solid red lines
represent discrimination boundaries. A: I1A+CA-CR+0OI-Col (1+2—
3+4-5) diagram; B: IA+CA-CR-OI (1+2-3-4) diagram; C: IA+CA-
CR—Col (1+2-3-5) diagram; D: IA+CA-OI-Col (1+2-4-5) diagram;
and E: CR-OI-Col (3-4-5) diagram.



TABLE 3. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR

INTERMEDIATE MAGMAS

(Case study no.) Figure Total Number of discriminated samples
Locality (reference); type§ number __
age; inferred tectonic of IA+CA (1+2) (%) Within-plate Col (5) (%)
setting samples [Piacca] © CR+O0I (3+4) CR (3) (%) Ol (4) (%) [Pca] ©®
(%)[Pcreal] © [Pcr] © [Po] ©
(1) Los Azufres 1+2-3+4-5 91 (100) 6 (6%) 16 (18%) 69 (76%)
geothermal field, [0.4871,0.9503]  [0.3653-0.9586] [0.3649-0.9956]
Mexico (Dobsonand 1,5 3 4« 91 (100) 40 (44%) 47 (52%) 4 (4%)
Mahood 1985, [0.4172-0.9960] [0.4583-0.9208]  [0.4984,0.9569]
Cathelineau et al.
1987, Pradal and 1+2-3-5 91 (100) 9 (8%) - 18 (20%) 64 (71%)
Robin1994, Silva and [0.3632,0.9120] [0.4401-0.9566] [0.4158-0.9923]
Mora 1998, Verma et 142.4.5 91 (100) 11 (12%) - 8 (9%) 72 (79%)
al. 2005, Pandarinath [0.4339-0.9749] [0.6828,0.9895] [0.4228-0.9994]
et al. 2008);
Neogene: C)O”ision. 3-4-5 91 (100) - 20 (22%) 4 (4%) 67 (74%)
' [0.4091-0.8653] [0.3986,0.9168] [0.4565-0.9927]
(2) Amealco caldera, 1+2-3+4-5 16 (100) 0 (0%) 3 (19%) - - 13 (81%)
Mexico (Verma et al. [0.5765,0.8060] [0.5619-0.9977]
e Dae 142:34¢ 16(100) 2 (12%) 14 (88%) 0 (0%)
and Mcbowe * [0.6534,0.8498] [0.4547-0.7641]
Aguirre-Diaz et al.
2002); Neogene; 1+2-3-5 16 (100) 0 (0%) - 3 (19%) - 13 (81%)
collision [0.5945,0.7677] [0.5277-0.9842]
1+2-4-5 16 (100) 0 (0%) - 1 (6%) 15 (94%)
[0.6686] [0.6665-0.9934]
3-4-5 16 (100) - - 2 (13%) 1 (6%) 13 (81%)
[0.4189-0.4270] [0.4604] [0.3819-0.9936]
(3) Huichapan 1+2-3+4-5 31(100) 6 (20%) 10 (32%) 15 (48%)
caldera, Mexico [0.5514,0.7796]  [0.4393,0.9412] [0.4867- 0.9805]
(Verma 1991, 1+2-3-4* 31(100) 10 (32%) - 16 (52%) 5 (16%)
Aguirre-Diaz and [0.5047-0.9994] [0.4043-0.8142] [0.5703,0.7695]
Loépez-Martinez
2009); Neogene; 1+2-3-5 31(100) 4 (13%) - 9 (29%) 18 (58%)
collision ’ [0.5116-0.6827] [0.4413-0.9046] [0.4950-0.9663]
1+2-4-5 31(100) 5 (16%) - 5 (16%) [0.5047- 21 (68%)
[0.5182-0.7852] 0.9756] [0.5153-0.9946]
3-4-5 31(100) - 3 (9) [0.3941- 8 (26%) [0.3808- 20 (65%)
0.5453] 0.8165] [0.4212-0.9738]
(4) Los Humeros 142-3+4-5 55 1 (2%) 25 (45%) 29 (53%)
geothermal field, [0.5762] [0.4460-9909] [0.5201-0.9664]
Mexico (Demant 1+2-3-4% 55 10 (18%) 43 (78%) 2 (4%)
1981, Ferriz and [0.6067-0.9934] [0.4670- 0.9053] [0.6437,0.9147]
Mahood 1987, Verma
2000); Neogene; 1+2-3-5 55 1(2%) - 22 (40%) 32 (58%)
collision [0.4402] [0.4833-0.9750] [0.5008-0.9664]
1+2-4-5 55 3 (5%) - 11 (20%) 41 (75%)
[0.5049-0.6681] [0.3734-0.9993]  [0.4161-0.9977]
3-4-5 55 - 25 (45%) 3 (6%) 27 (49%)
[0.3796-0.7719] [0.3898,0.7943] [0.4090-0.9987]

8 Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1-1A, 2-CA, 3-

CR, 4-0l, 5-Caol;

* Inapplicable results and diagrams;
©® Probability estimates for different tectonic groups are summarized after the number of discriminated samples as follows:
[pia+cal-range of probability values estimated for IA+CA settings, [pcr+oi]-for CR+Ol, [pcrl-for CR, [poi]—for Ol and [pcol—
for Col. Boldface italic font shows the expected or more probable tectonic setting.
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For the Sierra La Primavera in Mexico (Demant 1981; Mahood 1981), the present diagrams
for acid magma (40 samples) indicated a rift setting, because the probabilities for 35 to 40
samples were highest for rift (0.4470-0.9950), whereas for the remaining 2 to 5 samples the
probabilities were highest (0.4569-0.8657) as collision (Table 4; Fig. 4a, b, d, e,). Note that
Figure 4c should be considered as the inapplicable diagram because the inferred tectonic
setting of continental rift is missing from this diagram. There are no samples of intermediate
rocks from this area. In summary, the acid rocks from the Sierra La Primavera show a
continental rift setting because very high (86%-100%) success rates were shown for this
field.

Most samples of intermediate magma for Neogene extrusive rocks of the Los Azufres
geothermal field, Mexico (Dobson and Mahood 1985; Cathelineau et al. 1987; Pradal and
Robin 1994; Silva and Mora 1998; Verma et al. 2005; Pandarinath et al. 2008) plotted in the
collision setting (Fig. 3a,c-e) and showed high probabilities (0.3649-0.9994; Table 3) The
collision setting was confirmed from the diagrams for acid magmas, because 43 to 52 (out of
77) samples plotted in this field (probabilities 0.4287-1.0000; Table 4; Fig. 4a, c-e). In
summary, the intermediate and acid rocks from the Caldera de Los Azufres show a collision
setting, because very high (71%-79%; Table 3) and (56%-68%; Table 4) success rates were
shown of this field. This is an example where both sets of diagrams (intermediate and acid)

provide consistent result.

Sixteen samples of Neogene intermediate magma from the Amealco caldera, Mexico (Verma
et al. 1991, Aguirre-Diaz and McDowell 2000, Aguirre-Diaz et al. 2002), showed a collision
setting (Fig. 3a, c-e). Thirteen to fifteen samples (81%-94%; Table 3) were discriminated as
collision with high probabilities of 0.3819-0.9977, whereas two to three samples as
continental rift. Out of 21 samples of acid magma from Amealco (Table 4), 10 to 17 samples
(48%-81%) plotted in the continental arc field (probabilities 0.4465-0.9256), 4 to 9 samples
(19%-43%; probabilities 0.3884-0.9214) in the continental rift field, and 4 to 7 samples
(19%-33%; probabilities 0.4954-0.9577) in the collision setting.
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Figure 4. The set of five new discriminant-function multi-
dimensional diagrams based on natural logarithm-
transformed ratios of major elements for the
discrimination of acid rocks, showing samples from the
thirteen case studies. The solid black lines represent
discrimination boundaries. A: IA+CA-CR—Col (1+2-3-4)
diagram; B: IA-CA-CR (1-2-3) diagram; C: IA-CA-Col
(1-2-4) diagram; D: IA-CR—Col (1-3-4) diagram; and E:
CA-CR-Col (2-3-4) diagram.
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Thus, even without considering Figure 4d, from which the continental arc setting is missing
and in which the samples mostly plot in continental rift and collision settings, the number
of samples plotting in these two (rift and collision) settings are significant (4 to 11; Table
4).In summary, the intermediate rocks from the Amealco show a more consistent result of a
collision setting (Table 3). The acid rocks, on the other hand, show an arc setting but with
much less success rate (48%-81% for acid rocks in Table 4 versus 81%-94% for

intermediate rocks in Table 3).

Fifteen to twenty-one out of thirty-one samples of Neogene intermediate rock samples
(48%-68%) from the Huichapan caldera, Mexico (Verma 1991; Aguirre-Diaz and Lopez-
Martinez 2009) showed high probabilities (0.4212-0.9946) for a collision tectonic setting
(Table 3; Fig. 3a, c-e). Similarly, twenty-seven samples of acid magma confirmed the
collision setting (high probabilities 0.4094-1.0000 for 13 or 14 samples (48%-52%) for the
collision field; Table 4; Fig. 4a, c-e). In summary, the intermediate and acid rocks from the
Huichapan caldera show a collision setting, because relatively high (48%-68%) and (48%-

52%) success rates were shown for this field.
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TABLE 4. APPLICATION OF THE SET OF FIVE DISCRIMINANT FUNCTION MULTI-DIMENSIONAL DIAGRAMS FOR ACID
MAGMAS (VERMA ET AL. 2012)

(Case study no.) Figure Total Number of discriminated samples
Locality; age; inferred type number
tectonic setting of IA+CA (1+2) Col (4) (%)
samples (%) 1A (1) (%) CAD (%) CR @) (%) [peol
[Piaccal [Pia] [Pcal [Per]
(1) Sierra La 1+2-3-4 40 (100) 0 (0%) - - 38 (95%) 2 (5%)
Primavera, Mexico [0.4948-0.9825] [0.6531, 0.8657]
(Demant 1981; 123 40 (100) - 0 (0%) 0 (0%) 40 (100%)
Mahood 1981); [0.5353-0.9950]
Neogene, 0.032-0.096 1-2-4* 40 (100) 0 (0%) 13(33%) 27 (67%)
. i : -2- - (] () --- (]
Ma; continental rift. [0.4973-0.8449] [0.4955- 0.9925]
1-3-4 40 (100) - 0 (0%) 36 (90%) 4 (10%)
[0.5081-0.9625] [0.5242,0.8123]
2-3-4 40 (100) - - 0 (0%) 35 (86%) 5 (14%)
[0.4470-0.8493] [0.4569, 0.8651]
(2) Los Azufres 1+2-3-4 77 (100) 24 (31%) - - 6 (8%) 47 (61%)
geothermal field, [0.5015-0.9845] [0.4849,0.9384] [0.4766-0.9986]
Mexico (Dobsonand 153« 77 (100) - 16 (21%) 37 (48%) 24 (31%)
Mahood - | [0.5237-0.9092]  [0.5177-0.9757] [0.5602-1.0000]
e R C VR T S aro e i
Robin1994. Silva and [0.6257-0.9122]  [0.4205-0.9536] [0.5232-1.0000]
Mora 1998, Verma et 1-3-4 77 (100) - 20 (26%) - 5 (6%) 52 (68%)
al. 2005, Pandarinath [0.5506-0.9963] [0.5285, 0.9540] [0.4287-0.9985]
etal. 2008); Neogene;  2.3-4 77 (100) - 30 (39%) 4 (5%) 43 (56%)
collision. [0.4325-1.0000] [0.4110, 0.8776] [0.4587-0.9959]
(3) Amealco Caldera, 1+2-3-4 21(100) 10 (48%) - 4 (19%) 7 (33%)
Mexico (Verma et al. [0.4343-0.8536] [0.3884,0.7343] [0.5972-0.9577]
1991, Aguirre-Diaz 1-2-3 21(100) - 0 (0%) 12 (57%) 9 (43%)
and McDowell 2000, [0.4519-0.7371] [0.4594,0.9214]
Aguirre-Diaz et al.
' , 1-2-4 21(100) - 0 (0%) 17 (81%) 4 (19%)
fi‘;toz)* Neogene; arc- [0.5096-0.8165] [0.4954,0.9566]
1-3-4* 21(100) - 4 (19%) 10 (48%) 7 (33%)
[0.6160,0.9754] [0.5473-0.8025] [0.6632,0.9341]
2-3-4 21(100) - 10 (48%) 4 (19%) 7 (33%)
[0.4465-0.9256] [0.4144,0.7379] [0.5487,0.9341]
(4) Huichapan caldera,  1+2-3-4 27 (100) 9 (33%) - 5 (19%) 13 (48%)
Mexico (Verma 1991, [0.5105, 0.9793] [0.4006-0.6838] [0.4094-0.9838]
Aguirre-Diaz and 1-23*% 27 (100) - 3 (11%) 8 (30%) 15 (59%)
Lopez-Martinez 2009); [0.6797,0.8185]  [0.4425, 0.7119] [0.6385-1.0000]
Neogene; collision 124 27 (100) - 3 (11%) 10 (37%) 14(52%)
[0.6417,0.7613]  [0.5901- 0.7628] [0.8810-1.0000]
1-3-4 27 (100) - 9 (33%) 4 (15%) 14(52%)
[0.4980, 0.9966] [0.5331,0.7076] [0.4747-0.9786]
2-3-4 27 (100) - 12 (45%) 2 (%) 13 (48%)
[0.4167- 0.9968] [0.4962,0.5242] [0.5900-0.9683]
(5) Los Humeros 1+2-3-4 50 (100) 10 (20%) - 2 (4%) 38 (76%)
geothermal field, [0.3890-0.9160] [0.4160,0.6689] [0.3777-0.9947]
Mexico (Demant 1981, 153+ 50 (100) - 0 (0%) 37 (74%) 13 (26%)
Fgglz and Ma;é)(%i [0.4526- 0.8221] [0.5261-0.8927]
,1\1 eog’e;/ee_r?;“ . on)' 124 50 (100) - 0 (0%) 24 (48%) 26 (52%)
' [0.4924- 0.8902] [0.5005-1.0000]
1-3-4 50 (100) - 0 (0%) - 12 (24%) 38 (76%)
[0.4526-0.6553] [0.4856-0.9896]
2-3-4 50 (100) - - 10 (24%) 2 (10%) 38 (76%)
[0.3366- 0.7456] [0.4489,0.5682] [0.3902-0.9827]

Figure type refers to the tectonic fields being discriminated where the tectonic group numbers are as follows: 1-1A, 2-CA, 3-CR, 4-Col; *-
inapplicable results and diagrams; boldface italic font shows the expected or more probable tectonic setting; the probability estimates for the
different tectonic groups are summarized after the number of discriminated samples as follows: [plA+CA]-range of probability values estimated
for IA+CA settings, [plA]-for 1A, [pCA]-for CA, [pCR]-for CR and [pCol]-for Col.
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For the Neogene magma of the Los Humeros caldera or geothermal field, Mexico (Demant
1981; Ferriz and Mahood 1987; Verma 2000), the present diagrams for intermediate
magma indicated a collision setting, because the probabilities for 27 to 41 (out of 55; 53%-
75%) samples were highest for collision (0.4090-0.9977), whereas for the remaining 22 to
25 samples (40%-45%) the probabilities were highest (0.3796-0.9756) for continental rift
(Table 3; Fig. 3a, c-e, with Fig. 3b considered as the inapplicable diagram). A collision
setting was also indicated from multi-dimensional diagrams based on major elements in
acid magmas (Verma et al. 2012), because 26 to 38 samples (out of 50; 52%-76%) were
discriminated as collision (probabilities 0.3777-1.0000; Table 4; Fig. 4a, c-e). In summary,
the intermediate and acid rocks from the Los Humeros caldera show a collision setting
because high (49%-75%) and (52%-76%) success rates were shown of this field.

6.4 Conclusions

A new classification diagram has been used for five case studies; consistent results were
obtained for these applications. Furthermore, probability-based boundaries and associated
sample probability calculations (as a replacement for plotting samples), are shown to work
well for relatively fresh rocks of Neogene age from several areas of Mexico. They can be
similarly used to decipher tectonic settings of geothermally altered rocks as well as old or

tectonically complex areas.
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Chapter 7

Application of multi-dimensional discrimination diagrams for
Archean rocks

7.1  Antecedents
This chapter is based on the following publication, in which the author of this

thesis actively participated. This paper is listed in the Science Citation Index

(as a journal).
Appendix VI:

Verma, S K and Verma, S.P. (2012). Identification of plate tectonic processes

in the Archean from multi-dimensional discrimination diagrams and

probability calculations. International Geology Review. DOI:
10.1080/00206814.2012.693246, ISSN 0020-6814 print/ISSN 1938-2839
online.

7.2 Introduction

Once the application of the discrimination and classification diagrams has been
well documented for energy research, it will be a good idea to explore other

applications to older rocks as well. Numerous mineral resources are housed in such old
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7.3

7.4

rocks. Therefore, | present application of all multi-dimensional diagrams to Archean

rocks from different areas of the world.

With the renewed interest in how far back in time we can track modern-style
plate tectonics, we might ask where we should go from here. Such a challenge bringing
about renewed efforts to understand if and how the Archean differs from later time in
the Earth’s history. A wealth of geological, geochemical, structural, volcanologic, and
geodynamic evidence seems to demand the operation of plate tectonics in the late
Archean (e.g., Condie and Pease 2008; Ernst 2009; Van Kranendonk 2010). There are
some similarities of the Archean with modern-style plate tectonics. However, the new
multi-dimensional discrimination diagrams proposed during 2006-2012 by the
Geoenergy group of Centro de Investigacion en Energia (UNAM) have been seldom
used for Archean rocks. For more information, see Appendices VI. Therefore, |
decided to estimate the usefulness of these diagrams for Archean rocks from different

cratons.

Databases for application to Archean rocks from different parts of
world

For the application of the new multi-dimensional discrimination diagrams, |
compiled age and geochemical data for Archean rocks from Australia, South Africa,
Brazil, Canada, and India (Appendices VI). For the subdivision of the Archean, I
followed the scheme proposed by the International Commission on Stratigraphy
(Gradstein et al. 2004) (Appendix VI).

Results of Application

For the eastern part of the Pilbara craton (Australia), a Paleoarchean (3570-3450 Ma)
and Mesoarchean (2900 Ma) continental arc setting apparently evolved to a collision
setting during the Neoarchean (2600 Ma). | infer an island arc environment for
Kambalda (Australia) during the Neoarchean (2700 Ma). For the Barberton belt (South

Africa), transition from a mid-ocean ridge regime during the older part of the
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7.5

Paleoarchean (3470 Ma) to an island arc setting during the younger part (3300-3260
Ma) is likely. I inferred an arc environment for the Sdo Francisco craton (Brazil) and
the Rio Maria terrane (Brazil) during the Mesoarchean (3085-2983 Ma and 2870 Ma,
respectively), whereas a within-plate setting is clearly indicated for the Carajas
metallogenic province (Brazil) during the Neoarchean (2740-2700 Ma). | also
recognize an island arc regime for the Mesoarchean (3000 Ma) North Caribou and
Neoarchean (2700 Ma) Abitibi greenstone belts (Canada), and for the Gadwal
greenstone belt (India) during the Neoarchean (2700-2500 Ma). A collision setting was
inferred for the Archean sanukitoid suite (Canada) and the Kolar suture zone (India)
during the Neoarchean (2700-2660 Ma and 2630-2520 Ma, respectively (Appendix
VI).

Conclusions

The Applications of new multi-dimensional diagrams (proposed by our group
during 2006-2012), based on natural logarithms of element ratios and linear
discriminant analysis, to Archean igneous rocks from Australia, South Africa, Brazil,
Canada and India have been successfully documented. Probability calculations have
been shown to successfully replace the newer diagrams proposed during 2011-2012.
Therefore, such probability-based methods, proposed and used by Verma (2012) and
also practiced in this work, are likely to open new ways of interpreting geochemical
data (Appendix VI).
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The four tectonic discrimination diagrams of Pearce et al. [Journal of Petrology, v. 25, p. 956-983] for granitic rocks were
first evaluated using the literature cited by these authors as well as from our new database. The first diagram (Y—Nb)
cannot discriminate volcanic-arc and collision settings. Both Y—Nb and Yb—Ta diagrams have an overlapping field for
within-plate and ocean-ridge granitoids. The remaining two diagrams (Y-+Nb—Rb and Yb+Ta—Rb) use a mobile element
(Rb) in their y-axis. Although these diagrams successfully discriminate volcanic-arc and within-plate granites, they perform
less well for collision tectonics. Besides, felsic or acid rocks are scarce in ocean-ridge settings, which limits the usefulness
of these diagrams for this geological environment. Therefore, using an extensive database, we proposed a set of five new
discriminant-function-based multi-dimensional diagrams for acid magmas from four tectonic settings (island arc, continental
arc, continental rift, and collision). The very similar tectonic settings of island and continental arcs are discriminated for the
first time. These diagrams are based on correct statistical treatment of compositional data, because they use natural logarithm
transformation of major-element ratios and linear discriminant analysis (LDA). The use of discordant outlier-free samples
prior to LDA improved the success rates by about 3—5%. Success rates of these diagrams as inferred from a testing set were
between 76% and 88% for island arc, 60% and 92% for continental arc, and 72% and 84% for both continental rift and
collision settings. Finally, application of these new diagrams to case studies not compiled in our initial database used for
constructing these diagrams provided the following results: a collision setting for the Himalayas at about 30 Ma; an island arc
setting for Quaternary acid rocks from geothermal boreholes in El Salvador; an island- or continental-arc setting for northern
Italy at 35-52 Ma; a continental-arc setting for the Italy—Austria border at about 30 Ma; either a rift or a collision setting for
northern Nigeria at about 164 Ma; a collision setting for central Nigeria at about 144 Ma and for the Cretaceous Masirah
ophiolites of Oman; and an island arc setting for the Cretaceous Semail ophiolites of Oman. In spite of the relative mobility
of major elements, these applications suggest utility of the new discrimination diagrams for all four tectonic settings.

Keywords: major-element; tectonic settings; acid rocks; felsic rocks; discordant outliers; log-ratio transformation; tectono-

magmatic discrimination

Introduction

The development of geochemical discrimination diagrams
for plate tectonic environments was pioneered by Pearce
and Cann (1971, 1973). Discrimination diagrams have
been developed on the basis of the geochemical character-
istics of volcanic or plutonic rocks from known tectonic
environments. These diagrams are frequently applied to
rocks of different ages from areas where the tectonic
regime prevailing at the time of formation of those rocks
is not well understood. In recent years, there has been
renewed interest in the subject of tectonomagmatic dis-
crimination diagrams (e.g. Wang and Glover III 1992;
Rollinson 1993; Verma 2000, 2010; Agrawal ef al. 2004,
2008; Verma et al. 2006; Verma and Agrawal 2011).
Following the International Union of Geological
Sciences (IUGS) nomenclature (Le Bas et al. 1986), we

will use the geochemical term ‘acid’ for those rocks that
have (Si02)agj > 63% (the subscript adj refers to the major-
element data adjusted to 100% on an anhydrous basis and
after Fe-oxidation ratio adjustment; Verma et al. 2002).
Therefore, the mineralogical term ‘felsic’ will not be used.

Numerous discrimination diagrams have been pro-
posed for basic igneous rocks with (SiO3)aq; < 52% (e.g.
Rollinson 1993; Verma 2010), but only a few diagrams
are available for tectonic discrimination of acid magmas
or granitic rocks. The most widely used diagrams for
granitic rocks were proposed by Pearce et al. (1984; with
more than 2100 citations in international journals as doc-
umented in the Science Citation Index). We hypothesize
two main reasons to explain the existence of very few dia-
grams for discriminating tectonic setting of acid rocks.
First, basic rocks are present in all tectonic settings (island
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arc, continental arc, continental rift, ocean-island, mid-
ocean-ridge, and flood basalt province), whereas acid rocks
are scarce at least in the ocean-island and mid-ocean-ridge
settings. The second reason might be related to the more
complicated petrogenetic history of granites affected by
processes such as crystal fractionation or accumulation,
extensive involvement of continental crust, magma mixing,
and redistribution and loss of elements by volatile fluxing
(e.g. Hanson 1978; Rollinson 1993), which can make the
chemical composition of such evolved acid magmas more
difficult to interpret than of basic magmas. These complex-
ities may also significantly reduce the chemical differences
of acid magmas from different tectonic settings with the
consequence that meaningful tectonic discrimination dia-
grams may not be easily proposed.

In this work, we have evaluated the performance
of the four discrimination diagrams [Y—Nb, Yb—Ta,
(Y+NDb)—Rb, and (Yb+Ta)—Rb] of Pearce et al. (1984),
using a parameter called ‘success rate’. Success rate refers
to the efficiency of a plot for a given tectonic setting and is
the ratio of the number of correctly discriminated samples
to the total number of samples, expressed as percentage
(Verma et al. 2006; Agrawal et al. 2008; Verma 2010).
The incorrect discrimination or mis-discrimination is the
complement of the efficiency, which refers to the samples
incorrectly plotted in a tectonic setting different from the
expected or inferred one. To understand the quality of the
diagrams proposed by Pearce ef al. (1984), we used the
original database of these authors, because they had not
reported success rates or correct discrimination of their
diagrams. Additionally, a new database was necessary to
achieve an unbiased evaluation of the overall performance
of these diagrams.

Three of these diagrams [Yb—Ta, (Y+Nb)—Rb, and
(Yb+Ta)—Rb] can discriminate acid magmas from four
main tectonic settings: volcanic-arc granites (VAG), ocean-
ridge granites (ORG), collision granites (syn-COLG), and
within-plate granites (WPG), whereas the Y —Nb diagram
can do so for three settings only, because VAG and syn-
COLG represent a combined overlapping field (VAG+syn-
COLG). Our conclusion is that the diagrams proposed by
Pearce et al. (1984) might be useful for VAG and WPG, but
they cannot successfully discriminate syn-COLG samples;
besides, they are not likely to be useful for ORG.

Nevertheless, as documented by Verma (2010), all
bivariate or ternary tectonomagmatic diagrams are char-
acterized by statistically wrong treatment of compositional
data (Aitchison 1986), eye-drawn subjective boundaries for
different tectonic fields (Agrawal 1999), and lack of repre-
sentation of the entire statistical population (Agrawal and
Verma 2007). Pearce et al. (1984) diagrams are no excep-
tions to these criticisms. Therefore, new diagrams for acid
magmas are required, which should be based on correct
statistical treatment involving log-ratio transformation of
chemical variables (Aitchison 1986; Agrawal and Verma

2007). We propose new discriminant-function-based multi-
dimensional diagrams for acid rocks using log-ratios of
major elements. These diagrams enable us to discriminate
island arc, continental arc, continental rift, and collision
settings.

Methodology

The methodology used to provide an unbiased evaluation of
Pearce et al. (1984) diagrams and to propose new diagrams
consists of the following steps: (1) establish a represen-
tative database from different tectonic settings from all
over the world; (2) plot the samples in various diagrams
(Pearce et al. 1984), obtain statistical information from
each diagram, and report the utility of these diagrams
based on this evaluation; (3) ascertain that the samples rep-
resent acid magmas; (4) apply linear discriminant analysis
(LDA) to discordant outlier-free, normally distributed, log-
ratio transformed major-element data of a training set for
proposing new diagrams and evaluate the overall function-
ing of these diagrams from a testing set; and (5) apply these
diagrams to case studies and thus illustrate and evaluate
their usefulness.

(1) We compiled three data sets. The first data set or
database was established from the literature that
Pearce et al. (1984) had compiled, although we
were unable to obtain all the references cited by
them. The second data set consisted of published
data on both plutonic and volcanic rocks from col-
lision tectonic setting, which were not included in
Pearce et al. (1984) paper. For the third data set, we
compiled chemical data for mainly fresh, acid vol-
canic rock samples from the areas with a known,
uncontroversial tectonic setting. The sample loca-
tions are shown schematically in Figure 1 and
their longitude and latitude values are presented
in Table S1 (see online supplementary material at
www.informaworld.com/tigr).

The literature sources for the first database were as
follows: for syn-COLG, Abbotts (1978), Alderton
et al. (1980), Dietrich and Gansser (1981), Dupuy
et al. (1982), and Vidal et al. (1982); for VAG,
Bateman and Chappell (1979), Lopez-Escobar et
al. (1979), Saunders et al. (1979, 1980), and
Alabaster et al. (1982); for WPG, Walsh et al.
(1979), Imeokparia (1982, 1983), and Harris et al.
(1983); and for ORG, Engel and Fisher (1975) and
Aldiss (1981).

For constructing the new database (second and
third sets), we applied the same age restrictions
(Miocene or younger) as imposed by Agrawal
et al. (2004, 2008), Verma et al. (2006), Verma
(2010), and Verma and Agrawal (2011), to their
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Figure 1. Sample localities on a world map (modified from an unpublished map kindly provided by J.S. Armstrong-Altrin). The abbre-
viations are as follows: CAVA, Central American Volcanic Arc; CA, continental arc of the Andes; IA, island arc; CR, continental rift;
Col, collision; syn-COLG, syn-collision granites (as used by Pearce et al. 1984); VAG, volcanic-arc granite; WPG, within-plate granite;
and ORG, ocean-ridge granite. Star symbols indicate the locations of application examples. Approximate longitude and latitude values of
sample locations are presented in Table S1. The symbols are shown as inset.

databases, except that the data for acid rather
than basic magmas were compiled. The literature
sources for the second data set (collision set-
ting only) were as follows: Castelli and Lombardo
(1988), Pearce et al. (1990), Scaillet ef al. (1990),
Morra et al. (1994), Guillot and Fort (1995),
Ayres and Harris (1997), Grigoriev and Pshenichny
(1998), Liégeois et al. (1998), Debon and Lemmet
(1999), Aldanmaz et al. (2000), Delaloye and
Bingol (2000), Dini et al. (2002), Visona and
Lombardo (2002), Ilbeyli ef al. (2004), Koprubasi
and Aldanmaz (2004), Cherneva and Georgieva
(2005), Hasozbek et al. (2011), and Reichardt ez al.
(2010).

The literature sources for the third data set are
listed below for arc and rift settings. For island
arc setting, we compiled data from several island
arcs, whereas for continental-arc setting, the data
from the Central American Volcanic Arc (CAVA)
and the Andes of South America were compiled.
The corresponding references were as follows:
Bryan et al. (1972), Ewart and Bryan (1972),
Brown et al. (1977), Ewart et al. (1977), Foden
and Varne (1980), Cole (1981), Deruelle (1982),
Smellie (1983), Frey et al. (1984), Stephenson
and Marshall (1984), Myers et al. (1985), Kay
et al. (1987), Wheller et al. (1987), Zhuravlev
et al. (1987), Davidson et al. (1988), Gerlach et al.
(1988), Woodhead (1988), Bloomer and Hawkins
(1989), Hickey-Vargas et al. (1989), Barsdell and
Berry (1990), Romick et al. (1990), Stolz et al.
(1990), Defant et al. (1991), de Silva (1991),
Loépez-Escobar et al. (1991), Walker et al. (1991),

Bardintzeff and Deniel (1992), Hegner and Smith
(1992), Singer et al. (1992), Togashi et al. (1992),
Tamura (1994), Gamble et al. (1995), Turner
et al. (1996), Gonzalez-Partida et al. (1997),
Kepezhinskas et al. (1997), Monzier et al. (1997),
Patino et al. (1997), Rotolo and Castorina (1998),
Taylor and Nesbitt (1998), Trumbull et al. (1999),
Dorendorf et al. (2000), Ujike and Stix (2000),
Zellmer et al. (2000, 2003), Churikova et al.
(2001), Ishikawa et al. (2001), Turner and Foden
(2001), Cameron et al. (2002), Haase et al. (2002),
Smith et al. (2003), Tamura et al. (2003), Hildreth
et al. (2004), Izbekov et al. (2004), Schmitz and
Smith (2004), Vergara et al. (2004), Lindsay et al.
(2005), McDermott et al. (2005), Sruoga et al.
(2005), Wade ef al. (2005), Agostini et al. (2006),
DuFrane et al. (2006), Hirotani and Ban (2006),
Kimura and Yoshida (2006), Lebti et al. (2006),
Shukuno et al. (2006), Shuto et al. (2006), Wright
et al. (2006), Finney et al. (2008), Sendjaja et al.
(2009), and Schuth ef al. (2009).

To represent the within-plate tectonic setting, we
complied data from continental rifts and continen-
tal extension areas from the following sources:
Barberi et al. (1975), Chauvel and Jahn (1984),
Singer and Kudo (1986), Johnson and Lipman
(1988), Davidson and Wilson (1989), Moyer and
Esperanga (1989), Perry et al. (1990), Basu et al.
(1991), Camp et al. (1991), Duncker et al. (1991),
Kampunzu and Mohr (1991), Feuerbach et al.
(1993), Deniel et al. (1994), MacDonald et al.
(1995), Buket and Temel (1998), Benito et al.
(1999), Streck and Grunder (1999), Trua et al.
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(1999), Hsu et al. (2000), McMillan et al. (2000),
Kabeto et al. (2001), Le Roex et al. (2001), Streck
(2002), Peccerillo et al. (2003, 2007), Haase et
al. (2004), Ayalew et al. (2006), and Ronga et
al. (2010). Unfortunately, acid magmas from the
ocean-island setting are rather scarce; therefore,
this setting could not be adequately represented in
our database. In any case, this setting is already
covered by discriminant-function-based diagrams
for basic magmas (Agrawal et al. 2004, 2008;
Verma et al. 2006; Verma and Agrawal 2011).

The first database was used to calculate the success
rates of all four diagrams of Pearce et al. (1984).
The new database (second and third data sets), con-
sisting of new and more recent compositional data
from collision, volcanic-arc, and continental rift
tectonic settings, were also used to evaluate the
four diagrams of Pearce ef al. (1984). This pro-
cedure provided an unbiased evaluation of these
diagrams.

Finally, we combined the second and third data
sets for proposing new discrimination diagrams.
The first database was not used for this pur-
pose, because most of these samples were older
than Miocene. The age constraint of Miocene
or younger has been one of the main charac-
teristics of the databases for proposing new dia-
grams (Agrawal et al. 2004, 2008; Verma et al.
2006; Verma 2010; Verma and Agrawal 2011).
This ensures that the assigned tectonic setting is
largely based on direct evidence, without resort-
ing to plate reconstruction models. Nevertheless,
we used selected papers from the first database for
application purposes.

The data for compiled samples were plotted in
Pearce et al. (1984) diagrams and success rates
were calculated. In this article, we use the term
‘success rate’ to refer to the correct or inferred
tectonic setting. Success rate provides an objective
and quantitative way to evaluate and compare the
performance of discrimination diagrams. We will
not resort to the discussion of mis-discrimination
of samples, which was central to the topic of statis-
tical evaluation of classification diagrams (Verma
et al. 2010a).

For determining the magma types we used
the SINCLAS computer program (Verma
et al. 2002), under the Middlemost (1989)
option for Fe-oxidation adjustment. This pro-
gram requires that complete chemical analyses
involving 10 major elements (with total Fe as
Fe, O3 or FeO) be available for the rock samples to
qualify for inclusion in our database. Irrespective
of whether the two Fe-oxidation varieties were
reported for a given sample, the Fe concentrations

“)

were automatically subdivided by SINCLAS into
Fe;0O3 and FeO (Middlemost 1989; Verma et al.
2002). Thus, 11 major elements were obtained
for all samples. The major-element composition
after SINCLAS processing is recognized by the
subscript adj added to each major-oxide name.
This ensures that all analyses are treated in
exactly the same way. Only acid magmas having
(Si02)adj > 63% (Le Bas ef al. 1986) as inferred
from SINCLAS, were used in this study.

Correct statistical treatment of compositional
data prior to LDA was applied for 10 natural
log-transformed ratios of 11 major elements as

follows:  In(TiO2/Si02)agj,  In(Al203/Si02)a4j,
In(Fe;03/Si02)agj, In(FeO/Si03)agj, In(MnO/
Si02)adj, In(MgO/8Si02)agj,  In(CaO/Si03)aqj,

ln(Na2 O/SiOz)adj, hl(KzO/SiOz)adj, and ln(P205/
Si02)agj, in which (SiO2),4j was used as the
common denominator. For simplicity, we use
notations such as In(TiO2/Si03),qj instead of
In[(TiO7)adj/(Si02)a¢j]. Because LDA requires
that the variables should be normally distributed,
to comply with this requirement we used all single-
outlier discordancy tests (Barnett and Lewis 1994;
Verma 1997; unpublished computer program
DODESSYS by S.P. Verma and L. Diaz-Gonzalez)
on the above 11 log-ratio parameters for samples
from each tectonic group.

Our database used for proposing new diagrams
consisted of samples from island arc (IA), con-
tinental arc (CAVA and the Andes), continental
rift (CR), and collision (Col) tectonic settings. To
acquire an unbiased estimation of the performance
of LDA, we divided the data set into two parts
called training and testing sets. To create a test-
ing set for a given tectonic setting, 25 samples
were randomly drawn from each tectonic setting.
The remaining samples (total number of samples —
25) in each group constituted the training set. The
random number sequence of a normal distribu-
tion N(0,1) generated by Verma and Quiroz-Ruiz
(2006) from two different streams of identically
and independently distributed numbers from a uni-
form distribution U(0,1) was used to objectively
achieve this subdivision.

A total of five diagrams should be proposed to
fully discriminate four tectonic settings (IA, CA,
CR, and Col). The first diagram discriminates all
fields although IA and CA represent a combined
setting (IA+CA), whereas the other four remaining
diagrams discriminate three fields at a time.

The training set was used for LDA (‘canonical
analysis’ option in the Advanced ‘discriminant
analysis-multivariate exploratory techniques’ mod-
ule of Statistica software) to obtain discriminant



Downloaded by [UNAM Ciudad Universitaria) at 11:24 02 February 2012

International Geology Review 329

functions for diagrams for three tectonic settings
at a time. The testing set enabled us to estimate
success rates for different settings in a given dis-
crimination diagram.

(5) For the use of our new diagrams for a case study,
the samples, after ascertaining from SINCLAS
their magma character as acid, were plotted in each
of the five diagrams and counted for each tectonic
field. The first diagram, which contains all four tec-
tonic settings, provides indications of the expected
tectonic setting for the samples under study. Thus,
the field with the highest number of samples, that
is the highest success rate, is identified. If this field
is CR or Col, we should then identify the dia-
gram (out of the remaining four diagrams) from
which this tectonic field is missing. That particular
diagram should be considered as the inapplicable
diagram for this case study. If, on the other hand, in
the first diagram the field with the highest success
rate is the combined field of IA+CA, we must eval-
uate the samples for these two fields in the second
diagram. This diagram should generally indicate
either IA or CA with the highest success rate. In
this case, one of the remaining three diagrams from
which TA or CA is missing will be the inapplica-
ble diagram. If all four applicable diagrams give
consistent results, that is one particular field is indi-
cated with the highest success rate in all of them,
this tectonic setting can be concluded as the valid
or inferred setting for this application. Sometimes,
it may not be possible to unequivocally identify
the inapplicable diagram, in which case it will be
difficult to decide on a unique tectonic setting.

Evaluation of existing diagrams

Evaluation of Pearce et al. (1984) diagrams with the first
database

The first database was used to statistically evaluate the effi-
ciency or success rate of a plot for a given tectonic setting
(syn-COLG, VAG, WPG, or ORG). The plots are shown
in Figure 2A-D whereas the success rates are summarized
in Table 1. Success rates were not calculated when the
number of samples from a given tectonic setting was low
(arbitrarily assumed as <10).

The first diagram (Y—Nb; Figure 2A; Table 1) of
Pearce ef al. (1984), which discriminates only three tec-
tonic settings of VAG+syn-COLG, WPG, and ORG,
shows that syn-COLG and VAG cannot be objectively eval-
uated, because there is no overlap-free field for these two
settings. We also envisage difficulty in using this diagram
(Figure 2A) for WPG and ORG samples, because Pearce
et al. (1984) proposed an additional boundary (see dot-
ted line in Figure 2A) within the field of WPG to better

discriminate ORG exposed in anomalous ridge segments.
The following question arises. What conclusion about the
success rate can be drawn when samples from a given area
plot in the region bounded by these two lines (WPG—-ORG
boundary represented by a solid line and the dashed line
within the WPG field), as is the case of numerous presum-
ably WPG and ORG samples in Figure 2A? If we ignore
this question, the success rate for WPG was 100%, and for
ORG all five samples plotted within the ORG field defined
by the dashed boundary (Table 1; Figure 2A), that is in the
WPG—ORG overlapping field.

The second diagram (Yb—Ta; Figure 2B; Table 1) of
Pearce et al. (1984) shows high success rates for syn-
COLG and VAG (75% and 89%, respectively, Table 1),
and if we ignore the above question, the WPG and ORG
samples were also correctly discriminated.

The third and fourth diagrams [Figure 2C of
(Y+NDb)—Rb and Figure 2D of (Yb+Ta)—Rb] of Pearce
et al. (1984) showed, respectively, unacceptably low suc-
cess rates of about 20% and 37% for syn-COLG, although
both of them seemed to work well for VAG and WPG
(Table 1).

Evaluation of Pearce et al. (1984) diagrams with the new
database

To achieve an unbiased evaluation of these diagrams, we
used our second data set for testing the collision tectonic
setting and the third data set for arc and within-plate set-
tings. The plots are shown in Figure 3 for collision and
Figure 4 for arc and continental rift samples. The results
are summarized in Table 2.

The first diagram (Figure 3A) shows that 78.9% of
the collision samples plotted in the combined field of
VAG+syn-COLG, with most of the remaining samples
(about 16.6%) plotting in the overlapping field of WPG
and ORG (region between the dashed and solid lines of
WPG-ORG). Similarly, 74.0% of the volcanic-arc samples
plotted in the combined VAG+syn-COLG field. Obviously,
because an overlap-free region for arc and collision set-
tings does not exist in this diagram, we cannot talk of
success rates for these two tectonic settings. This diagram
simply cannot discriminate them. The continental rift sam-
ples largely plotted in the within-plate field (71.4%) in this
diagram.

In the second diagram, unacceptably low success rates
were obtained for collision as Syn-COLG (27.9%; Figure
3B, Table 2), but high success rates were shown for arc
and continental rift settings (76.6% as VAG and 74.2% as
WPG, respectively, Figure 4B, Table 2).

The third and fourth diagrams (Figure 3C and 3D)
also showed, respectively, low success rates of about
16.1% and 37.5% for syn-COLG (Table 2). On the other
hand, the samples from volcanic-arc and within-plate set-
tings gave high success rates (Table 2) of 83.0% and
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Figure 2. Evaluation of Pearce ef al. (1984) discrimination diagrams for syn-collision granites (syn-COLG), volcanic-arc granites
(VAG), within-plate granites (WPG), and ocean-ridge granites (ORG), using the original authors’ database. The dashed line in Figure
2A and 2B represents the upper compositional boundary for ORG from anomalous ridge segments. For simplicity in diagrams we have
written only COLG instead of syn-COLG. (A) Y—Nb diagram, in which the coordinates for the field boundaries are (1,2000) to (50,10)
for VAG+syn-COLG-WPG; (40,1) to (50,10) for VAG+syn-COLG-ORG; (50,10) to (1000,100) for WPG—ORG solid line; and (25,25)
to (1000,400) for the upper WPG—ORG dashed line. (B) Yb—Ta diagram, the field boundaries are (0.1,100) to (3,2) for syn-COLG-WPG;
(0.1,0.35) to (3,2) for VAG—syn-COLG; (3,2) to (5,1) for VAG-WPG; (5,0.05) to (5,1) for VAG-ORG; (5,1) to (100,7) for WPG-ORG
solid line; and (3,2) to (100,20) for WPG—ORG dashed line (the syn-COLG-WPG coordinates reported by Pearce ef al. (1984) have
been corrected). (C) (Y+Nb)—Rb diagram, the field boundaries are (2,80) to (55,300) for VAG—syn-COLG; (55,300) to (400,2000) for
syn-COLG-WPG; (55,300) to (51.5,8) for VAG-WPG; (51.5,8) to (50,1) for VAG-ORG; and (51.5,8) to (2000,400) for WPG-ORG. (D)
(Yb+Ta)—Rb diagram, the field boundaries are (0.5,140) to (6,200) for syn-COLG-VAG; (6,200) to (50,2000) for syn-COLG-WPG;
(6,200) to (6,8) for VAG-WPG; (6,8) to (6,1) for VAG-ORG:; (6,8) to (200,400) WPG—ORG (the VAG—syn-COLG coordinates reported

by Pearce et al. (1984) have been corrected).

83.2%, respectively, in Figure 4C and 70.5% and 88.2%,
respectively in Figure 4D.

From the above evaluation, it is clear that none of the
four diagrams provides satisfactory discrimination for col-
lision tectonics (syn-COLG). The first diagram (Y —Nb)
cannot discriminate between arc and collision settings.
Both the first and second diagrams (Y—Nb and Yb—Ta)
show an overlapping region of WPG and ORG settings.
In the third (Y4+Nb—RbD) and fourth (Yb+Ta—Rb) dia-
grams, the y-axis is represented by Rb, being a mobile
element as documented by several workers (e.g. Verma,
1981; Sturchio et al. 1986; Jochum and Verma 1996;
Cole et al. 2006; Koszowska et al. 2007; Morishita et al.
2009). Because these diagrams are based on simple chem-
ical parameters without any transformation, the alteration

effects on Rb might be more pronounced in such diagrams
than in the multi-dimensional diagrams based on log-ratios
and linear combinations of transformed variables, although
detailed analysis of such error propagation has still to
be carried out. Fortunately, such analysis can be objec-
tively achieved through Monte Carlo simulation (Espinosa-
Paredes et al. 2010; Verma 2011) and is currently under
progress. Furthermore, ocean-ridge setting considered by
Pearce et al. (1984) may not be well represented by
granitic rocks, because such felsic rocks are scarce in mid-
ocean-ridges and their manifestations on land. Finally, all
these diagrams proposed by Pearce et al. (1984) have the
common problem of inadequate treatment of the compo-
sitional data (e.g. Aitchison 1986; Agrawal and Verma
2007).
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Figure 3. Evaluation of Pearce et al. (1984) discrimination diagrams for syn-collision granites (syn-COLG, simply COLG is used here),
volcanic-arc granites (VAG), within-plate granites (WPG), and ocean-ridge granites (ORG), using new database for collision tectonics.
The symbols are explained as inset in Figure 3A; A-D are the same as in Figure 2.

Proposal of new discrimination diagrams using linear
discriminant analysis

The advantage of log-ratio transformation with correct
statistical treatment in comparison with the use of raw com-
positional data (incorrect statistical treatment; Aitchison
1986; Agrawal and Verma 2007) has already been reported
by Verma et al. (2006). Therefore, we adopted this
transformation to incorporate the correct statistical treat-
ment (Aitchison 1986) in the proposal of new diagrams.
Furthermore for the first time, we tried to discriminate
two very similar tectonic settings of IA and CA in our
diagrams.

Advantages of normally distributed variables for use in
LDA

A total of 1253 samples with complete major-element
analyses [all 11 oxides (SiO2)agj to (P205)adj, with Fe-
oxidation varieties provided by SINCLAS] were sepa-
rated from the new database (second and third data
sets) for proposing new diagrams. The tectonic settings
were grouped as follows: group 1 — island arc; group

2 — continental arc (CAVA and the Andes); group 3 —
continental rift; and group 4 — collision zone.

When LDA was performed on log-transformed major-
element ratios of 1253 rock samples (complete database),
the success rates were as follows (results obtained from the
Statistica software): 80.12% for groups 1 and 2 together
(IA+CA), 71.21% for group 3 (CR), and 72.16% for
group 4 (Col). Further, application of single-outlier dis-
cordancy tests (Barnett and Lewis 1994; Verma 1997)
to log-transformed major-element ratios of our com-
plete database (1253 rock samples) resulted in the new
database of 1132 rock samples and discordant outlier
database of 121 samples (amounting to about 9.7% of
samples). Again, LDA performed on the new database
(1132 analyses) provided success rates of 85.47% for
groups 1 and 2 together (IA+CA), 74.18% for group
3 (CR), and 76.50% for group 4 (Col). Therefore,
when the basic requirement of normally distributed log-
transformed ratio variables (discordant outlier-free data)
was fulfilled before LDA, the success rates increased by
about 5.4%, 3.0%, and 4.3% for IA4+CA, CR, and Col,
respectively.
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Figure 4. Evaluation of Pearce et al. (1984) discrimination diagrams for syn-collision granites (syn-COLG, simply COLG is used here),
volcanic-arc granites (VAG), within-plate granites (WPG), and ocean-ridge granites (ORG), using new database for island and continental
arcs and continental rifts. The symbols are explained as inset in Figure 4D; A-D are the same as in Figure 2.

Division of the database in training and testing sets and
their statistical characteristics

The database (1132 samples) containing normally dis-
tributed log-ratio variables, that is without discordant
outliers, was randomly divided in training and testing sets
(1032 samples in the training set and 100 in the test-
ing set; Table S2). Synthesis of the variables used in
LDA is presented in Table S3, in which the mean and
standard deviation values for all samples of the training
set are included. All log-transformed ratios are negative,
because we have chosen the most abundant major element
(SiO2)adj as the denominator. Although there is a pro-
gressive, unwanted increase of mean values of (SiO;),qj
from IA to Col (Table S3), there are differences in mean
values of most log-transformed ratios as well. To under-
stand if these differences are statistically significant, Table
S4 gives the results of equality of these elements and
their ratios. Both tests (Wilks’ lambda << 1 and F-
ratio >> 1) show that there are statistically significant
differences for most parameters among the four tectonic
groups at low significance level (Table S4). Furthermore,
these differences among groups can be enhanced by

the multivariate technique of LDA to achieve acceptable
separation of groups in multi-dimensional discrimination
diagrams.

New discrimination diagrams from LDA and
probability-based tectonic field boundaries

We carried out LDA on 1032 samples of the training set. In
total, the discriminant analysis was carried out five times,
the first time being for all groups with TA and CA com-
bined together and four times for all possible combinations
of three groups at a time.

Table 3 contains the equations for DF1 and DF2 func-
tions (x- and y-axes) of Figure SA—E. In these equations,
the log-transformed ratios of major elements are multi-
plied by corresponding coefficients or the multiplication
factors obtained from LDA (called ‘raw coefficients’ of
canonical analysis in Statistica software). The last fac-
tor in each equation is a constant term for that equa-
tion. Because in LDA we used three groups at a time
even in the first diagram, two functions (DF1 and DF2)
together would define the total (100%) variance, that is
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Table 3. Discriminant-function equations for the five new multi-dimensional discrimination diagrams.

Figure number Equations
Figure 3A DFI(IA+CA—CR—C01)m3 = (0.36077 X ln(TiOZ/Si02)adj) + (0.95693 X ln(A1203/Si02)adj)
(1+2-3-4)

+ (= 2.09239 x In(Fey03/Si0)yq7) + (0.93391 x In(FeO/Si05),q5)
+(0.42703 x In(MnO/Si0y)yqj) + (0.18732 x In(MgO/Si02),;)
+(0.45615 x In(Ca0/Si03),q;) + (0.56098 x In(NayO/SiOy)yq;)

+ (— 1.65167 x ln(Kzo/SiOZ)adj) + (— 0.15580 x ln(P205/Si02)adj) — 1.58259
DF2(1A+CA7CR7Col)m3 =(0.472353 x ln(TiOz/SiOZ)adj) + (— 0.954629 x ln(A1203/Si02)adj)

+(0.109516 x In(Fe03/Si0)yj) + (0.699238 x In(FeO/Si0;)yg;)
+(0.739533 x In(MnO/Si03)yqj) + ( — 0.027717 x In(MgO/Si03)yq;)
+ (= 0244687 x In(Ca0/Si03)yqj) + (0.231677 x In(NayO/SiOy)yq))

+(0.173552 x In(Ky0/Si05),q5) + ( — 0353797 x In(P05/Si05),q) + 6.691035
fli%lzlr:; )3B DF1(1A—CA—CR),; = (—0.4786 x In(TiO,/Si02),g;) + (~0.0871 x In(Aly03/Si05)yqi)
+(2.7433 x In(Fey03/8i07),5) + (—1.0663 x In(FeO/Si03)yq)
+ (= 0.1389 x In(MnO/Si05),q) + ( — 0.1907 x In(MgO/SiO2),q;)
+(— 0.8516 x In(Ca0/Si05),qi) + ( — 0.7139 x In(NayO/Si03),q;)

+ (17166 x In(K50/8i05),4j) + (0.3386 x In(Py05/Si05),4) + 6.2573
DFZ(IA—CA—CR)m3 = (—0.3204 X 1n(Ti02/Si02)adj) + ( — 1.7585 x 1I1(A1203/Si02)adj)

+ (= 3.2046 x In(Fez03/Si03),qj) + (1.1210 x In(FeO/Si02),q;)
+(0.2170 x In(MnO/Si0y)qi) + ( — 0.0745 x In(MgO/Si03),q;)
+(1.2505 x In(Ca0/Si0y),g;) + (1.3142 x In(NayO/SiO3)yq)

+ (16616 x In(Ky0/Si02)yqj) + (0.0186 x In(Py05/Si07),g;) + 0.9984
?;%gt;&; )3c DF1(1A—CA—Col), ; = (=0.3620 x In(TiO2/Si02),g) + ( — 0.0342 x In(Aly03/Si02),g;)

+(0.5198 x In(Fey03/8i05)q;) + (—0.4980 x In(FeO/Si03),q;)

+ (= 0.7223 x In(MnO/Si02),j) + ( — 0.1229 x In(MgO/Si03),;)

+ (= 0.1388 x In(Ca0/Si0y),q) + ( — 0.8174 x In(NayO/SiO2),q;)

+(1.5074 x In(Ky0/Si02),q7) + (0.2684 x In(Py05/Si05),qj) — 3.0829
DF2(1A—CA—Col),; = (—0.142 x In(TiO5/Si05),qj) + (1.984 x In(Aly03/Si02),q;)

+ (1.747 x In(Fey03/Si0)yqj) + (=0.735 x In(FeO/Si03)yq;)
+ (= 1.226 x In(MnO/SiO3),qj) + (0.062 x In(MgO/SiO3),q;)
+ (= 1.152 x In(Ca0/Si0y)yqj) + (— 3.189 x In(NayO/SiOy)yq)

+ (= 2339 x In(K20/Si03)qj) + (0.495 x In(Po05/Si0)q;) — 18.190

(Continued)
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Table 3. (Continued)

Figure number Equations
511%31264)3]) DF1(1a—CR—Col),;; = (0.0226 x In(TiO;/Si03),4;) + (1.2877 x In(Al;03/Si03),4i)
+ (= 2.6406 x In(Fey03/S8i07),q4j) + (2.9494 x In(FeO/Si03),q5)
+(0.1970 x In(MnO/8i03),4j) + (0.0673 x In(MgO/Si03),4;)
+(0.0620 x In(CaO/SiO7),qj) + (0.6219 x In(Nay O/SiO3),q;)
+(—2.0579 x In(K30/8i03)ag) + ( — 0.0751 x In(Py05/8107),4j) — 2.1790
DF2(1A—CR—Col),,; = (0.2786 X In(TiO;/Si03),4;) + ( — 1.0544 x In(Aly O3 /Si03),4j)
+(0.8267 x In(Fep03/8i07),4j) + (0.3032 x In(FeO/SiO7),4;)
+(0.4084 x In(MnO/Si03),4j) + ( — 0.0905 x In(MgO/Si03),4;)
+ (= 0.3260 x In(CaO/SiO3),q;) + (0.1518 x In(NayO/Si03),4;)
+(0.6698 x In(K50/8i03),g5) + ( — 0.2261 x In(Py05/8107),4;) + 6.5170
521%.313)3& DF1(cA—CR-Col),; = (0.0645 x In(TiO3/SiO3),q5) + ( — 1.7943 x In(Al,03/8107),45)

+(0.5264 x In(Fe;03/Si02)q7) + (0.6385 x In(FeO/Si05),q;)

+(0.3407 x In(MnO/Si03)qj) + ( — 0.0720 x In(MgO/Si03),4;)

+ (= 0.3265 x In(Ca0/Si02),q7) + (0.1063 x In(NayO/SiO3),g;)

+(1.8098 x In(Ky0/Si07),45) + ( — 0.0338 x In(Py05/Si02),q;) + 8.2616

DFz(CA—CR—COI)m3 = (08760 X 1H(Ti02/S102)adj) + (0.8018 X 1n(A1203/Si02)adj)

+(0.2472 x In(Fey03/Si07),45) + (—0.8796 x In(FeO/Si03)yq)

+(0.7540 x In(MnO/Si03),4j) + ( — 0.0006 x In(MgO/Si03),4;)

+ (= 0.0624 x In(Ca0/Si0),qj) + ( — 0.2052 x In(NayO/SiO3),4;)

+(=3.3091 x In(K50/Si03)qj) + ( — 0.3526 x In(P,05/Si0y)yqj) — 3.8959

each DF1-DF2 type diagram (Figure 5A-E) with two
discriminant functions is sufficient to fully visualize the
samples from the three groups being discriminated at a
given time. Furthermore, we describe these diagrams as
multi-dimensional, because each of the two DF1 and DF2
functions contains 10 log-ratio variables. Thus, we are
able to visualize 10-dimensional data in 2 dimensions.
This is the major advantage of discriminant-function-
based diagrams over the conventional bivariate or ternary
diagrams.

The major advantage of LDA is that the tectonic
boundaries can be based on probability estimates (Agrawal
1999). The posterior probability calculations for individual
samples are similar to those described recently by Verma
and Agrawal (2011). Therefore, instead of elaborating

on these probability calculations, we briefly present the
method to obtain the probability-based field boundaries.
As an example, for drawing the boundary that dis-
criminates JA+CA and CR fields in Figure 5A, we first
calculated the probabilities all along the top horizontal line
(DF1 top axis) of the diagram, that is the line connecting
(—8, 8) and (8, 8), and tried to obtain the coordinates of
the point with equal probability for IA+CA and CR fields,
which were observed to be (3.0914, 8.00). Similarly, we
obtained the coordinates of the CR—Col boundary along
the DF2 axis (the line joining —8, —8 and —8, 8) as
(—8.00, —1.6511) and those for the IA+CA—Col along
the DF1 axis (the line joining —8, —8 and 8, —8) as
(6.5177, —8.00). The next step was to locate additional
equal probability points along two horizontal or vertical
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Figure 5. The set of five new discriminant-function diagrams based on natural log-transformed ratios of major elements for the dis-
crimination of island arc (IA, group no. 1), continental arc (CA, group no. 2), continental rift (CR, group no. 3), and collision (COL,
group no. 4) tectonic settings, showing samples from the testing set. In the first diagram, four groups are represented as three groups by
combining IA and CA together. The other four diagrams are three groups at a time. The symbols are explained as inset in Figure SA.
The subscript m3 is used here to distinguish these diagrams from the previous two sets of major-element-based diagrams proposed by
Agrawal et al. (2004) and Verma et al. (2006). (A) IA+CA—CR—Col (1-2+43-4) diagram, the coordinates DF1(IA+CA—-CR—Col)m3
and DF2(IA+CA—-CR—Col)m3, of the field boundaries are (3.0914, 8.00) and (—0.52237, 0.105108) for IA+CA-CR; (6.5177, —8.00)
and (—0.52237, 0.105108) for IA+CA—Col; and (—8.00, —1.6511) and (—0.52237, 0.105108) for CR—Col; the percentages shown in
this figure (both IA 96% and CA 60% for IA+CA field, CR 72%, and Col 80%) refer to correct discrimination for testing set samples
(see Table 4); (B) IA-CA—CR (1-2-3) diagram, the coordinates of the field boundaries are (—8.00, 4.7147) and (0.41929, —0.66705)
for IA-CA; (1.0939, —8.00) and (0.41929, —0.66705) for IA—CR; and (4.1608, 8.00) and (0.41929, —0.66705) for CA—CR; the correct
discrimination is IA 76%, CA 92%, and CR 76%; (C) IA-CA—Col (1-2—4) diagram, the coordinates of the field boundaries are (—6.8768,
—8.00) and (0.13893, 1.18829) for IA—CA; (0.39469, 8.00) and (0.13893, 1.18829) for IA—Col; and (4.1472, —8.00) and (0.13893,
1.18829) for CA—Col; the correct discrimination is IA 76%, CA 64%, and Col 72%; (D) IA—CR—Col (1-3—4) diagram, the coordinates of
the field boundaries are (4.7956, 8.00) and (0.20518, —0.01689) for [A—CR; (2.1584, —8.00) and (0.20518, —0.01689) for IA—Col; and
(—8.00, 1.61186) and (0.20518, —0.01689) for CR—Col; the correct discrimination is IA 88%, CR 84%, and Col 84%; (E) CA—CR—Col
(2-3-4) diagram, the coordinates of the field boundaries are (4.6620, 8.00) and (0.22442, 0.015552) for CA—CR; (—8.00, 0.53675) and
(0.22442, 0.015552) for CA—Col; and (3.3907, —8.00) and (0.22442, 0.015552) for CR—Col; the correct discrimination is CA 60%, CR
76%, and Col 76%.
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lines well within the diagram, for example for Figure 5A,
we located equal probability points along two lines, one
horizontal joining (—8, 1) and (8, 1) and the other ver-
tical joining (5, —8) and (5, 8). These equal probability
inner coordinates were (—0.11275, 1) for the IA+CA-CR
boundary and (5, —6.2527) for the IA+CA—Col boundary.
Then, we obtained two equations, one joining two points
(3.0914, 8.00) and (—0.11275, 1) to obtain the IA+CA—
CR boundary and the other connecting (6.5177, —8.00)
and (5, —6.2527) for the IA+CA—Col boundary. The point
of intersection of these two equations was obtained to
be (—0.52237, 0.105108). The third boundary (CR—Col)
from (—8.00, —1.6511) will automatically pass through
this point (—0.52237, 0.105108). Because all three bound-
aries meet at this point, it can be called the triple point
for this diagram. We assured that the probability for this
triple point was about 0.3333, or 33.33%, for each of
the three tectonic fields (Figure 5A), because in LDA
we had assumed equal probability for all groups being
discriminated, irrespective of the sample sizes.

Finally, this process was repeated to obtain probability-
based field boundaries in all other diagrams (Figure SB-E).
The boundary coordinates for all diagrams are reported in
the explanation of Figure 5.

Success rates for training and testing sets

Using the testing set samples (100 samples) we obtained
an unbiased estimate of success rates, for which the sam-
ples were plotted in our new discriminant-function-based
multi-dimensional diagrams (Figure SA—E; Table 4). For
each tectonic setting, only four of the five diagrams are
applicable. For example, for IA, the applicable diagrams
are Figure SA-D; Figure SE would be the inapplicable
diagram, because the IA field is missing from it.

In Figure 5A, about 96% of 1A and 56% of CA sam-
ples plotted in the combined IA+CA field (Table 4). In
other applicable diagrams (Figure SB—D; Table 4), the suc-
cess rates for IA varied from 76% to 88%. The success rate
of 88% (correct discrimination) for IA was obtained for
Figure 5D, in which CA setting is absent (see Table 4). For
CA, the correct discrimination was 60-92% (Figure 5B,
5C, and 5E; Table 4). The highest value of 92% for CA was
shown in Figure 5B, in which although IA is present, Col is
absent. For both CR and Col settings, the success rates for
correct discrimination varied from 72% to 84% (Figure 5A,
5B, 5D, and 5E for CR and Figure 5A and 5C-E for Col;
Table 4).

For the training set samples (1032 samples not plot-
ted in Figure SA-E and success rates not shown in these
diagrams), the initial analysis from LDA provided success
rates of about 86.2%, 73.1%, and 77.7%, respectively, for
IA+CA, CR, and Col settings (Figure 5A); 78.0%, 79.1%,
and 80.4%, respectively, for 1A, CA, and CR settings
(Figure 5B); 74.0%, 69.8%, and 78.1%, respectively, for

IA, CA, and Col settings (Figure 5C); 91.3%, 76.3%, and
82.4%, respectively, for IA, CR, and Col settings (Figure
5D); and 79.5%, 74.9%, and 77.3%, respectively, for CA,
CR, and Col settings (Figure 5E). In spite of the consid-
erably smaller number of samples in the testing set (100
vs. 1032), the success rates shown in Figure SA-E were
generally similar to those for the training set.

Application of new discriminant-function-based
multi-dimensional diagrams

Five case studies were selected to illustrate the applica-
tion of new diagrams. None of the samples from these
case studies had been included in the database used for
constructing our new diagrams (Figure SA—E). Therefore,
similar to the testing set samples, these case studies also
provide an unbiased evaluation or functioning of our new
diagrams.

These five case studies were as follows: (1) granitic
rocks (about 30 Ma) from the Himalayas, India (Dietrich
and Gansser 1981; Le Fort 1981); (2) acid rocks
(Quaternary) from geothermal boreholes in El Salvador,
Central America (Agostini ef al. 2006); (3) granitic rocks
from Adamello Massif, northern Italy (Dupuy ef al.
1982; 35-52 Ma, Cortecci et al. 1979) and Vedrette
di Ries Massif (about 30 Ma; from Italy—Austria bor-
der; Bellieni et al. 1981); (4) granitic rocks from Amo
younger granitic complex of about 164 Ma from north-
ern Nigeria (Imeokparia 1983) and 144 Ma from central
Nigeria (Imeokparia 1982); and (5) ophiolitic rocks (of
Cretaceous age) from Oman (Masirah from Abbotts 1978;
and Semail from Alabaster ef al. 1982).

We note that, for a correct application of our diagrams
to case studies, it is important to use SINCLAS (Verma et
al. 2002) for ascertaining that the samples used for plot-
ting in discrimination diagrams are actually acid magmas.
Furthermore, assuring normally distributed samples (using
DODESSYS, unpublished program by S.P. Verma and L.
Diaz-Gonzalez) is also recommended.

Himalayan leucogranites

For the first application, we plotted discriminant-function
scores (DF1-DF2) calculated from the equations in Table
3 for each of the 26 samples in the multi-dimensional space
of our new diagrams. The first diagram (Figure S1A; Table
5) indicated Col tectonic setting for these samples, because
all of them (100%) plotted in this field. From the sec-
ond diagram (Figure S1B), the Col setting is missing, and
therefore, this diagram should be considered inapplicable
for this case study. In the third, fourth, and fifth diagrams
(Figure S1IC-E) all samples (100%) plotted in the field of
Col tectonic setting. This clearly establishes the collision
tectonic setting for the Himalayan leucogranites at about
30 Ma.
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Acidic volcanic rocks from El Salvador

For the application of our new multi-dimensional tectono-
magmatic discrimination diagrams, we compiled four sam-
ples of acid volcanic rocks from geothermal boreholes in
Ahuachapan, El Salvador (Agostini ef al. 2006). In the first
diagram (Figure S2A; Table 5) all four samples plotted
in the combined field of IA+CA. The second, third, and
fourth diagrams (Figure S2B-D; Table 5) indicated IA tec-
tonic setting, because all four samples plotted in this field.
In this application, the fifth diagram (Figure S2E), from
which IA setting is missing, can be considered as the inap-
plicable diagram. Thus, the borehole samples with zeolite
alteration consistently indicated IA setting, although only
a small number of four samples of acid magmas were
available for this application.

Intrusive rocks from Adamello Massif (northern Italy)
and Vedrette di Ries Massif (Italy and Austria)

Intrusive rocks of acid magma composition from Adamello
Massif show an arc setting (Figure S3A, Table 5), although
it is difficult to decide between island- and continental-arc
settings (Figure S3A—E). When both IA and CA settings
are present in a given diagram, the success rates for [A
and CA were, respectively, 45% and 55% with CR as
the third setting (Figure S3B) and 55% and 45% with
Col as the third setting (Figure S3C). These similar suc-
cess rates for IA and CA were further confirmed in the
remaining two diagrams, in which only one of these two
settings is present (IA 100% in Figure S3D and CA 100%
in Figure S3E). Therefore, none of the diagrams can be
declared inapplicable. In this context, we note that island-
and continental-arc settings are very similar and conse-
quently, it is sometimes difficult to discriminate them even
with our new diagrams (see Agrawal et al. 2004; Verma et
al. 2010b, for discussion of this similarity). Discrimination
of these very similar IA and CA settings for this area might
probably be obtained in future through the use of immobile
major and trace elements in discriminant-function-based
multi-dimensional diagrams, currently under preparation.

Probably because these ‘old’ (>35 Ma) rocks are
located in Southern Alps (Dupuy et al. 1982), Pearce et
al. (1984) used them as part of the database of colli-
sion tectonic setting for proposing their tectonomagmatic
diagrams. Our new diagrams indicate that during about 52—
35 Ma, the tectonic setting of these samples from northern
ITtaly was likely an island or continental arc. At that time in
the past, that is >35 Ma, the collision setting might not be
present in this area.

The intrusive rocks of acid composition from the
Vedrette di Ries Massif located on a transect along the
Italy—Austria border (Bellieni et al. 1981) show on most
diagrams (Figure S3A, C-E) transition between arc and
collision settings (note linear trends in most diagrams),

with CA as the inferred setting (success rates of 67—100%;
Figure S3A—C, E; Table 5). Therefore, at about 30 Ma, this
area began to show transition from subduction to incipient
collision tectonics, although the subduction process might
have still continued. Probably, only during the more recent
times (<<30 Ma) the shift to collision tectonics should
have been fully achieved. The study of Miocene or younger
acid rocks, if present in this or surrounding area, should
provide the necessary evidence to test this hypothesis.

In this context, we note that all 10 samples of acid
rocks from the external crystalline massifs of the Alps
(about 295 Ma; France, Italy, and Switzerland; Debon
and Lemmet 1999) consistently plotted in the collision
field in our new diagrams (plots not shown). Thus, age-
dependent multiple tectonic settings may be inferred in a
given geographical region.

Granitic rocks from Amo complex, northern and central
Nigeria

Our diagrams, when applied to older rocks (about 164 Ma)
from northern Nigeria, cannot fully discriminate between
continental rift and collision settings (Figure S4A, C-E;
Table 5). However, the somewhat younger (about 144 Ma)
granitic rocks from central Nigeria are more consistent
with a collision setting. Once again, time-dependent tec-
tonic settings may be obtained from the application of these
new diagrams.

Ophiolitic rocks of Oman

We plotted (Figure SSA—E) nine samples of the Masirah
ophiolite from an island located along the southeast coast
of Oman (Cretaceous age; Abbotts 1978). Most samples
plotted in the field of collision tectonic setting (Figure SSA,
C-E; Table 5; Figure S5B is the inapplicable diagram in
this case). However, seven samples of the Semail ophi-
olite of Oman from on-land northerly locations (also of
Cretaceous age; Alabaster et al. 1982) were more con-
sistent with an island arc setting (Figure SSA-D; Table
5; Figure SSE is the inapplicable diagram in this case).
More refined age constraints are required to better inter-
pret our results, particularly to determine if there was a
time-dependent change of the tectonic setting in this area.

Final remarks

We point out that the application results of the five
case studies indicate that in spite of the relative mobility
of major elements, our new discriminant-function-based
multi-dimensional diagrams provide a better framework for
tectonomagmatic discrimination as compared to the widely
used Pearce et al. (1984) diagrams. We therefore recom-
mend that these new diagrams be used to infer tectonic
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regime of acid volcanic or plutonic rocks. However, we
note that the data should first be processed by SINCLAS
and DODESSYS and then the discriminant-functions must
be computed before the use of our diagrams. Therefore,
we have prepared a Statistica template for using these dia-
grams and would be willing to process the data and provide
the set of five diagrams along with their interpretation to
scientists interested in employing our diagrams.

Conclusions

Pearce et al. (1984) diagrams, although widely used,
in some cases do not provide reliable discrimination of
granitic rocks from different tectonic settings. We have
successfully developed a set of the five new discrimina-
tion diagrams for acid rocks from four tectonic settings
(IA, CA, CR, and Col). These multi-dimensional diagrams
show relatively high success rates as judged from both the
training and testing sets and are based on natural log-ratio
transformation of major-element ratios and application of
discordant outlier tests prior to LDA. Thus, the combi-
nation of discordant outlier tests and LDA provided a
powerful and correct statistical treatment of the compo-
sitional data. Finally, before using our diagrams for any
particular area, we strongly recommend that the samples
be processed in SINCLAS software to ascertain the acid
character of the rocks, and only such rocks be utilized for
inferring tectonic setting. Our diagrams have been used for
five case studies; consistent results were obtained for most
applications, although island- and continental-arc settings
can be difficult to discriminate.
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Table S1. Longitude and latitude values of sample locations shown in the world map (Figure 1)

Serial No. Longitude (E-W) Latitude (N-S) References
(degree, minute, second) (degree, minute, second)
Collision
1 80 30 Ayres and Harris (1997)
2 90 9 56.61 28 3 2.24 Castelli and Lombardo (1988)
3 24 38 59.3 41 37 0.81 Cherneva and Georgieva (2005)
4 9 18 41.91 46 15 18.37 Debon and Lemmet (1999)
5 27 50 19.67 39 55 49.83 Delaloye and Bingol (2000)
6 10 11 34.16 42 46 42.74 Dini et al. (2002)
7 128 52 42.31 59 19 52 Grigoriev and Pshenichny (1998)
8 83 16 42.92 28 52 38.15 Guillot and Fort (1995)
9 29 2 46.83 39 59 46.64 Hasozbek et al. (2010)
10 34 47 19.81 39 49 15.89 llbeyli et al. (2004)
11 27 52 51.75 40 23 42.58 Koprubasi and Aldanmaz (2004)
12 6 46 57.48 30 56 42.02 Liégeois et al. (1998)
13 8 54 25.16 40 7 51.41 Morra et al. (1994)
14 39 1 26.22 38 29 5.1 Pearce et al. (1990)
15 78 13 39.4 34 4 10.5 Reichardt et al. (2010)
16 30 70 78 55 Scaillet et al. (1990)
17 86 57 35.61 27 53 41.19 Visona and Lombardo (2002)
(i) syn-Collision granite (syn-COLG)
1 58 48 55 20 28 20.76 Abbotts (1978)
2 4 34 6.84 50 17 23.89 Alderton et al. (1980)
3 91 1 34.05 29 44 47.6 Dietrich and Gansser (1981)
4 10 29 46.59 46 9 19.89 Dupuy et al. (1982)
5 84 30 37.83 28 31 40.37 Vidal et al. (1982)
Volcanic-arc
(i) CAVA
1 89 50 33.9 13 49 33.3 Agostini et al. (2006)
2 90 36 0.42 14 22 59.79 Bardintzeff and Deniel (1992)
3 90 33 24.68 14 38 1.58 Cameron et al. (2002)
4 89 50 35.55 13 55 6.51 Gonzalez-Partida et al. (1997)
5 86 14 30.88 15 12 11.62 Patino et al. (1997)
6 88 53 47,51 13 47 45,72 Rotolo and Castorina (1998)
(ii) Continental arc (CA)
1 70 53 15.87 35 57 34.05 Davidson et al. (1988)
2 68 54 1 33 29 18 de Silva (1991)
3 69 55 1.72 33 28 16.02 Deruelle (1982)
4 69 53 2 34 30 10 Gerlach et al. (1988)
5 69 55 3 39 29 17 Hickey-Vargas et al. (1989)
6 70 30 5 30 30 Kay et al. (1987)

Continues
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Table S1 (Contd.). Longitude and latitude values of sample locations shown in the world map (Figure 1)".

Serial No. Longitude (E-W) Latitude (N-S) References
(degree, minute, second) (degree, minute, second)
7 72 20 5.54 16 9 18.74 Lebti et al. (2006)
8 73 19 33.67 41 5 49.64 Lopez-Escobar et al. (1991)
9 70 48 11.09 34 10 51.75 Sruoga et al. (2005)
10 69 44 25.77 25 16 55 Trumbull et al. (1999)
11 70 33 59.23 33 25 24.08 Vergara et al. (2004)
12 81 0 18.48 46 30 17.21 Walker et al. (1991)
(iii) Volcanic-arc granite (VAG)
1 56 41 58.58 24 1 2.06 Alabaster et al. (1982)
2 119 34 33.03 37 44 36.22 Bateman and Chappell (1979)
3 159 28 21.17 54 1 41 I1zbekov et al. (2004)
4 71 37 22.67 33 37 1.28 L6pez-Escobar et al. (1979)
5 58 5 1.89 63 44 5.25 Saunders et al. (1979, 1980)
6 133 30 1.83 35 30 42 Tamura et al. (2003)
(iv) Island arc (1A)
1 166 57 34.29 15 23 47.41 Barsdell and Berry (1990)
2 145 47 47.77 15 16 26 Bloomer and Hawkins (1989)
3 64 1 41.02 10 41 57.57 Brown et al. (1977)
4 175 10 52.77 21 7 42.98 Bryan et al. (1972)
5 162 57 Churikova et al. (2001)
6 175 59 52.62 38 49 14.51 Cole (1981)
7 121 21 4.19 18 35 47.06 Defant et al. (1991)
8 162 56 Dorendorf et al. (2000)
9 121 57 50.58 15 45 59.19 DuFrane et al. (2006)
10 174 57 25.3 21 22 37.82 Ewart and Bryan (1972)
11 172 28 Ewart et al. (1977)
12 173 30 2.53 52 5 49.4 Finney et al. (2008)
13 117 4 16.98 8 24 31.49 Foden and Varne (1980)
14 176 5 8.85 38 38 33.05 Gamble et al. (1995)
15 167 34 12.8 45 49 45.91 Haase et al. (2002)
16 145 2 21.06 4 4 29.4 Hegner and Smith (1992)
17 155 20 1.45 58 13 42.89 Hildreth et al. (2004)
18 140 5 29.61 38 10 14.97 Hirotani and Ban (2006)
19 162 54 Ishikawa et al. (2001)
20 159 26 24.29 54 2 51.98 Kepezhinskas et al. (1997)
21 140 4 49.81 37 10 53.22 Kimura and Yoshida (2006)
22 61 19 39.06 15 23 3.04 Lindsay et al. (2005)
23 121 57 50.58 16 45 59.19 McDermott et al. ( 2005)
24 174 12 1.94 52 11 46.01 Myers et al. (1985)
25 165 56 39.85 54 9 4.35 Romick et al. (1990)
26 176 4 32.98 38 41 38.75 Schmitz and Smith (2004)

Continues

176



Table S1 (Contd.). Longitude and latitude values of sample locations shown in the world map (Figure 1)".

Serial No. Longitude (E-W) Latitude (N-S) References
(degree, minute, second) (degree, minute, second)
27 83 22 34.52 36 12 46.87 Schuth et al. (2009)
28 107 40 1.23 7 5 17.22 Sendjaja (2009)
29 142 34 Shukuno et al. (2006)
30 138 44 Shuto et al. (2006)
31 172 31 14.39 52 18 44,91 Singer et al. (1992)
32 0 47 42.52 60 44 44.24 Smellie (1983)
33 178 25 47.64 30 13 48.82 Smith et al. (2003)
34 93 6 24.11 20 40 45.19 Stephenson and Marshall (1984)
35 123 27 8.22 8 26 56.33 Stolz et al. (1990)
36 136 16 30.13 33 23 38.28 Tamura (1994)
37 143 30 Taylor and Neshitt (1998)
38 109 53 11.71 1 55 34.75 Turner and Foden (2001)
39 61 31 43.82 16 10 26.37 Turner et al. (1996)
40 137 15 35 40 Ujike and Stix (2000)
41 145 36 41.07 16 37 25 Wade et al. (2005)
42 109 59 39.96 2 0 9.42 Wheller et al. (1987)
43 145 30 41 16 40 21 Woodhead (1988)
44 179 19 6.68 30 56 59.18 Wright et al. (2006)
45 25 23 43.79 36 24 3.54 Zellmer et al. (2000)
46 62 10 36.69 16 42 53.77 Zellmer et al. (2003)
47 154 49 54.39 47 56 55.85 Zhuravlev et al. (1987)
Within-plate
(i) Continental rift (CR)

1 125 45 Basu et al. (1991)

2 3 26 10.5 40 13 34.6 Benito et al. (1999)

3 44 39 4 41 Buket and Temel (1998)

4 42 26 25.37 16 48 59.02 Camp et al. (1991)

5 1 45 16.67 45 50 16.92 Chauvel and Jahn (1984)

6 43 9 25.42 11 32 55.3 Deniel et al. (1994)

7 7 38 35.16 50 41 12.65 Haase et al. (2004)

8 128 42 Hsu et al. (2000)

9 28 56 49.04 24 1 38.04 Kampunzu and Mohr (1991)
10 36 10 10.4 1 12 4.29 Le Roex et al. (2001)
11 36 13 45.45 1 8 56.9 MacDonald et al. (1995)
12 111 28 28.81 33 14 30.74 Moyer and Esperanca (1989)
13 39 10 8 20 Peccerillo et al. (2003, 2007)
14 105 1 56.51 34 58 10.39 Perry et al. (1990)
15 106 44 13.23 35 36 46.46 Singer and Kudo (1986)
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Table S1 (Contd.). Longitude and latitude values of sample locations shown in the world map (Figure 1)".

Longitude (E-W)

Latitude (N-S)

Serial No. (degree, minute, second) (degree, minute, second)  References
(ii) Within-plate granite (WPG)
1 32 33 55.52 16 15 50.92 Harris et al. (1983)
8 32 26.59 9 51 21.19 Imeokparia (1982, 1983)
3 6 1 21.17 56 26 30.54 Walsh et al. (1979)
Ocean-ridge granite (ORG)
114 45 15 15.4 27 50 48.7 Aldiss (1981)
115 11 16 44,57 71 44 14.17 Engel and Fisher (1975)

* The longitude and latitude values were reported in only a few papers; therefore, most of the longitude and latitude
values were inferred from the Google Earth.
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Table S2. Number of samples in the training and testing sets of
normally distributed discordant outlier-free database

Name Number Training set Testing set Total
1A 1 277 25 302
CA 2 258 25 283
CR 3 219 25 244
COoL 4 278 25 303
Sum 1-4 1032 100 1132

1A = island arc; CA = continental arc; CR= continental rift; Col = collision; the
numbers 1-4 are group numbers discussed in the text and used in other Tables.
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Table S3. Mean and standard deviation of (SiO,),g and their log-transformed ratio variables for the four
tectonic groups (1A, CA, CR, and Col) for discordant outlier-free samples of the training set

loge-transformed 1A (1) CA (2 CR (3) Col (4)
ratio variable
(n =277) (n = 258) (n =219) (n =278)
X S X S X S X S
(S103)ugj 66.399 2.654 68.539 4.225 70.022  4.209 72.150 3.316
IN(TiO,/SiO;).qj -4.661 0.285 -5.047 0.589 -5.095 0.599 -5.951 0.958
IN(AI205/Si05).; -1.445  0.119 -1.487  0.146 -1.714  0.264 -1.569  0.110
IN(Fe203/Si0y)4g; -3.819 0.249 -4.252 0.577 -3.844  0.530 -4999 0.730
In(Feo/SiOy)qgj -2.936 0.281 -3.438 0.649 -3.120 0.532 -4.275  0.766
IN(MNO/SIiO,)qgj -6.207 0.348 -6.558 0.439 -6.239  0.765 -7.588 0.806
IN(MgO/SiO,)qgj -3.836 0.438 -4.424 0.899 -5.723  1.565 -5.495  1.217
IN(CaO/SiOy)agj -2.769 0.349 -3.188 0.697 -4.352  1.068 -4.064 0.837
IN(Na,O/SiO;).qj -2.787 0.157 -2.796 0.171 -2.725 0.336 -2.933 0.151
IN(K,0/Si02)4q -3.7507  0.5269 -3.206 0.301 -2.785  0.193 -2.822  0.198
IN(P205/Si05)ugj -5.9795 0.4419 -6.363 0.809 -7.138 1.248 -6.705 0.884

X _mean; s—standard deviation.
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Table S4. Test of equality of group means for the eleven elements log-transformed ratio variables in the
training set (discordant outlier-free samples)

Element Wilks’ lambda F-ratio Significance
IN(TIO,/SI0y).qj 0.2383 9.8659 0.0000
IN(Al,05/Si02)44 0.2357 4.2601 0.0143
In(Fe;05/Si0y)4g 0.2360 4.8275 0.0081
IN(FeO/SiO,)qgj 0.2345 1.5485 0.2131
IN(MNO/SIO,)qgj 0.2499 35.3349 0.0000
IN(MgO/SiO,)qgj 0.2355 3.8683 0.0212
IN(CaO/SiO;).qj 0.2386 10.7547 0.0000
IN(Na,O/SiO;).qj 0.2351 2.9913 0.0506
IN(K,0/Si02)4g 0.2753 90.6055 0.0000
IN(P205/Si03)qgj 0.2401 13.8239 0.0000

Wilks’ lambda (U-statistic) and univariate F-ratio with degree of freedom, dfl=v1l = g-1 =4-1 =3 and df2 =v2 =n-g = 1032-4 =
1028, where g is the number of groups and n is total number of samples.
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Figure S1. The application of the set of five multi-
dimensional, log-ratio major-element based,
discriminant-function (DF1-DF2) discrimination
diagrams to the granitic rocks (about 30 Ma) from
Himalaya, India. The percentage values are given
for the expected tectonic setting. The symbol is
shown as inset in Figure Sla. (a) IA+CA-CR-Col
discrimination; (b) IA-CA-CR; (c) IA-CA-Col,
(d) IA-CR-Col; and (e) CA-CR-Col.
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Figure S2. The application of the set of five
multi-dimensional, log-ratio major-element
based, discriminant-function (DF1-DF2)
discrimination diagrams to the volcanic rocks
(Quaternary) from boreholes in El Salvador. No
percentage values are given for the expected
tectonic setting because only four samples
could be compiled. The symbol is shown as
inset in Figure S2a. (a) IA+CA-CR-Col; (b) IA-
CA-CR; (c) IA-CA-Col; (d) IA-CR-Col; and (e)
CA-CR-Col.
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Figure S3. The application of the set of five
multi-dimensional, log-ratio major-element
based, discriminant-function (DF1-DF2)
discrimination diagrams to granitic rocks from
the Adamello massif (northern Italy, 35-52
Ma) and Vedrette di Ries (Italy-Austria border,
about 30 Ma). Percentage values are given for
the expected tectonic setting. The symbols are
shown as inset in Figure S3a. (a) IA+CA-CR-
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CR-Col; and (e) CA-CR-Col.
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Figure S4. The application of the set of five
multi-dimensional, log-ratio major-element
based, discriminant-function (DF1-DF2)
discrimination diagrams to granitic rocks from
Amo younger granitic complex from northern
Nigeria (about 164 Ma) and central Nigeria
(about 144 Ma). Percentage values are given
for the expected tectonic setting. The symbols
are shown as inset in Figure S4a. (a) IA+CA-
CR-Col; (b) IA-CA-CR; (c) IA-CA-Col; (d)
IA-CR-Col; and (e) CA-CR-Col.
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In the lead presentation (invited talk) of Session SEO05 (Frontiers in
Geochemistry with Reference to Lithospheric Evolution and Metallogeny) of
AOGS2010, we have highlighted the requirement of correct statistical treatment
of geochemical data. In most diagrams used for interpreting compositional
data, the basic statistical assumption of open space for all variables is violated.
Among these graphic tools, discrimination diagrams have been in use for nearly
40 years to decipher tectonic setting. The newer set of five tectonomagmatic
discrimination diagrams published in 2006 (based on major-elements) and two
sets made available in 2008 and 2011 (both based on immobile elements)
fulfill all statistical requirements for correct handling of compositional data,
including the multivariate nature of compositional variables, representative
sampling, and probability-based tectonic field boundaries. Additionally in the
most recent proposal of 2011, samples having normally distributed, discordant-
outlier free, log-ratio variables were used in linear discriminant analysis. In these
three sets of five diagrams each, discrimination was successfully documented
for four tectonic settings (island arc, continental rift, ocean-island, and mid-
ocean ridge). The discrimination diagrams have been extensively evaluated for
their performance by different workers. We exemplify these two sets of new
diagrams (one set based on major-elements and the other on immobile elements)
using ophiolites from Boso Peninsula, Japan. This example is included for
illustration purposes only and is not meant for testing of these newer diagrams.
Their evaluation and comparison with older, conventional bivariate or ternary
diagrams have been reported in other papers.

11
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1. Major Problems with Compositional Data Handling

Independent of the data quality, compositional data represent statistical
samples drawn from a population characterized by a “closed” space that is
limited to 0-1 or 0-100% values, viz., no component can exceed the “whole,”
being 1 for fractions or 100% for percentage units (Fig. 1). This is a serious
limitation of compositional data, because they must plot totally within the
shaded area in Fig. 1, the 100% values being reserved for a pure composition.
Although we have illustrated only two components in a bivariate diagram
(Fig. 1), similar reasoning is valid for a multi-component system. Thus, if we
assume that compositions consist of n components and (n— 1) components,
i.e., except one, are known, the unknown component is predictable, because
it is the difference between the whole and the sum of the known components.

Problems of false correlations in compositional data were pointed
out long ago in 1960 by Chayes,' among others. A simple consideration
of SiOy (z-axis) and the sum of all the remaining components (y-axis)
from different rock types reveal this problem, because, in this “extreme”
example, both axes should sum up to 100%. For different magma types,
the silica (SiO2) content could vary as follows: 35-44% ultrabasic, 44-52%
basic, 52-63% intermediate, and 63-100% felsic including pure quartz.
Correspondingly, the sum of all remaining components in the respective

100

-20 0 20 40 50 30 100
X

Fig. 1. Closed field for the bivariate (z—y) plot for compositional data (see shaded
triangle).
Note: negative z-axis scale is added to show that no compositional data fall in this area.
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magmas will vary in a complementary manner (65-56%, 56-48%, 48-37%,
and 37-0% for ultrabasic, basic, intermediate, and felsic including pure
quartz, respectively). In fact, no single component can exceed these latter
values. Thus, negative correlations could be obtained from solely statistical
considerations in the compositional space. When we are looking for
correlations in such simple bivariate diagrams, it is quite possible to observe
correlations that are simply due to the nature of closed compositional data
and not due to some geological process or processes. In fact, Chayes?
showed that both positive and negative correlations could be obtained
in compositional data from statistical considerations alone and thus drew
attention of geoscientists to such false correlations. Therefore, caution is
required if we were to interpret geochemical data in diagrams based directly
on compositional data.

Statistical methods to infer correlations of variables under study assume
an “open” space for them, i.e., theoretically, the variables can take any
value up to infinity, including negative values. Thus, most diagrams used
in geochemical work for interpreting compositional data violate the basic
statistical assumption of open space for all variables, although this violation
may be of somewhat less concern for diagrams used simply for classification
purposes.

Fortunately, an appropriate procedure for statistically correct handling
of compositional data (based on log-ratio transformation to open the
space theoretically to infinity in both positive and negative directions)
has been available at least for the past 25 years through Aitchison’s
pioneering work.?~® Therefore, in compositional-data-based diagrams used
in geosciences there is an urgent need to incorporate correct statistical
treatment. Thus, many workers,~® have pointed out problems with
conventional handling of compositional data and have supported Aitchison’s
procedure® for this purpose.

2. Tectonomagmatic Discrimination Diagrams

Discrimination diagrams to decipher tectonic settings have been in use for
nearly 40 years.” =12 They seem to constitute one of the most frequently used
procedures, if not the only one, to study older (Pre-Tertiary) terrenes where
the actual tectonic setting is unknown as well as complex areas with imprints
of multiple tectonic settings. For Precambrian and Archaean rocks, such as
those in many parts of India, this problem is even worse. Undoubtedly in
spite of their widespread use, most, if not all, bivariate and ternary diagrams
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published in the literature are characterized by the above-mentioned defects
of wrong statistical treatment; for details, see Refs. 12 and 13.

This problem of discrimination diagrams was recently (during 2004—
2011) overcome jointly by researchers from India and Mexico who
proposed new tectonomagmatic discrimination diagrams based on natural
logarithm-transformation of appropriate element ratio variables and linear
discriminant analysis (LDA). Specifically, one set of such diagrams proposed
in 20044 is based on LDA of ratio variables of major-elements in basic and
ultrabasic magmas, without log-transformation. The newer set of diagrams
published in 2006 based on major-elements'® and two sets made available
in 2008'% and 2011'7 based on relatively immobile elements comply with
the above requirement of open space. In fact, these diagrams fulfill all
other statistical requirements for correct handling of compositional data,
including multivariate nature of compositional variables, representative
sampling, and probability-based tectonic field boundaries. Additionally in
the most recent proposal,'” analytical data sets of the normally distributed,
discordant-outlier free, log-ratio variables were achieved prior to LDA. This
was done by using unpublished computer program DODESSYS (S. P.
Verma and L. Diaz-Gonzdlez, manuscript in preparation). These “normally
distributed” data were randomly divided into training and testing sets; the
training set was used for LDA for proposing diagrams and the testing set
for estimating success rates for discriminating different tectonic settings in
these diagrams.

In these four sets of five diagrams for each set, the tectonomagmatic
discrimination was successfully documented for four tectonic settings (island
arc, continental rift, ocean-island, and mid-ocean ridge). It can be shown
that five diagrams are required to objectively discriminate four tectonic
settings. Owing to space limitations, we provide here details on only one set
of five diagrams based on major-elements."?

To use these diagrams (Fig. 2), we must calculate the DF1 and DF2
functions (initially provided from LDA of training set data) for each of
them. Thus, for the first diagram that discriminates ultrabasic and basic
magmas from four tectonic settings of island arc (IAB), continental rift
(CRB), ocean-island (OIB), and mid-ocean ridge (MORB), the DF1 and
DF?2 functions are calculated from the following equations:

DF11AB-CRB-OIB-MORB),_,
— 4.6761 x In(Ti02/SiOx)ad;
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+2.5330 x 1n(Aly03/Si05)aq; — 0.3884 x In(Fes3/Si0 ) aq;
+3.9688 x 1n(FeO /SiOy)ad; + 0.8980 x In(MnO/SiO, )ad;
—0.5832 x In(MgO/SiO, )aqi — 0.2896 x 1n(Ca0/SiO, )aq;
—0.2704 x In(NayO/SiO,)ag; + 1.0810 x In(K20/SiO, )ad;
+0.1845 x In(P05/SiO )aq; + 1.5445, (1)
DF2(1AB-CRB-OIB-MORB)_,
= 0.6751 x In(TiO5/Si0, )a;

+4.5895 x 1n(Aly03/Si05)aq; + 2.0897 x In(FesO3/Si0xs ) aq;

+0.8514 x 1n(FeO /Si0y)adj — 0.4334 x In(MnO/SiO, )aq;
MgO /Si0y)agj — 2.3627 x 1n(Ca0/SiO, )ag;
Nas0/Si0,)adj + 0.6757 x In(K20/SiO, )ad;
+0.4130 x In(P205/Si02)aq; + 13.1639, (2)

+1.4832 x In

(
(
—1.6558 x In(
(

where the subscript “adj” refers to the adjusted data from SINCLAS.2!
Similar equations have to be used for the other four diagrams.!®
The discriminant functions are theoretically based on the multivariate
technique of LDA applied to representative databases and establishment
of probability-based boundaries in such diagrams. The reader is referred to
the original papers'®~!7 and the references cited therein.

The equations for the set of diagrams based on the elements La, Sm,
Yb, Nb, and Th'® are somewhat simpler than the above equations, i.e.,
they contain only four log-transformed ratio terms besides the constant
term. Refer the original paper'® for more details.

Finally, for the set of diagrams based on immobile elements TiOs, Nb,
V, Y, and Zr (Fig. 3), we recommend researchers to consult the original
paper!” that should be available for free download from the journal website.
Here, we have reproduced the equations needed to use these diagrams.

For Fig. 3(a), the functions DF1 and DF2 are calculated as follows:

DF1(1AB-CRB + OIB-MORB),,
— —0.6611 - In(Nb/TiO,) + 2.2926 - In(V/Ti0,)
+1.6774 - In(Y /TiOy) + 1.0916 - In(Zr/TiO,) + 21.3603, (3)
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DF2(1AB-CRB + OIB-MORB),,
= 0.4702 - In(Nb/TiO,) + 3.7649 - In(V /TiO,)
—3.911 - In(Y/TiO,) + 2.2607 - In(Zr/TiO,) + 4.8487.  (4)

For Fig. 3(b), the functions DF1 and DF2 are as follows:

DF1liaB-crB-o0I1B),,
— —0.6146 - In(Nb/TiO,) + 2.3510 - In(V/Ti0,)
+1.6828 - In(Y/TiOy) + 11911 - In(Zr/TiO,) + 22.7253,  (5)
DF2aB-crB-01B),,
= 1.3765 - In(Nb/Ti0,) — 0.9452 - In(V/TiO,)
+4.0461 - In(Y/TiO,) — 2.0789 - In(Zr/Ti0,) + 22.2450.  (6)

For Fig. 3(c), the functions DF1 and DF2 are as follows:

DF1(1oB-cRB-MORB),,
= —0.6624 - In(Nb/TiO,) + 2.4498 - In(V/TiO,)
+1.2867 - In(Y/TiO,) + 1.0920 - In(Zr/TiO,) + 18.7466, (7)
DF2(1AB-CRB-MORB),,
= 0.4938 - In(Nb/Ti0,) + 3.4741 - In(V/TiO,)
— 3.8053 - In(Y/Ti0,) + 2.0070 - In(Zr/TiO,) + 3.3163.  (8)

For Fig. 3(d), the functions DF1 and DF2 are as follows:

DF1(iAB-01B-MORB),,
— —0.2646 - In(Nb/TiO,) + 2.0491 - In(V/TiO,)
+3.4565 - In(Y/TiO,) + 0.8573 - In(Zr/TiO,) + 32.9472,  (9)
DF2(1AB-01B-MORB),,
= 0.01874 - In(Nb/TiO,) + 4.0937 - In(V/TiO,)
48550 - In(Y/TiO,) + 2.9900 - In(Zr/TiO,) + 0.1995.  (10)
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Finally, for Fig. 3(e), the functions DF1 and DF2 are as follows:

DF1(crB-01B-MORB),,
— —0.7829 - In(Nb/TiO,) + 0.3379 - In(V/TiO,)
+3.3239 - In(Y/Ti0,) — 0.51232 - In(Zr/TiO,) + 16.0941, (1)

DF2(crB-01B-MORB),,
— 1.7478 - In(Nb/Ti0,) — 0.0421 - In(V/TiO,)
+3.5301 - In(Y/Ti0,) — 1.4503 - In(Zr/Ti0,) + 28.3592.  (12)

Again in terms of complexity, these equations contain four log-ratio terms
besides the constant term,!” and are similar to those for earlier set of
diagrams based on La, Sm, Yb, Nb, and Th.'® The advantage is that the
7 involve immobile elements that can be determined easily
from X-ray fluorescence spectrometry.

newer equations

2.1. Application example

The new and old discrimination diagrams have been extensively evaluated
for their performance by different workers.!?'8 Therefore, it is
unnecessary to deal with this aspect in the present work, especially because
of the space limitations. Here, we apply these new diagrams to infer tectonic
setting of just one suite of ophiolites from Japan and point out the success
as well as limitations of this application.

Boso ophiolites were chosen because the potential readers of this paper
(most of them being from Asia) are likely to be familiar with the geological
and tectonic characteristics of these ophiolites. Nevertheless, we also note
that this application is only for illustration purposes and is certainly not
meant for testing these diagrams. The testing of diagrams is an important
topic, which has already been covered in earlier papers.'?18:19 For this
application, data for all samples of ophiolitic rocks were compiled from
Hirano et al.? Computer program SINCLAS?! was used to ascertain the
magma types. A total of 18 samples were classified as basic magma, one as
ultrabasic, one as intermediate, and two as felsic. Nineteen samples (basic
and ultrabasic) were plotted in the five diagrams proposed by Verma et al.'
based on major-element log-transformed ratios (Fig. 2(a—e)). Similarly,
these samples were also plotted (Fig. 3(a—e)) in the diagrams of Verma
and Agrawal'” based on immobile elements. We note that complete data
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Fig. 2. Boso Peninsula ophiolite samples plotted in five discriminant-function-based
diagram of Verma et al.'® The subscript m2 stands for the major-element-based diagrams
of the second set. (a) Four field DF1-DF2 diagram for the discrimination of IAB, CRB,
OIB, and MORB settings; (b) three field DF1-DF2 diagram for IAB, CRB, and OIB;
(c) three field DF1-DF2 diagram for IAB, CRB, and MORB; (d) three field DF1-DF2
diagram for IAB, OIB, and MORB; and (e) three field DF1-DF2 diagram for CRB, OIB,

and MORB.
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Fig. 3. Boso Peninsula ophiolite samples plotted in five discriminant-function-based
diagram of Verma and Agrawal.!” The subscript t2 stands for the immobile, mostly
trace-element-based diagrams of the second set. (a) Three field DF1-DF2 diagram for
the discrimination of TAB, CRB+4OIB, and MORB settings; (b) three field DF1-DF2
diagram for IAB, CRB, and OIB; (c¢) three field DF1-DF2 diagram for IAB, CRB, and
MORB; (d) three field DF1-DF2 diagram for IAB, OIB, and MORB; and (e) three field
DF1-DF2 diagram for CRB, OIB, and MORB.



20 S. P. Verma, K. Pandarinath and S. K. Verma

on these samples were not available for the trace-element-based diagrams
of Agrawal et al.' Therefore, these diagrams could not be used for this
application.

Success rates calculated for each diagram (Figs. 2 and 3) are
summarized in Table 1. Figure 2(a) shows that a large number of samples
(12 out of 19) plot in the MORB field, which amounts to about 64% success
rate (Table 1). Similarly, Fig. 3(a) also suggests MORB setting for these
samples, because 14 out of 19 samples (74%, Table 1) plot in this field. The
remaining samples (7 in Fig. 2(a) and 5 in Fig. 3(a)) plot in the other three
fields (about 11% for IAB, 5% for CRB, and 21% for OIB, Fig. 2(a) and
Table 1; 10% for IAB and 16% for CRB + OIB, Fig. 3(a), and Table 1).
Both diagrams (Figs. 2(a) and 3(a)), nevertheless, suggest MORB setting
for these samples. Because the remaining samples are scattered in different
tectonic fields, no further inference about an alternate tectonic setting is
indicated.

In the second set of diagrams (Figs. 2(b) and 3(b)) the expected MORB
setting is missing, and, therefore, these diagrams should be considered
inapplicable to this case study. We have indicated their results in Table 1
by an asterisk meaning inapplicable diagram (see legend of Table 1). In the
absence of MORB setting, OIB setting seems to be indicated.

In all the remaining diagrams (Figs. 2(c—e) and 3(c—¢)), the success rates
for MORB setting are the highest (68-74% in Figs. 2(c—e) and 74-84% in
Figs. 3(c—e); Table 1). Note that although both sets of diagrams (Figs. 2
and 3) provide consistent results, the success rates from the immobile-
element-based diagrams'” show somewhat higher values than the major-
element-based procedure'® (74-84% as compared with 64-74%, Table 1).
Thus, MORB setting can be safely inferred for ophiolites from Boso
Peninsula, Japan.

In this example, the results from both sets of diagrams are consistent.
However, in the case of discrepancy in the results of applications
to ophiolites or any other kind of rocks, the immobile-element-based
diagrams'®!” should be preferred as compared with the major-element-
based diagrams.'?

These new multi-dimensional discriminant-function-based diagrams

19 and

have also been applied to complex tectonic setting in Mexico
Turkey'? as well as to older rocks.??~2* Furthermore, the correct
statistical methodology has also been applied to propose new discrimination
diagrams for granitic or felsic magma?® for discriminating four tectonic

settings.
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Table 1. Application of two sets of discrimination diagrams based on natural
logarithm transformation of major-element ratiol® and trace-element ratiol”
discriminant functions DF1-DF2, to ophiolitic rocks from Boso Peninsula, Japan (data
from Ref. 20).

Number of discriminated
samples (%)

Figure no. Total no. .
(tectonic of samples Within-plate

setting) (%) IAB CRB+O0OIB CRB OIB MORB

Figure 2(a) (IAB— 19 (100) 2 (11) — 1(5) 4(21) 12 (64)
CRB-OIB-
MORB)m2

Figure 3(a) (IAB— 19 (100) 2 (10) 3 (16) — — 14 (74)
CRB + OIB-
MORB)2

Figure 2(b)* 19 (100) 2 (11) — 1(5) 16 (84)  —
(IAB-CRB-
OIB)m2

Figure 3(b)* 19 (100) 13 (68) — 3(16) 3(16)  —
(IAB-CRB-—
OIB)s2

Figure 2(c) 19 (100) 2 (11) — 4 (21) — 13 (68)
(IAB-CRB-
MORB)m2

Figure 3(c) IAB— 19 (100) 2 (10) — 3(16) — 14 (74)
CRB-MORB);2

Figure 2(d) 19 (100) 2 (11) — —  4(21) 13 (68)
(IAB-OIB-
MORB)m2

Figure 3(d) (IAB— 19 (100) 2 (10) — — 3(16) 14 (74)
OIB-MORB)¢2

Figure 2(e) 19 (100) — — 0 (0) 5(26) 14 (74)
(CRB-OIB-
MORB)m2

Figure 3(e) 19 (100) — — 0 (0) 3(16) 16 (84)
(CRB-OIB-
MORB)2

*Inapplicable results and diagrams for this application; boldface italic font shows the
expected tectonic setting.
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Evaluation of Recent Tectonomagmatic Discrimination Diagrams and their Application
to the Origin of Basic Magmas in Southern Mexico and Central America

SURENDRA P. VERMA,l SANJEET K. VERMA,2 KaArLasA PANDARINATH,l and MARiA ABDELALY RiVERA-GOMEZ?

Abstract—Discrimination diagrams to decipher tectonic settings
have been in use for nearly 40 years. Although old diagrams have
been extensively used, the recent ones based on discriminant func-
tions of ratio variables, with or without log-transformation, proposed
during 2004-2010 for the discrimination of four tectonic settings of
island arc, continental rift, ocean-island and mid-ocean ridge, were
newly evaluated to show their high success rates of 57.3—-100% and
58.5-100% for major-element and immobile-element based dia-
grams, respectively. For the continental arc of the Andes evaluated
for its similarity to island arc, these four sets of diagrams showed
success rates of 62.1-83.8%. These four sets of five diagrams per set
were therefore used to infer tectonic setting of the Mexican Volcanic
Belt (MVB), Los Tuxtlas volcanic field (LTVF), and Central
American Volcanic Arc (CAVA). Using this approach, the MVB,
especially its western, central and eastern parts, and the LTVF of
Southern Mexico show a dominantly continental rift setting and the
CAVA shows an arc setting. The west-central part of the MVB is
consistent with dual tectonics of arc and rift. These results confirm the
application of an unusual mantle upwelling rift-model for the Mex-
ican on-land volcanism, whereas the conventional plate tectonic
subduction model seems to be applicable for the CAVA from Gua-
temala to north-western Costa Rica.

Key words: Mexico, Mexican Volcanic Belt, Los Tuxtlas
volcanic field, subduction, rifting, geochemistry, tectonic setting.
1. Introduction

In plate tectonics theory, it is common to consider
four main tectonic settings which are related to
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subduction processes (island arc and continental arc),
extensional processes in continents (continental rift),
special melting regimes in oceans (ocean-island), and
extensional processes in oceans (mid-ocean ridge).
(The number of tectonic settings can be higher, for
example five if the subduction setting is divided into
island and continental types, or more if other subdi-
visions are considered.) For nearly 40 years,
discrimination diagrams have constituted a widely
used complementary technique to other petrological
and geochemical methods for interpreting composi-
tional data and for inferring tectonic settings of older
terrenes as well as of areas with complex (or multi-
ple) tectonic settings (e.g., PEARCE and Cann, 1971,
1973; RoLLiNsoN, 1993; AcrawaL and VErRMA, 2007,
VERMA, 2010). Recently, VERMEEScH (2007), SHETH
(2008), and VErmMA (2010) have evaluated most
existing discrimination diagrams.

The older bivariate and ternary discrimination
diagrams are all plagued by erroneous treatment of
compositional data (for correct statistical procedures,
see AITCHISON, 1986; ArrcHisoN et al., 2000; EGozcUE
et al. 2003; ArrcaisoN and Ecozcug, 2005; BAXTER
et al., 2005; Ecozcue and PawLowsky-GLAHN, 2005;
BuccianTi et al., 2006; AGrawaL and VERMA, 2007,
VERMA, 2010). Some of them, such as the Zr-Zr/Y
bivariate diagram of PEArRCE and Norry (1979) and the
MgO-FeO'-Al,O3 ternary diagram of PEARCE et al.
(1977), show very low success rates. The “success
rate” of a given diagram for a tectonic setting is a
statistical parameter (see VERMA, 2010) and is defined
as the ratio, expressed as a percent, of the number of
samples with correct tectonic discrimination and the
total number of samples of that particular tectonic
setting. For the evaluation of classification diagrams,
the success rate is similarly defined as the correct
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rock classification for a given rock-type according to
some accepted rock nomenclature (see VERMA et al.,
2010).

In other discrimination diagrams, e.g., the Zr-3Y—
Ti/100 ternary diagram of PEArRCE and CANN (1973), the
Zr/4—Y-2Nb ternary diagram of MESCHEDE (1986), and
the La/10-Nb/8-Y/15 ternary diagram of CaBanis and
LecoLLE (1989), most samples plot in overlap regions
of two tectonic settings. However, when success rates
are greater, diagrams such as Ti/Y-Zr/Y by PEARCE
and GaLE (1977) and the Zr-3Y-Ti/100 ternary dia-
gram of PEARCE and Cann (1973) then discriminate
only two tectonic settings under the broad names of
“within-plate” and “plate margin”. For some other
diagrams, such as the Nb/Y-Ti/Y bivariate diagram of
Pearce (1982), the Ti/1000-V bivariate diagram of
SHErvAIs (1982), the Th-Ta-Hf/3 ternary diagram
of Wood (1980), the 10MnO-10P,05-TiO, ternary
diagram of MuLLEN (1983), and the Zr/4-Y-2Nb ter-
nary diagram of MEscHEDE (1986), although the
success rates for some tectonic settings may be some-
what higher, they are certainly less than those for the
old discriminant function based discrimination dia-
grams (viz., Score;—Score, diagram of BUTLER and
Woronow, 1986 and F— F, and F,-F; diagrams of
PEARCE, 1976) as well as for the new DF1-DF2 (2004—
2008) diagrams of AGrawaL et al. (2004, 2008) and
VERMA et al. (2006). Furthermore, the older discrimi-
nant function diagrams do not comply with all the
recommendations for handling of compositional data
(ArrcHisoN, 1986; AGrawAL and VERMA, 2007), and are
also not based on representative databases.

Therefore, it appears that the newer discriminant
function diagrams proposed during 2004-2008
(AGRAWAL et al., 2004, 2008; VERMA et al., 2006)
obtained from linear discriminant analysis (LDA) of
representative databases for four tectonic settings
(island arc, continental rift, ocean island, and mid-
ocean ridge) and with probability-based tectonic field
boundaries (AGrawaL, 1999) work well with success
rates up to about 99% (VERMa, 2010). Still newer dis-
crimination diagrams based on all these new concepts,
viz., representative database, correct statistical treat-
ment of compositional data, multivariate techniques of
LDA, probability-based field boundaries, and fulfill-
ment of basic assumptions of normally distributed log-
ratio transformed compositional variables, have also
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been proposed (VERMA and AGrawaL, 2010) and are
shown to perform with even higher success rates. The
diagrams of AGRAWAL et al. (2004) and VERMA et al.
(2006) are based on major-elements (the first with
simple ratio variables and the second with log-trans-
formation of ratio variables), whereas those of
AcGrawAL et al. (2008) and VERMA and AGRAWAL (2010)
use log-transformed ratios of immobile-elements (La,
Sm, Yb, Nb, and Zr for the former and adjusted TiO,,
Nb, V, Y, and Zr for the latter).

Unfortunately, none of the existing diagrams to date
is capable of successfully discriminating between the
two very similar tectonic settings of island and conti-
nental arcs. Further, the continental arc setting was
included in none of the four sets of the newer diagrams
proposed during 2004-2010, which successfully dis-
criminate four tectonic settings. In fact, AGRAWAL et al.
(2004) noted that continental arc was missing from
their diagrams and that this setting was initially inclu-
ded, but had to be set aside due to the significant
similarities between major-element compositions of
basic magmas from island and continental arcs. These
authors further hypothesized that only highly differ-
entiated rocks will give contrasting compositions for
these two tectonic settings because different types of
underlying crust might be involved in the genesis and
evolution of magmas. To solve the problem for basic
rocks, trace elements should be incorporated, although
none of the more recent publications (AGRAWAL et al.,
2008; VErRMA and AcGrawaL, 2010) has taken these
recommendations into account. Therefore, there is still
a worldwide interest in discriminating between island
and continental arc settings, but given the similarities
of basic magmas from these two tectonic settings, as
documented by AGRAWAL et al. (2004) and VERMA et al.
(2006), we should further test these newer diagrams for
a typical continental arc setting of the Andes in South
America before their application to the main aim of the
present paper.

Figure 1 illustrates the schematic representation of
the main volcanic areas of Southern Mexico and
Central America, constituting the Mexican Volcanic
Belt (MVB), Los Tuxtlas volcanic field (LTVF) and
isolated centers, such as El Chichdn volcano, which
merge with the Central American Volcanic Arc
(CAVA). Geochemical and radiogenic isotope data for
volcanic rocks from Southern Mexico, mainly from the
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central to eastern parts of the MVB and LTVF, were
interpreted by VErMA (2002, 2004) to demonstrate a
lack of relationship with the subduction process, in
spite of the ongoing subduction of the Cocos plate
beneath the North American plate. Such a conclusion
was also drawn by VErRMA (2006) for the LTVF. VERMA
(2002) also showed a text-book type case for volcanic
centers of the CAVA, particularly from Guatemala to
north-western Costa Rica (see also, BURBACH ef al.,
1984; LEEMAN et al., 1994; Harry and GREEN, 1999;
PaTINO et al., 2000; WALKER et al., 2001).
Nevertheless, for the MVB and LTVF, there also
exist conventional subduction-related models (e.g.,
Parpo and SuArez, 1995; NELSON et al., 1995;
FERRARI et al., 2001; GOMEz-TUENA et al., 2007,
PEreZ-Campos et al., 2008; and Pacaeco and SINGH,
2010) and other proposals such as plume-related
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origin (e.g., MARQUEZ et al., 1999a), which therefore
make the tectonic setting of these provinces highly
complex and controversial (e.g., FERRARI and Rosas-
ELGUERA, 1999; MARQUEZ et al., 1999b; SHETH et al.,
2000; Torres-ALVARDO et al., 2002). More recently,
VERMA (2009) reviewed all the available geological,
geochemical and geophysical evidence from the
MVB, particularly for its central part, and concluded
that this volcanic province should better be called the
Mexican Volcanic Rift, because all the available data
are more consistent with a rift rather than an arc.

These are some of the reasons that motivated us to
explore more constraints for elucidating this problem
of the Mexican Pacific and on-land volcanism, as
well as to document the differences or similarities
between the volcanism and tectonics of Southern
Mexico and Central America (CAVA).

North American
plate

w 106 102 98

Figure 1
Simplified tectonic map of Southern Mexico and Central America %modiﬁed after VErMA, 2002, 2006). The land—ocean boundary and the
subdivision of land in countries are shown by thick solid curves. The on-land tectonic features (fractures and faults) in the Mexican Volcanic
Belt (MVB) region are from the following sources: NEGENDANK et al. (1985); JounsoN and HaRrrIisoN (1989a, b); ALLAN ef al. (1991); LyLE and
NEss (1991); and Suter et al. (1991, 1992, 1995a, b, 2001). Note the well-established triple junction in the western part of the MVB (Luhr
etal., 1985; ALLAN et al., 1991). Rivera-Cocos plate diffuse boundaries are from ALLAN ef al. (1991) and Banpy et al. (2000). EPR East Pacific
Rise, MAT Middle America Trench, LTVF Los Tuxtlas Volcanic Field, CAVA Central American Volcanic Arc, TeR Tehuantepec Ridge, CoR
Cocos Ridge, MPF Motagua-Polochic Fault, QSC Quesada Sharp Contortion, Pu Puerto Vallarta, V Veracruz, Ch El Chichén volcano, G
Guatemala, S El Salvador, H Honduras; N Nicaragua, C Costa Rica, P Panama. Legs L66, L67 and L84 are approximate Deep Sea Drilling
Project Sites where drilling has recovered samples from the ocean floor. The numbers 5-25 in the Pacific Ocean give the approximate age
of the ocean floor in Ma. The seismic depth contours marked 20-200 give the depth of the Benioff zone in km. Finally, the numbers 0, —500,
—1,000, 4500, and 41,000 are the distance in km for the transect used by VErmA (2002) to understand the similarities and differences
between Southern Mexico and Central America, as inferred along the Pacific coast (MAT). The abbreviations W, WC, C, and E within the
MVB refer to the approximate subdivision of the MVB into western, west-central, central, and eastern parts, which was used in the
presentation and interpretation of compiled geochemical data (see Tables 5, 6, 7, 8 for more details). L66, L67, and L84 refer to the Deep Sea
Drilling Project Legs and Sites, from which subducting sediments and underlying basalt samples were recovered, whose geochemical data
provided constraints on the on-land volcanism (see VERMA, 2000a for more details)
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Although the new discriminant function based
discrimination diagrams for magmatic rocks have
been tested by their respective authors using training
sets by randomly dividing the databases into training
and testing sets, and by SHETH (2008) using an inde-
pendent database and by VErMA (2010) using a much
more extensive database, it would still be worthwhile
to test them further using totally independent world-
wide databases. If the diagrams perform satisfactorily
for the discrimination of the four main tectonic set-
tings and the continental arc of the Andes, we can
then apply them to the study of fresh rocks from the
subduction-related CAVA for further ascertaining the
applicability of these new diagrams for a continental
arc. Finally, we could determine the dominant tec-
tonic setting(s) of controversial and complex volcanic
areas of Southern Mexico (MVB and LTVF). Thus, a
comprehensive database from the MVB and LTVF
could be used to infer their tectonic settings from
these diagrams provided, of course, they were also
shown to work well for this purpose for the CAVA.
The novelty of our approach lies in the multi-
dimensional solution (note ten major-element ratios
used by AGRAWAL et al., 2004 and VERMA et al., 2006;
and four immobile-element ratios by AGRAWAL et al.,
2008 and VErRMA and AGRAWAL, 2010) and the use of
correct statistical methodology (note log-transforma-
tion of element ratios using a common divisor in
three of the four sets of diagrams; see also AGRAWAL
and VErMA, 2007 and VErMA, 2010) offered by the
newer sets of diagrams.

The highly complex equations used to construct
these diagrams are not reproduced here to reduce
journal space; they can be consulted in the original
papers (AGRAWAL et al., 2004, 2008; VERMA et al.,
2006; VErMA and AGrawAL, 2010), or else in VERMA
(2010) or Verma and Rivera-Gémez (2010). Both of
the latter papers can be freely downloaded from
respective journal’s website.

2. Databases

2.1. World Databases

For the statistical evaluation of the new discrim-
ination diagrams, four extensive databases of basic
and ultrabasic rocks of (1) island arc (IAB); (2)
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continental rift (CRB); (3) ocean-island (OIB); and
(4) mid-ocean ridge (MORB), were separated from
the combined database of all rock types. This was
done from papers that were not included in any of the
previous studies, in which the diagrams to be
evaluated were proposed, i.e., not included in the
databases used by AGRAwAL et al. (2004, 2008),
VERMA et al. (2006), and VERMA and AGRAWAL
(2010). Nevertheless, the same strict selection con-
ditions as posed by these authors were maintained as
follows: (a) age between late Miocene to Recent; (b)
tectonic setting of the study area known explicitly
without ambiguity; (c) rocks with adjusted silica
(S8i03)agj < 52% after SINCLAS processing (VERMA
et al., 2002, 2003), i.e., after Fe-oxidation ratio
adjustment (MipDLEMOST, 1989) and on an anhydrous
basis (LE Bas et al., 1986; LE Bas, 2000).

The island arc basic rocks (IAB) were compiled
from the following areas and sources: Aleutian
(FINNEY et al., 2008); Bicol and Bataan, Philippines
(McDermoTtT et al., 2005; DUFRANE et al., 20006);
Indonesia (ELBURG and KaMENETSKY, 2007; SENDIAJA
et al., 2009); Isu Bonin (Tamura et al., 2007); Lesser
Antilles (TURNER et al., 1996); Northern Honsu (OHBA
et al., 2009); Solomon, SW Pacific (ScHUTH et al.,
2009).

The continental rift basic rocks (CRB) were
compiled from the following areas and sources: East
Africa Rift system (CHAKRABARTI ef al., 2009); Kenya
Rift (RoGers et al., 2006; MACDONALD et al., 2008);
Main Ethiopian Rift (PEcCERILLO et al., 2007; ROONEY
et al., 2007; RoNGA et al., 2009); and Mt. Etna, Italy
(FErLITO et al., 2009).

The ocean-island basic rocks (OIB) were com-
piled from the following areas and sources: French
Polynesia (Takamasa et al., 2009) and Hawaiian
Islands (Xu et al., 2007; DixoN et al., 2008; MARSKE
et al., 2008; IRELAND et al., 2009).

The mid-ocean ridge basic rocks (MORB) were
compiled from the following areas and sources:
Arctic Mid-Ocean Ridge (HELLEVANG and PEDERSEN,
2008); Indian Ridge (NAkaMura et al., 2007; Ray
et al., 2007); and Mid-Atlantic Ridge (DEBAILLE et al.,
2006; ReGELOUS et al., 2009).

Additionally, to further evaluate these diagrams
for continental arc setting, the Andean data were
compiled from the following sources listed according
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to the publication year: LopeEz-EscoBar et al. (1981,
1991, 1993), DerUELLE (1982); FrREY et al. (1984),
GERLACH et al. (1988), HicKEY-VARGAS et al. (1989),
TorMEY et al. (1991), VERGARA et al. (2004), and
Bruni et al. (2008).

2.2. Central American Volcanic Arc Database

The CAVA database was an updated version of
that used by VERMA et al. (2006), except that the
information from Carr’s website was not included
mainly to avoid repetition. The geochemical data for
CAVA basic rocks reported from different countries
were compiled as follows: Guatemala (Cargr, 1984;
CaRR et al., 1990; BARDINTZEFF and DENIEL, 1992;
WALKER et al., 2000); El Salvador (Carr, 1984; CArr
et al., 1990; AGosTinI et al., 2006); Honduras (PATINO
et al., 1997; WALKER et al., 2000); Nicaragua (CARR,
1984; HaziLert, 1987; CARR et al., 1990; WALKER
et al., 1990, 2001; La FEMINA ef al., 2004); and NW
Costa Rica (ReacaN and GiLL, 1989; CaARrr et al.,
1990; ALvaraDO et al., 2006; BoLGE et al., 2006;
RYDER et al., 20006).

2.3. Mexican Databases

Databases were prepared for basic and ultrabasic
rocks from the MVB and LTVF. The MVB database
was an updated version of those used by VErRMA
(2000a, 2002, 2004, 2009), VerLasco-Taria and
VERMA (2001), TorrREs-ALvARADO et al. (2002),
VERMA and Hasenaka (2004), VERMA et al. (2006),
and VErMA and Lunr (2010). Similarly, the LTVF
database was updated from VErMA (2006) and VERMA
et al. (2006).

Thus, the MVB data were compiled from the
following sources listed according to the publication
year: WiLLiams (1950), Gunn and Mooser (1971),
NEGENDANK (1972), RoBIN (1976), RoBIN and TourNON
(1978), GastiL et al. (1979), PErez et al. (1979),
DemANT (1981), Lunr and CarMICHAEL (1981, 1985),
VERMA and Lopez (1982), VErRMA (1983, 2000a, 2001a,
b, ¢, 2002, 2003), ALLaN and CARMICHAEL (1984),
ROBIN et al. (1984), BoupaL (1985), GILBERT et al.
(1985), NEGENDANK ef al. (1985), ALLaN (1986),
NELsoN (1986), NeLsoN and LiviEres (1986),
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CATHELINEAU et al. (1987), Ferriz and MaHOOD
(1987), Hasenaka and CARMICHAEL (1987), MARTIN
DEL Pozzo et al. (1987), SiLva Mora (1988), LUHR et al.
(1989), MARTIN DEL Pozzo (1989), SwiNaMER (1989),
VERMA and NELSoN (1989a, b), WaLLACE and CARMICH-
AEL (1989, 1992, 1999), RoBIN et al. (1990), ALLAN
etal.(1991), LANGE and CARMICHAEL (1991), HASENAKA
(1992), RiguTER and CARMICHAEL (1992), RoBIN and
PotrEL (1993), FERRARI ef al. (1994, 2000), MOORE
et al. (1994), BescH et al. (1995), Orozco-EsQuIVEL
(1995), RIGHTER et al. (1995), CARMICHAEL ef al. (1996,
2006), Lunr (1997), DELGADO ef al. (1998), BLATTER
et al. (2001, 2007), BLaTTER and HAMMERSLEY, 2009),
RigHTER and Rosas-ELGUERA (2001), VELASco-TapPia
and VERMA (2001), CHESLEY et al. (2002), GARCia-
Paromo et al. (2002), SieBERT and CARRASCO-NURNEZ
(2002), GOMEZ-TUENA et al. (2003), PETRONE et al.
(2003), SiEBE et al. (2004), VERMA and HASENAKA
(2004), CARrRASCO-NUREZ et al. (2005), LEwis-KENEDI
et al. (2005), ScHAAF et al. (2005), RossotTI et al.
(2006), FreY et al. (2007), Orozco-EsQuIVEL et al.
(2007), TorrEs-ALVARADO et al. (2007), ARCE et al.
(2008), MARriA and Lunr (2008), MErIGaI et al. (2008),
STRAUB et al. (2008), Vicouroux et al. (2008), Mor1
et al. (2009), RopriGuEz et al. (2009), and VERMA and
Lunr (2010).

The LTVF database included data from the
following sources: Nelson and Gonzalez-Caver
(1992), VErRMA et al. (1993), NELSON et al. (1995),
VERMA (2006), and EspinpoLa et al. (2009).

3. Statistical Evaluation of Discriminant Function
Discrimination Diagrams

We used five world databases to evaluate all four
sets of new discrimination diagrams (AGRAWAL et al.,
2004, 2008; VERMA et al., 2006; VERMA and AGRA-
waL, 2010). For each set of diagrams, five different
plots were prepared and the samples in different fields
counted. Then, the success rate statistics were cal-
culated and reported. In this way, 20 diagrams were
thus obtained for the world data from each tectonic
setting, amounting to a total of 100 diagrams for the
five databases. To conserve space, these diagrams are
not included here. The results are summarized in
Tables 1, 2, 3 and 4.
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Table 1

Statistical evaluation information of the set of five major-element based discriminant function DF 1-DF2 discrimination diagrams (AGRAWAL
et al., 2004) for basic rocks from island arc (IAB), continental rift (CRB), ocean-island (OIB) and mid-ocean ridge (MORB)

Tectonic setting (figure #) Total # samples (%)

Number of discriminated samples (%)

IAB CRB OIB MORB
IAB-CRB-OIB-MORB
Island arc 64 (100) 58 (90.6) 0 (0.0) 0 (0.0) 6 (9.4)
Continental rift 110 (100) 15 (13.6) 63 (57.3) 17 (15.5) 15 (13.6)
Ocean-island 233 (100) 7 (3.0) 18 (7.7) 200 (85.8) 8 (3.5)
Mid-ocean ridge 71 (100) 2 (2.8) 0 (0.0) 0 (0.0) 69 (97.2)
Andes 57 (100) 46 (80.7) 11 (19.3) 0 (0.0) 0 (0.0)
IAB-CRB-OIB
Island arc 64 (100) 64 (100) 0 (0.0) 0 (0.0) -
Continental rift 110 (100) 21 (19.1) 77 (70.0) 12 (10.9) -
Ocean-island 233 (100) 12 (5.2) 21 (9.0) 200 (85.8) -
Andes 57 (100) 46 (80.7) 11 (19.3) 0 (0.0) -
IAB-CRB-MORB
Island arc 64 (100) 59 (92.2) 0 (0.0) - 5(7.8)
Continental rift 110 (100) 14 (12.7) 83 (75.5) - 13 (11.8)
Mid-ocean ridge 71 (100) 2 (2.8) 0 (0.0) - 69 (97.2)
Andes 57 (100) 46 (80.7) 10 (17.5) - 1(1.8)
IAB-OIB-MORB
Island arc 64 (100) 59 (92.2) - 0 (0.0) 5(7.8)
Ocean-island 233 (100) 1(0.4) - 212 (91.0) 20 (8.6)
Mid-ocean ridge 71 (100) 2 (2.8) - 0 (0.0) 69 (97.2)
Andes 57 (100) 44 (77.2) - 6 (10.5) 7 (12.3)
CRB-OIB-MORB
Continental rift 110 (100) - 88 (80.0) 8(7.3) 14 (12.7)
Ocean-island 233 (100) - 14 (6.0) 205 (88.0) 14 (6.0)
Mid-ocean ridge 71 (100) - 0 (0.0) 0 (0.0) 71 (100)

Boldface italic font shows the correct (expected) tectonic setting. The results of inapplicable diagrams (diagrams from which the expected
tectonic setting is absent for a given dataset) are not included in this table, e.g., Island arc is missing from the CRB—OIB-MORB combination
(i.e., from the diagram that would correspond to this combination), and therefore, this setting is missing from the final part of table. Andean
results are also not shown for this combination because it does not contain the expected IAB setting

The first set of major-element based discrimina-
tion diagrams (Table 1; AGRAWAL ef al., 2004) works
well for all tectonic settings of island arc (success
rates of 90.6-100%), continental rift (57.3-80.0%),
ocean-island (85.8-91.0%), mid-ocean ridge (97.2—
100%), and continental arc of the Andes evaluated for
its similarity to island arc (77.2-80.7%). All success
rates are statistically significant because they are
>33.3% (being the simple “by chance” probability).

The second set of major-element based diagrams
(Table 2; VERMA et al., 2006) using exactly the same
samples as for the first set, were evaluated with the
following success rates: island arc 96.9-100%, con-
tinental rift 70.0-96.4%, ocean-island 70.0-92.7%,
mid-ocean ridge 97.2-100%, and the Andes evalu-
ated for its similarity to island arc (73.7-82.5%).

The first set of immobile-element based diagrams
(Table 3; AGrRawAL et al., 2008) was also evaluated
for IAB, CRB, OIB, and MORB (three settings at a
time) settings using five world databases. The success
rates from these databases of island arc, continental
rift, ocean-island, mid-ocean ridge, and the Andes
were, respectively, 71.7-84.9%, 66.7-100%, 69.7—
83.5%, 96.6-98.3%, and identical values of 83.8%.

Finally, the second set of immobile-element based
diagrams (Table 4; VERMA and AGRAWAL, 2010) also
complies with the requirement of normal distribution
of the log-ratio variables used to construct these
diagrams. This was achieved by the use of DODESYS
software (VERMA and Diaz-GoNzALEZ, unpublished),
which uses new precise and accurate critical values
for discordancy tests (BARNETT and LEewis, 1994;
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Statistical evaluation information of the set of five discrimination diagrams based on natural logarithm transformation of major-element
ratios discriminant functions DF1-DF2 (VErMA et al., 20006) for basic rocks from island arc (IAB), continental rift (CRB), ocean-island (OIB)

and mid-ocean ridge (MORB)

Tectonic setting (figure #)

Total # samples (%)

Number of discriminated samples (%)

IAB CRB OIB MORB
TAB-CRB-OIB-MORB
Island arc 64 (100) 64 (100) 0 (0.0) 0 (0.0) 0 (0.0)
Continental rift 110 (100) 2 (1.8) 87 (79.1) 18 (16.4) 327
Ocean-island 233 (100) 104 38 (16.3) 163 (70.0) 30 (13.3)
Mid-ocean ridge 71 (100) 2(2.8) 0 (0.0) 0 (0.0) 69 (97.2)
Andes 57 (100) 45 (78.9) 12 (21.1) 0 (0.0) 0 (0.0)
IAB-CRB-OIB
Island arc 64 (100) 64 (100) 0 (0.0) 0(0.0) -
Continental rift 110 (100) 0 (0.0) 77 (70.0) 33 (30.0) -
Ocean-island 233 (100) 6 (2.6) 22 (9.4) 205 (88.0) -
Andes 57 (100) 42 (73.7) 15 (26.3) 0 (0.0) -
IAB-CRB-MORB
Island arc 64 (100) 64 (100) 0 (0.0) - 0 (0.0)
Continental rift 110 (100) 0 (0.0) 106 (96.4) - 4 (3.6)
Mid-ocean ridge 71 (100) 2(2.8) 0 (0.0) - 69 (97.2)
Andes 57 (100) 45 (78.9) 12 (21.1) - 0 (0.0)
IAB-OIB-MORB
Island arc 64 (100) 62 (96.9) - 2 (3.1) 0 (0.0)
Ocean-island 233 (100) 15 (6.4) - 216 (92.7) 2 (0.9)
Mid-ocean ridge 71 (100) 2 (2.8) - 0 (0.0) 69 (97.2)
Andes 57 (100) 47 (82.5) - 8 (14.0) 2 (3.5)
CRB-OIB-MORB
Continental rift 110 (100) - 81 (73.6) 25 (22.7) 4 (3.6)
Ocean-island 233 (100) - 30 (12.9) 202 (86.7) 1(0.4)
Mid-ocean ridge 71 (100) - 0 (0.0) 0 (0.0) 71 (100)

Boldface italic font shows the correct (expected) tectonic setting. The results of inapplicable diagrams (diagrams from which the expected
tectonic setting is absent for a given dataset) are not included in this table, e.g., Island arc is missing from the CRB-OIB-MORB combination
(i.e., from the diagram that would correspond to this combination), and therefore, this setting is missing from the final part of table. Andean

results are also not shown for this combination because it does not contain the expected IAB setting

VERMA and Quiroz-Ruiz, 2006a, b, 2008; VERMA
et al., 2008). The success rates for the five world
databases were as follows: island arc 92.6-100%,
continental rift 58.5-100%, ocean-island identical
values of 100%, mid-ocean ridge 83.1-100%, and the
Andes 62.1-79.3%. We also calculated the success
rates (not-tabulated) of these five entire databases
before the application of DODESYS, i.e., without
ascertaining that the log-transformed variables are
normally distributed. A net gain of success rates was
observed for the combined CRB + OIB (8.0%), OIB
(16.7%) and MORB (5.4%) when discordant outlier-
free data were used as compared to the entire dataset.
On the contrary, a net loss was obtained for CRB
(about 3.8%), IAB (about 0.1%), and the Andes
(about 3.0%).

4. Use of Discriminant Function based
Discrimination Diagrams for Southern
Mexico and Central America

The results of the application of the four sets of
new diagrams to basic rocks from Southern Mexico
(MVB, arbitrarily divided into four parts: W—western,
WC—west-central, C—central and E-—eastern, and
LTVF; see Fig. 1 for locations) and Central America
(CAVA) are summarized in Tables 5, 6, 7 and 8. In
these tables, success rates are calculated when the
number of samples was at least 25 (an arbitrarily set
limit), and the “inapplicable” results are also indi-
cated. Although a total of 120 diagrams were
prepared, we present only four sets of discrimination
diagrams as follows: AGRAWAL et al. (2004) diagrams
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Table 3

Statistical evaluation of the set of five discrimination diagrams based on natural logarithm transformation of trace-element ratios
discriminant functions DF1-DF2 (AGRAWAL et al., 2008) for basic rocks from island arc (IAB), continental rift (CRB), ocean-island (OIB) and
mid-ocean ridge (MORB)

Tectonic setting (figure #) Total # samples (%) Number of discriminated samples (%)

IAB Within-plate MORB
CRB + OIB CRB OIB

IAB-CRB-OIB-MORB
Island arc 53 (100) 45 (84.9) 4 (7.5) - - 4(7.5)
Continental rift 84 (100) 0 (0.0) 84 (100) - - 0 (0.0)
Ocean-island 109 (100) 0 (0.0) 96 (88.1) - - 13 (11.9)
Mid-ocean ridge 59 (100) 2 (3.4) 0 (0.0) - - 57 (96.6)
Andes 37 (100) 31 (83.8) 6 (26.2) - - 0 (0.0)
IAB-CRB-OIB
Island arc 53 (100) 38 (71.7) 7 (13.2) 8 (15.1) -
Continental rift 84 (100) 0 (0.0) - 74 (88.1) 10 (11.9) -
Ocean-island 109 (100) 0 (0.0) 33 (30.3) 76 (69.7) -
Andes 37 (100) 31 (83.8) - 5 (13.5) 1(2.7) -
IAB-CRB-MORB
Island arc 53 (100) 42 (79.2) - 7 (13.2) - 4 (7.6)
Continental rift 84 (100) 0 (0.0) - 84 (100) - 0 (0.0)
Mid-ocean ridge 59 (100) 1 (1.7) - 0 (0.0) - 58 (98.3)
Andes 37 (100) 31 (83.8) 6 (16.2) - 0 (0.0)
IAB-OIB-MORB
Island arc 53 (100) 41 (77.4) - - 8 (15.1) 4(7.5)
Ocean-island 109 (100) 0 (0.0) - - 91 (83.5) 18 (16.5)
Mid-ocean ridge 59 (100) 2 (3.4) - 0 (0.0) 57 (96.6)
Andes 37 (100) 31 (83.8) - - 6 (16.2) 0 (0.0)
CRB-OIB-MORB
Continental rift 84 (100) - - 56 (66.7) 28 (33.3) 0 (0.0)
Ocean-island 109 (100) - - 20 (18.3) 78 (71.6) 11 (10.1)
Mid-ocean ridge 59 (100) - - 1(1.7) 0 (0.0) 58 (98.3)

Boldface italic font shows the correct (expected) tectonic setting. The results of inapplicable diagrams (diagrams from which the expected
tectonic setting is absent for a given dataset) are not included in this table, e.g., Island arc is missing from the CRB—-OIB-MORB combination
(i.e., from the diagram that would correspond to this combination), and therefore, this setting is missing from the final part of table. Andean
results are also not shown for this combination because it does not contain the expected IAB setting

for W-MVB and WC-MVB (Fig. 2); VERMA et al.
(2006) diagrams for C-MVB (Fig. 3); AGRAWAL et al.
(2008) diagrams for E-MVB (Fig. 4); and VERMA and
AcrawaL (2010) diagrams for LTVF and CAVA
(Fig. 5).

We describe in detail only one set of diagrams
(Fig. 2; AGRAWAL et al., 2004) to illustrate their use
for inferring the tectonic setting. The compiled W-
MVB data (227 analyses, Table 5) plotted in Fig. 2a
were counted to calculate success rates for all four
tectonic settings of IAB, CRB, OIB, and MORB. The
highest success rate obtained for CRB is about
78.9%, because 179 out of 227 samples plot in this
field. For other tectonic settings, the success rates
varied as follows: IAB 18.1% (41 out of 227 samples

plot in this field), OIB 0.9% (2 out of 227 samples),
and MORB 2.2% (5 out of 227 samples). These
results show that for W-MVB the expected tectonic
setting from the first four-field diagram (Fig. 2a) is a
continental rift setting. However, the results are still
not considered definitive, because all four remaining
diagrams should be examined (Fig. 2b—e). Figures 2b
and ¢ confirm the results of Fig. 2a, because 177 and
174 samples, respectively (out of 227; with respective
success rate of 78.0 and 76.7%, Table 5) plot in CRB
on IAB-CRB-OIB and IAB-CRB-MORB plots. In
Figure 2d, corresponding to IAB-OIB-MORB, the
expected CRB field is missing. Therefore, this dia-
gram (Fig. 2d) should be eliminated from any
interpretations of W-MVB data, and the results
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Table 4

Statistical evaluation of the set of five discrimination diagrams based on natural logarithm transformation of trace-element ratios
discriminant functions DF1-DF2 (VErma and AGrawaL, 2010) for basic rocks from island arc (IAB), continental rift (CRB), ocean-island
(OIB) and mid-ocean ridge (MORB)

Tectonic setting (figure #)

Total # samples (%)

Number of discriminated samples (%)

IAB Within-plate MORB
CRB + OIB CRB OIB

IAB-CRB-OIB-MORB
Island arc 27 (100) 27 (100) 0 (0.0) - - 0 (0.0)
Continental rift 65 (100) 0 (0.0) 65 (100) - - 0 (0.0)
Ocean-island 85 (100) 0 (0.0) 85 (100) - - 0 (0.0)
Mid-ocean ridge 65 (100) 10 (15.4) 0 (0.0) - - 55 (84.6)
Andes 29 (100) 18 (62.1) 6 (20.7) - - 5(17.2)
IAB-CRB-OIB
Island arc 27 (100) 27 (100) - 0 (0.0) 0 (0.0) -
Continental rift 65 (100) 0 (0.0) - 43 (66.2) 22 (33.8) -
Ocean-island 85 (100) 0 (0.0) - 0 (0.0) 85 (100) -
Andes 29 (100) 23 (79.3) - 5(17.2) 134 -
IAB-CRB-MORB
Island arc 27 (100) 27 (100) - 0 (0.0) - 0 (0.0)
Continental rift 65 (100) 0 (0.0) - 65 (100) - 0 (0.0)
Mid-ocean ridge 65 (100) 8 (12.3) - 0 (0.0) - 57 (87.7)
Andes 29 (100) 18 (62.1) - 6 (20.7) - 5(17.2)
IAB-OIB-MORB
Island arc 27 (100) 25 (92.6) - - 0 (0.0) 2 (7.4)
Ocean-island 85 (100) 0 (0.0) - - 85 (100) 0 (0.0)
Mid-ocean ridge 65 (100) 11 (16.9) - - 0 (0.0) 54 (83.1)
Andes 29 (100) 20 (69.0) - - 6 (20.7) 3(10.3)
CRB-OIB-MORB
Continental rift 65 (100) - - 38 (58.5) 27 (41.5) 0 (0.0)
Ocean-island 85 (100) - - 0 (5.8) 85 (100) 0 (0.0)
Mid-ocean ridge 65 (100) - - 0 (0.0) 0 (0.0) 65 (100)

Boldface italic font shows the correct (expected) tectonic setting. The results of inapplicable diagrams (diagrams from which the expected
tectonic setting is absent for a given dataset) are not included in this table, e.g., Island arc is missing from the CRB—-OIB-MORB combination
(i.e., from the diagram that would correspond to this combination), and therefore, this setting is missing from the final part of table. Andean
results are also not shown for this combination because it does not contain the expected IAB setting

summarised in Table 5 ignored. The final diagram
(Fig. 2e) for CRB-OIB-MORB further confirms the
results of earlier diagrams (Fig. 2a—c) because 200
out of 227 samples (88.1%) plot in CRB field. Thus,
for W-MVB consistent results are obtained from
Fig. 2a—e.

For WC-MVB, on the other hand, this set of
diagrams (Fig. 2a—e) does not provide a consistent
result (Table 5). The samples plot in two distinct
fields in Figs. 2a—c (IAB and CRB, with somewhat
higher success rates for IAB; Table 5). Figures 2d
and e do not have these two tectonic settings together,
therefore high success rates are obtained for indi-
vidual tectonic setting in these diagrams (61.0% for
IAB in Fig. 2d and 53.7% for CRB in Fig. 2e). We

may conclude that, for WC-MVB, a dual or transi-
tional tectonic setting between arc and rift is being
indicated.

Once the functioning of the set of five diagrams
(AGRAWAL et al., 2004) is fully understood from the
above discussion (Fig. 2, Table 5), it will not be
necessary to present in detail the functioning of other
diagrams (Figs. 3, 4 5, Tables 6, 7, 8; VERMA et al.,
2006; AGRAWAL et al. 2008; VERMA and AGRAWAL,
2010), and it would suffice to simply point out the
most important results. The following discussion is
based on these diagrams (Figs. 3, 4, 5) as well as
Tables 6, 7, 8. Therefore, we will not always
explicitly refer to them, because the results are
summarized in these tables.
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Application of the set of five major-element based discriminant function DF1-DF2 discrimination diagrams (AGRAWAL et al., 2004) for basic
rocks from Southern Mexico and Central America

Tectonic setting (figure #) Total # samples (%)

Number of discriminated samples (%)

IAB CRB OIB MORB
IAB-CRB-OIB-MORB
W-MVB (Fig. 2a) 227 (100) 41 (18.1) 179 (78.9) 2 (0.9) 5(22)
WC-MVB (Fig. 2a) 82 (100) 42 (51.2) 29 (35.4) 0 (0.0) 11 (13.4)
C-MVB 79 (100) 6 (7.6) 49 (62.0) 2(2.5) 22 (27.9)
E-MVB 197 (100) 23 (11.7) 120 (60.9) 1 (0.5) 53 (26.9)
LTVF 75 (100) 7(9.3) 62 (82.7) 0 (0.0) 6 (8.0)
CAVA 119 (100) 89 (74.8) 2(1.7) 0 (0.0) 28 (23.5)
IAB-CRB-OIB
W-MVB (Fig. 2b) 227 (100) 48 (21.1) 177 (78.0) 2 (0.9) -
WC-MVB (Fig. 2b) 82 (100) 48 (58.5) 34 (41.5) 0 (0.0) -
C-MVB 79 (100) 11 (13.9) 66 (83.6) 2(2.5) -
E-MVB 197 (100) 33 (16.8) 164 (83.2) 0 (0.0) -
LTVF 75 (100) 8 (10.7) 67 (89.3) 0 (0.0) -
CAVA 119 (100) 118 (99.2) 1(0.8) 0 (0.0) -
IAB-CRB-MORB
W-MVB (Fig. 2¢) 227 (100) 46 (20.2) 174 (76.7) - 73.1)
WC-MVB (Fig. 2¢) 82 (100) 45 (54.9) 23 (28.0) - 14 (17.1)
C-MVB 79 (100) 9 (11.4) 37 (46.8) - 33 (41.8)
E-MVB 197 (100) 23 (11.7) 131 (66.5) - 43 (21.8)
LTVF 75 (100) 5(6.7) 67 (89.3) - 3 (4.0)
CAVA 119 (100) 92 (77.3) 217 - 25 (21.0)
IAB-OIB-MORB
W-MVB (Fig. 2d)* 227 (100) 108 (47.6) - 82 (36.1) 37 (16.3)
WC-MVB (Fig. 2d) 82 (100) 50 (61.0) - 17 (20.7) 15 (18.3)
C-MVB? 79 (100) 19 (24.1) - 11 (13.9) 49 (62.0)
E-MVB* 197 (100) 45 (22.8) - 55 (27.9) 97 (49.2)
LTVF® 75 (100) 11 (14.7) - 8 (10.6) 56 (74.7)
CAVA 119 (100) 91 (76.5) - 1(0.8) 27 (22.7)
CRB-OIB-MORB
W-MVB (Fig. 2¢) 227 (100) - 200 (88.1) 2 (0.9) 25 (11.0)
WC-MVB (Fig. 2e) 82 (100) - 44 (53.7) 0 (0.0) 38 (46.3)
C-MVB 79 (100) - 62 (78.5) 1(1.3) 16 (20.3)
E-MVB 197 (100) - 147 (74.6) 2 (1.0) 48 (24.4)
LTVF 75 (100) - 66 (88.0) 227 7(9.3)
CAVA® 119 (100) - 6 (5.0) 0 (0.0) 113 (95.0)

MVB Mexican Volcanic Belt, W western, WC west-central, C central, E eastern, LTVF Los Tuxtlas volcanic field, CAVA Central American

Volcanic Arc

 Inapplicable results and diagrams; boldface italic font shows the expected tectonic setting; whenever this setting is followed by a significant
(>33.3%) success rate for another setting, it is shown by simple boldface number for success rate

For W-MVB, a continental rift setting indicated
by the first set of major-element based diagrams
(AcrawaL et al., 2004) is confirmed by the second set
of major-element based diagrams (VERMA et al.,
2006), with even greater success rates of 84.6-93.8%
(Table 6). The first set of immobile trace-element
based diagrams (AGRAWAL et al., 2008) indicates a
dual arc and rift setting for the W-MVB, with success
rates of 49.3 and 79.1% for arc and 59.7 and 68.7 for

rift (Table 7). The other set of immobile element
based diagrams (VERMA and AcrawaL, 2010) indi-
cates an arc setting with success rates of 64.1-67.0%
(Table 8). Thus, for the W-MVB it appears that both
subduction (e.g., Banpy et al., 2000; Banpy and
HiLpg, 2000; YANG et al., 2009) and rifting (e.g.,
Lunr et al., 1985) processes play a significant role in
controlling the magma compositions, although major-
elements favor a rift setting. The transition between
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Application of the set of five discrimination diagrams based on natural logarithm transformation of major-element ratios discriminant

functions DF1-DF2 (VErMA et al., 20006) for basic rocks from Southern Mexico and Central America

Tectonic setting (figure #) Total # samples (%)

Number of discriminated samples (%)

IAB CRB OIB MORB
IAB-CRB-OIB-MORB
W-MVB 227 (100) 22 (9.7) 192 (84.6) 9 (4.0) 4(1.8)
WC-MVB 82 (100) 35 (42.7) 42 (51.2) 0 (0.0) 5(6.1)
C-MVB (Fig. 3a) 79 (100) 7(8.9) 65 (82.3) 1(1.2) 6 (7.6)
E-MVB 197 (100) 25 (12.7) 164 (83.2) 5(2.5) 3(1.5)
LTVF 75 (100) 6 (8.0) 69 (92.0) 0 (0.0) 0 (0.0)
CAVA 119 (100) 96 (80.7) 4 (3.4) 0 (0.0) 19 (16.0)
IAB-CRB-OIB
W-MVB 227 (100) 19 (8.4) 201 (88.5) 7@3.1) -
WC-MVB 82 (100) 22 (26.8) 60 (73.2) 0 (0.0) -
C-MVB (Fig. 3b) 79 (100) 4.1 73 (92.4) 2(25) -
E-MVB 197 (100) 18 (9.1) 177 (89.8) 2 (1.0) -
LTVF 75 (100) 8 (10.7) 67 (89.3) 0 (0.0) -
CAVA 119 (100) 91 (76.5) 17 (14.3) 11 (9.2) -
IAB-CRB-MORB
W-MVB 227 (100) 17 (1.5) 205 (90.3) - 5(22)
WC-MVB 82 (100) 27 (32.9) 48 (58.5) - 7(8.5)
C-MVB (Fig. 3¢) 79 (100) 4.1 69 (87.3) - 6 (7.6)
E-MVB 197 (100) 19 (9.6) 175 (88.8) - 3(1.5)
LTVF 75 (100) 6 (8.0) 69 (92.0) - 0 (0.0)
CAVA 119 (100) 96 (80.7) 5(4.2) - 18 (15.1)
IAB-OIB-MORB
W-MVB?* 227 (100) 72 (31.7) - 115 (50.7) 40 (17.6)
WC-MVB 82 (100) 59 (72.0) - 11 (13.4) 12 (14.6)
C-MVB (Fig. 3d)* 79 (100) 19 (24.0) - 10 (12.7) 50 (63.3)
E-MVB* 197 (100) 44 (22.3) - 81 (41.1) 72 (36.5)
LTVF* 75 (100) 26 (34.7) - 42 (56.0) 7(9.3)
CAVA 119 (100) 98 (82.4) - 2(17) 19 (16.0)
CRB-OIB-MORB
W-MVB 227 (100) - 213 (93.8) 9 (4.0) 5(22)
WC-MVB 82 (100) - 70 (85.4) 0 (0.0) 12 (14.6)
C-MVB (Fig. 3¢) 79 (100) - 71 (89.9) 1(1.2) 7 (8.9)
E-MVB 197 (100) - 186 (94.4) 5(2.5) 6 (3.0)
LTVF 75 (100) - 74 (98.7) 0 (0.0) 1(1.3)
CAVA® 119 (100) - 86 (72.3) 0 (0.0) 33 (27.7)

MVB Mexican Volcanic Belt, W western, WC west-central, C central, E eastern, LTVF Los Tuxtlas volcanic field, CAVA Central American

Volcanic Arc

 Inapplicable results and diagrams; boldface italic font shows the expected tectonic setting; whenever this setting is followed by a significant
(>33.3%) success rate for another setting, it is shown by simple boldface number for success rate

arc and rift settings and the significant role of both of
them in the genesis of magmas in the W-MVB is
being pointed out for the first time on the basis of
these new discrimination diagrams, which may also
imply the proximity of the termination of subduction
of Rivera plate and the increasingly more significant
rifting of the Jalisco block from on-land Mexico.
The contrasting behavior of major- and trace-
element based diagrams may be related to higher

analytical errors for trace-element determinations,
such as Nb, Yb, Sm, La, and Y, as compared to those
for the major-elements. For the evaluation of tectonic
settings of fresh rocks, the major-element based dia-
grams (Figs. 2, 3, Tables 5, 6; AGRAWAL et al., 2004;
VERMA et al., 2006) should be preferred in compari-
son to the trace-element based diagrams (Figs. 4, 5,
Tables 7, 8; AcGrawaL et al., 2008; VERMA and
AcGrawAL, 2010).
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Application of the set of five discrimination diagrams based on natural logarithm transformation of trace-element ratios discriminant
functions DF1-DF2 (AGRawAL et al., 2008) for basic rocks from Southern Mexico and Central America

Tectonic setting (figure #)

Total # samples (%)

Number of discriminated samples (%)

IAB Within-plate MORB
CRB + OIB CRB OIB

IAB-CRB-OIB-MORB
W-MVB 67 (100) 33 (49.3) 33 (49.3) - - 1(1.5)
WC-MVB 34 (100) 15 (44.1) 7 (20.6) - - 12 (35.3)
C-MVB 12 0 11 - - 1
E-MVB (Fig. 4a) 90 (100) 7 (1.8) 71 (78.9) - - 12 (13.3)
LTVF 19 6 13 - - 0
CAVA 42 (100) 22 (52.4) 0 (0.0) - - 20 (47.6)
IAB-CRB-OIB
W-MVB 67 (100) 53 (79.1) - 7 (10.4) 7 (10.4) -
WC-MVB 34 (100) 12 (35.3) - 18 (52.9) 4 (11.8) -
C-MVB 12 0 - 11 1 -
E-MVB (Fig. 4b) 90 (100) 18 (20.0) - 60 (66.7) 12 (13.3) -
LTVF 19 16 - 3 0 -
CAVA 42 (100) 17 (40.5) - 14 (33.3) 11 (26.2) -
IAB-CRB-MORB
W-MVB 67 (100) 20 (29.9) - 46 (68.7) - 1(1.5)
WC-MVB 34 (100) 15 (44.1) - 8 (23.5) - 11 (32.4)
C-MVB 12 0 - 12 - 0
E-MVB (Fig. 4c) 90 (100) 7(1.8) - 71 (78.9) - 12 (13.3)
LTVF 19 4 - 15 - 0
CAVA 42 (100) 22 (52.4) - 0 (0.0) - 20 (47.6)
IAB-OIB-MORB
W-MVB 67 (100) 19 (28.4) - - 47 (70.1) 1(1.5)
WC-MVB 34 (100) 15 (44.1) - - 5(14.7) 14 (41.2)
C-MVB? 12 0 - - 4 8
E-MVB (Fig. 4d)* 90 (100) 8 (8.9) - - 68 (75.6) 14 (15.5)
LTVF 19 6 - - 13 0
CAVA 42 (100) 22 (52.4) - - 0 (0.0) 20 (47.6)
CRB-OIB-MORB
W-MVB 67 (100) - - 40 (59.7) 22 (32.8) 5(7.5)
WC-MVB 34 (100) - - 12 (35.3) 0 (0.0) 22 (64.7)
C-MVB 12 - - 11 1 0
E-MVB (Fig. 4¢) 90 (100) - - 72 (80.0) 3(33) 15 (16.7)
LTVF 19 - - 19 0 0
CAVA 42 (100) - - 1 (2.4) 0 (0.0) 41 (97.6)

MVB Mexican Volcanic Belt, W western; WC west-central; C central; E eastern; LTVF Los Tuxtlas volcanic field; CAVA Central American

Volcanic Arc

 Inapplicable results and diagrams; boldface italic font shows the expected tectonic setting; whenever this setting is followed by a significant

(>33.3%) success rate for another setting, it is shown by simple boldface number for success rate

For WC-MVB, the first set of major-element
based diagrams (Table 5) indicates a dual arc and rift
setting (51.2-61.0% for arc as compared to 35.4—
53.7% for rift). The second set of major-element
based diagrams, however, indicates a rift setting for
the WC-MVB, with success rates from 51.2 to 85.4%
(Table 6). Because this second set of diagrams is

based on correct statistical treatment of composi-
tional data (ArrcHisoN, 1986; AGRAWAL and VERMA,
2007; VERMA, 2010), the results of this set should be
considered more reliable. For WC-MVB the first set
of immobile trace-element based diagrams also
indicates a dual arc and rift setting although success
rates for rift are somewhat greater (35.3-52.9% for
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Application of the set of five discrimination diagrams based on natural logarithm transformation of trace-element ratios discriminant

functions DF1-DF2 (VErRmA and AGrawaL, 2010) for basic rocks from Southern Mexico and Central America

Tectonic setting (figure #)

Total # samples (%)

Number of discriminated samples (%)

IAB Within-plate MORB
CRB + OIB CRB OIB

IAB-CRB-OIB-MORB
W-MVB 103 (100) 66 (64.1) 27 (26.2) - - 10 9.7)
WC-MVB 64 (100) 20 (31.2) 19 (29.7) - - 25 (39.1)
C-MVB 45 (100) 5(11.1) 20 (44.4) - - 20 (44.4)
E-MVB 49 (100) 241 30 (61.2) - - 17 (34.7)
LTVF (Fig. 5a) 47 (100) 22 (46.8) 17 (36.2) - - 8 (17.0)
CAVA (Fig. 5a) 43 (100) 29 (67.4) 1(2.3) - - 13 (30.3)
IAB-CRB-OIB
W-MVB 103 (100) 69 (67.0) - 27 (26.2) 7 (6.8) -
WC-MVB 64 (100) 39 (60.9) - 14 (21.9) 11 (17.2) -
C-MVB 45 (100) 7 (15.6) - 31 (68.9) 7 (15.6) -
E-MVB 49 (100) 6 (12.2) - 32 (65.3) 11 (22.4) -
LTVF (Fig. 5b) 47 (100) 23 (48.9) - 17 (36.2) 7 (14.9) -
CAVA (Fig. 5b) 43 (100) 38 (88.4) - 5(11.6) 0 (0.0) -
IAB-CRB-MORB
W-MVB 103 (100) 66 (64.1) - 29 (28.2) - 8 (7.8)
WC-MVB 64 (100) 18 (28.1) - 22 (34.4) - 24 (37.5)
C-MVB 45 (100) 5(11.1) - 23 51.1) - 17 (37.8)
E-MVB 49 (100) 1 (2.0) - 34 (69.4) - 14 (28.6)
LTVF (Fig. 5¢) 47 (100) 19 (40.4) - 19 (40.4) - 9 (19.1)
CAVA (Fig. 5¢) 43 (100) 29 (67.4) - 1(2.3) - 13 (30.2)
IAB-OIB-MORB
W-MVB 103 (100) 66 (64.1) - - 25 (24.3) 12 (11.7)
WC-MVB 64 (100) 22 (34.4) - - 11 (17.2) 31 (48.4)
C-MVB 45 (100) 5 (11.1) - - 10 (22.2) 30 (66.7)
E-MVB 49 (100) 241 - - 20 (40.8) 27 (55.1)
LTVF (Fig. 5d) 47 (100) 26 (55.3) - - 11 (23.4) 10 (21.3)
CAVA (Fig. 5d) 43 (100) 27 (62.8) - - 123) 15 (34.9)
CRB-OIB-MORB
W-MVB? 103 (100) - - 26 (25.2) 66 (64.1) 11 (10.7)
WC-MVB 64 (100) - - 20 (31.2) 13 (20.3) 31 (48.4)
C-MVB 45 (100) - - 20 44.4) 8 (17.8) 17 (37.8)
E-MVB 49 (100) - - 23 (46.9) 14 (28.6) 12 (24.5)
LTVF (Fig. 5¢) 47 (100) - - 32 (68.1) 8 (17.0) 7 (14.9)
CAVA (Fig. 5e)* 43 (100) - - 2 (4.7) 0 (0.0) 41 (95.3)

MVB Mexican Volcanic Belt, W western, WC west-central, C central, E eastern, LTVF Los Tuxtlas volcanic field, CAVA Central American

Volcanic Arc

 Inapplicable results and diagrams; boldface italic font shows the expected tectonic setting; whenever this setting is followed by a significant

(>33.3%) success rate for another setting, it is shown by simple boldface number for success rate

rift as compared to 35.3—44.1% for arc; Table 7).
Finally, arc setting is indicated from the final set of
immobile element based diagrams, with success rates
of 34.4-60.9% (Table 8; 34.4% for rift in one dia-
gram only). Thus, for WC-MVB also, both tectonics
of arc and rift play significant role in the genesis of
mafic magmas (Tables 5, 6, 7, 8).

For C-MVB, both sets of major-element based
diagrams undoubtedly show a continental rift setting,
with success rates of 46.8-83.6% for the first set
(Table 5) and 82.3-92.4% for the second set of dia-
grams (Table 6); the latter set is shown to be
statistically correct. For the first set of immobile
element based diagrams, although the number of
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Application of the set of five major-element based discriminant function DF1-DF2 discrimination diagrams (see the subscript ,,,; in all these

diagrams; AGRAWAL et al., 2004) for basic rocks from western Mexican Volcanic Belt (W-MVB) and west-central MVB (WC-MVB) compiled

in this work. The percent values are given for each tectonic setting of island arc (IAB), continental rift (CRB), ocean-island (OIB), and mid-

ocean ridge (MORB). The symbols are shown as inset in diagram (a). a Four tectonic settings IAB—-CRB-OIB-MORB; b three tectonic

settings IAB—CRB—-OIB; c three tectonic settings IAB—-CRB-MORB:; d three tectonic settings IAB—OIB-MORB; and e three tectonic settings
CRB-OIB-MORB

samples from the C-MVB is small (only 12 analyses;
Table 7), the rift setting is more likely. Finally, from
the second set of immobile element based diagrams a
dual setting of rift and mid-ocean ridge (and not rift
and arc) is inferred, with success rates for rift varying
between 44.4 and 68.9% and for mid-ocean ridge

between 37.8 and 66.7% (Table 8). No indications of
arc setting are obtained, which is consistent with the
absence of deep earthquakes beneath the C-MVB in
spite of a very dense seismic network (PacHEco and
SinGH, 2010). These results would also be consistent
with the recent suggestion by VErRMA (2009) that
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Figure 3

Application of the set of five major-element based discriminant function DF1-DF2 discrimination diagrams (see the subscript ,, in all these

diagrams; VERMA et al., 2006) for basic rocks from central Mexican Volcanic Belt (C-MVB) compiled in this work. The percent values are

given for tectonic setting of island arc (IAB), continental rift (CRB), ocean-island (OIB), and mid-ocean ridge (MORB). The symbols are

shown as inset in diagram (a). a Four tectonic settings IAB-CRB-OIB-MORB; b three tectonic settings IAB—-CRB-OIB; c three tectonic
settings IAB-CRB-MORB; d three tectonic settings IAB—OIB-MORB; and e three tectonic settings CRB—-OIB-MORB

magmas in the C-MVB are the result of continental
rifting rather than the subduction of the Cocos plate
beneath Mexico. The duality of tectonic setting of rift
with mid-ocean ridge, and not with arc, is an inter-
esting result at this stage, which should be confirmed
by later studies.

For the final part of the MVB-E-MVB, both sets of
major-element based diagrams clearly show a continental

rift setting, with very high success rates of 60.9-83.2%
for the first set and even higher of 83.2-94.4% for the
second set. Similarly, both sets of immobile-element
based diagrams favor a rift setting for the E-MVB, with
success rates varying between 66.7 and 80.0% for the first
set and between 46.9 and 69.4% for the second.

For LTVF, both sets of major-element based
diagrams clearly indicate a rift setting, with very high
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Application of the set of five major-element based discriminant function DF1-DF2 discrimination diagrams (see the subscript (; in all these

diagrams; AGRAWAL et al., 2008) for basic rocks from eastern Mexican Volcanic Belt (E-MVB) compiled in this work. The percent values are

given for each tectonic setting of island arc (IAB), combined tectonic setting of continental rift and ocean-island (CRB + OIB), continental

rift (CRB), ocean-island (OIB), and mid-ocean ridge (MORB). The symbols are shown as inset in diagram (a). a Three tectonic settings IAB—

CRB + OIB-MORB:; b three tectonic settings IAB-CRB-OIB; c¢ three tectonic settings IAB-CRB-MORB; d three tectonic settings IAB—
OIB-MORB:; and e three tectonic settings CRB-OIB-MORB

success rates of 82.7-89.3 and 89.3-98.7% for the
first and second sets, respectively (Tables 5, 6). For
the first set of immobile-element diagrams, insuffi-
cient samples (only 19 analyses) were available in
our database, but the indications are mostly in favor
of a rift setting (Table 7). The final set of immobile-
element based diagrams shows a dual setting of arc
and rift, with success rates of 40.4-55.3% and 36.2—

68.1%, respectively (Table 8). As stated above for
W-MVB, the major-element based diagrams should
be given higher weight when the results of these four
sets of diagrams are mutually inconsistent, which
would make the conclusion of a rift setting for the
LTVF more likely.

For CAVA, both sets of major-element based
diagrams clearly provide an arc setting, with high
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Application of the set of five major-element based discriminant function DF1-DF2 discrimination diagrams (see the subscript , in all these

diagrams; VErMA and AGrawaL, 2010) for basic rocks from Los Tuxtlas volcanic field (LTVF) and Central America Volcanic Arc (CAVA)

compiled in this work. The percent values are given for each tectonic setting of island arc (IAB), combined tectonic setting of continental rift

and ocean-island (CRB + OIB), continental rift (CRB), ocean-island (OIB), and mid-ocean ridge (MORB). The symbols are shown as inset in

diagram (a). a Three tectonic settings IAB-CRB + OIB-MORB; b three tectonic settings IAB-CRB-OIB; ¢ three tectonic settings IAB—
CRB-MORSB:; d three tectonic settings IAB—-OIB-MORB; and e three tectonic settings CRB—-OIB-MORB

success rates of 74.8-99.2% (Table 5) and 76.5—
82.4% (Table 6). The first set of immobile-element
diagrams show a dual setting of arc and mid-ocean
ridge (with no indications of a rift setting; Table 7)
for this volcanic province, with high success rates for
mid-ocean ridge (47.6-97.6%) compared to arc

setting (40.5-52.4%). However, the other set of
immobile-element based diagrams clearly indicates
an arc setting for CAVA, with success rates of 62.8—
88.4% (Table 8); the last diagram CRB-OIB-MORB
should be considered as inapplicable because the
expected arc (IAB) setting is absent from this case.
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5. Final Considerations

All evaluations of the four tectonic settings of
island arc, continental rift, ocean-island, and mid-
ocean ridge in several studies (AGRAWAL et al., 2004,
2008; VERMA et al., 2006; AGRAWAL and VERMA,
2007; SuetH, 2008; VERMA, 2010; this work) have
shown good functioning of these diagrams for sam-
ples from these four known tectonic settings. The
continental arc of the Andes was also successfully
evaluated for its similarities with island arc.

For their application to the MVB, LTVF, and
CAVA, it is not clear why the major-elements,
especially in the second set of statistically correct
diagrams, clearly indicate a single tectonic setting,
whereas the trace-elements, in some cases, favor a
dual tectonic setting. Nevertheless, the single tectonic
setting for both MVB and LTVF is shown to be a
continental rift, and for CAVA an arc, which con-
firms the earlier conclusions by VErmA (2002, 2004,
2006) from other constraints. The duality of tectonic
settings in only a few (not all) diagrams was observed
for W-MVB (arc-rift), WC-MVB (arc-rift) and
LTVF (arc-rift), C-MVB (rift-mid-ocean ridge), and
CAVA (arc-mid-ocean ridge). Do these volcanic
areas represent a true transition between two main
tectonic settings, or might some other factor explain
them?

This question is clearly open for future work. One
reason may be related to the data quality for trace-
elements, especially Nb, Yb, Sm, La, and Y, involved
in these trace-element-based diagrams. Therefore, for
fresh rocks compiled from Southern Mexico and
Central America, the conclusions from the major-
element based diagrams could be given more weight
as compared to the trace-element based ones. The
other source of such discrepancies may be the fact
that the diagrams are strictly applicable to an island
arc instead of a continental arc setting.

Nevertheless, a continental rift setting (with less
or negligible influence of the subduction process)
and a mantle upwelling rift-model can be inferred
for the MVB and LTVF, whereas an arc setting
(subduction-related model) is confirmed for the
CAVA.

Finally, the clear continental rift setting for both
eastern and central parts of the MVB (E-MVB and

Pure Appl. Geophys.

C-MVB) as well as the dominance of this tectonic
setting for both western and west-central parts (W-MVB
and WC-MVB) indicate that this volcanic province
could be called the Mexican Volcanic Rift, provided
the dominance of the rift setting is also confirmed in
future for intermediate and felsic magmas. Some
indications, based on large ion lithophile, rare-earth,
and high field strength elements, were recently doc-
umented by VErRmA (2009) for the C-MVB. For
evaluating the tectonic significance from intermediate
and felsic magmas, new discrimination diagrams will
have to be proposed using correct statistical meth-
odologies, as pointed out in the present work. A new
computer program, TecD by VERMA and RIVERA-
GomEz (2010), will be available for efficient use of
these four sets of discriminant function diagrams for
basic and ultrabasic magmas.
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Abstract

Discrimination diagrams are being widely used for the past four decades to infer the
tectonomagmatic affiliation of the older rocks. There are several major- and trace-element
composition based bivariate, ternary and multi-element discriminant function used diagrams in
the literature. Recent evaluation of the performance of these diagrams indicates that four sets
of recent discriminant function based diagrams, in which the tectonic boundaries are
determined based on probability estimates for four tectonic settings of island arc, continental
rift, ocean-island and mid-ocean ridge, have shown very high success rates. In this work, we
have created an extensive geochemical database for on-land and off-shore basic rocks of
northwest Mexico and applied these four sets of recent and highly successful tectonomagmatic
discriminant function based diagrams to infer their tectonomagmatic origin. Each of these four
sets of diagrams (two for major and two for trace elements) contained five diagrams. All the
four sets of diagrams confirm the dominant continental rift setting for on-land basic rocks of
<13 Ma age, with success rates of 71%-93% and 58%-90% for major-element and trace-
element based diagrams, respectively. For the on-land basic rocks of >13 Ma age, major-
element based diagrams indicated dominant rift setting (high success rates of 62-92%) and
less-dominant arc setting (low but significant success rates of 23-54%). However, the trace-
element based discrimination diagrams indicated the dominant arc setting (success rates of 31-
100%) and less-dominant rift setting (significant success rates of 0-77%). This shows the dual
(arc and rift) or transition of tectonic setting from arc to rift for these rocks. All the four sets of

discrimination diagrams indicate MORB setting (success rates 90%-98% and 100% for major-
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element and trace-element based diagrams, respectively) for off-shore rocks (dominantly from
DSDP drilled sites in the Gulf of California and some dredged rock samples from the Gulf of
California) with very high success rates. All the inferred tectonic settings from these four sets
of new discrimination diagrams in general are in conformity with those reported in the
literature based on other methods. The results show that these discrimination diagrams may
successfully discriminate the original tectonic setting of comparatively younger and older on-

shore rocks as well as sea-water altered deep-sea rocks and dredged material.

Keywords: Basic rocks, geochemistry, tectonic setting, arc, rifting, discrimination diagrams,

Mexico.

Resumen

Diagramas de discriminacion tectonomagmaticas estan siendo ampliamente utilizado
en los ultimos cuatro decenios para inferir la afiliacion tectonomagmaticos de las rocas mas
antiguas. Hay varios de diagramas en la literatura basado de la composicion de los elementos
mayores y trazas utiliza bivariante, ternarios y la funcidon de discriminante de multi-
elementos. Evaluacion reciente de la rendimiento de estas diagramas indica que los ultimos
cuatro conjuntos de diagramas tectonomagmaticos, en los que limites tecténicos se determina
con base en estimaciones de probabilidades de cuatro configuraciones tecténicas de la isla
arco, ruptura continental, las islas del océano y la cordillera en medio del océano, han
demostrado tasas de éxito muy alto. En este trabajo, hemos creado una amplia base de datos
geoquimicos de rocas basicas de la tierra y costa afuera del noroeste de México y aplicado

estos diagramas recientes basado de la funcion discriminante para deducir su origen
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tectonomagmaticos. Cada uno de estos cuatro conjuntos de diagramas (dos de los elementos
mejores y dos de los trazas) contenia cinco diagramas. Todos los cuatro tipos de diagramas
confirman la dominante configuracion del ruptura continental para las rocas de la tierra de
<13 afilos Ma edad, con tasas de éxito de 71%-93% y 58%-90% para las diagramas de
elementos mejores y trazas, respectivamente. Para las rocas basicas de la tierra de > 13 afios
Ma edad, los diagramas de los elementos mejores indica configuracidn tectonica dominante de
ruptura (altas tasas de éxito de 62-92%) y configuracién tectonica menos-dominante de arco
(tasas de éxito menor pero significativa de 23-54%). Sin embargo, los diagramas de
discriminacion basadas de los elementos trazas indica la configuracion dominante de arco
(tasas de éxito de 31-100%) y configuracion tectonica menos-dominante de ruptura (tasas de
éxito significativos de 0-77%). Esto demuestra el doble (de arco o ruptura) o la transicion de
ambiente tectonico de arco a ruptura para estas rocas. Todos los cuatro tipos de diagramas de
discriminacion indican la configuracion de MORB (las tasas de éxito del 90% -98% y 100%
para los elementos mejores y trazas, respectivamente) para las racas de costa afuera
(predominantemente de los sitios de DSDP perforados en el Golfo de California y algunas
muestras de rocas de dragado del Golfo de California) con tasas de éxito muy alto. Todos los
configuraciones tectonicos inferidos a partir de estos cuatro conjuntos de diagramas nuevas de
discriminacion, en general, estan en conformidad con los reportados en la literatura sobre la
base de otros métodos. Los resultados muestran que estos diagramas de discriminacion puede
discriminar correctamente la configuracion original de la tectonica de comparativamente mas
joven y mas antiguas rocas de la tierra, asi como de las rocas mas profundas de mar alteradas

por el agua del mar y los materiales de dragado.
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diagramas de discriminacién, México.
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1. Introduction

Tectonomagmatic discrimination diagrams are being widely used to infer the original
tectonic setting of volcanic rocks (e.g., Pearce et al., 1977; Rollinson, 1993; Verma, 2010).
These diagrams are developed on two major basic assumptions: (1) concentrations of the
characteristic chemical elements being used in the discriminate diagrams show large variations
in the rocks of different tectonic settings; and (2) these characteristic chemical elements of the

rocks are immobile from the period of rock formation to the present.

There are several major- and trace-element composition based diagrams for
geochemical tectonic discrimination in the literature, which may be grouped to: (1) bivariate
diagrams (Pearce and Gale, 1977; Pearce and Norry, 1979; Shervais, 1982; Pearce, 1982); (2)
ternary diagrams (Pearce and Cann, 1973; Pearce et al., 1977; Wood, 1980; Mullen, 1983;
Meschede, 1986; Cabanis and Lecolle, 1989); (3) discriminant function based diagrams
(Butler and Woronow, 1986; Pearce, 1976; Agrawal et al., 2004); and (4) multi-element
discriminant function diagrams based on log-transformed ratios (Verma et al., 2006; Agrawal
et al., 2008; Verma and Agrawal, 2011). All these discrimination diagrams have been
developed based on a geochemical database of the volcanic rocks from known tectonic
environments. In majority of the above mentioned diagrams the tectonic discrimination
boundaries were drawn by eye, i.e., were based on visual appearance of the clustering of data
points of known tectonic settings, except a few recent ones (Agrawal et al., 2004; Verma et

al., 2006; Agrawal et al., 2008; Verma and Agrawal, 2011), in which the tectonic boundaries
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are determined based on probability estimates. Agrawal (1999) and Agrawal and Verma

(2007) were already criticized the use of eye for drawing tectonic field boundaries.

Recently, there are extensive evaluations of existing diagrams, which indicated the
variable success rates in discriminating the tectonic settings (Vermeesch, 2006; Verma et al.,
2006; Vermeesch, 2007; Sheth, 2008; Verma, 2010; Verma et al., 2011). Verma (2011) has
recently documented serious statistical problems with both bivariate and ternary diagrams.
Sheth (2008) evaluated some of the diagrams (Verma et al., 2006; Vermeesch, 2006) with data
of ocean-island, arc and mid-ocean ridge lavas from the Indian Ocean and reported that the
log-ratio transformation and linear discriminant analysis appear to be powerful methods in
tectonomagmatic discrimination studies. Verma (2010) evaluated a large number of bivariate,
ternary and multi-dimensional diagrams and inferred that the newer diagrams proposed during
2004-2011 provide more reliable results. Similarly, Verma et al. (2012) have successfully
applied these multi-element based discriminant diagrams for basic rocks of Southern Mexico

and Central America for inferring their tectonomagmatic origin.

In this article, we have evaluated the more recent and highly successful multi-element
discriminant function diagrams with simple elemental ratio variables (Agrawal et al., 2004)
and based on log-transformed ratios (Verma et al., 2006; Agrawal et al., 2008; Verma and
Agrawal, 2011) with an application to the basic rocks of on-land and off-shore of northwest

Mexico.
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2. Tectonic framework of the study area

The late Cenezoic tectonic framework of northwestern Mexico has been discussed in
detail by several researchers (for example, Rogers et al., 1985; Saunders et al., 1987; Luhr et
al., 1995; Calmus et al., 2003) and hence, only a brief discussion is provided here. The west
coast of northwestern Mexico has been a convergent plate boundary since mid-Cretaceous.
The eastward subduction of oceanic lithosphere beneath western North America continued
from Cretaceous to about 29 Ma (Mammerickx and Klitgord, 1982). Towards the western part
of northwestern Mexico, subduction related magmatism is represented by batholitic granitoids
between 90 and 40 Ma (McDowell et al., 1997 and 2001), whereas towards the east of the
Baja California peninsula, a continuous subduction related magmatism during Eocene-
Oligocene (between 38 and 23 Ma) has generated important inland magmatism along the
Sierra Madre Occidental belt (McDowell and Keizer, 1977; Stock and Lee, 1994; Benoit et al.,
2002). Afterwards, during the Lower Miocene, the volcanic front shifted towards the west,
forming the magmatic arc (the Comondu arc) all along the Baja California Peninsula. This
volcanic belt had a longer activity between 24 and 12 Ma in southern Baja California
compared to northern Baja California where Miocene (21 to 16 Ma) volcanism constituted
several volcanic fields. The subduction in this region ended at 12.9 Ma (Mammerickx and
Klitgord, 1982; Calmus et al., 2003). Afterwards, transform boundary was developed between
Pacific and North America plates parallel to the Pacific margin of Baja California (Spencer
and Normark, 1979). Consequently, the tectonic setting has changed from subduction to
rifting along the western margin of North America in Late-Cenozoic time (Grijalva-Noriega

and Roldan-Quintana, 1998).
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3. Methodology

We have prepared a database by compiling geochemical data of basic rocks of
northwest Mexico from the published articles. For this purpose, we considered the basic rocks
of on-land (Baja California, Baja California Sur and Sonora states of Mexico) and the off-
shore (mainly from the DSDP sites of Gulf of California, and a few from Alarcon Rise and
dredged rocks from three sites near the mouth of the Gulf of California and close to the East
Pacific Rise) regions of northwest Mexico (Fig. 1). The geochemical data from the above
mentioned regions were obtained from the published articles that were not included in any of
the previous studies, in which the diagrams to be applied were proposed, i.e., not included in
the databases used by Agrawal et al. (2004, 2008), Verma et al. (2006), and Verma and

Agrawal (2011).

The literature sources for on-land geochemical data were as follows: Saunders et al.
(1987); Luhr et al. (1995); Aguillén-Robles et al. (2001); Benoit et al. (2002); Calmus et al.
(2003); Solano et al. (2005); Bellon et al. (2006); Pallares et al. (2007); Vidal-Solano et al.
(2008); Till et al. (2009) ; Housh et al. (2010) ; Calmus et al. (2011). The literature sources
for the off-shore geochemical data were as follows: Lopez et al. (1978); Jochum and Verma
(1996); Castillo et al. (2002); Flower et al. (2007); Perfit et al. (2007); Saunders (2007);

Saunders et al. (2007); Zolotarev and Margolin (2007); Morrison and Thompson (2007).

Based on the geochemical data, rock types were determined using SINCLAS computer
program (Verma et al. 2002, 2003), with the Middlemost (1989) option for Fe-oxidation
adjustment. This program requires the complete chemical analyses, involving 10 major

elements (with total Fe as Fe,O3 or FeO), be available for the rock. Only basic rock types
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having (SiOy)adj < 52% (Le Bas et al. 1986) as inferred from the SINCLAS software were
considered for this study. With this condition, we have left with the chemical data for only 102
basic rocks from on-shore region. Number of samples (n) from the specific areas (Fig. 1) are
as follows: Hermosillo (n=2), San Borja volcanic field (n=8), La Purisima volcanic field
(n=2), Santa Clara volcanic field (n=6), San Ignacio volcanic field (n=1), San Quintin volcanic
field (n=36), Isla Tortuga (n=1), Jaraguay volcanic field (n=1), Sierra EI Aguaje (n=6), Isla
Isabel (n=10), Guaymas Basin (n=2), San Carlos-Santa Catarina (n=6), Pinacate Area, Sonora
(n=4), Sierra Libre (n=2), Coastal Sonora (n=2), Comondd Formation (n=1), Sierra Madre
Occidental (n=3), Sierra Santa Ursula (n=2), Suaqui Grande (n=2) and Sahuaripa (n=5).
Similarly, we have chemical data for 612 basic rocks from the offshore region (Fig. 1). These
offshore chemical data are from the rocks of: DSDP site 482 (n=176), DSDP site 483 (n=132),
DSDP site 485 (n=93), DSDP site 474 (n=76), DSDP site 475 (n=11), DSDP site 477 (n=33),
DSDP site 478 (n=50), DSDP site 481 (n=4), Alarcon Rise lava from Gulf of California
(n=29), Mouth of the Gulf of California (n=4; dredged rocks from the mouth of the Gulf of
California; including 8 subdivided parts of three of these dredged rocks) and other deep-sea
samples (Seamount, Basin stations etc; n=4). Natural log-transformed ratios for major
elements were calculated as follows: In(TiO2/SiO2)agj, IN(Al;03/Si02)agj, IN(Fe203/Si02)adj,
In(FeO/Si0O2)agj, IN(MNO/SiOy)agj, IN(MQO/SiOz)agj, IN(CaO/SiO2)agj,  IN(Na0/Si03)ag;,
In(K20/Si02)agj, and In(P20s/SiOy)agj, in which (SiO,).; was used as the common

denominator.

In general, ~13 Ma BP is considered as the end of subduction along the northwestern
Mexico (Mammerickx and Klitgord, 1982; Calmus et al., 2003). We have grouped our on-land

basic rock samples in rocks of >13 Ma ages (as of subduction-arc magmatism) and <13 Ma (as
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of rift magmatism) to identify their diverse tectonic settings. The diagrams of Agrawal et al.
(2004) and Verma et al. (2006) are based on major-elements (the first with simple ratio
variables and the second with log-transformation of ratio variables), whereas those of Agrawal
et al. (2008) and Verma and Agrawal (2011) use log-transformed ratios of immobile-elements
(La, Sm, Yb, Nb, and Zr for the former and adjusted TiO,, Nb, V, Y, and Zr for the latter). In
all the above-mentioned four new discriminant function based tectonomagmatic diagrams,
there is no differentiation between the continental and oceanic arc settings, and the entire arc
setting is represented by island arc setting (IAB). Based on the availability of the required
chemical data in the above mentioned literature for the application of these four sets of recent
tectonomagmatic discriminant function based diagrams for basic rocks, we obtained the final
number of samples for each diagram as follows: (1) 89, 13, and 611 rock samples for on-land
basic rocks of younger age (<13 Ma), on-land basic rocks of older age (>13 Ma) and off-shore
rocks (including 3 sea-floor dredged rocks), respectively, for the major-elemental
concentrations based discrimination diagrams of Agrawal et al. (2004) and Verma et al.
(2006); (2) 80, 13, and 8 rock samples for on-land basic rocks of younger age (<13 Ma), on-
land basic rocks of older age (>13 Ma) and sea-floor dredged rocks (different parts of three
rock samples), respectively, for the immobile trace-elemental concentrations based
discrimination diagram of Agrawal et al. (2008); and finally, (3) 68, 1, and 78 rock samples
for on-land basic rocks of younger age (<13 Ma), on-land basic rocks of older age (>13 Ma)
and off-shore rocks, respectively, for the immobile trace-element concentrations based
discrimination diagram of Verma and Agrawal (2011). In the literature, chemical data for
basic rocks are limited in comparison to acidic rocks. Chemical data for the older (>13 Ma
age) basic rocks are further lacking as compared to the basic rocks of <13 Ma age. Among the

239



compiled chemical data for on-land basic rocks, only one rock sample of >13 Ma age
contained the necessary immobile trace elements data to plot in the diagram of Verma and
Agrawal (2011) which shows the dearth of trace element chemical data for the rocks of this

region.

4. Results and Discussion

The compiled geochemical data of on-land and off-shore basic rocks of northwest
Mexico are plotted in all four sets of new discrimination diagrams (Agrawal et al., 2004, 2008;
Verma et al., 2006; Verma and Agrawal, 2011) to infer the tectonomagmatic origin of these
rocks. For each set of diagrams, five different plots were prepared, which provided a total of
20 diagrams. The samples in different tectonic setting fields are counted and their percentage
range in each tectonic setting was calculated (wherever number of samples >8) and reported
(Figs. 2-5; Tables 1-4). We discuss below only the dominant tectonic settings inferred by these
diagrams for each group of rocks. All the indicated dominant tectonic setting are statistically
significant because they are >>33.3% (being the simple “by chance” probability). The results
are summarized in Tables 1-4. The results were fully consistent with those resulting from the

application of computer program TecD (Verma and Rivera-Goémez, 2011).

4.1. Tectonomagmatic origin of on-shore basic rocks of northwest Mexico

Two sets of major-element (Agrawal et al., 2004, Fig. 2, Table 1; Verma et al., 2006,

Fig.3, Table 2) and two sets of immobile trace-element Agrawal et al. (2008; Fig. 4; Table 3;
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Verma and Agrawal, 2011; Fig. 5; Table 4)) based discrimination diagrams were applied for

discrimination of IAB, CRB, OIB, and MORB tectonic settings.

Out of the five diagrams in each of the two sets of major-element based diagrams, the
first diagram contains four tectonic settings and other four diagrams with three settings at a
time. The first set of major-element based discrimination diagrams of Agrawal et al. (2004;
Fig. 2; Table 1) indicated the tectonic setting of continental rift (success rates of 71%-86%) for
on-land basic rocks of <13 Ma age. Whereas for on-land basic rocks of >13 Ma age, these
diagrams indicated the tectonic setting of continental rift with high success rates (62%-92%)

and island arc setting with low but significant success rates (23%-38%).

When we used exactly the same samples as for the first set, the second set of major-
element based diagrams of Verma et al. (2006; Fig.3; Table 2) also revealed the dominant
continental rift setting with high success rates (80%-93%) for on-land basic rocks of <13 Ma
age. For on-land basic rocks of >13 Ma age, similar to the first set of diagrams, these second
set of major-element based diagrams indicated the tectonic setting of continental rift with high
success rates (77%-92%) and island arc setting with low but significant success rates (15%-

54%).

The first set of immobile trace element based diagrams of Agrawal et al. (2008; Fig. 4;
Table 3) was also applied for IAB, CRB, OIB, and MORB (all five diagrams contains three
tectonic settings at a time). The indicated tectonic settings are: (1) the dominant continental
rift setting (success rates of 58%-80%) for on-land basic rocks of <13 Ma age; (2) continental
rift tectonic setting with high success rates (38%-77%) and island arc with low but significant

success rates (31%-38%) for on-land basic rocks of >13 Ma age; (3) when there is no CRB
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setting in the diagram (Fig. 4a), the on-land basic rocks of <13 Ma age have plotted in the
combined tectonic field settings of CRB+OIB with a high success rate of 80%; and (4) when
there is no 1AB setting in the diagram (Fig. 4d; filled circles), the on-land basic rocks of >13

Ma age have dominantly (success rate of 77%) plotted in the tectonic field of CRB.

Finally, the second set of immobile-element based diagrams of Verma and Agrawal
(2011; Fig. 5; Table 4) was also applied for IAB, CRB, OIB, and MORB (three settings at a
time in all the five diagrams). These immobile-element based diagrams of Verma and Agrawal
(2011; Fig. 5; Table 4) complies the requirement of normal distribution of the log-ratio
variables. This was achieved by identification and elimination of outlier data points by using
the software DODESSY'S (Verma and Diaz-Gonzélez, 2011), which allows the application of
the multiple-test method initially proposed by Verma (1997) and uses new precise and
accurate critical values for discordancy tests (Barnett and Lewis, 1994; Verma and Quiroz-
Ruiz, 2006a, 2006b, 2008; Verma et al., 2008). The indicated tectonic settings are as follows:
continental rift setting (66%-90%) for on-land basic rocks of <13 Ma age and island-arc

setting for the only one on-land basic rock sample of >13 Ma age.

The observed tectonomagmatic settings by the new discriminant function based
tectonomagmatic settings for younger (<13 Ma age) and older (>13 Ma age) on-land basic
rocks are generally in concordance with those reported in the literature. The two sets of major-
element (success rates of 71%-86%, Agrawal et al., 2004; success rates of 80%-93%, Verma
et al., 2006) and two sets of trace-element (success rates of 58%-80%, Agrawal et al., 2008;
success rates of 66%-90%, Verma and Agrawal, 2011) based discrimination diagrams confirm

the dominant continental rift setting (CRB; Tables 1-4; Figs. 2-5) for on-land basic rocks of
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<13 Ma age. This is in agreement with that of the literature. The subduction of oceanic
(Pacific) lithosphere beneath western North America continued from Cretaceous and ended at
12.9 Ma (Mammerickx and Klitgord, 1982; Calmus et al., 2003). After this period, during
Late-Cenozoic, transform boundary is developed between Pacific and North America plates
parallel to the Pacific margin of Baja California (Spencer and Normark, 1979) which resulted
in change of the tectonic setting from subduction to rifting along the western margin of North

America (Grijalva-Noriega and Rold&n-Quintana, 1998).

For the on-land basic rocks of >13 Ma age: (1) the major-element based diagrams of
Agrawal et al. (2004; Table 1; Fig. 2) and Verma et al. (2006; Table 2; Fig. 3) indicated
continental rift setting with high success rates (62%-92% and 77%-92% respectively) and
island arc setting with low but significant success rates (23%-38% and 15%-54%
respectively); and (2) the trace-element based discrimination diagrams of Agrawal et al.
(2008; Table 3; Fig. 4) and Verma and Agrawal (2011; Table 4; Fig. 5) have not indicated any
clear dominant tectonic settings between island arc-continental rift. In both of these two sets
of the trace-element based diagrams (Agrawal et al., 2008; Verma and Agrawal, 2011) only
two out of five diagrams in each set where both IAB and CRB fields are available (Table 3
and 4; Fig. 4 and 5). In the diagrams of Agrawal et al. (2008), one diagram indicated a
dominant CRB setting (success rates of CRB and IAB are 69% and 31%, respectively) and
another diagram indicated combined CRB-IAB setting (equal success rates of 38.5% for both
CRB and IAB; Table 3 and Fig. 4). Whereas, the only one rock sample, which has the
necessary trace-element data to be plotted in the diagrams of Verma and Agrawal (2011), has
plotted in the field of IAB in both the diagrams (success rate of 100%; Table 4 and Fig. 5).

The observed not so clear dominant tectonic setting between 1AB and CRB for the on-land
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basic rocks of >13 Ma age by the two sets of immobile trace-element based discrimination
diagrams and low but statistically significant success rates for 1AB by two sets of major-
element based diagrams may suggest the dual (arc and rift) or transition of tectonic setting

from arc to rift during this period.

However, in the compiled data base of the present study, only 13 and one on-land basic
rocks of >13 Ma age consists the necessary immobile trace-element data for application of
trace element based discrimination diagrams of Agrawal et al. (2008) and Verma and Agrawal
(2011), respectively. This clearly indicates the dearth of trace element data for the basic rocks
of >13 Ma age, in particularly, for any meaningful application of the diagram of Verma and

Agrawal (2011).

Among the 13 older on-land basic rocks (>13 Ma), nine rocks belongs to Southern
Sonora (19-28 Ma; Till et al., 2009), three rocks (27-45 Ma age; Albrecht and Goldstein,
2000) belongs to Sierra Madre Occidental, northwestern Mexico and the one rock (20.06 Ma
age; Pallares et al., 2007) belongs to Comondu Formation (from Catavifia; Pallares et al.,
2007). It is reported that the Sierra Madre Occidental and Comondu arc were formed as the
result of the subduction of oceanic lithosphere beneath western North America during Eocene-
Oligocene and Lower Miocene respectively (McDowell and Keizer, 1977; Stock and Lee,
1994; Benoit et al., 2002). Recently, Till et al. (2009) have reported that mafic volcanic rocks
erupted in southern Sonora from 27 to 8 Ma have continental arc signature and appear to be
derived from the metasomatized sub-arc mantle below Sonora. They were also of the opinion
that the geochemistry of the rocks of Sonora is not consistent with the predictions of

petrotectonic models and contrasts with central and southern Baja. The chemical data reported
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for basic rocks in the article of Till et al. (2009) was already included in the database of this
work. As discussed above, all the four recent tectonic discriminate diagrams for basic rocks
(Agrawal et al., 2004; Verma et al., 2006; Agrawal et al., 2008; Verma and Agrawal, 2011)
have indicated the dominant continental rift setting (CRB) and transition of tectonic setting
from arc to rift (or dual, arc and rift) for rocks of <13 Ma and >13 Ma age, respectively. For
further clarity, we have applied the new discriminant-function-based multi-dimensional
diagrams for acid (Verma et al.,, 2012) and intermediate rocks (Verma and Verma, un
published) reported in Till et al. (2009). The tectonic discriminant diagrams for both acid and
intermediate rocks have indicated a dominant rift setting. This is in consistent to the observed
dominant rift setting by the four sets of discriminate diagrams for basic rocks, discussed

above, although Till et al. (2009) proposed an arc setting.

4.2. Tectonomagmatic origin of off-shore basic rocks of northwest Mexico

The first set of major-element based discrimination diagrams of Agrawal et al. (2004;
Fig. 2; Table 1) have indicated the tectonic setting of MORB (success rates of 90%-97%) for
the off-shore rocks off northwest Mexico. When there is no MORB setting in the diagram

(Fig. 2b), the samples occupied OIB (47%) and IAB (37%) settings.

When we used exactly the same samples as for the first set, the second set of major-
element based diagrams of Verma et al. (2006; Fig.3; Table 2) also indicated the MORB
setting (88%-98%). When there is no tectonic setting of MORB in the diagram (Fig. 3b), 93%

of these rock samples occupied OIB setting.
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Because the required chemical data for all five trace elements (La, Sm, Nb, Yb and Th)
were not available for any of the off-shore rocks, the first set of immobile-element based

diagrams of Agrawal et al. (2008; Fig. 4; Table 3) could not be applied for these rocks.

Finally, the second set of immobile-element based diagrams of Verma and Agrawal
(2011; Fig. 5; Table 4) indicated MORB tectonic setting (100%) for these off-shore rocks.
When MORB setting is missing from a diagram (Fig. 5b), all these off-shore rock samples

occupied IAB setting.

Thus, two sets of major-element based discrimination diagrams of Agrawal et al.
(2004) and Verma et al. (2006; Figs. 2-3; Tables 1-2) and the immobile-trace element based
diagrams of Verma et al. (2011; Fig. 5; Table 4) indicated the tectonic setting of MORB for

off-shore basement rocks of DSDP drilled core locations in the Gulf of California.

We have included in the present database the whole-rock chemical data of three rocks
dredged from the locations close to the East Pacific Rise near the mouth of the Gulf of
California (Lopez et al., 1978; Jochum and Verma, 1996). Lopez et al. (1978) have reported
that these rocks are geochemically similar to other samples from the East Pacific Rise and
surrounding seamounts, and are characterized by sea-water alteration effects. The available
whole-rock chemical data of these rocks allowed us to apply only major-element based
diagrams (Agrawal et al., 2004; Verma et al., 2006). All the three rock samples dredged from
the sea-floor near the mouth of the Gulf of California occupied the field of MORB setting in
these major element based diagrams (Figures 2-3; Tables 1-2). Earlier, Lopez et al. (1978)
have reported that these samples are clustered in the field of ocean floor basalts in the

discrimination diagrams of Pearce and Cann (1973) and Pearce (1975). We have also included
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in the present work, the detailed chemical analysis of the individually sampled three parts (the
inner less altered “core”, the outer more altered “margin” and “glass” from the outer part) of
each of these three dredged rocks (Jochum and Verma, 1996). The available geochemical data
for these three parts of each of three dredged rocks allowed us to apply only the set of
immobile element based diagrams of Agrawal et al. (2008). These diagrams indicated a
MORB setting for inner less altered “core” and outer altered “margin” parts, and combined

island-arc and MORB settings for altered “glass” parts of these three rocks.

Thus, all diagrams — the two sets of new major-element (Agrawal et al., 2004; Verma
et al., 2006) and two sets of trace-element (Agrawal et al., 2008; Verma and Agrawal, 2011)
based discrimination diagrams — confirm the MORB setting for off-shore rocks. Majority of
these off-shore rocks are the basement rocks from the DSDP drilled locations. Concentrations
of geochemical elements will be effected by sea-water alteration at these great depths of the
oceans as observed in the dredged rocks from the locations close to the East Pacific Rise near
the mouth of the Gulf of California (Lopez et al., 1978; Jochum and Verma, 1996). In spite of
sea-water alteration effects in geochemistry of these three dredged rocks (Lopez et al., 1978;
Jochum and Verma, 1996), the new tectonomagmatic discrimination diagrams are able to
identify their tectonomagmatic origin as MORB. These results show that these four sets of
new tectonomagmatic discrimination diagrams may successfully discriminate the original
tectonic setting of deep-sea basement rocks and dredged material in spite the possibility of

sea-water alteration effects in their geochemical concentrations.

5. Conclusions
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The recent discriminant function based discrimination diagrams (Agrawal et al., 2004)
along with the log-transformed ratios of chemical variables (Verma et al., 2006; Agrawal et
al., 2008; Verma and Agrawal, 2011), in which the tectonic boundaries are determined based
on probability estimates, are more powerful and have shown very high success rates in finding
the tectonomagmatic origin of on-shore and offshore basic rocks of northwest Mexico. These
diagrams have indicated: (1) the dominant continental rift setting for on-land basic rocks of
<13 Ma age; (2) the dual tectonic settings of continental rift and arc (or transition of tectonic
setting from arc to rift) for on-land basic rocks of >13 Ma age; and (3) MORB setting for off-
shore rocks. All these inferred tectonic settings are generally in conformity with those reported
in the literature. This work suggests that these new diagrams prepared by relevant statistical
methodologies can be successfully applied to infer the tectonic setting of fresh as well as

altered basic rocks.
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Captions to the Figures

Leyendas de las figuras

Fig. 1. Schematic map showing the locations of the basic rock samples used in this study. The
open and filled circles represent the on-shore basic rocks of <13 Ma and >13 Ma ages,

respectively. The open squares represent off-shore basic rocks.

Fig. 1. Mapa de esquemética mostrando la ubicacion de las muestras de rocas basicas
utilizadas en este estudio. Los circulos abiertos y llenados representados a las rocas
bésicas de la tierra de <13 Ma y de >13 Ma afios edad, respectivamente. Los cuadrados

abiertos representan a las rocas basicas de fuera de la costa.

Fig. 2. Application of the major-element discriminant function based discrimination diagrams

of Agrawal et al. (2004) for basic rocks from northwestern Mexico.

Fig. 2. Aplicacion de las diagramas discriminantes basado de los elementos mayores y de la
funcién discriminacion de Agrawal et al. (2004) para rocas basicas del noroeste de

México.

Fig. 3. Application of the major-element discriminant function based discrimination diagrams

of Verma et al. (2006) for basic rocks from northwestern Mexico.
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Fig. 3.

Fig. 4.

Fig. 4.

Fig. 5.

Fig. 5.

Aplicacion de las diagramas discriminantes basado de los elementos mayores y de la
funcién discriminacion de Verma et al. (2006) para rocas béasicas del noroeste de

México.

Application of the trace-element discriminant function based discrimination diagrams

of Agrawal et al. (2008) for basic rocks from northwestern Mexico.

Aplicacion de las diagramas discriminantes basado de los elementos trazas y de la
funcién discriminacion de Agrawal et al. (2008) para rocas basicas del noroeste de

México.

Application of the trace-element discriminant function based discrimination diagrams
of Verma and Agrawal (2011) for basic rocks from northwestern Mexico. The samples

marked with red color are outliers.

Aplicacion de las diagramas discriminantes basado de los elementos trazas y de la
funcién discriminacion de Verma y Agrawal (2011) para rocas basicas del noroeste de

México. Las muestras marcadas con el color rojo son los valores desviados.
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Table 1. Information on tectonomagmatic origin obtained from the set of five discriminant function
based discrimination diagrams of Agrawal et al. (2004) for on-land and off-shore basic rocks of
northwest Mexico

Tabla 1. Informacién sobre el origen tectonomagmaticas obtenidas a partir del conjunto de las cinco
diagramas de discriminacién basado del funcién discriminante de Agrawal et al. (2004) para las rocas
bésicas provenido de la tierra y afuera de costa del noroeste de México

Locality Discrimination Total .
function number of Number of discriminated samples (%)
discrimination samples
diagram AB() CRB@) OIBE) o
On-land basic rocks (<13 Ma) 1-2-3-4 89 0(0) 63 (71) 4 (4) 22 (25)
1-2-3 89 13 (15) 75 (84) 1(1)
1-2-4 89 2(2) 67 (75) 20 (23)
1-3-4 89 3(3) 50 (56) 36 (41)
2-3-4 89 76 (86) 3(3) 10 (12)
On-land basic rocks (>13 Ma) 1-2-3-4 13 3(23) 10 (77) 0 0
1-2-3 13 4 (31) 9 (69) 0
1-2-4 13 5(38) 8 (62) 0
1-3-4 13 5 (38.5) 5 (38.5) 3(23)
2-3-4 13 12 (92) 0 1(8)
Off-shore rocks 1-2-3-4 608 4(1) 9 (1) 46 (8) 549 (90)
1-2-3 608 227 (37) 98 (16) 283 (47)
1-2-4 608 2(0.3) 17 (2.8) 589 (96.9)
1-3-4 608 5() 38 (6) 565 (93)
2-3-4 608 6 (1) 51(8) 551 (91)
Sea-floor dredged material 1-2-3-4 3 0 0 0 3
1-2-3 3 3 0 0
1-2-4 3 0 0 3
1-3-4 3 0 0 3
2-3-4 3 0 0 3
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Table 2. Information on tectonomagmatic origin obtained from the set of five discriminant function
based discrimination diagrams of Verma et al. (2006) for on-land and off-shore basic rocks of

northwest Mexico

Tabla 2. Informacidn sobre el origen tectonomagmaticas obtenidas a partir del conjunto de las cinco
diagramas de discriminacion basado del funcion discriminante de Verma et al. (2006) para las rocas
bésicas provenido de la tierra y fuera de costa del noroeste de México

Locality Discrimination Total L
function number of Number of discriminated samples (%)
discrimination samples
diagram |AB (l) CRB (2) (0]} (3) M(O4|;B
On-land basic rocks (<13 Ma) 1-2-3-4 89 1(1) 71 (80) 11 (12) 6 (7)
1-2-3 89 1(1) 83 (93) 5 (6)
1-2-4 89 1(1) 81 (91) 7(8)
1-3-4 89 9 (10) 52 (58) 28 (32)
2-3-4 89 80 (90) 2(2) 7(8)
On-land basic rocks (>13 Ma) 1-2-3-4 13 3(23) 10 (77) 0 0
1-2-3 13 2 (15) 11 (85) 0
1-2-4 13 2 (15) 11 (85) 0
1-3-4 13 7 (54) 3(23) 3(23)
2-3-4 13 12 (92) 0 1(8)
Off-shore rocks 1-2-3-4 608 4 (0.7) 2(0.3) 15 (2.5) 587 (96.5)
1-2-3 608 5(1) 37 (6) 566 (93)
1-2-4 608 5(@) 4 (1) 599 (98)
1-3-4 608 4 (1) 61 (10) 543 (89)
2-3-4 608 4 (1) 20 (3) 584 (96)
Sea-floor dredged material 1-2-3-4 3 0 0 0 3
1-2-3 3 1 1 1
1-2-4 3 1 0 2
1-3-4 3 0 0 3
2-3-4 3 0 0 3
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Table 3. Information on tectonomagmatic origin obtained from the set of five discriminant function
based discrimination diagrams of Agrawal et al. (2008) for on-land and off-shore basic rocks of

northwest Mexico

Tabla 3. Informacién sobre el origen tectonomagmaticas obtenidas a partir del conjunto de las cinco
diagramas de discriminacion basado del funcion discriminante de Agrawal et al. (2008) para las rocas
bésicas provenido de la tierra y fuera de costa del noroeste de México

Locality Discrimination Total Number of discriminated samples (%)
function number of
discr'imination samples CRB (2)
diagram IAB (1) CRB(2) +OIB OIB(3) MORB (4)
(©)

On-land basic rocks (<13 Ma) 1-2+3-4 80 12 (15) 64 (80) 4 (5)
1-2-3 80 14 (17) 46 (58) 20 (25)
1-2-4 80 12 (15) 64 (80) 4 (5)
1-3-4 80 11 (14) 61 (76) 8 (10)
2-3-4 80 52 (65) 21 (26) 7(9)

On-land basic rocks (>13 Ma) 1-2+3-4 13 4 (31) 9 (69) 0
1-2-3 13 5(38.5) 5(38.5) 3(23)
1-2-4 13 4 (31) 9 (69) 0
1-3-4 13 4 (31) 8 (61) 1(8)
2-3-4 13 10 (77) 2 (15) 1(8)

Altered glass 1-2-3-4 2 1 0 1
1-2-3 2 1 0 1
1-2-4 2 1 0 1
1-3-4 2 1 0 1
2-3-4 2 0 0 2

Margin 1-2+3-4 3 1 0 2
1-2-3 3 1 0 2
1-2-4 3 1 0 2
1-3-4 3 1 0 2
2-3-4 3 0 0 3

Core samples 1-2+3-4 3 0 0 0 3
1-2-3 3 0 0 3
1-2-4 3 0 0 3
1-3-4 3 0 0 3
2-3-4 3 0 0 3
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Table 4. Information on tectonomagmatic origin obtained from the set of five discriminant function
based discrimination diagrams of Verma and Agrawal (2011) for on-land and off-shore basic rocks of

northwest Mexico

Tabla 4. Informacidon sobre el origen tectonomagmaticas obtenidas a partir del conjunto de las cinco
diagramas de discriminacion basado del funcion discriminante de Verma y Agrawal (2011) para las
rocas basicas provenido de la tierra y fuera de costa del noroeste de México

Locality Discrimination Total Number of discriminated samples (%)
function number of
discr_imination samples CRB (2)
diagram IAB (1) CRB(2) +OIB OIB(3) MORB (4)
3)
On-land basic rocks (<13 Ma) 1-2+3-4 68 3(4) 60 (89) 5(@)
1-2-3 68 6 (9) 45 (66) 17 (25)
1-2-4 68 3(4) 61 (90) 4 (6)
1-3-4 68 3(4) 52 (77) 13 (19)
2-3-4 68 45 (66) 18 (27) 5(7)
On-land basic rocks (>13 Ma) 1-2+3-4 1 1 0 0
1-2-3 1 1 0 0
1-2-4 1 1 0 0
1-3-4 1 1 0 0
2-3-4 1 0 0 1
Off-shore rocks 1-2-3-4 78 0 (0) 0 (0) 78 (100)
1-2-3 78 75 (96) 3(4) 0 (0)
1-2-4 78 0 (0) 0 (0) 78 (100)
1-3-4 78 0(0) 0 (0) 78 (100)
2-3-4 78 0 (0) 0 (0) 78 (100)
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Verma, S.P., Verma, S.K., 2012. The First Fifteen Probability-Based Multi-
Dimensional Tectonic Discrimination Diagrams for Intermediate Magmas and
their Robustness against Post-Emplacement Compositional Changes and

Petrogenetic Processes: Turkish Journal of Earth Sciences, submitted.
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Abstract: Although for ultrabasic and basic magmas a plethora of tectonomagmatic diagrams
have been used, with the exception of one bivariate diagram for refined tectonic setting of
orogenic andesites, none is available for highly abundant intermediate magma. We present
three sets of discrimination diagrams obtained from the correct statistical methodology of loge-
ratio transformation and linear discriminant analysis. All major element loge-ratio variables in
3664 samples, only immobile major and trace element loge-ratio variables in 1858 samples,
and immobile trace element loge-ratio variables in 1512 samples were used. These diagrams
with probability-based tectonic field boundaries and high success rates (about 69%—96%,
63%—-100%, and 64%—100%, respectively, for diagrams based on all major-elements,
immobile major and trace elements, and immobile trace elements) were first tested for fresh
and highly altered rocks. The expected tectonic setting was indicated from our diagrams. The
probability based decisions and total percent probability estimates can fully replace the actual
plotting of samples in diagrams. The probability calculations were then used for tectonic
discrimination of seven case studies of Archean to Proterozoic rocks. An island arc setting was
indicated for the Wawa greenstone belt (Canada) implying the existence of plate tectonic
processes during the Late Archean, for western Tasmania (Australia) during the Cambrian,
and for Chichijima Island (Bonin Islands, Japan) during the Eocene. Similarly, an arc setting
(indecisive island or continental type) was obtained for south-central Sweden during the
Paleoproterozoic and for Adola (southern Ethiopia) during the Neoproterozoic. A within-plate
setting was inferred for the Neoproterozoic Malani igneous complex, Rajasthan, India and a
collision setting was indicated for the Alps (France-ltaly-Switzerland) during the Late
Carboniferous. Modeling of likely as well as extreme processes indicates that these diagrams
are robust against post-emplacement compositional changes caused by analytical errors,

element mobility, Fe-oxidation, alteration, and petrogenetic processes.

Key Words: arc, collision, natural logarithm transformation of element ratios,

tectonomagmatic discrimination, within-plate tectonic setting
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Identification of Archaean plate tectonic processes from multidimensional discrimination
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We applied our group’s previously published multidimensional diagrams in 20062008 and corresponding probability esti-
mates in 2011-2012 to geochemical data for Archaean rocks compiled from cratons in Australia, South Africa, Brazil,
Canada, and India. Tectonic processes similar to present-day plate tectonics evidently were active at least since the
Palaeoarchaean (about 3570 million years). This seems to be true in spite of a presumably hotter Earth at that time. For
the eastern part of the Pilbara craton (Australia), a Palacoarchaean (3570—3450 million years) and Mesoarchaean (2900 mil-
lion years) continental arc settings apparently evolved to a collision (Col) setting during the Neoarchaean (2600 million
years). We infer an island arc (IA) environment for Kambalda (Australia) during the Neoarchaean (2700 million years). For
the Barberton belt (South Africa), a transition from a mid-ocean ridge regime during the older part of the Palacoarchaean
(3470 million years) to an IA setting during the younger part (3300-3260 million years) is likely. We inferred an arc environ-
ment for the S8o Francisco craton (Brazil) and the Rio Maria terrane (Brazil) during the Mesoarchaean (3085-2983 million
years and 2870 million years, respectively), whereas a within-plate setting is clearly indicated for the Carajas metallogenic
province (Brazil) during the Neoarchaean (2740-2700 million years). We also recognize an IA regime for the Mesoarchaean
(3000 million years) North Caribou and Neoarchaean (2700 million years) Abitibi greenstone belts (Canada), and for the
Gadwal greenstone belt (India) during the Neoarchaean (2700-2500 million years). A Col setting was inferred for the
Archaean sanukitoid suite (Canada) and the Kolar suture zone (India) during the Neoarchaean (27002660 million years
and 2630-2520 million years, respectively).

Keywords: Archaean rocks; collision; continental arc; island arc; log-ratio transformation; mid-ocean ridge setting;

Archaean plate tectonics; tectonic settings

Introduction

There seems to be no consensus on how far back in time
tectonic processes similar to the modern plate tectonics
have been operative in the Earth (e.g. Condie and Pease
2008; Ernst 2009; McCall 2010; Van Kranendonk 2010;
Korsch et al. 2011). Although some authors (e.g. Stern
2008; Hamilton 2011) agree that this may certainly be
true for the Proterozoic, its validity during the Archaean,
albeit controversial, has been proposed by numerous work-
ers (e.g. Kerrich and Polat 2006; Condie and Kroner 2008;
Foley 2008; Pease ef al. 2008; Polat et al. 2008; Shirey
et al. 2008; Furnes et al. 2009; Manikyamba and Kerrich
2012). New evidence could, therefore, better constrain the
answers to this vital question.

Recently (during 2006-2011), three sets of diagrams
(five in each set) based on log-ratio transformation and
linear discriminant analysis have been proposed to discrim-
inate four tectonic settings of arc [no distinction between

island arc (IA) and continental arc (CA)], continental rift
(CR), ocean island (OI), and mid-ocean ridge (MOR) for
basic or ultrabasic magma (Verma et al. 2006, based on
major elements; Agrawal et al. 2008, based on immo-
bile trace elements; and Verma and Agrawal 2011, based
on immobile high-field strength elements). For basic and
ultrabasic rocks, a computer program TecD (Verma and
Rivera-Gomez 2012) should prove useful for an efficient
application of all four sets of multidimensional discrimi-
nation diagrams (Agrawal et al. 2004, 2008; Verma et al.
2006; Verma and Agrawal 2011). Even more recently (dur-
ing 2012), four sets of multidimensional diagrams (five
diagrams for each set) were similarly proposed for discrim-
inating four tectonic settings of 1A, CA, within plate (only
CR for acid magma, but combined CR and OI for interme-
diate magma), and collision (Col) for acid magma (Verma
et al. 2012, based on major elements) and intermediate
magma (Verma and Verma 2012, based on major elements,

*Corresponding author. Email: spv(@cie.unam.mx

ISSN 0020-6814 print/ISSN 1938-2839 online

© 2012 Taylor & Francis
http://dx.doi.org/10.1080/00206814.2012.693246
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immobile major and trace elements, and immobile trace
elements). Besides the original authors, these diagrams
have been tested and used by Sheth (2008), Verma (2010),
Verma et al. (2011), Pandarinath and Verma (2012), and
Verma (2012), among others.

The diagrams allow the visualization of geochemical
data of 5 immobile elements to 11 major element vari-
ables in two dimensions. The discrimination boundaries
were based on an objective criterion of equal probabili-
ties for the two or three tectonic fields being separated in
different parts of the diagrams (Agrawal 1999). For the
newer diagrams (for basic and ultrabasic magmas by Verma
and Agrawal 2011; acid magma by Verma et al. 2012;
and intermediate magma by Verma and Verma 2012),
the authors also reported the methodology for the cal-
culation of probability-based discrimination boundaries.
Such probability calculations for individual samples can,
in fact, replace the actual plotting of samples in diagrams
as recently illustrated by Verma (2012).

Polat et al. (2011a), among others, have pointed out
similarities as well as differences of element ratios between
the Archaean and Cenozoic ultrabasic and basic rocks.
Nevertheless, the evaluation of the geochemical charac-
teristics in multidimensional diagrams has been seldom
reported for Archaean rocks. Bailie ez al. (2010) used just
one of the five multidimensional diagrams of Agrawal ef al.
(2008) for Archaean basic rocks from South Africa to indi-
cate an arc setting. Polat et al. (2009a, 2009b, 2011a) used
only two of the five diagrams of Agrawal et al. (2008)
to infer an arc or a MORB to arc transitional setting for
Archaean rocks from Greenland. In a review article on
Eoarchaean to Mesoarchaean rocks from Greenland, Polat
et al. (2011b), on the other hand, employed all five dia-
grams of Agrawal et al. (2008) to show a transitional MOR
to arc tectonic setting. Verma and Verma (2012), on the
other hand, compiled the data for the Neoarchaecan Wawa
greenstone belt (Canada) from Polat ef al. (1999) and Polat
(2009) and used all 15 discrimination diagrams for inter-
mediate magma to infer an IA setting for these Archaean
rocks. Similarly, Verma and Diaz-Gonzalez (2012) used
two complete sets of multidimensional diagrams (Verma
and Agrawal 2011; Verma ef al. 2012) to understand the
probable tectonic setting of the Archaean to Proterozoic
basic and acid rocks from several areas.

The multidimensional diagrams allow us to achieve a
probability-based quantitative comparison of geochemical
data in many dimensions, whereas so far, with the excep-
tion of the few studies mentioned above, only qualitative
comparisons have been attempted mostly in element ratios,
i.e. only two or at most four compositional variables are
compared at a time. Thus, there is an ample scope to resort
to multidimensional diagrams for understanding plate tec-
tonic processes during the Archaean.

We report the use of new multidimensional diagrams
and probability estimates to geochemical data of Archaean
rocks from cratons in Australia, South Africa, Brazil,

Canada, and India and infer that tectonic processes similar
to the present-day plate tectonics might have been active at
least since the Palacoarchaean (about 3570 million years).
This seems to be true in spite of the presumably hotter
Earth during that time (e.g. Foley 2008; van Hunen and van
den Berg 2008; van Kranendonk 2010; Polat ez al. 2011b).

Data base and procedures

We compiled age and geochemical data for Archaean
rocks from Australia, South Africa, Brazil, Canada, and
India (Table 1). The ages range from Palacoarchaean
(3570-3450 million years) to Neoarchaean (2600 mil-
lion years) for the eastern part of the Pilbara craton
(Australia); Palacoarchacan (3470-3260 million years)
for the Barberton belt (South Africa); Mesoarchaean
(30852870 million years) for the Sdo Francisco craton
(Brazil) and Rio Maria terrane (Brazil) to Neoarchaean
(about 2740-2700 million years) for the Carajas metal-
logenic province (Brazil); Mesoarchaean (3000 million
years) for the North Caribou greenstone belt (Canada) to
Neoarchaean (2700-2660 million years) for the Abitibi
greenstone belt (Canada) and Archaean sanukitoid suite
(Canada); and Neoarchaean (2700-2520 million years) for
the Gadwal greenstone belt of the Dharwar craton (India)
and Kolar suture zone of the Kolar schist belt (India). For
the subdivision of the Archaean, we followed the scheme
proposed by the International Commission on Stratigraphy
(Gradstein et al. 2004).

The total numbers of rock samples from each area
grouped according to their ages are also presented in
Table 1. All major element data were processed in
SINCLAS computer program (Verma et al. 2002) under the
Middlemost (1989) option for Fe-oxidation subdivision.
The rocks were separated into acid, intermediate, and basic
or ultrabasic varieties (Le Bas et al. 1986) and the data
were used in the respective discrimination diagrams for
acid (Verma et al. 2012), intermediate (Verma and Verma
2012), and basic or ultrabasic (Verma et al. 2006; Agrawal
et al. 2008; Verma and Agrawal 2011) magmas. The log-
transformed ratios were also tested by DODESSYS com-
puter program (Verma and Diaz-Gonzalez 2012) for the
identification and separation of discordant outlier observa-
tions. For the newer diagrams proposed during 2011-2012,
this procedure was adopted for all diagrams.

SINCLAS, DODESSYS, and TecD computer programs
are therefore recommended as important tools for the use
of these newer diagrams. Posterior probabilities were esti-
mated for each diagram of the newer sets (Verma and
Agrawal 2011; Verma et al. 2012; Verma and Verma 2012)
and interpreted following Verma (2012).

Results and discussion

The results of discrimination diagrams and probability cal-
culations are summarized in Table 2 for acid rocks, Table 3
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for intermediate rocks, and Tables 4—6 for basic or ultraba-
sic rocks. The results from solely probability calculations
are presented in Tables 1-4, whereas those based on actual
plotting of samples in diagrams (Figures 1 and 2) and cal-
culation of percent success (% success) are included in
Tables 5 and 6. The results are included in tables for all
those cases for which three or more samples with complete
data set were available in our data base; otherwise for one
or two samples, the results are simply mentioned in the text.

Pilbara craton (Australia)

This three-part case study for the Pilbara craton is sub-
divided according to the age of rocks (case study la
for Palaeoarchaean, 1b for Mesoarchaean, and 1lc for
Neoarchaean). We describe in detail the application of dis-
crimination diagrams and probability calculations for the
first part (1a) of this first case study (see the first set of
results in Table 2); all other results are simply pointed out
and briefly discussed.

For this case study (la), geochemical data were avail-
able for 29 samples of Palaeoarchaean rocks, of which
25 proved to be acid magma and 4 intermediate magma
(Table 1). The data for acid rocks (25 samples; Table 2)
were used for probability calculations corresponding to the
first of the five multidimensional diagrams of Verma et al.
(2012) that discriminates three tectonic settings of 1A +
CA together, CR, and Col (see the first row IA + CA—CR—
Col of results in Table 2). Twenty out of 25 samples would
plot in the IA + CA field, 1 in the CR, and 4 in the Col field.
In fact, instead of actually plotting the samples in the 1A +
CA—CR—Col diagram, we estimated the respective proba-
bilities of each sample for the three tectonic fields being
discriminated from the method outlined by Verma (2012).

In any diagram, each sample will have the total proba-
bility of 1, which is subdivided into three probability values
corresponding to each of the tectonic fields being discrim-
inated (IA 4+ CA, CR, and Col; see figure 5A in Verma
et al. 2012). A sample will plot in the field for which it
has the highest probability. A tectonic field boundary is
characterized by two equal probability values of 0.5000 for
the two fields it separates. At the triple point where all
three tectonic fields meet, the probability for each field
would also be equal, being about 0.3333. When a sam-
ple plots within a tectonic field, its probability for that field
would increase rapidly as the sample moves away from the
tectonic field boundary into that particular field. In other
words, the sample would have a probability value for that
particular tectonic field >0.5000 or >0.3333, depending on
the region where it actually plots, whether away from the
triple point or close to it, respectively. The highest proba-
bility values for samples belonging to a given field were
used to calculate the statistics (mean £ 1SD, ) and the
range of probability values for that field. This information
is included next to the number of samples in Table 2.

Coming back to our first example of the Pilbara craton,
20 samples (out of 25) showed the highest probability of
0.804 £ 0.132 (range of 0.5611-0.9553) for the combined
IA + CA field, only one sample indicated the highest
probability of 0.5785 for the CR field, and four samples
had the highest probability of 0.822 + 0.267 (range of
0.4241-0.9965) for the Col setting (Table 2). Note that this
diagram contains only the combined IA + CA field, the
separate IA and CA fields being absent. This procedure
was repeated for the other four diagrams of Verma et al.
(2012), all of which discriminate three (out of four) tec-
tonic settings at a time (Table 2). The combined IA + CA
field is missing from all of them.

The synthesis row highlighted in bold face (see the row
identified by 1a. Pilbara craton (Australia) in Table 2)
presents the sum of the samples {Xn} plotting in a given
field, the sum of the highest probability values for the
respective samples {Xprob}, and the total percent proba-
bility estimate [%prob] for each of the four tectonic set-
tings being discriminated (IA, CA, CR, and Col), although
{Xn} and {Xprob} data are also included for the com-
bined IA + CA field. The method of calculation of [%prob]
is explained in detail by Verma (2012). Thus, out of the
total of 125 samples corresponding to all five diagrams
20 samples plotted in the TA + CA fields ({X¥n} = 20) and
had the total probability of 16.0801 ({Xprob} = 16.0801).
Similarly, for the IA, CA, CR, and Col fields, total numbers
of samples were 33, 47, 5, and 20, respectively, with total
probability values of about 25.7007, 35.9898, 3.6144, and
16.1438, respectively. The total probability of 16.0801 for
IA + CA had to be assigned proportionately to the total
probability of IA and CA fields. Thus, the total percent
probability values for the 1A, CA, CR, and Col were about
33.2%, 46.5%, 3.7%, and 16.6%, respectively. Because this
total percent probability value was the highest for the CA
field (46.5%), a CA setting is indicated from the interpre-
tation of all five diagrams (Table 2) for the Pilbara craton
during the Palaeoarchaean. Note that the ‘by-chance’ total
percent probability for any of the four fields (IA, CA, CR,
or Col) would be 25% only. The actual total percent prob-
ability values of 46.5% and 33.2% for both the CA and [A
fields are significantly greater than this value; this is par-
ticularly true for the CA field (CA 46.5% > 1A 33.2%
> by-chance 25%). Consequently, if a CA setting were
inferred for the Pilbara craton during the Palaecoarchaean,
the diagram (IA—CR—Col), from which the CA field is
absent, can be declared as the inapplicable diagram accord-
ing to the convention used by the original authors (Verma
et al. 2012); this is indicated by an asterisk (*) in Table 2.

The four Palaecoarchacan intermediate rock samples
from the Pilbara craton (Table 1) also indicated a CA
setting with a total percent probability of 56.8% for this
tectonic field (case study la in Table 3).

For the second part of the first case study (1b) for
the Pilbara craton during the Mesoarchaean, only seven
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Table 5. Application of the set of five discriminant function-based multidimensional discrimination diagrams (Agrawal et al. 2008) to

Archaean basic and ultrabasic rocks.

Number of discriminated samples [x & s of probability

Total values] (range of probability values for samples)
number of
Locality Tectonic diagram samples IAB CRB+0OIB CRB OIB MORB
Barberton belt IAB-CRB + OIB-MORB 7 0 0 - - 7
(South Africa) IAB-CRB-OIB* 7 0 - 0 7 -
IAB-CRB-MORB 7 0 - 0 - 7
IAB-OIB-MORB 7 0 - - 0 7
CRB-OIB-MORB 7 - — 0 0 7
3a. Barberton belt {Xn} [Yosuccess] {35} {0} {0} [-] {0} {7} {28}
(South Africa) [0%] [0%] [20%] [80%]
North Caribou greenstone IAB-CRB + OIB-MORB 16 8 0 - - 8
belt (Canada) IAB-CRB-OIB 16 9 - 3 4 -
IAB-CRB-MORB 16 8 - 0 — 8
TAB-OIB-MORB 16 8 - - 0 8
CRB-OIB-MORB 16 — — 0 0 16
7. North Caribou {Xn} [Yosuccess] {80} {33} {0} [-] {3} {4} {40}
greenstone belt [41%] [4%] [5%] [50%]
(Canada)
Abitibi greenstone belt IAB-CRB + OIB-MORB 19 0 0 - - 19
(Canada) IAB-CRB-OIB* 19 0 - 11 8 -
IAB-CRB-MORB 19 0 - 0 - 19
IAB-OIB-MORB 19 0 - - 0 19
CRB-OIB-MORB 19 - - 0 0 19
8. Abitibi greenstone belt {Xn} [Yosuccess] {95} {0} {0} [-] {11} {8} {76}
(Canada) [0%] [12%] [8%] [80%]
Gadwal greenstone IAB-CRB + OIB-MORB 21 20 0 - - 1
belt (India) IAB-CRB-OIB 21 20 - 0 1 -
IAB-CRB-MORB 21 20 - 0 - 1
IAB-OIB-MORB 21 20 - - 0 1
CRB-OIB-MORB* 21 - - 0 0 21
10. Gadwal greenstone belt {Xn} [Yosuccess] {105} {80} {0} [-] {0} {1} {24}
(India) [76%] [0%] [1%] [23%]

samples of acid rocks were available (Table 1). These sam-
ples clearly showed a subduction-related setting (Table 2),
but the distinction between the CA and IA settings was
not so clear (the total percent probability of 43.8% for
the CA setting was only slightly greater than 39.4% for
the [A).

For the final part of this case study (lc) for the
Neoarchaean, only three samples of acid rocks (Table 1)
were available, which clearly showed a Col setting
(Table 2), with a very high total percent probability of
94.7%.

Thus, for the Pilbara craton, the tectonic setting
of CA during the Palacoarchacan to Mesoarchaean
may have changed to Col during the Neoarchaean. The
original authors (Jahn et al. 1981) did not comment
on the actual tectonic setting for the Pilbara craton,
although they discussed that these rocks were presumably
derived from basaltic sources. Bickle et al. (1983), on
the other hand, pointed out the similarities of the REE
patterns of the Pilbara rocks with modern IA and CA.
In spite of such geochemical similarities, these authors

refrained from inferring a tectonic setting for these
Archaean rocks because of some other geochemical
differences between the Archaean rocks and the modern
Andean-type magmatism.

Kambalda (Australia)

Thirty-five Neoarchaean rock samples from Kambalda
consisted of 1 acid, 17 intermediate, and 17 basic magma
(Table 1). The sample of acid rock indicated an IA set-
ting with a very high probability approaching 1 (results
are not shown in Table 2). Seventeen samples of inter-
mediate rocks (Table 3) showed an TA setting in two
sets of diagrams of Verma and Verma (2012). The
total percent probability values for IA in these major
element-based and immobile major and trace element-
based diagrams were very high (about 68.8% and 78.8%,
respectively).

For the immobile major and trace element-based dia-
grams for basic or ultrabasic rocks (Verma and Agrawal
2011), only five samples (out of 17) had complete data
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Table 6. Application of the set of five discriminant function-based multidimensional discrimination diagrams (Verma et al. 2006) to
Archaean basic and ultrabasic rocks.

Number of discriminated samples [x & s of probability
values] (range of probability values for samples)

Total
number of
Locality Tectonic diagram samples IAB CRB OIB MORB
Kambalda (Australia) IAB-CRB-OIB-MORB 17 15 0 0 2
IAB-CRB-OIB 17 15 1 1 -
IAB-CRB-MORB 17 13 0 - 4
IAB-OIB-MORB 17 16 - 1 0
CRB-OIB-MORB* 17 - 5 4 8
2. Kambalda {Zn} [Ysuccess] {85} {59} [70%] {6} [7%] {6} [7%] {14} [16%]
Barberton belt (South Africa) IAB-CRB-OIB-MORB 5 0 5 0 0
IAB-CRB-OIB 5 0 0 5 -
IAB—-CRB-MORB 5 0 0 — 5
IAB-OIB-MORB 5 0 - 5 0
CRB-OIB-MORB 5 - 0 5 0
3a. Barberton belt (South {Xn} [Yosuccess] {25} {0} [0%] {5} [20%] {15} {5} [20%]
Africa) [60%)]
North Caribou greenstone belt [AB-CRB-OIB-MORB 15 14 0 0 1
(Canada) IAB-CRB-OIB 15 14 1 0 -
IAB—-CRB-MORB 15 13 0 - 2
IAB-OIB-MORB 15 14 - 0 1
CRB-OIB-MORB* 15 - 1 3 11
7. NorthCaribou greenstone {Xn} [Yosuccess] {75} {55} [73%] {2} [3%] {3} [4%] {15} [20%]
belt (Canada)
Abitibi greenstone belt IAB-CRB-OIB-MORB 14 10 2 0 2
(Canada) IAB-CRB-OIB 14 13 1 0 -
IAB-CRB-MORB 14 12 0 - 2
IAB-OIB-MORB 14 11 - 3 0
CRB-OIB-MORB* 14 - 5 5 4
8. Abitibi greenstone belt {Xn} [Yosuccess] {70} {46} [67%] {8} [11%] {8} [11%] {8} [11%]
(Canada)
Gadwal greenstone belt (India) TAB-CRB-OIB-MORB 7 7 0 0 0
IAB-CRB-OIB 7 7 0 0 -
IAB-CRB-MORB 7 7 0 — 0
IAB-OIB-MORB 7 7 - 0 0
CRB-OIB-MORB* 7 - 5 0 2
10. Gadwal {Zn} [Ysuccess] {35} {28} [80%] {5} [14%] {0} [0%] {2} [6%]

greenstone belt (India)

set, all of which plotted well inside the arc field (see
probability values of 0.9712—1.0000; Table 4). The cor-
responding total percent probability was also very high
(83.4%, Table 4). For the other set of immobile element-
based diagrams (Agrawal ef al. 2008), complete data were
not available for any sample (note Table 5 does not include
Kambalda). Finally, 17 samples in the major element-based
diagrams for basic or ultrabasic rocks (Verma et al. 2006)
also indicated an IA setting with very high percent success
(% success of about 70%, Table 6; note the probability cal-
culation procedure for individual samples is not available
for this set of diagrams).

Thus, all sets of diagrams applied to this area con-
sistently showed an IA setting for Kambalda during the
Neoarchaean. The original authors (Arndt and Jenner
1986) did not mention anything about the probable tectonic
setting of their samples.

Barberton belt (South Africa)

For the third case study (3a and 3b, Table 1), 9 sam-
ples of intermediate rocks and 12 samples of basic rocks
were complied from this area. Although both sets of
rocks are Palacoarchaean, 11 samples (1 intermediate and
10 basic) are somewhat older (about 3470 million years)
than the remaining 10 samples (8 intermediate and 2 basic,
3300-3260 million years).

Out of 10 basic rock samples of the older group (3a,
Table 1), no sample had complete data set for the immobile
element-based diagrams of Verma and Agrawal (2011).
Seven of these samples did have complete data for the
diagrams of Agrawal et al. (2008), which clearly showed
a MOR setting for them (Figure 1, Table 5). For the major
element-based diagrams of Verma et al. (2006) only 5 of
these 10 samples had complete major element data (for five
samples, Na;O concentration data were missing). These
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Figure 1. Application of the set of five immobile trace element-based discriminant function DF1-DF2 discrimination diagrams (see
the subscript tl in all these diagrams; Agrawal et al. 2008) for basic rocks from Barberton (South Africa), Caribou (Canada), Abitibi

AQ10 (Canada), and Gadwal (India). The numbers of samples for tectonic setting of island arc (IAB), combined tectonic setting of continental
rift and ocean island (CRB + OIB), continental rift (CRB), ocean island (OIB), and mid-ocean ridge (MORB) are given in Table 5. The
%success values are also included in Table 5. The symbols are shown as inset in (A), in which the numbers before the country names
refer to the case study numbers in Table 1. Note for the Gadwal area, the symbol in green refers to a discordant outlier. (A) Three tectonic
settings IAB-CRB + OIB-MORB; (B) three tectonic settings IAB—-CRB—-OIB; (C) three tectonic settings IAB-CRB-MORB; (D) three
tectonic settings IAB-OIB-MORB; and (E) three tectonic settings CRB-OIB-MORB.
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in which the numbers before the country names refer to the case study numbers in Table 1. The arrows in diagrams (A), (B), (D), and
(E) indicate that the data plot outside the diagrams. (A) Four tectonic settings IAB-CRB—OIB-MORB; (B) three tectonic settings IAB—
CRB-OIB; (C) three tectonic settings IAB-CRB-MORB; (D) three tectonic settings IAB-OIB-MORB; and (E) three tectonic settings

CRB-OIB-MORB.
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five samples, at first instance, indicated an OI basalt setting
(Table 6). However, for three major elements NayO, K;O,
and P,Os, the data reported to only one significant digit
(0.01-0.05%) seem to be of poor quality, most of which
were very likely close to the respective detection limits.
These data are, therefore, likely characterized by extremely
large analytical errors. This may be the reason why these
samples plotted even outside the plot area in most of these
diagrams (Figures 2B, D, and E). Therefore, we should not
seriously consider these results (Figure 2, Table 6). Finally,
a single intermediate rock sample from the older group (3a,
Table 1) with complete data for two of the three sets of dia-
grams of Verma and Verma (2012), indicated an A setting.
Note that the MOR setting inferred from the basic rock
samples is missing from this set of diagrams.

The eight intermediate rock samples from the younger
group (3b, Table 1) had complete data set for two of the
three sets of diagrams of Verma and Verma (2012). Both
sets of diagrams consistently indicated an IA setting for
these samples with high total percent probability values of
77.3% for all major element-based diagrams and 57.8%
for immobile trace element-based diagrams (Table 3). The
remaining probability of 22.7% and 42.2%, respectively,
was for the CA setting. Therefore, a subduction-related
setting, most likely an TA setting, seems to be confirmed
for the Barberton belt for the relatively younger group of
Palacoarchaean intermediate rocks (3b in Tables 1 and 3).
The two samples of basic rocks (3b, Table 1) plotted mostly
in the IA and MOR fields in the major element-based
diagrams (Figure 2), but indicated a MOR setting in the
immobile element-based diagrams (Figure 1). Poor qual-
ity of at least two major elements (K,O and P,Os) may
have caused the discrepancy in the major element-based
diagrams.

The original authors (Lahaye et al. 1995) did not com-
ment on the probable tectonic setting for their rocks from
the Barberton belt. Nevertheless, our results indicate a
MOR setting for the older group (3470 million years) and
an IA setting for the younger group (3300-3260 million
years). Thus, a transition from a MOR to an IA setting
could be inferred for the Barberton belt during the period
3470 to 3260 million years.

Sdo Francisco craton (Brazil)

For the fourth case study, eight samples of acid and four
of intermediate rocks were compiled (Table 1). The acid
rock samples showed an IA setting with a high total percent
probability of 60.4% (Table 2). Only two (out of four) inter-
mediate rock samples had complete data for the second set
of diagrams based on major and trace elements (Verma
and Verma 2012), which did not indicate any consistent
result (results of only two samples were not included in
Table 3). For the third set of diagrams based on immobile
trace elements, no sample had complete data set.

In summary, the multidimensional diagrams for acid
and intermediate magmas can be interpreted to show
an arc setting for the Sdo Francisco craton during the
Mesoarchaean, which is consistent with the conclusion of
the original authors (Oliveira et al. 2010).

Rio Maria terrane (Brazil)

Twelve samples of acid rocks from the Bannach area of
the Rio Maria terrane (Oliveira et al. 2009) indicated a
CA setting with a high total percent probability of 62.5%
(Table 2). Two samples of intermediate rocks from the same
area showed a Col setting in two sets of diagrams of Verma
and Verma (2012). Oliveira et al. (2009) also presented
data for other areas of the Rio Maria terrane from the liter-
ature sources. These and other geochemical data should,
in future, be considered along with the age constraints,
to better understand the tectonic inferences from multidi-
mensional diagrams. These authors (Oliveira et al. 2009)
did not discuss about the tectonic setting of Rio Maria.
Nevertheless, a subduction-related setting has been pro-
posed for this area during the Mesoarchaean (Leite et al.
2004; Oliveira et al. 2011). Our results for acid rocks are
consistent with this proposal.

Carajdas metallogenic province (Brazil)

All samples compiled from this province proved to be acid
rocks. These 28 samples of the Neoarchaean acid rocks
indicated a within-plate setting with a high total percent
probability of 66.9% (Table 2). Both papers, from which
the data were compiled (Barros et al. 2009; Sardinha et al.
2006), also indicated a within-plate setting for the study
area.

North Caribou greenstone belt (Canada)

Out of 29 samples of the Mesoarchaecan compiled from
this belt, 6 samples proved to be acid, 7 intermediate, and
16 basic rocks. The acid rock samples indicated a CA
setting with the total percent probability of about 47.0%
(Table 2); for the IA setting this probability value (28.1%)
was considerably lower and close to the by-chance prob-
ability value (25%). All three sets of diagrams for inter-
mediate magma showed an IA setting for North Caribou
with very high percent probability values of 64.1-78.6%
(Table 3).

Eleven (out of 16) basic rock samples had complete
data set for the immobile element-based diagrams of Verma
and Agrawal (2011). This set of diagrams showed an arc
setting with a very high total percent probability of 83.1%
(Table 4). A transitional MOR to arc setting (%success
of about 50-41%, Table 5) was instead indicated from
Agrawal et al. (2008) diagrams. Nevertheless, 15 basic
rock samples with complete data set clearly showed an arc
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setting for this area in the major element-based diagrams
of Verma et al. (2006), because a high %success of about
73% (Table 6) was obtained for this tectonic setting.

Our results of an IA setting are consistent with the
original authors (Hollings and Kerrich 1999), who also
hypothesized an arc setting for this area.

Abitibi greenstone belt (Canada)

Out of 30 Neoarchaean rock samples compiled from this
area, 7 proved to be intermediate, 19 basic, and 4 ultraba-
sic (Table 1). Seven intermediate rock samples indicated
an [A setting in all three sets of diagrams (%prob of
60.2-76.6%, Table 3). Eleven (out of 19) basic and four
ultrabasic rock samples had complete data for the immobile
element-based diagrams of Verma and Agrawal (2011).
They indicated an A setting with a high total percent prob-
ability of 77.7% (Table 4). For the diagrams of Agrawal
et al. (2008), 15 basic and 4 ultrabasic rock samples with
complete dataset showed instead a MOR setting with a high
total percent probability of 80% (Figure 1, Table 5). It is not
clear at present why these diagrams do not indicate an arc
setting. The major element-based diagrams of Verma et al.
(2006) indicated an arc setting for 10 basic and 4 ultraba-
sic rocks (high %success of about 67%, Table 6, Figure 2).
Although Lahaye ef al. (1995) did not mention the proba-
ble tectonic setting for their samples, an arc setting would
be consistent with Kerrich ez al. (1998).

Archaean sanukitoid suite (Canada)

For the ninth case study, 10 samples of acid and 6 of
intermediate rocks were compiled (Table 1). The acid
rock samples showed a Col setting with a high total per-
cent probability of 60.0% (Table 2). The same setting
(Col) was also indicated for intermediate rock samples
from major element-based and immobile trace element-
based diagrams, with high total percent probability values
([%prob] of 64.7% and 83.2%, respectively, Table 3).
However, the set of diagrams based on immobile major
and trace elements (Verma and Verma 2012) indicated a
CA setting, with a somewhat lower total percent probability
value of 53.1% (Table 3).

In summary, the multidimensional diagrams for acid
and intermediate magmas can be interpreted to show a
Col setting for these Neoarchaean rocks from Canada.
The original authors (Stevenson et al. 1999) argued for a
more complex scenario for their rocks and stated that their
emplacement may have post-dated the subduction or Col
event in the western Superior Province.

Gadwal greenstone belt (India)

Twenty-one Neoarchaean basic rock samples were com-
piled from this area (Table 1). The immobile element-based

diagrams of Verma and Agrawal (2011) showed an arc
setting with a high total percent probability of 65.1%
(Table 4). An arc setting (%osuccess of about 76%, Table 5)
was also indicated from Agrawal et al. (2008) diagrams.
Seven basic rock samples with complete data set (out of
21, K, O data were missing for 14 samples) clearly showed
an arc setting for this area in the major element-based
diagrams of Verma et al. (2006), because a very high %suc-
cess of about 80% (Table 6) was obtained for this tectonic
setting.

Our results of an IA setting are consistent with the
original authors (Manikyamba ez al. 2005), who also
hypothesized a subduction-related setting for this area.

Kolar suture zone (India)

Out of seven Neoarchaean rock samples compiled from this
area (six acid and one intermediate, Table 1), six acid rock
samples from the Kolar suture zone indicated a Col setting,
with a total percent probability value of 54.7% (Table 2).
One intermediate rock sample from this area also showed
a Col setting. Thus, a Col setting is indicated for this
suture zone. However, according to Krogstad ef al. (1995),
a subduction-related setting is likely for this area, although
the arguments for the validity of this tectonic setting were
not clearly presented by these authors.

Additional remarks

The use of SINCLAS computer program (Verma et al.
2002) is mandatory, because this program allows an objec-
tive separation of the igneous rock samples from a given
area into acid, intermediate, and basic or ultrabasic vari-
eties. Thus, suitable sets of diagrams can be chosen for
the application. Besides, TecD computer program (Verma
and Rivera-Gomez 2012) facilitates the application of the
diagrams for basic and ultrabasic magmas.

When DODESSYS computer program (Verma and
Diaz-Gonzalez 2012) was used to identify discordant out-
liers, the discordant observations in some cases plotted in a
different tectonic field than the remaining bulk of observa-
tions. As an example, one sample (identified as a discordant
outlier from DODESSYS) from the Gadwal greenstone
belt (Manikyamba et al. 2005) consistently plotted away
from the remaining samples in Figure 1. Examining the
original paper (Manikyamba et al. 2005), we noticed that
this particular sample (G16) had a very high Nb concen-
tration (6.26 g g~!) as compared to all other samples
(range of Nb concentration of 0.31-1.41 g g~!), but sam-
ple G16 did not show significant differences for any other
elements, not even for any other high-field strength ele-
ments. Therefore, it is very likely that this Nb concentration
value may be due to a typographical error in the original
data table (Manikyamba et al. 2005); alternatively, some
analytical problems may explain this discrepancy.
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From the above discussion, a generally good function-
ing of the multidimensional diagrams for Archaean rocks
can be inferred. Similar conclusions of good functioning
of multidimensional diagrams were reached from studies
for basic and ultrabasic (Verma et al. 2006; Agrawal et al.
2008; Verma 2010; Verma and Agrawal 2011), as well as
acid (Verma et al. 2012) and intermediate magmas (Verma
and Verma 2012). Possible reasons for such a good func-
tioning of discrimination diagrams are explained by Verma
(2012).

In this study, only major element-based diagrams were
available for acid magmas, although for other magma vari-
eties, all kinds of diagrams based on all major elements
or immobile elements could be used. Still newer diagrams
for acid magmas based on immobile elements (currently
under preparation by Verma and colleagues) can be used
in future to confirm or rectify the results of acid diagrams.
The probability-based approach would certainly reinforce
such geological applications.

To promote a more efficient use of these new multi-
dimensional diagrams and probability calculations (Verma
et al. 2012; Verma and Verma 2012), an updated ver-
sion of TecD (Verma and Rivera-Gomez 2012) is currently
being written, which will allow data input from an Excel or
Statistica spreadsheet. In the mean time, potential users can
send the authors their data (in Excel) for processing them
in Statistica software. Thus, anybody interested in multi-
dimensional diagrams can use this innovative probability-
based methodology.

Conclusions

Applications of new multidimensional diagrams (proposed
by our group during 2006-2012), based on natural loga-
rithms of element ratios and linear discriminant analysis,
to Archaean igneous rocks from Australia, South Africa,
Brazil, Canada, and India have been successfully doc-
umented. Probability calculations have been shown to
successfully replace the newer diagrams proposed during
2011-2012. Therefore, such probability-based methods,
proposed and used by Verma (2012) and also practiced
in this study, are likely to open new ways of interpreting
geochemical data.
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