ASSESSMENT OF DISCRIMINATION OF MAFIC ROCKS USING TRACE
ELEMENT SYSTEMATICS WITH MACHINE LEARNING

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MEHMET SINAN OZTURK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFDOCTOR OF PHILOSOPHY
IN
GEOLOGICAL ENGINEERNG

DECEMBER 2019






Approval of the thesis:

ASSESSMENT OF DISCRMINATION OF MAFIC RO CKS USING TRACE
ELEMENT SYSTEMATICS WITH MACHINE LEARNING

submitted byMEHMET SINAN OZTURK in partial fulfillment of the requirements
for the degree oboctor of Philosophyin Geological EngineeringDepartment,
Middle East Technical University by,

Prof . Dr. Hal il Kal ep- @&l ar
Dean, Graduate School Nftural and Applied Sciences

Prof. Dr.Erdin Bozkurt
Head of DepartmenGeological Engineering

Assoc. Prof. Drkaan Sayét
SupervisorGeological Engineering METU

Examining Committee Members:

Assoc.Prof. DrBi | t an K¢r k- ¢07 1 u
Geological Engineering, Hacettepe University

Assoc. Prof. Drkaan Sayét
Geological EngineeringMETU

Assist. Prof. DrFatma Toksoy Koksal
Geological Engineering, METU

Assist. Pof. Dr.A |l i Kmer
Geological Engineering, METU

Assoc. Prof. DrH. Evren Cubukcu
Geological Engineering, Hacettepe University

Date:27.12.2019



| hereby declare that all information in this document has been obtained ah
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced all
material and results that are not original to this work.

Name,Surname Mehmet SinarOztiirk

Signature



ABSTRACT

ASSESSMENT OF DISCRMINATION OF MAFIC RO CKS USING TRACE
ELEMENT SYSTEMATICS WITH MACHINE LEARNIN G

Oztiirk Mehmet Sinan
Doctor of PhilosophyGeological Engineering
SupervisorAssoc. Prof. Drk aan Sayeét

December 201,294 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 bk tgeodynamic inferences. Geochemical
classification of mafic rocks is important for the tectanagmatic discrimination of
igneous rocks especially when geological information is insufficient as the link of the
igneous rocks to their original tectonic tsey 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 decisioms$tesupport vector machines, sparse multinomial
regression and random forest have been applied to develop teckgmoatic

discrimination methods.

The purpose of this study is to assess new and better classification methods which are
both statistically ath 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 argscontinental withipplates, midoceanic ridges, oceanic arcs, oceanic



backarc 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 havtheir 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, succeful decision trees with their alternatives are proposed for the
tectonemagmatic discrimination between (1) subduction and -sudrduction
settings,(2) arcrelated andackarcrelatedsettings within subduction settings, (3)
oceanic arcs and continentatcs within arerelated settings, (4) oceanic and
continental settings within subduction settings, (5) oceanic arcs and oceanardmck
within subductiorrelatedoceanic settings, (6) midceanic ridges + oceanic plateaus
and oceanic islands + continenwathin-plates within nonsubduction settings, (7)
mid-oceanic ridges and oceanic plateaus within-sidoduction settings and (8)

oceanic islands and continentathin-plates within nonsubduction settings.

Keywords: Decision trees, machine learninggctonic discrimination, mafic rocks,

trace elements
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CHAPTER 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 Eart
cycles, which ends up with the destruction of oceanic lithosphere, and eventually the
collisional orogenesis. It is not surprising that these laogde 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
oceanie and continentlerived pieces occur as tectonic slices or blocks within the
subductioraccretion complexes and mélanges. Thus, teetoagmatic
discrimination of igneous aks, 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 pase 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 gemple became much more critical along with these
definitions. Measurement of accuracy with the use of standard samples was probably
the first steps of todaydés quality assur
Shaw and Bankier (1954) emphasizedithportance of statistics in geochemistry as

the best technique for handling a large amount of geochemical data in the literature.



They applied several statistical evaluation methods suckiest Bnd modified-test
for the diabases from Ontario and sththat 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 natureand 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 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 showsariogl distribution

in a specific igneous rock; hemahey require logransformation 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 thadtowl distribution would

only be possible for trace dminor 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 (moderathispersion) and Cr (extreme dispersion). Ahrens
(1954b) evaluated the distribution of elemental ratios (K/RRORIBO2 and Sr/Ca)

for the first time and also examined the relationship between the arithmetic
mean/geometric mean ratio and the magnitudéisgersion 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 tassification (Kuno, 1960; Kushiro and Kuno, 1963; Streckeisen, 1967;
Wincheser and Floyd, 1977; Barker, 1988wart, 1982; Le Bast al, 1986), rock

series discrimination based on various factors such as alkalinity (Chayes, 1966; Irvine
and Baragar, 197 Miyashiro, 19%; Miyashiro and Shido, 1975; Eerillo and
Taylor, 1976; Floyd and Winchestdr975 Hastieet al, 2007), oceanicontinental



separation (Ahrens, 1954a, 1954b, Chayes, 1964, 1965; Chayes and Velde, 1965), and
nature of magma sources éPee 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; Pearoet al, 1984; Whalert al, 1987; Eby, 1992; Gorton and Schandl,
2000; Pandarinath, 2008; Verma al, 2012; Verma and Verma, 2013; Verma and
Oliveira, 2013; Vermat al, 2013; Vermaet al, 2015), or sedimentary rocks (Roser
and Korsch, 1986; Bhatia and Crook, 19&8nstrong-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 groupseittes, highalumina
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®K20 vs CaO+MgO ad NaO+K20

vs SiQ 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 dyather

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

The idea that the magmas from different tectonic settings such as volcanic arecs, back
arcs, ocean floors or withiplates may be discriminated through the differenoes

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 tectoAmagmatic 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 (Rearad Cann, 1973). Most



of these tectonomnagmatic discrimination methods have been designed for basic and
ultrabasic rocks with Sigx 52% (RiveraGomez and Verma, 2016). However, there
are also fewer diagrams for intermediate or acidic rocks with Si&2% or even
sedimentary rocks (Bailey, 1981; Bhatia, 1983; Bhatia and Crook, 1986; Roser and
Korsch, 1986; Gorton and Schandl, 2000; Detral, 2009).

From these methods, traditional tectanagmatic discrimination diagrams (bivariate

or ternary) are weknown 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, 2@). 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 tectowisettings 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 tectommgmatic discrimination of
hydrothermally altered or highweathered rocks or of older, complex or transitional
settings (River&dGomez and Verma, 2016). There are also some inconsistencies
related to magma mixing, crustal contamination, degree of partial melting, and mantle
versus crustal origin (Verma, 2017Many 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 (Yfex, 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 é¢fgsenly 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 getim a single

decision field prevents a complete classification. Unclassified regions in ternary



diagrams are another problem, which returns no result for samples plotting on these
regions. For traditional discrimination diagrams, closure (constant suamather
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 agheir 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 settisgby 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 andpetnologist 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 asa}( Fluorescece 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 indueteeiyled

plasma mass spectrometry (K8F5) 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 sucseatios, researchers are encouraged to search for

newer robust discrimination methods such as advance of new-diménsional



discrimination diagrams, which is based on linear discriminant analysis (LDA)-of log
transformed ratios of major elements arnleécted relatively immobile major and trace
elements (eg. Agrawat al, 2004 using major elements; Veretaal. 2006 using log
transformed ratios of major elements; Agraeihl, 2008; Vermaet al.2011 using
log-transformed ratios of relatively immoeiltrace 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 bylagtion of linear

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

For the development of multiimensional discrimination diagrams, compositional
data have been handled by some studies (Aitchison, 1981, 1983, 1984, 1986; Egozcue,
2003). These studies syested logratio 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, T9260; 19
Aitchison, 1983, 1984; 198&Rollinson, 1993, Egozcuet 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 k@nsforméon prior to the application of
conventional statistical tools (Vermet al, 2016). Later, Egozcuet al. 003)
provided another type of legtio transformation (Verma, 2015). Dasanormally
distributed as long as multivariate discordant outliersdatected and eliminated
(Verma, 2015). Additive logatio transformation of Aitchison (1981) was used by
several researchers (Verraaal, 2006; Agrawalket al, 2008; Verma and Agrawal,
2011) for basic and ultrabasic igneous rocks. Development of-dmmkinsional
discrimination diagrams generally follows the order of construction of training
databases, leatio transformations, discordant outlier detection and elimination,
application of statistical tests for the choice of elements, application ofvaulkite
technique of linear discriminant analysis, and determination of probalggd

tectonic field boundary equations. Probability values for individual samples were



calculated using methods of Agrawal (1999) and Verma and Agrawal (2011) and used
to decide the tectonic fields in which a given samplesi/derma, 2017). One of the
disadvantages of multlimensional discrimination diagrams is the use of complex
equations that have to be solved for these probability calculations. The development
of a mmputer program is necessary for an efficient, accurate and routine application
of these diagrams (Verne al, 2016).

Several discriminanfunction based mukilimensional discrimination diagrams
(Agrawal et al, 2004, 2008; Vermat al, 2006; Verma ah 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).elrei@l, binary and
ternary discrimination diagrams are found to be less useful than-dimgnsional
diagrams (Verma, 2017; Gomez and Verma, 2016; Verma and Oliveira, 2015; Verma
et al, 2015; Li, 2015, Pandarinath, 2014; Pandarinath and Verma, 2013a¥eah

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
extensve database. The success rate of discrimination diagrams falls drastically when
used with granitic or felsic rocks and sedimentary rocks (RiGnaez and Verma,
2016).

Application of decision trees in the development of tectmragmatic discrimination
methods is limited to Vermeesch (2006a), which only discriminated three tectonic
settings (island arcs, migcean ridges and ocean islands). The use of mobile elements
and isotope ratios for decision trees decreased their efficiency and applicability.
Therebre, 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 teetasmgmatic

discrimination mé&ods of basic igneous rocks (basalts, trachybasalts, picrobasalts,



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 1eomatine rocks of

basic chemical composition, extensive external datasets of intermediate/acidic
igneous rocks (basaltimdesites, basaltic trachyandesites, phonotephrites, andesites,
trachyandesites, tephriphonolites, phonolites, trachytes/trachydacites, dacites and
rhyolites along with basalts, trachybasalts, picrobasalts, foidites and
tephrites/basanitesyealso be used order to evaluate the applicability of provided

decision trees for the more evolved compositions.

1.2.Review of TectoneMagmatic Discrimination Methods of Basic Igneous

Rocks

In order to discriminate basalts and other basic igneous rocks based on ¢jveal ori
tectonemagmatic 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; Peare¢ 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 ikgrams are still in use for nearly four decades in order to
classify different tectononagmatic settings such as island arc, continental rift, ocean
floor, ocean island and migceanic ridge on the basis of their chemistry and their
effectiveness is frequntly tested and evaluated by many other researchers (Verma,
2010, 2016; Li, 2015; Gomes and Verma, 2016; Verma, 2017).



These diagrams have been followed by mdlilthensional discriminant function
diagrams with the implementation of statistical methodshsas logratio
transformation and linear discriminant analysis (Agragtadl, 2004; Vermeet al,
2006; Agrawakt al, 2008) or with the implementation of machine learning methods
such as decision tree learning (Vermeesch, 2006a) or support vectonesg@&\WM),
random forest and sparse multinomial regression (SMR) approaches gtUaki
2017).

1.2.1.Elements as Discriminating Criteria

Chayes (1964) and Chayes (1965) amap!lied

a discriminating criterion.

Chayes (196) 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 Indonesian the basis of their chemistry and included 834 analyses

of oceanic and 1003 analyses of circumoceanic rocks.

He evaluated the sample distributions of Thorntottle index and proposed a
classification based on T#@ontent and the degree of alkalinftglative to SiQ@ and

Al203) and came up with a statement that oceanic basalts are normatively alkaline and
contain more than 1.75% Ti@ontent in discrimination of oceanic and circumoceanic

basalts from each other.

Chayes (1965) examined the distributiof elements for oceanic and circumoceanic
basalts and determined that the average: T@htent of circumoceanic and ocean
island basalts are 1.15% and 3.05% with respectively. Although there are similar

differences through other oxides, they are highlgrtapped.

He also stated that T¥rontent of rocks along with alkalinity is a discriminating

factor between oceanic and circumoceanic basalts with a discrimination value of



1.75%. Out of 360 circumoceanic basalts, 32 samples and out of 497 oceans; basal

29 samples have been misclassified based onclfitent.
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 thesemsgyr

be applied for discrimination of altered samples.

Pearce and Cann (1973) published a binary diagram in order to discriminate ocean
floor basalts, lowpotassium tholeiites and cadtkali basalts from island arcs using
Tiand Zr. The TiZr diagram Figure 1.1) is applicable to the altered samples. Ocean
floor basalts (regions B and D), leMvtholeiites (regions A and B) and cadékali

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

10000
Ti
(ppm)

C

50 160 150
Zr (ppm)

Figurel.1. Bivariate diagram of Ti versus Zr by Pearce and Cann (1973)
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Dilek and Furnes (2009) recently published another bivariate diagranvefslis Zr
(Figure 1.2) in order to discriminate arc tholeiites, boninites, andocednic ridge

basalts from ach other.
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Figurel.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. Peard®{5) published a new tectonic discrimination diagram
based on Cr alongith Ti (Figure 1.3 as amodified 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 aplite complex with a sequence of, from bottom

to top (Moores and Vine, 1971), a plutonic complex (Bottcher, 1969), sheeted
intrusive complex, lower pillow lavas, upper pillow lavas and pelagic sediments
(Robertson and Hudson, 1973). These rocks haverésaaf both oceafloor and

11



islandarc. 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.

Ocean Floor Basalts

‘IOOO_._._._._._ _._._._._._._._._._._._._.% _____________________________________
€
o
e
O

100 | N

Island Arc Low-K Tholeiites
10 ‘
1000 10000 100000
Ti (ppm)

Figurel.3. Bivariate dagram of Pearce (1975)

Pearce (1975) first applied-Er-Y and TiZr diagrams (Pearce and Cann, 1971, 1973)

in order to eliminate rock samples of witkprate origin. However, these diagrams are
not satisfactory enough to distinguish between odleam and volcanic arc settings.

As elements Sr, Rb, and K are highly affected by alteration, Pearce (1975) carefully
applied T+Zr-Sr diagram (Pearce and Cann, 1973). Most samples fall into-ioean
basalts; Senriched samples fall into islasadc field. Parce (1975) developed a new
discrimination diagram using elements Ti and Cr in order to distinguish -Bloean

and islandarc basalts. According to the-Tir discrimination diagram, the lower

12



pillow lavas and diabases of the Troodos Massif fall into bo#anfloor basalts and
island arc tholeiites, whereas the upper pillow lavas have low Cr concentrations
indicating an islandirc origin as previously defined by Miyashiro (1973). He used
samples from Pearce and Cann (1973) to construct a bivariate diafyiarcr in

order to discriminate ocedloor basalts (OFB) and island arc ldatholeiites (LKT).

The importance of Ti is its relative insensitivity to secondary processes (Cann, 1970).
Cr is also not largely affected by alteration (Bloxam and Levis2)18Ad a good

discriminator between ocean floor and islardbasalts 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 stablérace element geochemistry of méi@salts in these deposits
(especially Ti, Zr, Y, Nb, Cr and rare earth elements) and suggested a bivariate
diagram of Ti/Y versus Z¥ (Figure 1.4 in order to discriminate two grouped tectonic
settings from each othesimg a dividing line; which are the combination of different
tectonic settings: plate margins including island arcs andocedn ridges (ocean

floor basalts) or withirplates including rifts and ocean island settings. This diagram

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

Pearce and Norry (1979) used analysis data of HH&fh-Field Strength Elements)
along with Ti, Zr Y, and Nb fronmafic and volcanic rocks. By the comparison of the
results of these analyses, they published a newarigiination diagram using Zr/Y
ratioand Zr Figure 1.5. Thiselement ratio to element diagram has a logarithmic scale
in both axes and discriminated between islare MOR andvithin-platesettings. On

the diagram, Zr content increases from istandand midoceanic ridge towards
within-plate basalts. Islardrc basalts, though some overlap exists, have lower Zr and
Zr/Y ratio with respect to midcean ridge basalts. Alkali basalts both in foagan
ridges and withirplate regimes have the highest Zréfios. This element ratimtio

bivariate diagram is still widely applied for discrimination of these settings.
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Figurel.4. Bivariate diagram of Pearce and Gale (1977)
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Figurel.5. Bivariate diagram of Pearce and Norry (1979)
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Pearceet al. 1981) introduced a TZr diagram Figure 1. for the lavas of the Oman
ophiolite, using lower backrc spreading units and upper arc units. The diagram
discriminates whin-plate lavas, migbcean ridge basalts, and arc lavas from each
other. Pearcet al. 1981) used samples of various sources as Pearce (1980) and Aldiss
(1978). In the diagram, the field defined for ruidean ridge basalts is completely

intersected wittarc lavas and withiplate lavas.

Within-Plate Lavas

10000 -

Ti {ppm)

Arc Lavas

1000 T
10 100 1000
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Figurel.6. Bivariate diagram of Pearet al. (1981)

Pearce (1982) published three diagrams: a binary diagram of Nb/Y versus Ti/Y ratios
on a loglog scalgFigure 1.7) K2O/Yb versus Ta/Yb ratios on a lbog scale (Figure
1.8), and Ce/Yb versus Ta/Yb ratios on allogscale (Figure 1.9).
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Figurel.7. Bivariate diagrams of Peace (1982) using Ti/Y versus Nb/Y
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Figurel.8. Bivariate diagrams of Peace (1982) usin@Kb versus Ta/Yb
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Figurel.9. Bivariate diagrams of Peace (1982) using Ce/Yb versus Ta/Yb

Shervais (1982) useanalyses 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, baekc basins, and continental interiors. Shervais (1982) stated
that MORB has aniform distribution of Ti/V without difference betweerMORB

and EMORB, 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 seval factors such as mantle sources, degree of partial
melting, and volatiles. Volcanic rocks from island-egtated settings may be divided
into three groups based on their alkalinity, and they show broad variations of Ti and
V. Basalts in baclarc basis show overlaps with MOR and island arc volcanic rocks.
These settings were discriminated by the Ti versus V diagram of Shervais (1982),

using equiTi/V boundaries drawby eye (Figure 1.10).
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Figurel.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 \&rsus Zr/Y (Figure 1.12). Therst
diagram is quite similar to diagrams of Peagtal. (L981), discriminating arcelated
basalts from withirplate and miebceanic 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 diagr#me, 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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Figurel.11 Bivariate diagrams by Pearce (1983) using Ta/Yb versus Th/Nb
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Figurel.12. Bivariate diagrams by Pearce (1983) using Zr versus Zr/Y
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Pearceet al. 1984) published a bivatia diagram of Cr v3iO2 (Figure 1.13in order
to discriminate SSZ (supisubduction 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 sirailar source or by similar degrees of
melting of a less fertile source.

10000
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MORB

1000

0.01 0.1
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Figurel1.13. Bivariate diagram of Tigversus Cr by Pearcst al. 1984)

Dilek et al. 007), on the other hand, modified thisgteam and published another
bivariate diagram of Y versus Cr as tiagram (Figure 1.14) in ordey discriminate
between boninites, arc tholeiites and romkan ridge basalts from each other. Dilek
et al. 007) used magmas of Westdype ophiolites inorder to define regions of

MORB and lavas and dikes of the Eastgioe ophiolites in order to define regions
of island arc tholeiites and boninites.
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Figurel.14. Bivariate diagram of Y versus Cr by Dilekal. 007)

Hollocheret al. 012) published two bivariatkagrams (Figure 1.15 and Figure 1.16)

in order to discriminate migbceanic ridge basalts, ocean islands and a variety -of arc
type basalts from each other. Hollocle¢ral. 012) used the alysis results of the
samples from the Upper Allochthon metamorphosed igneous rocks of the
Scandinavian Caledonides in Norway over a large region with-deéthed but
discontinuous units, for which analysis data were taken from PetDB. Data were
filtered inorder to include only volcanic glass with a Sr@nge of 455%. Element
conversion using a conversion factor was applied in order to increase the number of
samples plotted in diagrams. The filtered dataset included 1.586am&hic ridge
basalts, 518 @eaniecarc and 1.793 continental arc, 1.021 alkaline arc, 958-aarck
basin, and 2.438 ocean island samples. Discriminant lines were drawn by eye with

wide overlapping fields.
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Figurel.15. Bivariate diagrms of Hollocher (2012) using La/Yb vs Nb/La
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Figurel1.16. 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 NMORB-normalized values of Th and Nb for the tectonomagmatic
discrimination of different ophiolitic basal(gigure 1.17. More than 2000 ophiolitic
basalts from ten different basalt localities were used in order to obtain this diagram.
The diagram is usddr discrimination of convergent and divergent plate settings from
each other and also discrimination of backs, subduction unrelated settings and

rifted margins, forearcs, intraarcs, island arcs and volcanic arcs.
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Figurel.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, &, 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 legtio bivarate 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 imetdiscrimination diagram were obtained by
selected elements as axes instead of discrimination functions, used by Pearce and Cann
(1971). Presenday volcanic rocks are classified based on tectonic settings associated
with their eruption. They defined fouanajor groups: oceaftoor basalts as diverging

plate margins, volcanic arc basalts as converging plate margins;islzeahbasalts

and continental basalts as witiptate regimes. Pearce and Cann (1973) selected
randomly distributed rock samples fromokmn 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 compaaitiomt 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 eKltholeiites, 60 samples of
calcalkali basalts and 9 samples of shoshonites from volaweg, 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@ai@toncentration,

(2) they are insensitive to secondary processes such as weathering and/or
metamorphism, (3) their analyses are reproducibl&rI¥ diagram Figure 1.18 is

first used to discriminate basalts erupted in both oceanic and continexiés. pl
Within-plate basalts (region A), calalkaline basalts (region B and C), ocean floor

basalts (region C) and let¢ arc tholeiites (region C and D) are discriminated through
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this di agr am. For t he rockplsaanep | lea&s anlotto
discrimination by the FZr-Y diagram, Pearce and Cann (1973) established another
ternary diagram using #r-Sr (Figure 1.19. Tectonic discrimination diagrams are

much more efficient when constructed based on stable elements as they are not easily
affeced 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 faiyl stable element which is resistant to alteration (Bloxam and

Levis, 1972).

Ti/100
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0O 10 20 30 40 50 60 70 80 90 100
Zr Y*3

Figure1.18. Discrimination diagrams of Pearce and Cann (1973) using FZ100:3
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Figure1.19. Discrimination diagrams of Pearce and Cann (1973) using TZ1-(8/2

Woodet al. (979) stated that discrimination using ®rY is problematic for magma
types erupted at tectonically anomalous ridge segments with respect to thosé erup
at normal ridge segments. They also stated that these discrimination diagrams: (1) fall
at the discrimination of tectonically different raidean ridge segments, and (2) are
restricted to a certain number of immobile trace elements detected-ray X
fluorescence (XRF). Wooet al. 1979) developed a new discrimination diagram
using different elements (Th, Ta, Hf) which can be efficiently detected by instrumental
neutral activation analysis (INAA). Woaet al. 1980) reconsidered the Hifth-Ta
diagram Woodet al, 1979) by using additiondata (Figure 1.20). Bthe addition of
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new data, Wooet al. 1980) modified the previous diagram so that it is possible to

discriminate cal@alkaline lavas from island arc tholeiites. Waaidhl. 1980) enlarged

somefields and modified boundaries.

Figure 1.20. Discrimination diagram of Wood (1980), modified after Wadal. 979) using Hf/3,
Th and Nb/16

Mullen (1983) divided the entire ternary field into six m@tg: oceafsland tholeiites
(region A), midoceanic ridge basalts (region B), island arc tholeiites (region C),
boninites (region D), calalkaline basalts (region E) and ocesiand alkali basalts
(region F) using basic and ultrabasic rocks from diffex@eanic tectonisettings

(Figure 1.21). Boninites acalcalkaline basalt fields are not divided from each other
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by a solid line. Since the diagram uses Mn, which is a relatively mobile element, it is

especially applicable for fresh samples.

TiOo,

100

0 10 20 30 40 50 60 70 80 90 100
MnO P,O;

Figurel.21. Discrimination diagram of Mullen (1983) using BLiMnO*10, BOs*10

Meschede (1986) published theMb-Y diagram (Figure 1.22) with suggestion for

two different types of oceattoor basalt as NVMORB and EMORB (also known as
P-MORB) and their discrimination from each other using immobile trace element Nb.
N-MORBs are depleted in incompatible trace elements, \MORBS are generally
enriched. Meschede (1986) used a ternary diagram of Zr/4, Nb*2( andrder to
discriminate four tectonic settings for basaltic rocWéithin-plate alkali basalts
(region A and B)within-platetholeiites (region B and D),-EKIORB (region C) and
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N-MORB (region E) are discriminated through this diagram. The fields fseth
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-plisitén

alkali basalts, withirplate tholeiites, BMORB, N-MORB, and volcanic arc basalts.

100
Zr/4

Figurel.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 ternpftot of LaY-Nb
concentrationsKigure 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: ca#tkali basalts and islararc tholéites. The settings
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are defined in enclosed regions and there are regions where no tectonic setting is

provided.
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Figurel.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, calalkali basals, shoshonites, ocedsland 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. Haighed 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-DF2 DF3 (Figure 1.24)and
DF1-DF3 (Figure 1.25).

Tablel.1. Discrimination functions used in diagrams of Pearce (1976)

Discrimination Functions

+0.0088SiQ@-0.0774TiQ+0.0102Ab03+0.0066Fe@.0017MgG0.0143Cae

DF1 0.0155Na0-0.0007Kk0O

-0.0130SiG-0.0185TiQ-0.0129A503-0.0134Fe@0.0300MgG0.02HM CaCG

DF2 0.0481Na0+0.0715k0

-0.221SiQ-0.0532TiQ-0.0361Ab0s-0.0016Fe@0.0310Mg(G0.0237Ca®

DF3 0.0614Na0-0.0289K0

Figurel.24. Discrimination diagrams of Pearce (1976) using DF1 and DF2
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