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Abstract: In this study Self-Organizing Map (SOM) neural network has been applied for clustering of high-
dimensional geological and geophysical data of Iran resulting numerical tectonic zoning. Visualization of high-
dimensional data in two-dimensional topology-preserving feature map (visualization of clusters) and also
visualization of component planes (visuahization of variables) are the other specific capahilities of 50M used
in this study. The component planes constructed here by SOM are successful in determining the effective
parameters in tectonic zoning. Although, there are some compatibilitics between numerncal maps constructed
here and the conventional maps but SOM provides more detailed identification and reliable interpretation about
different zones. Based on the especial properties of SOM, some similarities and dissimilarities between different
zones, despite of their geographical positions, have been revealed that not been noticed in conventional map
previously. According to the results of this study 50M 15 a powerful and suitable method in tectonic zoning
especially for regions where their tectonic regionalization is not well Known.
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INTRODUCTION

Iran has a long and rather complex tectonic evolution
related to the multistage history of the Tethys domain
iMeyer and Le Dortz, 2007), it represents the key locality
on Earth to study upper crustal response to early process
of continental collision processes due o the Late
Miocene-Recent collision  between  Arabia,
and  intervening  cratonal  rocks  underlying  Tran
{Axen ef al., 2001).

In order to understand the key role of Iran, tectonic
zoning convert to different forms each bearing its own
characteristics have been developed. Although, all these
maps show some basic structures, there are differences
among them mostly due w their gqualitative definitions and
assessments which are subjective (Zamani and Hashemi,
2004, The earliest one was proposed by Stahl (191 1) that
divided Iran geographically. The emergence of the
concept of plate tectonic theory resulted in further
eeological interpretations of the country (Nowroozi, 1971).
The most famouws tectonic zoning belongs o Stocklin
(1968) that recognized nine structural zones with different
tectonic styles in Iran (Fig. 1), Aghanabati (1986),
Berberian (1981 ), Berberian and King (1981), Boulin (1991),
Choubert and Faure-Muret (1980). Davoudzadeh er al.
(1986), Davoudzadeh and Weber-Diefenbach (1987},
Eftekhamezhad ( 1980} and Mabavi (1976) subdivided Iran
geologically into different tectono-sedimentary  units

Eurasia

based on orogemic history and structural style. Based on
seismic data, Nowroozi (1976, 1979), Shoja-Taher and
Migzi (1981), Ambraseyvs and Melville (1982) and
Karakaisis (1994) also subdivided Iran into different
seismo-tectonic zones.

The conventional methods in tectonic zoning are
deductive or top-down in their operation and are varied
with the general objectives that influence the process of
classifications, as dictated by prevailing philosophies.
These methods are commonly characterized by two
l[imitations. First, there is a large uncertainty involved in
tectonic zoning based on non-quantitative and subjective
analysis while the second is the difficulty to interpret
accurately a large amount of geological data by naked
eve. The human mind has a limited capacity that cannot
grasp the characteristics of its complex surroundings in
one operation,

So, despite the achievements in tectonic study, to
avoid these deficiencies, it is necessary to find a
quantitative  method of tectonic zoning  based on
numerical criteria. Data mining refers to the application of
a wide array of methods, ranging from relational leaming
to statistics and neural networks, to process and analyze
data (Fayyad et al., 1996; Berthold and Hand, 1999;
Hand er al., 2001, The aim s to extract knowledge from
databases where the dimensionality, complexity, or
amount of data 15 prohibitively large for manual analysis
(Wesanio, 2002,
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Fig. 1: Generalized tectonic map of Iran (adapted from Stocklin, 1968; Stocklin and Mabavi, 1973)

A technique that has been applied fruitfully for
clustering and extracting interpretable patterns from large
and complex data sets is the Artificial Newral Network
(ANN), ANNs consist of a network of interconnected
simple processing units or nodes that process information
in parallel. Newral networks are specified by the
characteristics of their neurons, network topology or
architecture and the training or learning algorithms which
define their purposes. On the basis of learning modes,
ANNs are classified into two major types: supervised and
unsupervised. In the supervised approach, classification
of feature vectors is known and the final output of a
neural network 15 compared to the desired owtput. In
contrast, unsupervised leaming is carried out without
using any a priori classification of the samples. These
networks monitor their performance internally.

This study focuses on the apphlication of one
commaon type of unsupervised ANMN particularly adept at
pattern recognition and clustering, the self-organizing
map (SOM; Kochonen, 1984). SOM constitute a very

410K

well-known and widely used neural network model which
emplovs  unsupervised  learning.  Clustering  and
visualization are the main applications of S0M in data
analysis, A particular strength of SOM is that it answers
the needs of both tasks within a common framework.
Because of these two important properties of SOM, the
self-organizing map algorithm is a very valuable tool in the
visualization and interpretation of large and multivariate
data sets. An advantage of S0OMs over other multivariate
techniques 15 that the algorithm is robust in handling
missing data, without a prior estimation.

The SOMs have been in a wide varety of arcas
including assessing beer quality, identification of breast
cancer, analyzing insect couriship songs, predicting
bankruptcies, speech and fingerprint  recognition,
performing searches on the WEB and in controlling
autonomous robols (Kaski ef af., 1998 for a database of
these and other SOM papers arranged thematically).
These have also been used extensively in  the
geographical sciences  for synoptic  climatology
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(Hewitzon and Crane, 1994 Hewitson and Crane, 2002},
While SOM analysis 15 not a new subject, its application
in tectonic regionalization has been wtilized for the first
time in this study.,

The aim of this study is to present the S0OM
technique to researchers in the tectonic subject. It is not
the intention of this study to give a detailed theoretical
description of the SOM algorithm, which can be found in
Kohonen (1984, 1997). Rather, it 15 meant 1o give a brief
overview of the technigque and thus demonstrate its utility
by applying it to geological and geophysical data sets.

The goal of this study, an extension of Zamani and
Hashemi {2004), hereafter referred to as L. is to improve
and refing the new approach for multicharactenstic
homogeneous tectonic regionalization wsing our new
approach, S0M. To illustrate, this method has  been
applied for producing a general purpose multivarate
numerical tectonic zoning maps of ran.

TECTONIC SETTING

Iran belongs 1o a broad mobile belt of Tethys domain
(Nowroozi, 1976) which is divided by several structurally

significant active faults (Fig. 2). The main structural
provinces of Iran are as follows:

On the southwest the Arabian Platform which is part
of the Arabian basement shield is covered by voung
alluvial deposits. The platform is formed by a stable
sequence of continental shelf deposits of late Precambrian
to Tertiary age (Nowroozl, 1976). Structural deformations
are limited 1w gentle undulations with axes following
generally the south-north trend of Arabia (Stockhing 1968).

The Zagros Fold-Thrust Belt lies on the northeastern
margin of the Armabian platform and consists of a
Phanerozoic succession with a stratigraphic thickness of
up to 10 km that is folded into kilometer-scale simple
anticlines and synclines (Stocklin, 1968). The present
morphology of the Zagros active fold-thrust belt is the
result of its structural evolution and depositional history;
a platform phase during the Paleozoic; rifting in the
Permian Trassic: passive continental margin (with sea-
floor spreading to the northeast) in the Jurassic-Early
Cretaceous; subduction to the northeast and ophiolite-
radiolarite emplacement in the Late Cretaceous and
collision-shortening during the Neogene (Berberian and
King., 1981).
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Fig. 2: Active faults of Iran and vicinity, modified from Berberian (1997), Reverse faults shown with teeth on hanging-
wall side. Strike slip faults shown with arrows, Faults without teeth or armows: sense of slip unknown. Inset: Map
of Iran showing boundary with Arabian plate (line with teeth). AZ, Azarbaijan; KP, Kopeh-Dagh; MA, Makran

deformation zone: 5. Sistan suture
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The crustal thickness (Dehghani and Makris, 1983
opography, intensity of deformation fold amplitude,
reverse fault displacement, relative shearing along the
Hormoz decollement detachment and age of the folded
and faulted sedimentary rocks decrease from the High
Zagros and the Zagros suture {the Main Zagros reverse
fault) in the north and northeast toward the Zagros
Foredeep in the south and southwest. MNeogene and
Quaternary folding i these units become vounger from
northeast 1o southwest  demonstrating  that  the
deformation front is migrating from the suture towards the
foredeep.

The folded-thrust belt passes northeastward into a
narrow zone of thrusting bounded on the northeast by the
Main Zagros Thrust Line. The Main Zagros Reverse Fault
indicates a fundamental change in sedimentary history,
paleogeography, structure, morphology and seismicity,
This important geological boundary called the Zagros
suture, the Zagros Thrust Line or the Main Zagros
Reverse Fault by various authors (Berberian, 1995), which
marks the suture between the two colliding plates of the
central Iranian active continental margin (to the northeast)
and the Afro-Arabian  passive  continental  margin
ithe Zagros fold-thrust belt to the southwest. In the NW
Zagros a major NW-SE right-lateral strike-slip fanlt system
roughly follows the Zagros Thrust Line called the Main
Recent Fault.

The Sanandaj-5irjan zone lies on the northeast of the
Lagros Thrust Line. 1t has a length of 1500 km and the
width of 200 km from northwest to southeast Iran and 15
characterized by metamorphic and complexly deformed
rocks associated with  abundant  deformed and
undeformed plutons in addition to widespread Mesozoic
volcanic rocks. Volcanic of late Cretaceous-early Miocene
age in the Sanandaj-Sirjan zone and central Tran represent
Andeantype magmatism in southern Eurasia duning Neo-
Tethyan subduction. Volcanic and turbidite suocessions
represent back-arc extension across central Iran, the
Alborz and north of Neo-Tethyan subduction zone . In
Central Iran this succession is commonly overlain by
terrestrial clastics evaporaties and volcanics of Oligocene
age.

The structural zone of Central Iran comprises a
roughly triangular area limited by the Lut block on the
east, the Alborz Mountains on the north and the
Sanandaj-Sirjan Ranges on the southwest. Central Iran is
separated from the Sanandaj-Sirjan Ranges by a continues
zone of depressions including the Lake Reraveh, Tuzlu
Crol and Gavkhum depressions and continuing into the Jaz
Murian Depression of Iranian Baluchistan (Stockling 1968),
A similar area of depression (the Kavir Depression) lies
just south of the Alborz Mountain. Central Iran is a

mosaic of various tectonic blocks once separated by
minor ocean basins (Berberian and King, 1981) and the
tinal closure of these basins may not have occurred until
the mid-Tertiary (McCall, 1996). Pliocene time represents
the final closure of any remaining ocean basins and the
onset of true intra-continental shortening within Iran
{Walker and Jackson, 2002). Jackson and McKenzie ( 1984,
1988) suggested mostly on the base of seismological
observations that the Central Iranian Block can be
regarded as rigid, The Lut block is an irregular y outlined,
essentially north-south rending, rigid mass smoothly
surrounded by the ranges of Central and East Iran, The
Tabas 15 separated from the Lut by Shotori Range and the
Nayband fault which has a north-south trend and may be
related to older Precambrian fault zones on strike with the
Oman trend (Stocklin, 1968). The NNW.S5E Shotori
mountains form the highest topography (~2900 m) and are
composed of heavily deformed Palaeozoic and Mesozoic
rocks. The western boundary of the Tabas is the
Kuhbanan fault.

The structurally east-west Makran Coastal Ranges of
the south-eastern Iran 15 the continuation of the Lagros
Mountains from the vicinity of Bandar Abbas to west
Pakistan. It merges with the north-south trending East
Iranian Ranges that lie east of the Lut Block. The deep sea
basin south of the Makran coast 15 considered o be part
of the remnant Tethys oceanic crust which has been
suducting since Cretaceous times with a low angle under
southeastern Iran and the Helmand Block (Ravaut er al.,
1997, Subduction remains active and soturing has not
vel occurred (Axen ef al., 2000). The boundaries of the
Makran wedge are quite complicated tectonic area. The
eastern Ornah-Nal and Chaman fault zones and the
western  Minab-Zendan-Palami  fault zone make
transpressional strike-slip boundaries of the Makran, The
western boundary forms a transition zone between the
zagros continental collision and the Makran oceanic
subduction {Stocklin, 1974; Falcon, 1976).

The Alborz Mountains are north of the Neo Tethvan
sutured and wrap around the south Caspian Sea . The
Alborz range consists mainly of late Precambenian to
Eocene sedimentary and Paleogene andesitic volcanics
and intrusive rocks. The Alborz Mountains are
structurally and stratigraphically related to the Central
Iran, but they were less srongly affected during the
period of the initial Alpine orogeny. The Alborz
Mountains started to rise in Eocene. Movements were
renewed in Late Phiocene or Early Pleistocene marking
their appearance as  principally a  volcanic  range
separating Central Iran from the Caspian basin to the
north (Rieben, 1955).

The South Caspian Basin 15 a relatively aseismic
block involved in the collision zone between Eurasia and
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Acrabia. This unusual thick basaltic lower crust {153-18 kin)
is overlaid by a thick sedimentary sequence (15-20 km).

East of the South Caspian Basin the Kopeh-Dagh is
accommodating the deformation between the Turan to the
north and the Lut-central Iran to the south. The NW flank
of the Kopeh Dagh is assumed to be wnderlain by
Hercynian basement of the Turan shield while the range
isell contains thick Jurassic-Cretaceous marine sediments
overlain by Eocene marls  with  some  andesite
volcaniclastic horizons,

The youngest folding in Iran occurred in Pliocene-
Pleistocene time. Various morphotectonic features such
as: the tilted Quaternary terraces, the mudvolcanoes and
raised beaches. the flucations of the shorelines, the
presence of Quaternary volcanoes, numerous active faults
and recent earthgquake activity are  clear proof  of
continuing tectonic activity in Iran.

SELF-ORGANIZING MAPS

The architecture of the S0M 15 shown in Fig. 3. The
SOM consists of one mput laver and one output laver
{Kohonen layver), An attractive charactenistic of the SOM
15 the ability to map high-dimensional input space into
low-dimensional space. The topological structure of the
S0OM can be one- or two-dimensional. Higher dimensions
are acceptable but not common since their visualization is
problematic. The 5OM is trained vsing an unsupervised
competitive learning algorithm which 15 a process of
self-organization, The SOM algorithm can be described as
follows.

Let M denote the dimension of input (data) space and
an input pattern {vector) selected from input space be
denoted by:

x=|h.|.n.:....._xuj' (1)
The output layer includes the output neurons p,

1=1, 2., N.where N is the total number of output neurons
in the network which are typically organized in a planar

o O O O O
o O O O O
o O O O O

E é % g Input layer

Fig. 3: Architecture of the self-organizing map. Each
neuron  in this 50M  structure  represents  a
geological cluster

Churpat layer

(2D lattice. The weight vector of each neuron which is
known as prototype vector, oo, has the same dimension
a% the input pattern, The weight vector of neuron j can be
written as;

W[ W oWy I e L 20N (2)

The training process begins with  all  weights
initialized o small random numbers, The SOM algorithm
computes a similarty (distance) measure between the
input vector X and the weight vector W, of each neuron
;. The Euclidean distance d, between the weight vector
W, and input vector X is frequently used as the similarity
Measure

cl|=|x—wlll=.|lzfl[1 —w"}r Ij']

The output neuron with the weight vector that is the
smallest distance from the input vector is the winner. The
Best Matching Unit (BMU) or the winning neuromn,
denoted here by p, is determined by applying the
condition:

u, = arg min {”J{ - wl[t:ﬂ' (4)

The weights of this winning neuron are adjusted in
the direction of the input vector. Not only the winning
neuron  but  also  the newrons in the  topological
neighborhood of the winning neuron are affected by the
competition. The influence of competition  decays
symmetrically from the winning neuron location. The
winning neuron 15 the center of the topological

neighborhood., A typical  choice  of  twopological
neighborhood function 15 Gaussian function:
) P
[ ul . IJI
h, =exp —| (3)

where h, is the topological neighborhood, o is the
effective width of the topological neighborhood.

The change to the weight vector W, can be obtained
as:

AW, =nh {X-W ] ()

where, 1 is the learning-rate parameter of the algorithm.
Hence, the updating weight vector W, (t+1) at time {t+1)
is defined by (Kohonen, 1982)

W e+ 1) =W L)+ ()X =W (1)) L7
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where, 1) (1) and b, (1) are the learmning-rate parameter and
the wpological neighborhood at time 1, respectively.

Equation 7 is applied to all the neurons in the lattice
that lie inside the topological neighborhood of winning
neuron. The learning-rate parameter 1 (1) is time varying
as indicated in Eq. 7. In particular, 7 () starts at an initial
value and then decreases gradually with increasing time.
Upon repeated presentations of the training data, the
weight vectors tend to move toward the input pattern due
to the neighborhood updating, The algorithm therefore
leads to a topological ordering of the output laver (which
is known as the feature map) in the sense that neurons
that are adjacent in the lattice will tend to have similar
synaptic weight vectors. The winning neuron shows the
topological  location  of  the  input  pattern.  The
neighborhood of the winning neuron shows the statistical
distribution of the input pattern, Thus the feature map is
a topology-preserving map { Kohonen, 1995). The output
of the SOM shows the neurons that are winning each
pattern. In addition, there is also a measure which
determines how well each input instance is represented by
Sell Organized Map (S50M). The guantization error
measures the resolution of the SOM and is calculated as
the average total Euclidian distance between an input
vector and the reference vector of its best matching unit
{Kohonen, 1995). Thus a large error for a particular input
sample means that it 15 not well represented by the pattern
it was mapped o,

The S0OM has also vector projection properties that
preserve the order of distances between all originally
high-dimensional objects in low-dimensional coordinates.
As mentioned above the 50M orders -or projects-
prototype vectors (weight vectors) on a predefined map
grid such that local neighborhood sets in the projection
are preserved: if two data samples are close to each other
in the visualization, they are more likely t© be close in
the original high-dimensional space as well (Venna and
Kaski, 2001).

In the viswalizations, the S5OM acts in two roles:
cluster visvalization and wvariable visualization. In
visualization technigues the prototype vectors or in brief
protoiypes of the SOM are regarded as a representative
sample of the data,

The most widely used methods for viswalizing the
cluster structure of the 50M are distance matrix
technigques (Ulisch and Siemon, 1990), especially the
unified distance matrix (U-matrix). In this technique, the
Euclidean distances between each unit {newron) 1 and the
units in its neighborhood are calculated. A unit with a
large U-matrix value is dissimilar to the neighboring units:
on the other hand. a unit with a small U-matrix value is
similar o the neighboring units. Therefore, cluster borders

can be identified as mountaing of high distances
separating clusters as valleys of low distances. This
visnalization enables us to recognize the degree of
similarity among adjacent units in the two-dimensional
map.

To visualize variables using the SOM, a technique
called component planes 15 wsed. For each visualized
variable, or vector component, one SOM grid 15 visualized
such that the colors of the map units change according 1o
the visualized valves., Relationships between variables
can be seen as similar patterns in identical places on the
component planes: whenever the values of one variable
change, the other variable changes, too (Vesanto and
Ahola, 1999),

DATA SOURCE

In this study, data mining based on SOM contains
several phases: (1) data collection, (2) preprocessing, (3)
normalization, (4) SOM training, (5) clustering and
visualization and (6} interpretation of clusters.

In the first stage for the purpose of data collection,
Iran is divided into 175 quadrangles, each covering a
degree of latitude and longitude (Zamani and Hashemi,
2000, 2004y, The quadrangles from west to east are
numbered beginning from | for the quadrangle between 44
and 45°E mendians and increasing w 173 for the
quadrangle between 61 and 62°E meridians. These
quadrangles make mput samples (observations) and all
possible measures of tectonic characteristics in the region
of 1° areas are considered as features (variables) for each
input sample. Data collection consists gathering these
features for each quadrangle from available maps or
catalogs.

As we know tectonics is predominantly the study of
the history of motion and deformation on a regional to
global scale that preserved in the rocks. Geophysical data
dre important to tectonics. Seismic, magnetic and gravity
data provides information on the geometry of large-scale
structure at depth. which adds the critical third spatial
dimension o our observations. Tectonics also depends
on  other  branches of  geology.  Petrology  and
geochemistry provide data on the temperatures, pressures
and age of deformation and metamorphism which permit
accurate interpretation of deformation and its tectonic
significance. So, in our study all of the available
geophvsical and geological data are considered as
tectonic fealures.,

The guality and quantity of data sets was increased
respect o paper I The list was made as complete as
possible, The eventual controlling criterion, however, was
whether the information on each variable could be
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extracted from the available data. From the whole 49
variables, 14 are concerncd with geological, 6 with
selsmucity and 29 with other geophvsical characteristics
of the region. Table | shows these geophysical and
geological variables as the dimension of S50M input
veCtors,

Digital geological maps gained from G5l were
correlated with geological il Co. maps of Iran then using
ArcView software, geological data were  obtained.
Seismicity data have been achieved from earthquakes that
occurred between the vears 1900 to 2007 (Engdahl er al.,
2006; Gutenberg and Richter, 1954). Also a and b value
were obtained by z-map software, Then the seismicity
data were smoothed for each quadrangle by the weights
of Shoja-Tahen and Niaz (1981), This is done because of
uncertainty location of epicenter poinis that being very
crucial for marginal data. Other geophysical data were
taken from Dehghani and Makris (1983), magnetic
intensity map and digital data from Geological Survey of
Iran (G5I).

In preprocessing phase of our investigation, all
vanables were given equal weight, Although it is possible
o welght variables, various investgators question the
validity of such a procedure (Gordon, 19949), because
weights can only be based on intuitive judgments of what
15 important, So, as there 15 no reliable information about
the relevance of different variables in tectonic zoning,
equal weighting would seem appropriate,

It is clear from Table 1 that geological data,
representing oulcropping geology, compose only 30% of
the whole. The rest of the data belongs to geophysical
data that bring us valuable information about physics and
dynamics of the crust. In fact, correct interpretation of
tectonic  history of any region needs surficial and
subsurficial information.

DATA ANALYSIS AND RESULTS

The basic data are set oul in a m*n matiax consist of
n variables made on m guadrangular sites. Each row
represents one observation and each column represents
one variable or attribute. In this study m comprises of
175 quadrangular sites as described before and n consists
of 49 attributes vsed as possible measures of tectonic
characteristics of the region under investigation {Table 1).

As most distance measures between clusters are
based on distances between individual data vectors so
they are sensitive to the scales of the variables. Therefore
data vectors must be normalize. For this purpose the most
common standardization procedure, Z-score method, is
applied. This method treats all variables independently

Tahle I: Geophysical and geodogical variables used by SOM for regional
rectonic zoming of lran
M, off varinhles Measured variables in 17 guadrangle

Geophysical variahles
1 Minimuom magnetic miensaly (earmomal, MINCG

2 Maximum magnetic intensity (gamma), MXMOGI
3 Bange of magnetic intensity (zamima), RANG]

4 Average magnetic mtensity {gammal, AV

5 Minimum gravity anomaly (mgal ), MIGRY

i Maximumm gravity amcamaly (mgal), MXGRY

T Funge of gravity anomaly imgal), RAGREY

b Average gravity anomaly (mgalk AVGRY

] Minimum Iree e ancmaly (oseal), RMIFRA

0 Maximum fires nir anomaly (mgaly, MXFRA

1l Brange of free air anomaly (mgaly, RAFEA

1z Average free air anomaly (mgal)l, AYVFRA

13 Minirmum Bouguwer anomaly (mgaly, MIBUG

14 Maximum Bouguer ancmialy tmgaly, ¥ xBLUG
15 Funge of Bouguer amomaly (migal), BABLG

1 Average Bougwer snomaly (mgal), AVBUG

17 Minamim 1%ostale anomaly (emgal), MIISC

18 Maximum isostatic anomaly (mzaly, MXTS0

1% Brange of isostatic anomaly (mgal), RAISO

e} Averape isostabtic anomaly (mgal), AVISO

21 Average Moha depth (km), AYMOD

¥ Manarnuen regional anomealy (mgal), MIREG

23 Maximum repicnal anomaly (mgal), MXREG

2 Bange of regronal anomaly (mgal), RAREG

25 MAverage regiomnal anomaly (mgall, AYRED

2 Minimum residual anomaly (mgal). MIRES

T Maximuwm resadual snomaly (mgal), MXRES

28 Runge of residunl anomaly (mgal), RARES

20 Average residual ansmaly (mgall, AVRES
Cieodogicul varinhles

£ Minimum elevation (mp, MIELY

3l Mlaximuem elevabtion (m, MXELY

52 Range of elevation (m), RAELY

i1 Average elevation imk, AVELY

34 Relative aren of Cenozoic rocks (% RACER

33 Relntive aren of Mesoznic moks (%), RAMER
3 Beelative area of Paleozolc mocks (%), RAPAR

7 Felntive aren of Proteroeoic rocks (%), RAFTR
s Beelative ares of lzneows rocks (%), RAIGR

i Relative aren of metamorphic rocks (%), RAMER
0 Belative area of ophiolite rocks (%) RAOPR

41 Relative aren of sedimentiry rocks (%), RASER
qr Eelabnve area ol ustconsoldsted rocks (%], RALNE
41 Faulr length density (ko m™"), FLTLD

Seismicily varialdes

+4 Mumber of carihguakes smalber than m,, NESMC
4% Mumyber ol eanbguakes greater than my, NEGMC
44 Maximum earthguake magnitsde (mel. MXEMG
47 Muximum szismic energy released (75, MX5SER
48 b-value in the Guienberg-Richeers formula, BVGRF
4o a=wvalue in the Catenberg-Eicher's formula, AVGEF

and transforms each by subtracting the mean and dividing
by the standard deviation of each wvanable. In
normalization phase, all 175 input vectors were normalized
among each variable by z-score method.

In 50M construction, we preferred a hexagonal
lattice as the hexagonal ordering provides more neighbors
to each unit. In the 50M training phase, treely available
Matlab  Package SOM  Toolbox  was  used
{httpfwww cis.hut fi/projecis/somtoolbox/).
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There is no theoretical principle for determining the
optimum size of the output layer and hence the output
laver 15 kept large enough to ensure that the best
clustering is achieved. To select the best SOM
configuration. resulting the best clustering., some kind of
validity index can be used. In our investigation, we used
the Davies-Bouldin index {Davies and Bouldin, 1979),
which uses 5, for within-cluster distance as:

g = M el (8)
: |

where, C is the number of clusters, (. is a set of clusters,
i=1.2..C: N, is the number of samples in cluster 3, and

is the center of cluster C,. This index also wses d_ = jo.-¢,|
for between clusters distance. According to Davies-
Bouldin validity index (DBI), the best clustering minimizes

Te S0 )+5,{Q) (9)
EE“"H“[ d.(Q,.Q,)

The index gets low values for clusters which are
compact and far from the other clusters.

Difterent map topology (different map units) was
trained 10 evaluate the best one among them. We
exgmined 5-230 number of map wnits in order to
distinguish the optimum size of outpul layer using DEL
The maps were trained using the batch training algorithm
in two phases: a rough training with large initial
neighborhood width and (1.5 learning rate and a fine-
tuning phase with small initial neighborhood width and
0.05 learming rate. The neighborhood width decreased
linearly to 1; the neighborhood function was Gawssian,
The training lengths of the two phases were 11 and 44
epochs. The learning rate decreased lincarly to zero
during the training. After the training phase, the SOM
consists of a number of patterns charactenstic of the data,
with similar patterms nearby and dissimilar patterns further
apart.

Among different map units examined (up 1o 230
units), the best map configuration according to DBI was
[ 16 12], 192 units, that created 19 clusters (Fig. 4). Next, o
identify the relationship between clusters and also
variables the tramned 50OM with 192 units was visualized
by LU-matrix, feature map and component  planes
representations.  U-matrix visvalization  indicates  the
number of valleys (clusters) enclosed by mountain ridges
(cluster boundaries) (Fig. 5a). Feature map represents the

249

RRILT d -

33 Lik5 153 205

DRI

L

Mo, of map unils
Fig. 4: Davies-Bouldin index as tunction of the number
of map onits. As it is shown minimum DBI is

belonged to 192 units that create 19 clusters

i_14

01,749

Rt

Fig. 3: Visualizations of (a) U-matrix that shows distance
between units and (b} SOM feature map that
represents  clusters and  their positions and

neighbors on the map

position of clusters and their neighbors (Fig, 5b). As each
cluster is distinct in feature map, other SOM visualization
can be well interpreted by it

We also constructed the component planes of our
map (Fig. 6). Each component plane shows the value of
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Fig. 6 Component planes of earlier SOM that represent the value of each variable in each map unil

one variable in each map unit. As identical unit has fixed
place and equal size in different component planes, they
can be easily compared and the relationship between
variables and their distribution within the clusters can be
checked, Therefore the cormelation between variables is
seen as similar patterns in identical places on component
planes. As it is shown in Fig. 6 some variables are
dependant: 2 and 3.5, 6 and . 13, 14 and 16, 15 and 20,
26, 27 and 29, 44 and 45, 48 and 49, The variables 2, 5, 6,
13, 14, 18, 26, 27, 44 and 49 are redundant and may
misguide clustering results. Except from these vanables
other planes appear 1o be
discrimination. Based on this assumption, redundant
variables were deleted. Then the new SOM was trained for
new combination of remained variables. Early- and end-
SOMs have 3676 and 3.374 quantization ecrror,
respectively. It means end-S0OM well represents the
pattern it was mapped o and also demonstrates that
deleting  the redundant  vanables  causes  better

suttable  for clustering

performance {and consequently better clustering ) of 500
than with total varables. Final clustering has a better
detection of tectonic zones than it is done with total
vanables.

DISCUSSION

After removing redundant variables, the result of the
clustering roughly indicates 19 main different clusters
{Fig. 7). Geophysical and geological variables of each
clusters or tectonic zones is presented in Table 2. The
#ones oreated by 50M were located on the map of Tran
and are as follows (Fig. 8).

Zone 1 is magmatic zone and has a wide variety of
elevation. This structural zone extends parallel o the
Zagros thrust. In this zone elevation and percentage of
igneous rocks are the important features. The residual
anomaly and the average of Moho depth in this zone
indicate an inerease of thickness crust mav be due 1o the
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Fig. ¥: Numerical tectonic zoning in Iran using SOM. colors and numbers of the clusters are the same as Fig. 6b

magmatic activity and thrust fanlting. It 15 nearly
corresponding o Rezaiyeh Province of Nowroozi
{1976),

Fone 2 indicates the metamorphic rocks of Protrozoic
that mark the boundaries of the internal lranian
microcontinental block along s major faults, Tt is mot
separaled in conventional map. Magnetic intensity is

another important feature of this zone. In this zone
variation range of magnetic intensity is high.

Zone 3 consists of the Great Kavir, Lut and Zabol
blocks. It is relatively in isostatic equilibrium. These three
regions aren't considered as a unigue zone anywhere.

Zone 4 sepurates Central Iran from the Sanandag-
Sigan zone including Tuzlu Gol and Gavkhum depressions
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and continued into Jaz-Murian depression. Minimum of
elevation and maximum free air anomaly play a substantial
role to separate this zone trom the others.

Zone 5 contains Jaz-Murian, Kashmar and Jajarm-
Damghan-CQom  depressions. Jaz-Murian depression is
approximately comelated with Jaz Muran Province of
MNowrooz (1976) and Jaz Murian depression of Stocklin
(1968) but Northern parts of this zone (Kashmar and
Tajarm-Damghan-Qom  depression)  have  not been
appeared in any conventional map. In this zone magnetic
intensity  and  percentage  of  igneous  rocks  are
considerable.

Zone 6 demonstrates igneous rocks majorty  of
Paleozoic. It 15 nearly a seismic zone in which the range of
maximum earthquake magnitude 1= high. Free air anomaly
and magnetic intensity are also important features in this
zone. By considering the relatively low distance between
two neighboring zones 1 and 6 in Fig.7, it seems to be the
continuation of zone 1 to the southeast, but it is separated
from zone | because of its higher free air anomaly. This
zone isn't considered as an  individual  zone in
conventional map.

Zone 7 15 Ferdows and Torbat blocks, This zone 1s
differentiated from around by relatively high percent area
of igneous and ophiolitic rocks.

Zone 8 includes Yazd, Nayband and Kalmard blocks
and also south of Sarakhs. Only in our results, these
blocks are separated from Central Iran. This zone contains
highly taulted Mesozoic rocks.

Zone 9 represents Bazman and Taftan volcano and
some related magmatic area in Central Iran. This zone has
not been cleared in any conventional map and is
separated from zone 1; it may be due to the activity of the
southern part of Urumiyveh-Dokhtar magmatic arc that is
associgted with ongoing subduction of Indean ocean
crust (Alavi, 1994). It exclusively consists of Mesozoic
and Cenozoic rocks.

Zone 1015 some regions in north and south in which
residual and regional anomaly play important role. Moho
depth is also at lowest value in this zone.

Lone 11 consists of metamorphic and ophiolithic
rocks of Protrozoic and Paleozoic from Sanandaj o Neyriz
and approximately is similar to Sanandaj-Sirjan zone of
Stocklin {1968). This zone has structurally dominant
northwest-southeast trend. The residual anomaly of this
zone indicates an increase of thickness crust may be due
to the magmatic activity and thrust faulting.

Zone 12 15 composed of Kopeh-Dagh, Kermanshah
and Tabas Block. Free air anomaly is minimum in this
zome, This zone is relatively seismic and faulted. Majority
of this zone 15 composed of Mesozoic rocks.

Zone 13 includes some similar regions such as Gorgan
schists and ophiolites in Mashhad. Eftekharnezhad and

Behroozi  (1991) depicted that Gorgan schists s
comparable with accretionary prism of the remnant old
Tethys in Mashhad and metamorphosed by Late
Cimmerian. Kerman is also located in this zone. This zone
does not appear in conventional tectonic zoning. Fault
length density is high in this zone. [t contains Mesozoic
rocks that almost metamorphosed.

FZone 14 is Arabian platform. It is equivalent to the
Plain of Sham-al-Arab of Stocklin (1968) and Arvand
Shatt-al- Arab province of Nowroozi ( 1976). It exclusively
consists of sedimentary rocks and has minimum residual
anomaly.

Fone 15 illustrates Makran ranges that are mainly east
to west. It has maximum fault density and is a relatively
high seismic zone. The other important feature in this zone
is b value that insists on the active subduction of Oman
Sea under the Makran.

Zone 16 represents Alborz and southern area of
Sirjan. One part of this zone, nearly south of Siran, is not
similar to ophiolitic complex and arise from tensile tectonic
and wvplifting of the mantle (Aghanabati, 2004), In this
zone vanation range of Bouguer and gravity anomalies is
maximum and it is isostatically overcompensated. It almost
contains igneous rocks of Paleozoic,

Zone 17 15 High Zagros Thrust zone. s dominant
trend s northwest-southeast. It s comparable  with
Lagros thrust zone of Stocklin (1968). It consists of
Mesozoic rocks. Average of elevation, free air and
Bouguwer anomaly are deterministic features for this zone.
These features together with b-value show the active
thrust faulting in this zone.

Zone 18 indicates flvsch and ophiolities of Makran
that is characteristic of the active margin. This zone is
coincident with major transpressional strike-slip systems
that form the eastern boundary (Ornah-Nal and Chaman
fault zones) and the western boundary (Minab-Zendan-
Palami fault zone) of Makran which both of them have
responsible for several destructive earthquakes. The
value of seismic energy released in this zone 15 maximum
that 1= evidence for seismicity of this zone.

Lone 19 demonstrates Simple Folded Belt of Lagros
and approximately 15 correlated by Foothill folded series
of Nowroozi (1976). The characteristic of this zone is the
trequency of earthquakes greater than m. Based on
maximum elevation it is sitwated after zone 17. Average of
free air anomaly and minimum of isostasy are the other
important feature of this zone that enforce on shortening
of the crust due o the collision in this region, This zone
is composed of sedimentary rocks.

By taking into consideration of Fig. &, it is illustrated
that the result of 50M has been led w a good
identification ol tectonic zones in Iran. Some zones in our
new approach are comparable to those in conventional
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map but there arent exactly the same. For example
Lrumiyeh-Dokhtar (rone 1), Lot and Great Kavir (zone 3),
Sanandaj-Nevriz (zone 11), Kopeh-Dagh (zone 12),
Arabian platform (zone 14), Makran (zone 15), Alborz
{zone 16), High Zagros Thrust zone {(zone 17). Simple
folded belt of Zagros (zone 1Y) have their
correspondence in conventional map but there are some
differences between them, one can compare these zones
in Fig. 8 and 1. This 15 because we have taken inlo
account both surficial and subsurficial features that have
not been considered in conventional map.

Om the other hand, some regions are detected only in
automated tectonic zoning as individual zones, these
zones are as: 2,4, 5, 6,7, 8,9, 10, 13 and 15, Besides all of
these, together cluster visualization capability of 50M
and topology-preserving property of feature map give
some other valuable results that have not been previously
noticed in tectonic zoning, These important results are
based on similarity or dissimilarity between different
clusters which is illustrated by U-matrix and feature map
(Fig. 7). The interesting ones are: similarity between the
Kopet Dagh Ranges in the northeast and the High Zagros
thrust zone in the Southwest (zone 12 and zone 17 in
Fig. 7a), similarity between Alborz and northern parts of
zone 13 (Fig. 7b), similarity between flysch of Makran and
High Zagros Thrust zone (neighboring zones 18 and 17 in
Fig. b}, similarity between Bazman and Taftan Volcano
and the Ferdows Block (zone 9 and 7 in Fig. 7h) despite of
gepgraphical separation and also dissimilarity between
Simple Folded Belt and High Zagros thrust zone (zone 19
and zone 17 in Fig. Th), dissimilarity between Sanandaj
metamorphic zone and High Zagros Thrust zone (zone 11
and 17 in Fig. 7b) despite of geographical vicinity.
Highlighting the trends of active faults 15 also another
important beneflit of SOM, One can compare the location
of Main Zagros Thrust, Nayband fault, Neh fault,
Sabzevaran  fault, Kazerun  flexure, Minab  fault,
Dorunch fault, Gowk fault, Dasht-e-Bayaz fault, ... in two
Fig. 2 and 8.

There are some similarities between numerical
tectonic maps and conventional maps. One of the most
distinctive properties of this numerncal method s that
geographically  separated  areas  are  detected as
homogenows  zones if they have similar tectonic
characteristics and vice wversa, unified regions are
separated based on different tectonic characteristics.
However, understanding similanties according to applied
variables needs further analvsis which was not included
here.

It is important W recognize that tectonic rones
generated by SOM are purely based on the geophysical
and geological attributes presented in Table 1. So,

correspondences and differences between the automated
tectonic zones based on 50M and given zones based on
conventional method must receive careful thought.

At last, this method can be applied in regions where
their tectonic regionalization is not well known.

CONCLUSIONS

In this stdy, we wsed the clostenng and
visualization capabilities of self-organizing map neural
network for analvzing high-dimensional geological and
geophysical data in order to quantitative tectonic zoning.
SOM were used because the implement the orderly
mapping of a high-dimensional distribution onto a regular
low-dimensional grid and are thereby able 1o covert
complex nonlinear statistical relationships between high-
dimensional geological and geophysical data items into
simple geometric relationships on a low-dimensional
display.

In this study, all presently available information
including digital geological maps of the Geological
Society of Iran, geological maps of the National Iraman Oil
Company (NIOC), Tectonics map of Iran, Magnetic total
intensity maps of lran, geophysical map of Iran,
geophysical data, earthquake events reported from [8C,
PDE, USGS sites and other manual source from 1900 till
2008 were used as input data. However, the work is
preliminary subject to future changes as new information
is provided or new data collected.

The SOM not only have capability in clustering but
also visunalization utility of SOM can help us to well
interpret of tectonic zones and tectonic features. The
component planes constructed here by SOM  were
successtul in determining parameters for distinguishing
the different tectonic zones. Component planes helped o
determine the relationships between variables and their
distribution in tectonic zones, Based on these planes, we
modified the varables to attain better clustering. U-matrix
can also reveal statistical distribution of high-dimensional
geological and geophysical data into a two-dimensional
map. Similarity and dissimilarity between some specific
#ones can be distinguished by feature map that haven’t
been noticed previously,

One of the most distinctive propertics of this
numerical method is that geographically separated arcas
are detected as homogenous zones if they have similar
tectonic characteristics and vice versa, unified regions are
separated  based on differentiation of their ectonic
characieristics.

The S0OM is therefore very suitable for tectonic
zoning especially  in regions where  their  tectonic
regionalization is not well known.
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