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ABSTRACT 

 

ASSESSMENT OF DISCRIMINATION OF MAFIC RO CKS USING TRACE 

ELEMENT SYSTEMATICS WITH MACHINE LEARNIN G 

 

Öztürk, Mehmet Sinan 

Doctor of Philosophy, Geological Engineering 

Supervisor: Assoc. Prof. Dr. Kaan Sayēt 

 

December 2019, 294 pages 

 

Having an important role in the elucidation of the evolution of ancient oceans and 

related continental fragments, the determination of original tectonic settings of ancient 

igneous rocks is an essential part of the geodynamic inferences. Geochemical 

classification of mafic rocks is important for the tectono-magmatic discrimination of 

igneous rocks especially when geological information is insufficient as the link of the 

igneous rocks to their original tectonic setting had been erased due to large scale 

events.  

Starting from 1960s, first traditional methods (functions of elements or element ratios, 

bivariate and ternary diagrams of elements or element ratios), and then, recently, 

modern methods such as decision trees, support vector machines, sparse multinomial 

regression and random forest have been applied to develop tectono-magmatic 

discrimination methods.  

The purpose of this study is to assess new and better classification methods which are 

both statistically and geochemically rigorous using trace element systematics with 

decision tree learning, an effective machine learning method for classification. Dataset 

included a large number of samples well distributed through different tectonic settings 

(continental arcs, continental within-plates, mid-oceanic ridges, oceanic arcs, oceanic 
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back-arc basins, oceanic islands and oceanic plateaus) as classes. Data is gathered 

from high quality articles which is known to follow accurate geochemical sampling 

procedures and have their samples analyzed in internationally accredited and 

trustworthy laboratories. Only element ratios have been used as features in order to 

increase the successful applicability of constructed decision trees to external datasets. 

With this study, successful decision trees with their alternatives are proposed for the 

tectono-magmatic discrimination between (1) subduction and non-subduction 

settings, (2) arc-related and back-arc-related settings within subduction settings, (3) 

oceanic arcs and continental arcs within arc-related settings, (4) oceanic and 

continental settings within subduction settings, (5) oceanic arcs and oceanic back-arcs 

within subduction-related oceanic settings, (6) mid-oceanic ridges + oceanic plateaus 

and oceanic islands + continental within-plates within non-subduction settings, (7) 

mid-oceanic ridges and oceanic plateaus within non-subduction settings and (8) 

oceanic islands and continental within-plates within non-subduction settings. 

 

 

Keywords: Decision trees, machine learning, tectonic discrimination, mafic rocks, 

trace elements  
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ÖZ 

 

MAFĶK KAYA¢LARIN AYIRDIMLANMASININ ESER ELEMENT 

SĶSTEMATĶĴĶ KULLANILARAK MAKĶNE ¥ĴRENĶMĶ ĶLE 

DEĴERLENDĶRĶLMESĶ 

 

Öztürk, Mehmet Sinan 

Doktora, Jeoloji M¿hendisliĵi 

Tez Danēĸmanē: Doç. Dr. Kaan Sayēt 

 

Aralēk 2019, 294 sayfa 

 

Eski magmatik kaya­larēn original tektonik ortamlarēnēn belirlenmesi, eski 

okyanuslarēn ve ilgili kēta par­alarēnēn evriminin aydēnlatēlmasēnda ºnemli bir rol 

oynamakla birlikte; jeodinamik ­ēkarēmlarēn yapēlmasē a­ēsēndan ºnemli bir konudur. 

Mafik kaya­larēn jeokimyasal sēnēflandērmasē, ºzellikle kaya­ ile original tektonik 

ortamē arasēndaki baĵlantēnēn b¿y¿k ºl­ekli olaylarēn etkisiyle silindiĵi ve yeterli 

jeolojik bilginin mevcut olmadēĵē durumlarda, magmatik kaya­larēn tektono-

magmatik olarak ayērdēmlanmasē i­in ºnemli hale gelmektedir.  

1960ôlē yēllardan baĸlayarak, tektono-magmatik ayērdēmlama yºntemleri geliĸtirmek 

amacēyla, ºnce geleneksel yºntemler (element veya element oranlarēnēn kullanēldēĵē 

fonksiyonlar, iki veya ¿­ deĵiĸkenli diyagramlar) ve daha sonra ise, ºzellikle son 

zamanlarda karar aĵa­larē, destek vektºr makineleri, seyrek multinomial regresyon ve 

rastgele orman gibi modern yºntemler kullanēlmēĸtēr.  

Bu ­alēĸmanēn amacē, eser element sistematiĵi ile birlikte sēnēflandērmalar için etkin 

bir makine ºĵrenimi yºntemi olan karar aĵacē ºĵrenmesini kullanarak hem istatistiksel 

hem de jeokimyasal a­ēdan daha titiz, daha yeni ve daha iyi sēnēflandērma yºntemleri 

ºnermektir. ¢alēĸmada kullanēlan verisetinde, sēnēflar olarak farklē tektonik ortamlara 

(kētasal yay, kēta i­i tabakalarē, okyanus ortasē sērtlarē, oknayus yaylarē, okyanus yay 
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arkasē havzalarē, okyanus adalarē ve okyanus platolarē) ait iyi daĵēlēm gºsteren ­ok 

sayēda numune i­ermektedir. Veri, doĵru jeokimyasal numuneleme prosed¿rleri takip 

edilerek örneklenen ve uluslararasē akreditasyona sahip g¿venilir laboratuvarlarda 

analiz edilmiĸ numunelerin kullanēldēĵē y¿ksek kaliteli makalelerden elde edilmiĸtir. 

Sēnēflandērmada, oluĸturulan karar aĵa­larēnēn harici very setlerine de baĸarēyla 

uygulanabilmesi amacēyla, parameter olarak sadece element oranlarē kullanēlmēĸtēr. 

Bu ­alēĸma ile, (1) yitim zonlarēnda yer alan ve yer almayan tektonik ortamlar, (2) 

yitim zonlarēnda, yay i­erisinde veya yay gerisinde bulunan tektonik ortamlar, (3) yay 

içerisinde yer alan okyanus yaylarē (OA) ve karasal yaylar (CA), (4) yitim zonlarēnda 

okyanusal ortama ait ve karasal ortama ait tektonik ortamlar, (5) okyanusal ortama ait 

yitim zonlarēnda yay i­erisinde (OA) veya yay gerisinde (OBAB) yer alan tektonik 

ortamlar, (6) yitim zonlarēnda yer almayan tektonik ortamlar arasēnda okyanus ortasē 

sērtē ve okyanus platosu (MOR ve OP) ile okyanus adasē ve karasal kēta i­i (OI ve 

CWP), (7) okyanus ortasē sērtē (MOR) ve okyanus platosu (OP) ile (8) okyanus adasē 

(OI) ve karasal kēta i­i (CWP) tektonik ortamlarēnē birbirinden baĸarēyla ayērdēmlamak 

amacēyla alternatifleri ile birlikte, karar aĵa­larē oluĸturulmuĸ ve ºnerilmiĸtir. 

Anahtar Kelimeler: Karar aĵa­larē, makine ºĵrenimi, tektonik ayērdēmlama, mafik 

kayaçlar, eser elementler 
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CHAPTER 1  

 

1. INTRODUCTION  

 

1.1. Purpose and Scope 

The determination of original tectonic settings of ancient igneous rocks is an essential 

part of the geodynamic inferences since it plays an important role in the elucidation 

of the evolution of ancient oceans and related continental fragments. As a natural 

consequence of plate tectonics, the Earthôs lithospheric plates go through the Wilson 

cycles, which ends up with the destruction of oceanic lithosphere, and eventually the 

collisional orogenesis. It is not surprising that these large-scale events may have totally 

erased the link of the igneous rocks to their original position/setting. The 

fragmentation and slicing are very effective in the orogenic systems so that most 

oceanic- and continent-derived pieces occur as tectonic slices or blocks within the 

subduction-accretion complexes and mélanges. Thus, tectono-magmatic 

discrimination of igneous rocks, especially within such occurrences has always been 

an important problem to solve when relevant geological information is insufficient. In 

this regard, the geochemical features of rocks are of critical importance (Pearce and 

Cann, 1973). 

On the third phase of geochemistry, which begins with the development of new 

qualitative and quantitative geochemical methods; new definitions, such as 

abundance, accuracy, and precision, have been released and gained importance. The 

true representation of rocks by the sample became much more critical along with these 

definitions. Measurement of accuracy with the use of standard samples was probably 

the first steps of todayôs quality assurance and quality control (QA/QC) procedures. 

Shaw and Bankier (1954) emphasized the importance of statistics in geochemistry as 

the best technique for handling a large amount of geochemical data in the literature. 
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They applied several statistical evaluation methods such as F-test and modified t-test 

for the diabases from Ontario and stated that the application of statistical methods 

could be very important for geochemists, especially related to the distributions of 

observations in geochemistry. 

The idea (Ahrens, 1954a, 1954b; Chayes, 1954) that deals with any connection 

between the nature and chemical composition of rocks initially focused on the 

distribution of elements within igneous rocks. Ahrens (1954a) examined the chemical 

composition of diabases and granites from different locations such as New England 

and Ontario with a wide range of chemical properties and evaluated the frequency 

distributions of thirteen elements (K, Rb, Cs, F, Sc, Zr, Cr, Co, La, Pb, Mo, Ga, and 

V). He stated that the concentration of these elements shows a log-normal distribution 

in a specific igneous rock; hence, they require log-transformation in order to compare 

the dispersion of different elements and make predictions about the nature of igneous 

rocks. Chayes (1954), on the other hand, suggested that log-normal distribution would 

only be possible for trace and minor elements but not for major elements in crystalline 

rocks. Ahrens (1954b) presented more examples for the distributions of elements in 

granites, diabases, and muscovites and emphasized three elements for granites: Ga 

(small dispersion), Zr (moderate dispersion) and Cr (extreme dispersion). Ahrens 

(1954b) evaluated the distribution of elemental ratios (K/Rb, Rb2O/TiO2 and Sr/Ca) 

for the first time and also examined the relationship between the arithmetic 

mean/geometric mean ratio and the magnitude of dispersion in order to support the 

similar findings with the previous study. 

Discrimination methods have not only been applied in order to discriminate original 

tectonic settings of basalts and other volcanic rocks but for some other reasons such 

as rock classification (Kuno, 1960; Kushiro and Kuno, 1963; Streckeisen, 1967; 

Winchester and Floyd, 1977; Barker, 1983; Ewart, 1982; Le Bas et al., 1986), rock 

series discrimination based on various factors such as alkalinity (Chayes, 1966; Irvine 

and Baragar, 1971; Miyashiro, 1975; Miyashiro and Shido, 1975; Peccerillo and 

Taylor, 1976; Floyd and Winchester, 1975, Hastie et al., 2007), oceanic-continental 
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separation (Ahrens, 1954a, 1954b, Chayes, 1964, 1965; Chayes and Velde, 1965), and 

nature of magma sources (Pearce and Stern, 2006). Apart from basic igneous rocks, 

tectonomagmatic discrimination methods have also been applied for other type of 

rocks such as intermediate or acidic rocks (Taylor and White, 1966; Arth, 1979; 

Bailey, 1981; Pearce et al., 1984; Whalen et al., 1987; Eby, 1992; Gorton and Schandl, 

2000; Pandarinath, 2008; Verma et al., 2012; Verma and Verma, 2013; Verma and 

Oliveira, 2013; Verma et al., 2013; Verma et al., 2015), or sedimentary rocks (Roser 

and Korsch, 1986; Bhatia and Crook, 1986; Amstrong-Altrin and Verma, 2005; 

Verma and Altrin, 2013 and Verma and Altrin, 2016). Rocks have also been 

discriminated not only based on their geochemistry but on their mineralogy 

(Morimito, 1988). 

Kuno (1960) classified basaltic rocks under three groups: tholeiites, high-alumina 

basalts, and alkali basalts. Kushiro and Kuno (1963), on the other hand, modified this 

classification using mantle norm calculations and major element chemistry of rocks. 

They plotted samples in binary diagrams of Na2O+K2O vs CaO+MgO and Na2O+K2O 

vs SiO2 in order to discriminate different types of basalts from each other visually. 

They did not consider the tectonic discrimination of igneous rocks but using binary 

diagrams for the visual representation for classification of basalts guided other 

researchers to apply similar methods in tectonic discrimination of igneous rocks. 

The idea that the magmas from different tectonic settings such as volcanic arcs, back-

arcs, ocean floors or within-plates may be discriminated through the differences in 

their chemistry was first pioneered by Pearce and Cann (1971, 1973); but before them, 

Chayes and Velde (1965) had already attempted to distinguish two basalt types of 

island arcs and ocean islands from each other just by using discrimination functions 

of major elements (Verma, 2010). 

The concept of tectono-magmatic discrimination is simply based on the comparison 

of previously determined element concentrations or ratios in the rocks of unknown 

tectonic setting with those of known tectonic setting (Pearce and Cann, 1973). Most 
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of these tectono-magmatic discrimination methods have been designed for basic and 

ultrabasic rocks with SiO2 < 52% (Rivera-Gómez and Verma, 2016). However, there 

are also fewer diagrams for intermediate or acidic rocks with SiO2 > 52% or even 

sedimentary rocks (Bailey, 1981; Bhatia, 1983; Bhatia and Crook, 1986; Roser and 

Korsch, 1986; Gorton and Schandl, 2000; Dare et al., 2009). 

From these methods, traditional tectono-magmatic discrimination diagrams (bivariate 

or ternary) are well-known and highly preferred by the researchers even today. 

Especially, ternary diagrams have the major advantage of visualizing three variables 

in two dimensions, providing visibility of relative proportions of all variables in a 

single diagram (Verma, 2017). Usually, traditional discrimination diagrams are easy 

to use; but, despite their advantage of visualizing capacity, they are considered to be 

fairly inaccurate (Vermeesch, 2006a). Based on the application of traditional diagrams 

to a variety of tectonic settings by several researchers (eg. Li, 2015), it was concluded 

that they are not functioning effectively as they do not provide high success rates 

(Verma, 2010), especially when used for tectono-magmatic discrimination of 

hydrothermally altered or highly weathered rocks or of older, complex or transitional 

settings (Rivera-Gómez and Verma, 2016). There are also some inconsistencies 

related to magma mixing, crustal contamination, degree of partial melting, and mantle 

versus crustal origin (Verma, 2017). Many discrimination diagrams are not 

statistically rigorous for several reasons such as their decision boundaries are drawn 

by eye (Vermeesch, 2006a). They violate the basic assumption of randomness and the 

normal distribution of the plotted variables (Verma, 2015). Another important defect 

of these diagrams is the use of a limited database for the construction of these diagrams 

(Verma, 2017). Diagrams are created using only a limited amount of samples of a 

certain sampling area, which limits users to classify only data from similar tectonic 

settings. They can also discriminate only a few (two or three) tectonic settings 

(Agrawal, 1999; Agrawal and Verma, 2007; Verma, 2010). The existence of 

overlapped regions with combinations of two or more tectonic settings in a single 

decision field prevents a complete classification. Unclassified regions in ternary 
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diagrams are another problem, which returns no result for samples plotting on these 

regions. For traditional discrimination diagrams, closure (constant sum) is another 

problem (Chayes, 1960, 1971; Aitchison, 1983, 1984, 1986, Agrawal and Verma, 

2007) and is not generally considered carefully (Chayes, 1971; Aitchison, 1986; 

Woronow and Love, 1990). Diagrams are also vulnerable to the existence of missing 

data as their success ratio falls drastically (Vermeesch, 2006a).  

Discrimination diagrams are highly preferred as they do not require complicated 

discriminant methods. Since the first use of discrimination diagrams in order to 

classify different tectonic settings by Pearce and Cann (1973), a variety of 

discrimination diagrams have been proposed by different authors. For having the 

major advantage of their visualizing capacity in two dimensions, these diagrams have 

been frequently used by both petrologists and non-petrologist for many years (Verma, 

2017). The researchers proposing the first tectonic discrimination diagrams in the 

early 1970s, had access only to a limited number of trace elements that could be 

analysed with analytical methods such as X-ray Fluorescence Spectrometry (XRF) 

and Instrumental Neutron Activation Analysis (INAA) with reasonable accuracy. 

Mobile elements such as Rb, Ba, and Sr restricted or eliminated the use of these 

diagrams for altered samples. However, with the development of inductively- coupled 

plasma mass spectrometry (ICP-MS) in 1970s, it became possible to analyse a wide 

spectrum of trace elements, with lower detection limits and higher analytical accuracy, 

allowing researchers such as Pearce, Wood and Shervais to choose elemental 

ratios/groups that best reflect the elemental fractionation for the crustal/mantle 

processes operating within diverse tectonic settings. It has been approved that magma 

compositions from different tectonic settings have a wide range of distributions. The 

number of analyses of basalts has increased drastically obtaining researchers to have 

access to a huge database of analytical data (Li, 2015). 

Because of the continuous debate for the application of traditional discrimination 

methods as a result of low success ratios, researchers are encouraged to search for 

newer robust discrimination methods such as advance of new multi-dimensional 
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discrimination diagrams, which is based on linear discriminant analysis (LDA) of log-

transformed ratios of major elements and selected relatively immobile major and trace 

elements (eg. Agrawal et al., 2004 using major elements; Verma et al.,2006 using log-

transformed ratios of major elements; Agrawal et al., 2008; Verma et al.,2011 using 

log-transformed ratios of relatively immobile trace elements) or machine learning 

methods such as decision trees (Vermeesch, 2006a), random forests, support vector 

machines (SVM) or sparse multinomial regression (SMR) (Ueki, 2017) or 

modification of existing traditional discrimination diagrams by application of linear 

discriminant analysis (LDA) (Vermeesch, 2006b). 

For the development of multi-dimensional discrimination diagrams, compositional 

data have been handled by some studies (Aitchison, 1981, 1983, 1984, 1986; Egozcue, 

2003). These studies suggested log-ratio transformation for the solution of problems 

arising from compositional data. Caution is required while handling compositional 

data through conventional statistical methods (eg. Pearson, 1897; Chayes, 1960; 1971; 

Aitchison, 1983, 1984; 1986; Rollinson, 1993, Egozcue et al., 2003; Pawlowsky-

Glahn and Egozcue, 2006; Agrawal and Verma, 2007; Buccianti, 2013; Verma, 2015). 

For statistical handling of compositional data, Aitchison (1981, 1984, 1986) 

developed a solution in terms of log-transformation prior to the application of 

conventional statistical tools (Verma et al., 2016). Later, Egozcue et al. (2003) 

provided another type of log-ratio transformation (Verma, 2015). Data is normally 

distributed as long as multivariate discordant outliers are detected and eliminated 

(Verma, 2015). Additive log-ratio transformation of Aitchison (1981) was used by 

several researchers (Verma et al., 2006; Agrawal et al., 2008; Verma and Agrawal, 

2011) for basic and ultrabasic igneous rocks. Development of multi-dimensional 

discrimination diagrams generally follows the order of construction of training 

databases, log-ratio transformations, discordant outlier detection and elimination, 

application of statistical tests for the choice of elements, application of multi-variate 

technique of linear discriminant analysis, and determination of probability-based 

tectonic field boundary equations. Probability values for individual samples were 
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calculated using methods of Agrawal (1999) and Verma and Agrawal (2011) and used 

to decide the tectonic fields in which a given sample plots (Verma, 2017). One of the 

disadvantages of multi-dimensional discrimination diagrams is the use of complex 

equations that have to be solved for these probability calculations. The development 

of a computer program is necessary for an efficient, accurate and routine application 

of these diagrams (Verma et al., 2016).  

Several discriminant-function based multi-dimensional discrimination diagrams 

(Agrawal et al., 2004, 2008; Verma et al., 2006; Verma and Agrawal, 2011) are 

proposed to identify tectonic settings. These diagrams generally focused on the 

discrimination of five tectonic settings: island arcs, continental arcs, continental rifts, 

oceanic islands, and continental collisions (Verma, 2017). In general, binary and 

ternary discrimination diagrams are found to be less useful than multi-dimensional 

diagrams (Verma, 2017; Gomez and Verma, 2016; Verma and Oliveira, 2015; Verma 

et al., 2015; Li, 2015, Pandarinath, 2014; Pandarinath and Verma, 2013, Verma et al., 

2012; Verma, 2010; Sheth, 2008). Indeed, Verma (2010) concluded that newer 

methods such as the multidimensional diagrams worked satisfactorily with a high 

success rate as a result of his evaluation of all discrimination diagrams through an 

extensive database. The success rate of discrimination diagrams falls drastically when 

used with granitic or felsic rocks and sedimentary rocks (Rivera-Gómez and Verma, 

2016). 

Application of decision trees in the development of tectono-magmatic discrimination 

methods is limited to Vermeesch (2006a), which only discriminated three tectonic 

settings (island arcs, mid-ocean ridges and ocean islands). The use of mobile elements 

and isotope ratios for decision trees decreased their efficiency and applicability. 

Therefore, new decision tree alternatives are required using an extensive geochemical 

database in order to discriminate a variety of tectonic settings (more than six).  

This study focuses on finding a more effective way for the tectono-magmatic 

discrimination methods of basic igneous rocks (basalts, trachybasalts, picrobasalts, 
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foidites and tephrites/basanites). For this purpose, it is aimed first to assess the trace 

element systematics of the basic igneous rocks from different tectonic settings. This 

is followed by the integration of the decision tree algorithm on the selected 

geochemical features of these rocks. Although the main focus remains on the rocks of 

basic chemical composition, extensive external datasets of intermediate/acidic 

igneous rocks (basaltic andesites, basaltic trachyandesites, phonotephrites, andesites, 

trachyandesites, tephriphonolites, phonolites, trachytes/trachydacites, dacites and 

rhyolites along with basalts, trachybasalts, picrobasalts, foidites and 

tephrites/basanites) are also be used in order to evaluate the applicability of provided 

decision trees for the more evolved compositions. 

1.2. Review of Tectono-Magmatic Discrimination Methods of Basic Igneous 

Rocks 

In order to discriminate basalts and other basic igneous rocks based on their original 

tectono-magmatic settings, following the use of a single discriminating criteria of 

elements (such as Chayes, 1964; Chayes, 1965) or functions with the combination of 

elements (such as Chayes and Velde, 1965), the traditional discrimination diagrams 

(bivariate or ternary) have first been proposed by several researchers (bivariate: Pearce 

and Gale, 1977; Pearce and Norry, 1979; Shervais, 1982; Pearce, 1982; ternary: Pearce 

and Cann, 1973; Pearce et al., 1977; Wood, 1980; Mullen, 1983; Meschede, 1986; 

Cabanis and Lecolle, 1989). Discriminating functions with a combination of elements 

or element ratios have also been applied in traditional discrimination diagrams by 

several researchers (Pearce, 1976; Butler and Woronow, 1986). 

Traditional discrimination diagrams are still in use for nearly four decades in order to 

classify different tectono-magmatic settings such as island arc, continental rift, ocean 

floor, ocean island and mid-oceanic ridge on the basis of their chemistry and their 

effectiveness is frequently tested and evaluated by many other researchers (Verma, 

2010, 2016; Li, 2015; Gomes and Verma, 2016; Verma, 2017). 
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These diagrams have been followed by multi-dimensional discriminant function 

diagrams with the implementation of statistical methods such as log-ratio 

transformation and linear discriminant analysis (Agrawal et al., 2004; Verma et al., 

2006; Agrawal et al., 2008) or with the implementation of machine learning methods 

such as decision tree learning (Vermeesch, 2006a) or support vector machines (SVM), 

random forest and sparse multinomial regression (SMR) approaches (Ueki et al., 

2017). 

1.2.1. Elements as Discriminating Criteria 

Chayes (1964) and Chayes (1965) applied a single elementôs concentration (TiO2) as 

a discriminating criterion.  

Chayes (1964) searched through an extensive database of oceanic island basalts 

(Atlantic, Indian and Pacific) and circumoceanic basalts (Japan, South Pacific, South 

America, Central America, Mexico, Alaska and Aleutian Chain, Kamchatka and 

Kurile Chain and Indonesia) on the basis of their chemistry and included 834 analyses 

of oceanic and 1003 analyses of circumoceanic rocks.  

He evaluated the sample distributions of Thornton-Tuttle index and proposed a 

classification based on TiO2 content and the degree of alkalinity (relative to SiO2 and 

Al 2O3) and came up with a statement that oceanic basalts are normatively alkaline and 

contain more than 1.75% TiO2 content in discrimination of oceanic and circumoceanic 

basalts from each other. 

Chayes (1965) examined the distribution of elements for oceanic and circumoceanic 

basalts and determined that the average TiO2 content of circumoceanic and ocean 

island basalts are 1.15% and 3.05% with respectively. Although there are similar 

differences through other oxides, they are highly overlapped.  

He also stated that TiO2 content of rocks along with alkalinity is a discriminating 

factor between oceanic and circumoceanic basalts with a discrimination value of 
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1.75%. Out of 360 circumoceanic basalts, 32 samples and out of 497 oceanic basalts, 

29 samples have been misclassified based on TiO2 content. 

1.2.2. Traditional Bivariate Diagrams 

Traditional bivariate diagrams are generally based on immobile or high field strength 

elements such as Ti, Zr, Nb, Y, and V, providing an advantage for these diagrams to 

be applied for discrimination of altered samples.  

Pearce and Cann (1973) published a binary diagram in order to discriminate ocean-

floor basalts, low-potassium tholeiites and calc-alkali basalts from island arcs using 

Ti and Zr. The Ti-Zr diagram (Figure 1.1) is applicable to the altered samples. Ocean-

floor basalts (regions B and D), low-K tholeiites (regions A and B) and calc-alkali 

basalts (regions B and C) are discriminated with this diagram. 

 

 

Figure 1.1. Bivariate diagram of Ti versus Zr by Pearce and Cann (1973) 
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Dilek and Furnes (2009) recently published another bivariate diagram of Ti versus Zr 

(Figure 1.2) in order to discriminate arc tholeiites, boninites, and mid-oceanic ridge 

basalts from each other.  

 

 

Figure 1.2. Bivariate diagram of Ti versus Zr by Dilek and Furnes (2009) 

 

Pearce (1975) studied four suites of volcanic rocks in Cyprus to investigate their past 

tectonic environments. Pearce (1975) published a new tectonic discrimination diagram 

based on Cr along with Ti (Figure 1.3) as a modified version of Pearce and Cann 

(1973). He studied volcanic rocks of Cyprus to understand the tectonic history of the 

island. The Troodos Massif is an ophiolite complex with a sequence of, from bottom 

to top (Moores and Vine, 1971), a plutonic complex (Böttcher, 1969), sheeted 

intrusive complex, lower pillow lavas, upper pillow lavas and pelagic sediments 

(Robertson and Hudson, 1973). These rocks have features of both ocean-floor and 
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island-arc. Pearce (1975) used 6 samples of lower pillow lavas, 13 samples of diabases 

and 9 samples of upper pillow lavas from Troodos Massif in Cyprus. 

 

 

Figure 1.3. Bivariate diagram of Pearce (1975) 

 

Pearce (1975) first applied Ti-Zr-Y and Ti-Zr diagrams (Pearce and Cann, 1971, 1973) 

in order to eliminate rock samples of within-plate origin. However, these diagrams are 

not satisfactory enough to distinguish between ocean-floor and volcanic arc settings. 

As elements Sr, Rb, and K are highly affected by alteration, Pearce (1975) carefully 

applied Ti-Zr-Sr diagram (Pearce and Cann, 1973). Most samples fall into ocean-floor 

basalts; Sr-enriched samples fall into island-arc field. Pearce (1975) developed a new 

discrimination diagram using elements Ti and Cr in order to distinguish ocean-floor 

and island-arc basalts. According to the Ti-Cr discrimination diagram, the lower 
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pillow lavas and diabases of the Troodos Massif fall into both ocean-floor basalts and 

island arc tholeiites, whereas the upper pillow lavas have low Cr concentrations 

indicating an island-arc origin as previously defined by Miyashiro (1973). He used 

samples from Pearce and Cann (1973) to construct a bivariate diagram of Ti-Cr in 

order to discriminate ocean-floor basalts (OFB) and island arc low-K tholeiites (LKT). 

The importance of Ti is its relative insensitivity to secondary processes (Cann, 1970). 

Cr is also not largely affected by alteration (Bloxam and Levis, 1972) and a good 

discriminator between ocean floor and island-arc basalts (Figure 1.3). 

Pearce and Gale (1977) studied the tectonic environments of formation of 

volcanogenic massive sulfide deposits and porphyry tin and copper deposits. They 

considered stable trace element geochemistry of meta-basalts in these deposits 

(especially Ti, Zr, Y, Nb, Cr and rare earth elements) and suggested a bivariate 

diagram of Ti/Y versus Zr/Y (Figure 1.4) in order to discriminate two grouped tectonic 

settings from each other using a dividing line; which are the combination of different 

tectonic settings: plate margins including island arcs and mid-ocean ridges (ocean-

floor basalts) or within-plates including rifts and ocean island settings. This diagram 

is analogous to the Ti-Zr-Y diagram of Pearce and Cann (1973). 

Pearce and Norry (1979) used analysis data of HFSE (High-Field Strength Elements) 

along with Ti, Zr, Y, and Nb from mafic and volcanic rocks. By the comparison of the 

results of these analyses, they published a new discrimination diagram using Zr/Y 

ratio and Zr (Figure 1.5). This element ratio to element diagram has a logarithmic scale 

in both axes and discriminated between island-arc, MOR and within-plate settings. On 

the diagram, Zr content increases from island-arc and mid-oceanic ridge towards 

within-plate basalts. Island-arc basalts, though some overlap exists, have lower Zr and 

Zr/Y ratio with respect to mid-ocean ridge basalts. Alkali basalts both in mid-ocean 

ridges and within-plate regimes have the highest Zr/Y ratios. This element ratio-ratio 

bivariate diagram is still widely applied for discrimination of these settings. 
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Figure 1.4. Bivariate diagram of Pearce and Gale (1977) 

 

 

Figure 1.5. Bivariate diagram of Pearce and Norry (1979) 
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Pearce et al. (1981) introduced a Ti-Zr diagram (Figure 1.6) for the lavas of the Oman 

ophiolite, using lower back-arc spreading units and upper arc units. The diagram 

discriminates within-plate lavas, mid-ocean ridge basalts, and arc lavas from each 

other. Pearce et al. (1981) used samples of various sources as Pearce (1980) and Aldiss 

(1978). In the diagram, the field defined for mid-ocean ridge basalts is completely 

intersected with arc lavas and within-plate lavas. 

 

 

Figure 1.6. Bivariate diagram of Pearce et al. (1981) 

 

Pearce (1982) published three diagrams: a binary diagram of Nb/Y versus Ti/Y ratios 

on a log-log scale (Figure 1.7), K2O/Yb versus Ta/Yb ratios on a log-log scale (Figure 

1.8), and Ce/Yb versus Ta/Yb ratios on a log-log scale (Figure 1.9). 
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Figure 1.7. Bivariate diagrams of Peace (1982) using Ti/Y versus Nb/Y 

 

 

Figure 1.8. Bivariate diagrams of Peace (1982) using K2O/Yb versus Ta/Yb 
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Figure 1.9. Bivariate diagrams of Peace (1982) using Ce/Yb versus Ta/Yb 

 

Shervais (1982) used analyses of Ti and V to construct a new bivariate diagram that 

can discriminate four tectonic settings within both modern and ophiolitic lavas: ocean 

basins, island arcs, back-arc basins, and continental interiors. Shervais (1982) stated 

that MORB has a uniform distribution of Ti/V without difference between N-MORB 

and E-MORB, and also tholeiitic flood basalts can be discriminated from MORB 

despite their similarity. Tholeiitic and alkali basalts plot in distinct fields with 

minimum overlap, reflecting several factors such as mantle sources, degree of partial 

melting, and volatiles. Volcanic rocks from island arc-related settings may be divided 

into three groups based on their alkalinity, and they show broad variations of Ti and 

V. Basalts in back-arc basins show overlaps with MOR and island arc volcanic rocks. 

These settings were discriminated by the Ti versus V diagram of Shervais (1982), 

using equi-Ti/V boundaries drawn by eye (Figure 1.10). 
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Figure 1.10. Bivariate diagram of Shervais (1982) 

 

Pearce (1983) published two diagrams: a bivariate diagram of Ta/Yb versus Th/Yb 

(Figure 1.11) and a bivariate diagram of Zr versus Zr/Y (Figure 1.12). The first 

diagram is quite similar to diagrams of Pearce et al. (1981), discriminating arc-related 

basalts from within-plate and mid-oceanic ridge basalts, using a similar structure of 

enclosed regions. A somewhat similar version, but including Nb (instead of Ta) was 

proposed by Pearce and Peate (1995). The second diagram, on the other hand, simply 

discriminates continental arcs from oceanic arcs using a single line. Pearce (1983) 

stated that continental arcs have a higher ratio of Zr/Y compared to oceanic arcs, 

regardless of their Zr content. 
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Figure 1.11. Bivariate diagrams by Pearce (1983) using Ta/Yb versus Th/Nb 

 

 

Figure 1.12. Bivariate diagrams by Pearce (1983) using Zr versus Zr/Y 
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Pearce et al. (1984) published a bivariate diagram of Cr vs TiO2 (Figure 1.13) in order 

to discriminate SSZ (supra-subduction zone) ophiolites from MOR ophiolites. The 

SSZ ophiolite mantle is generally more residual than that of MOR ophiolites. They 

are derived by higher degrees of melting of a similar source or by similar degrees of 

melting of a less fertile source. 

 

 

Figure 1.13. Bivariate diagram of TiO2 versus Cr by Pearce et al. (1984) 

 

Dilek et al. (2007), on the other hand, modified this diagram and published another 

bivariate diagram of Y versus Cr as this diagram (Figure 1.14) in order to discriminate 

between boninites, arc tholeiites and mid-ocean ridge basalts from each other. Dilek 

et al. (2007) used magmas of Western-type ophiolites in order to define regions of 

MORB and lavas and dikes of the Eastern-type ophiolites in order to define regions 

of island arc tholeiites and boninites. 
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Figure 1.14. Bivariate diagram of Y versus Cr by Dilek et al. (2007) 

 

Hollocher et al. (2012) published two bivariate diagrams (Figure 1.15 and Figure 1.16) 

in order to discriminate mid-oceanic ridge basalts, ocean islands and a variety of arc-

type basalts from each other. Hollocher et al. (2012) used the analysis results of the 

samples from the Upper Allochthon metamorphosed igneous rocks of the 

Scandinavian Caledonides in Norway over a large region with well-defined but 

discontinuous units, for which analysis data were taken from PetDB. Data were 

filtered in order to include only volcanic glass with a SiO2 range of 45-55%. Element 

conversion using a conversion factor was applied in order to increase the number of 

samples plotted in diagrams. The filtered dataset included 1.586 mid-oceanic ridge 

basalts, 518 oceanic-arc and 1.793 continental arc, 1.021 alkaline arc, 958 back-arc 

basin, and 2.438 ocean island samples. Discriminant lines were drawn by eye with 

wide overlapping fields. 
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Figure 1.15. Bivariate diagrams of Hollocher (2012) using La/Yb vs Nb/La 

 

 

Figure 1.16. Bivariate diagrams of Hollocher (2012) using La/Yb vs Th/Nb 
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Saccani (2015) published a new bivariate tectonomagmatic discrimination diagram 

using N-MORB-normalized values of Th and Nb for the tectonomagmatic 

discrimination of different ophiolitic basalts (Figure 1.17). More than 2000 ophiolitic 

basalts from ten different basalt localities were used in order to obtain this diagram. 

The diagram is used for discrimination of convergent and divergent plate settings from 

each other and also discrimination of back-arcs, subduction unrelated settings and 

rifted margins, fore-arcs, intra-arcs, island arcs and volcanic arcs. 

 

 

Figure 1.17. Bivariate diagrams of Saccani (2015) using normalized values of Th versus Nb 
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1.2.3. Traditional Ternary Diagrams  

Traditional ternary diagrams, as in the bivariate diagrams, are also based on relatively 

immobile elements such as Ti, P, Zr, Hf, Nb, Y, and V. The use of these elements in 

discrimination diagrams is an advantage for the application of diagram for altered 

samples and especially from older terrains (Verma, 2010). Ternary diagrams can also 

be replaced by natural log-ratio bivariate diagrams (Verma and Agrawal, 2010). 

Pearce and Cann (1973) used analyses for Ti, Zr, Y, Nb, and Sr in basaltic rocks from 

different tectonic settings to construct their discrimination diagrams. The distinctions 

between different tectonic settings in the discrimination diagram were obtained by 

selected elements as axes instead of discrimination functions, used by Pearce and Cann 

(1971). Present-day volcanic rocks are classified based on tectonic settings associated 

with their eruption. They defined four major groups: ocean-floor basalts as diverging 

plate margins, volcanic arc basalts as converging plate margins, ocean-island basalts 

and continental basalts as within-plate regimes. Pearce and Cann (1973) selected 

randomly distributed rock samples from known tectonic settings in a statistically 

sufficient quantity. Samples were fresh, yet a small number was altered. Altered 

samples were not involved in diagrams of Sr. The results of analyses from the 

literature were also used when acceptable. A compositional limit of 20% > CaO+MgO 

> 12% were used to select rock samples. Pearce and Cann (1973) used 72 samples of 

ocean floor basalts from ocean ridges, 46 samples of low-K tholeiites, 60 samples of 

calc-alkali basalts and 9 samples of shoshonites from volcanic arcs, 78 samples of 

ocean island basalts from ocean islands and 35 samples of continental basalts from 

continental settings for the construction of discrimination diagrams. Elements to be 

used for discrimination were selected as (1) they have great variation in concentration, 

(2) they are insensitive to secondary processes such as weathering and/or 

metamorphism, (3) their analyses are reproducible. Ti-Zr-Y diagram (Figure 1.18) is 

fi rst used to discriminate basalts erupted in both oceanic and continental plates. 

Within-plate basalts (region A), calc-alkaline basalts (region B and C), ocean floor 

basalts (region C) and low-K arc tholeiites (region C and D) are discriminated through 
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this diagram. For the rock samples not classified as ñwithin-plate basaltò by 

discrimination by the Ti-Zr-Y diagram, Pearce and Cann (1973) established another 

ternary diagram using Ti-Zr-Sr (Figure 1.19). Tectonic discrimination diagrams are 

much more efficient when constructed based on stable elements as they are not easily 

affected by secondary processes such as weathering and metamorphism (Pearce, 

1975). The discrimination diagrams of Pearce and Cann (1971, 1973) are highly 

efficient for distinguishing magma types as they use stable elements Ti, Zr, Y, and 

Nb. Cr is another fairly stable element which is resistant to alteration (Bloxam and 

Levis, 1972). 

 

 

Figure 1.18. Discrimination diagrams of Pearce and Cann (1973) using Ti/100-Zr-Y*3 
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Figure 1.19. Discrimination diagrams of Pearce and Cann (1973) using Ti/100-Zr-Sr/2 

 

Wood et al. (1979) stated that discrimination using Zr-Ti-Y is problematic for magma 

types erupted at tectonically anomalous ridge segments with respect to those erupted 

at normal ridge segments. They also stated that these discrimination diagrams: (1) fail 

at the discrimination of tectonically different mid-ocean ridge segments, and (2) are 

restricted to a certain number of immobile trace elements detected by X-ray 

fluorescence (XRF). Wood et al. (1979) developed a new discrimination diagram 

using different elements (Th, Ta, Hf) which can be efficiently detected by instrumental 

neutral activation analysis (INAA). Wood et al. (1980) reconsidered the Hf/3-Th-Ta 

diagram (Wood et al., 1979) by using additional data (Figure 1.20). By the addition of 
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new data, Wood et al. (1980) modified the previous diagram so that it is possible to 

discriminate calc-alkaline lavas from island arc tholeiites. Wood et al. (1980) enlarged 

some fields and modified boundaries. 

 

 

Figure 1.20. Discrimination diagram of Wood (1980), modified after Wood et al. (1979) using Hf/3, 

Th and Nb/16 

 

Mullen (1983) divided the entire ternary field into six regions: ocean-island tholeiites 

(region A), mid-oceanic ridge basalts (region B), island arc tholeiites (region C), 

boninites (region D), calc-alkaline basalts (region E) and ocean-island alkali basalts 

(region F) using basic and ultrabasic rocks from different oceanic tectonic settings 

(Figure 1.21). Boninites and calc-alkaline basalt fields are not divided from each other 



 

 

 

28 

 

by a solid line. Since the diagram uses Mn, which is a relatively mobile element, it is 

especially applicable for fresh samples. 

 

 

Figure 1.21. Discrimination diagram of Mullen (1983) using TiO2, MnO*10, P2O5*10 

 

Meschede (1986) published the Zr-Nb-Y diagram (Figure 1.22) with a suggestion for 

two different types of ocean-floor basalt as N-MORB and E-MORB (also known as 

P-MORB) and their discrimination from each other using immobile trace element Nb. 

N-MORBs are depleted in incompatible trace elements, yet E-MORBs are generally 

enriched. Meschede (1986) used a ternary diagram of Zr/4, Nb*2, and Y in order to 

discriminate four tectonic settings for basaltic rocks. Within-plate alkali basalts 

(region A and B), within-plate tholeiites (region B and D), E-MORB (region C) and 
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N-MORB (region E) are discriminated through this diagram. The fields for these 

settings were defined on the basis of 1800 analyses of modern basalts with a 

compositional range between 12 and 20 for CaO + MgO. The fields are within-plate 

alkali basalts, within-plate tholeiites, E-MORB, N-MORB, and volcanic arc basalts. 

 

 

Figure 1.22. Discrimination diagram of Meschede (1986) using 2*Nb, Zr/4 and Y 

 

Cabanis and Lecolle (1989) used a comparatively small number of samples in order 

to publish a tectonic discrimination diagram on a ternary plot of La-Y-Nb 

concentrations (Figure 1.23). The diagram is used for the discrimination between 

volcanic arc basalts, continental basalts, and oceanic basalts. Volcanic arc basalts are 

subdivided into two groups: calc-alkali basalts and island-arc tholeiites. The settings 
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are defined in enclosed regions and there are regions where no tectonic setting is 

provided. 

 

 

Figure 1.23. Discrimination diagram of Cabanis and Lecolle (1989) using Y/15, La/10 and Nb/8 

 

1.2.4. Traditional Diagrams with Discriminating Functions 

Pearce (1976) performed linear discriminant analysis for major element oxides in 

order to discriminate six tectonic settings from each other: ocean floor basalts, island 

arc tholeiites, calc-alkali basalts, shoshonites, ocean-island basalts, continental 

basalts. A maximum number of 75 samples for each tectonic setting is selected from 

different localities. Only analyses where CaO+MgO are between 12 and 20% are 

selected. Only fresh samples were used. He published five discriminant functions 
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(Table 1.1). based on major element oxides (DF1, DF2, DF3, DF4, and DF5) and 

presented two discrimination diagrams based on DF1-DF2 DF3 (Figure 1.24) and 

DF1-DF3 (Figure 1.25). 

 

Table 1.1. Discrimination functions used in diagrams of Pearce (1976) 

Discrimination Functions 

DF1 
+0.0088SiO2-0.0774TiO2+0.0102Al2O3+0.0066FeO-0.0017MgO-0.0143CaO-

0.0155Na2O-0.0007K2O 

DF2 
-0.0130SiO2-0.0185TiO2-0.0129Al2O3-0.0134FeO-0.0300MgO-0.0204CaO-

0.0481Na2O+0.0715K2O 

DF3 
-0.221SiO2-0.0532TiO2-0.0361Al2O3-0.0016FeO-0.0310MgO-0.0237CaO-

0.0614Na2O-0.0289K2O 

 

 

 

Figure 1.24. Discrimination diagrams of Pearce (1976) using DF1 and DF2 

 














































































































































































































































































































































































































































































































































