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Abstract The problem of fast pattern classification by auto-
matic analytical and sorting techniques is relevant across a
wide range of scientific and technical disciplines. Since the
availability of mass transactional and experimental data sets to
address the challenges faced by the Earth and environmental
scientists, validation of zoning has become an important topic.
In this paper, we propose a new approach for producing
Automatic Integrated Self-Organized Optimum Zoning
(AISOOZ) maps using comprehensive (multivariate) geolog-
ical and geophysical data. Unlike conventional zoning, the
new approach includes techniques for finding the optimal
structure that best fits natural pattern of a given area without
the benefit of any a priori class information. While there are
obvious similarities between the conventional and new opti-
mal zoning maps, the automatic optimal approach reveals new
insights into the geological evolution of the study area that
could not be observed on the conventional maps. The success
of the AISOOZ case study encourages the enlargement of its
scope and application for rapid online as well as oftline
interactive multivariate pattern discovery in the Earth and
environmental sciences studies. Finally, a comparative study
between two widely used stopping criteria for optimal zoning
and pattern recognition has been performed.

Keywords Tectonics - Neotectonics - Seismotectonics -
Earthquake hazard - Classification - Silhouette index

Communicated by: H. A. Babaie

A. Zamani (<)) - S. Farahi

Department of Earth Sciences, College of Sciences, Shiraz
University, Shiraz, Iran

e-mail: zamani_a_geol@yahoo.com

R. Boostani + H. Hassani-Saadi
Department of Computer Science and IT, Faculty of Engineering,
Shiraz University, Shiraz, Iran

Introduction

One of the important capabilities of the human brain is its
ability to classify entities based on the characteristics that the
brain either recognizes or judges to be of importance. How-
ever, conventional methods of classification are characterized
by two deficiencies. The first one is the large uncertainty
involved in classification based on subjective analysis. Failure
to visually interpret accurately a massive amount of data is the
second. Automatic Integrated Self-Organized Optimum Zon-
ing (AISOOZ) provides researchers with an empirical and
objective method for performing this natural task for humans
(Zamani and Hashemi 2004; Zamani et al. 2011, hereafter
referred to as I, and II). Typically, the characteristics of the
Earth and its natural phenomena are not only correlated with
each other, but each characteristic is also influenced by other
characteristics. Thus, in many instances the characteristics are
interwoven in such a way that when analyzed individually,
they produce little information about the Earth and its envi-
ronment. Furthermore, the development of more sophisticated
technology to collect information about the area under inves-
tigation has outpaced human’s ability to use it to full potential.
Today, Earth scientists have access to large quantities of data
which contain far more useful information about the Earth and
its environment than can be extracted by conventional
methods. As the pace of decision making increases, re-
searchers must also become more acquainted with new “field”
of data analysis. Sifting through massive amount of data
requires both statistical reduction and the ability to compute
theoretical solution in Earth models with many parameters
(I, II). Data mining (sometimes called data surfing or
knowledge—discovery) is defined as the process of automat-
ically collecting and searching through large amount of data in
a database (Witten et al. 2011; Zamani et al. 2009, 2012,
2013b). As the term suggests, this new perspective of data
analysis has a somewhat more exploratory rather than
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confirmatory nature. This technique is directed toward
searching deeply into the characteristics of the large databases
for patterns and relationships. Data mining uses artificial
intelligence techniques, neural networks, and advanced statis-
tical methods, to reveal trends, patterns, and relationships,
which might otherwise have remained obscured by the com-
plex patterns of association and massive amount of data. To do
this, data mining uses computational techniques from statistics
and pattern recognition (Zamani et al. 2012). Such data pro-
cessing makes large volume of data digestible, discovers
hidden rules underlying the data, and facilitates deduction of
patterns and trends. Because of such properties, from a prac-
tical perspective, automated pattern recognition plays an es-
sential role in many fields such as scientific data exploration,
information retrieval and text mining, business, census, and
education (Ashok Kumar and Kannathasan 2011). Among
various data mining methods, statistical method of hierarchi-
cal classification is an important tool for “unsupervised”
learning procedures—the problem of finding groups in data
set without respect to external information. Unsupervised
evaluation measures used in these procedures are often called
internal indices because they use only information present in
the data set. Whereas supervised learning procedures use
some external evaluation measures often called external indi-
ces. In the context of data mining and pattern recognition
hierarchical classification divides data set into groups by
automatic analytical sorting techniques. Therefore, entities of
same group are more similar than entities of different groups at
different levels of partitioning. Nonhierarchical techniques
assign objects or entities into groups once the number of
groups to be formed is specified before any classification is
accomplished. The procedure begins by selecting class seeds,
which are used as initial guesses of the means of the classes.
Class seeds can be specified by the researcher or selected
randomly from all observations (i. e. objects or entities).
Assuming n sampled sites in the study area, the first level is
a partition of » sites into z groups each one containing one site.
Therefore, at level n all sites form one group. If zones in the
same groups stay together at higher levels, then the sequence
is called a hierarchical classification (Zhu et al. 2008, 2010).
As aresult a series of nested partitions are generated, from the
trivial partition with a single zone (containing all sampled
sites) to the trivial partition where each sampling site is a
zone. In between these two extremes are many candidate
partitions or zonings that the researcher will have to choose
from. The problem of determining the appropriate number of
zones in an area is relevant across a wide variety of disciplines
such as business, social sciences, biological sciences, Earth
sciences, medicine, and engineering to name among others.
Therefore, the use of a hierarchical classification method
requires a decision regarding the stage or level which best
reproduces the underlying structure. Since there is no internal
statistical criterion used for inference, researchers have

@ Springer

developed a number of criteria and guidelines for approaching
the problem. These techniques that are sometimes referred to as
stopping rules are ad hoc procedures and must be computed by
the researchers. The resulting pattern or underlying structure
could be considered to consist of “natural” or optimal zones in a
given area. This underlying structure exhibits the properties of
internal cohesion (compactness) of the sampled sites in a zone
and external isolation (separation) of a zone from other zones
(Halkidi et al. 2001; Tan et al. 2006). The interpretation of the
resulting pattern depends very much on the correct choice of
the number of zones. Therefore, to achieve such goal as
selecting the “best” or optimal number of zones based on the
distribution of zoning criterion, a stopping rule is desired
(Chaimontree et al. 2010). Virtually all zoning procedures
provide little if any information as to the number of zones
present in the study area. Silhouette criterion is a zone validity
index that is used to judge the quality of any zoning solution
(partition). It reflects the relative similarity cohesion within
zones and separation between zones. This criterion has gained
popularity by showing more stability and robustness with the
multivariate zoning classification. To illustrate the successful
application of AISOOZ, Ward’s classification method and
Silhouette validation criterion were used to produce the optimal
comprehensive (multivariate) geologic zoning (AISOOZ) map
of Iran as a case study. While there are similarities between
AISOOZ map and conventional (current) geologic maps, the
comprehensive optimal zoning map reveals some remarkable
features not found in the conventional maps. Finally, a com-
parative performance study of Wilk’s lambda test statistic (II)
and the Silhouette validation index for determining the opti-
mum number of geological zones was conducted.

Method of analysis

Unsupervised hierarchical classification procedures are
among the best known pattern recognition techniques (Grira
et al. 2005). These procedures are needed to seek and separate
zones with similar pattern in the dataset at different levels. In
supervised classification, the validation of the resulting clas-
sification model is an integral part of the procedure of devel-
oping a classification model. However, because of its very
nature, unsupervised zoning validation is not a commonly
used part of classification analysis. Let us consider a hierar-
chical classification of n sampled sites or entities into k zones.
The first level is a partition into # singletons, each one con-
taining one site. The next level is a partition into n-one zones,
and so on until all the sampled sites form one zone. At level m
in the sequence the numbers of zone(s) is ¢ = n-m+ 1. There-
fore, level one corresponds to n singletons, each containing
one site and level n in which all the sites form one zone (Zhu
et al. 2008, 2010). Hierarchical classification is divided into
agglomerative (bottom up or clumping) and divisive (top
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down or splitting) methods. Agglomerative methods begin
with n singleton and the process is repeated by successively
merging zones until all sites finally join together in a single
zone. Divisive methods begin with one zone containing all the
sampled sites, which in succeeding steps, split into smaller
zones until each site is in a separate zone (singleton). These
procedures are the opposite of the agglomerative procedures.
Given a dataset, one of the major challenges to be solved in a
classification process is to choose the classification model that
could be more appropriate and explain better the underlying
structure of data set (Ertdz et al. 2003). Another important
objective in classification is to assess the “natural” or optimum
level of partitioning in a given dataset, which is even more
challenging when no response variable or classification model
is available. Virtually all classification methods provide little
if any information as to the optimum level of partitioning in
the dataset. So, in this paper a new approach based on the
application of Ward’s minimum variance method for hierar-
chical classification and Silhouette validation criterion (also
known as Silhouette width) is proposed to construct optimum
geoenvironmental zoning maps. Ward’s minimum variance
method (Ward 1963) minimizes the loss of information with
each geoenvironmental zone. Information loss is expressed in
terms of a within-error sum-of-squares criterion, ESS, which
is a built-in dissimilarity criterion (I). The Silhouette statistics
is an internal criterion for unsupervised zoning validity, which
combines both cohesion (compactness) and separation for
determining classification evaluation (Fig. 1). It implies the
assessment of zone coherence by comparing inter-to intra-
zone variability (Halkidi et al. 2001; Tan et al. 2006). The
cohesion and separation functions can be expressed using
Egs. (1) and (2), respectively (Jegatha Deborah et al. 2010;
Tan et al. 20006).

cohesion (C;) = Zproximily(x,y) (1)
XEc
yee

separation (Cl-, Cj) = Zproximily(x,y) (2)

Xec
yec

The evaluation function can be a similarity, dissimilarity, or
some combination of these quantities. Equations 1 and 2 give
us some well-defined measures of classification evaluation
that can be combined into an overall measure of classification
evaluation for a set of k zones, using a weighted sum of the
validity of individual zones (Eq. 3).

k
overall validity = Z w; validity (C;) (3)

i=1

(a) cohesion (b) separation

Fig. 1 Graphical representation of the cohesion and separation based on
the Silhouette criterion (Jain and Dubes 1988; Tan et al. 2005)

The cohesion and separation validity functions used in the
overall validation of a group of zones (Eq. 3) also can be
applied to evaluate individual zones or objects. This informa-
tion can be used to improve the quality of a classification
process. The contribution of individual entities or sites within
a zone also can be evaluated, using cohesion and separation
validity functions (Jegatha Deborah et al. 2010; Tan et al.
2006). Objects that contribute more to the cohesion and sep-
aration are near the “interior” of the zone. On the other hand,
items that contribute less to the cohesion are near the “edge” of
the zone. The Silhouette validation criterion is a dimensionless
stopping rule that has been used in a wide variety of disci-
plines for assessing the “natural” numbers of partitions
(Rousseeuw 1987; Kaufman and Rousseeuw 1990, 2005).
Its application for geoenvironmental zoning and patterns dis-
covery in the Earth and environmental sciences is a novel
approach to this problem.

Data analysis

To illustrate the successful application of AISOOZ, geological
zoning map of Iran has been produced as a case study. For this
purpose, large numbers of new and updated geophysical and
geological attributes of Iran (Table 1) have been compiled for
the 175 quadrangles sites of 1° areas.

The quadrangles from west to east are numbered beginning
with 1 for the quadrangle between 44° E and 45° E meridians
increasing to175 for the quadrangle between61° E and 62° E
meridians (I, II). None of offshore Iran is included in the
dataset. These quadrangles are used as items or observations
(input samples). Each sampling site has been characterized by
49 attributes (Table 1) that seem to characterize the intensity
and degree of contrast between tectonic, neotectonic, and
seismotectonic characteristics of Iran. The attributes have all
been standardized to have a mean of zero and a standard
deviation of one. This removes the bias introduced by the
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Table 1 Characteristics used for producing automatic integrated self-organized optimum zoning (AISOOZ) map, measured within 1° quadrangular

sites®

No. Geophysical attributes No. Geophysical and geological attributes

1 Minimum of gravity (mgal), MIGR 26 Maximum of magnetic intensity (gamma), MXMI

2 Maximum of gravity (mgal), MXGR 27 Average of magnetic intensity (gamma), AVMI

3 Average of gravity (mgal), AVGR 28 Range of magnetic intensity (gamma), RNMI

4 Range of Gravity (mgal), RNGR 29 Average of crustal thickness (km), ACTI

5 Minimum of free air anomaly (mgal), MIFR 30 a- value in the Gutenberg-Richter’s formula, AVAL

6 Maximum of free air anomaly mgal), MXFR 31 b- value in the Gutenberg-Richter’s formula, BVAL

7 Average of free air anomaly (mgal), AVFR 32 Number of earthquakes with magnitude 4.5 and greater, NEG4.5
8 Range of free air anomaly (mgal), RNFR 33 Number of earthquakes with magnitude smaller than 4.5, NES4.5
9 Minimum of bouguer anomaly (mgal), MIBO 34 Maximum earthquake magnitude, MXEM

10 Maximum of bouguer anomaly (mgal), MXBO 35 Earthquakes energy, EAEN

11 Average of bouguer anomaly (mgal), AVBO 36 Relative area of igneous rocks (%), RAIR

12 Range of bouguer anomaly (mgal), RNBO 37 Relative area of metamorphic rocks (%), RAMR

13 Minimum of regional bouguer anomaly (mgal), MIRG 38 Relative area of sedimentary rocks (%), RASR

14 Maximum of regional bouguer anomaly (mgal), MXRG 39 Relative area of ophiolit rocks (%), RAOR

15 Average of regional bouguer anomaly (mgal), AVRG 40 Relative area of unconsolidated sediments (%), RAUS
16 Range of regional Bouguer anomaly mgal),RNRG 41 Relative area of Cenozoic rocks (%), RACE

17 Minimum of residual bouguer anomaly (mgal), MIRS 42 Relative area of Mesozoic rocks (%), RAME

18 Maximum of residual bouguer anomaly (mgal), MXRS 43 Relative area of Paleozoic rocks (%), RAPA

19 Average of residual bouguer anomaly (mgal), AVRS 44 Relative area of Precambrian rocks (%), RAPR

20 Range of residual bouguer anomaly (mgal), RNRS 45 Fault length density (m™"), FLDE

21 Minimum of isostatic anomaly (mgal), MIIS 46 Minimum of elevation (m), MIEL

22 Maximum of isostatic anomaly (mgal), MXIS 47 Maximum of elevation (m), MXEL

23 Average of isostatic anomaly (mgal), AVIS 48 Average of elevation (m), AVEL

24 Range of isostatic anomaly (mgal), RNIS 49 Range of elevation (m), RNEL

25 Minimum of magnetic intensity (gamma), MIMI

#Geophysical and Geological data have been obtained from digitized and regular geological maps of Iran (geological Survey of Iran 2004).
Seismological data were taken from earthquakes that occurred between the years 1900 up to 2011 (Engdahl et al. 2006; Gutenberg and Richter 1954;
ISC 2011; NEIC 2011). Geophysical data have been taken from Dehghani and Makris (1984), World Digital Magnetic Anomaly Map (2007) and SRTM

map (2008) and digital data from geological survey of Iran

differences in the scales of the attributes and ensures all have
equal weight in the calculation of similarity. The normalized
data set is then classified using Ward’s minimum variance for
hierarchical classification. This procedure which is more in-
tuitive and computationally efficient minimizes information
loss associated with zoning classification and creates small
and even sized zones (I, IT). At each step it merges those two
elements, whose merging least increases their sums of squared
differences from the mean. Finally, the unsupervised statistical
measure, namely Silhouette index, which is based on the
comparison of the compactness and separations, is here ap-
plied for the first time as an internal validation index for
determining the optimum number of zones. The quantitative
statistical Silhouette coefficient combines both cohesion and
separation validity functions to evaluate individual sampling
sites, zones, and the entire set of zones within the study region
(Rousseeuw 1987; Kaufman and Rousseeuw 1990, 2005).

@ Springer

The following steps explain how to perform zoning
validation.

1 For each iy, site, let a; be the average dissimilarity between
i and all other sites within the same zone. We can interpret
a; as how well matched i is to the zone it assigned (the
smaller the value, the better the matching).

For the iy, site and any zone not containing the site,
calculate average dissimilarity of i to all the sites in the
given zone. Repeat this for every zone of which i is not a
member. Denote the lowest average dissimilarity to i of
any such zone by b;. This value can be seen as the dissim-
ilarity between i and its nearest ‘“neighbor” zone.

Finally, the Silhouette index of the iy, site (observation) is
defined as:

SC; = (bi—a;)/max(a; , b;) (4)
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This can be written as:

I=a;/bi, if a<b
SCI' = 0 5 lf‘ a; = b,‘ (5)
a[/bi—l s lf a; > b,‘

From the above definition it is clear that the Silhou-
ette coefficient SC; can vary between —1.0 and +1.0. If
the Silhouette coefficient is close to 1.0, it means that
sampling site is “well- partitioned”. If the coefficient is
close to zero, it means that site could be assigned to
another closest zone as well (i. e. it is on a boundary
between zones). If the coefficient is about —1.0, the
sampled site is in the wrong zone.

Result and discussion

For a given number of zones, the global or overall
average Silhouette coefficient for classification SC is
simply the average of Silhouette index over all sampling
sites 1,

SC=1 /nzn: SC; (6)

Where 7 is the number of observations (sampling sites).

The average Silhouette width is a measure of how
tightly clustered all the sites in the zoning are. Thus
the average Silhouette width of the entire data set is a
measure of how appropriately the data has been
partitioned and determines the optimum number of zones
in a data set (Rousseeuw 1987; Kaufman and Rousseeuw
2005; Trauwaert et al. 1989). The largest overall average
Silhouette score indicates a good zoning (Fig. 2). For
current research, the 13-zone model with largest overall
average Silhouette score is taken as the optimum number
of zones. That is, the highest zone separability is
achieved when we use 13 of them. The average Silhou-
ette coefficient of a zone SC; can be calculated by taking

the average of Silhouette coefficients of sampling sites
belonging to the given zone.

SC;=1/m;»_SC;/ (7)

i=1

Where mj is the number of sampling sites within the j-th zone,
j=1,2, ..., K zones.

Finally, the overall or global Silhouette coefficient for the
full or entire zoning SC can be determined by calculating the
average Silhouette coefficient of all zones (Petrovi¢ 2006).

K
SC=1/kYy_ SC; (8)
j=1

It is clear to see that both a zone’s Silhouette and the global
Silhouette take values between —1.0 and 1.0, both inclusive.
The overall Silhouette index value compares all the sampling
sites globally (Bizhani and Tarokh 2011). Therefore, local
trends and outliers do not hinder locating the true overall
average Silhouette coefficient. Pollard and van der Laan
(2002) showed that the overall Silhouette index tends to be a
global criteria in the sense that it is not necessarily maximized
at the level of the partitioning which we would select visually
but rather usually higher up in the model. In this study, the
zone validity analysis is performed using the statistics toolbox
designed for the cluster analysis written under Matlab (Kauf-
man and Rousseeuw 1990, 2005). As we mentioned, Silhou-
ette method is a comprehensive method based on which we
can both find the number of clusters and determine the asso-
ciation of each sample to the created clusters. It should be
mentioned that Silhouette method enables us to correct a
clustering process by evaluating such samples. More impor-
tantly, Silhouette method is not a clustering method; it is a
robust evaluation method that gives an opinion about how
well the samples are distributed in the clusters. A negative
Silhouette value indicates that a sample is wrongly assigned to
a cluster. Contrary, a maximized Silhouette value

Fig.2 Overall average Silhouette
coefficient versus number of

optimum zones
1

zones for the current research.
There is a distinct peak in the

Silhouette coefficient when the

number of zones is equal to 13.
This suggests 13-zone map is

v
AA/A\ ‘—-O/O/o—”&____
/

Overall average

best, since it has the largest

overall average Silhouette
coefficient

silhouette coefficient
<
=

4 6 8 10 12 14 16 18 20

Number of zones
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demonstrates that a sample is properly assigned to a specific
cluster. Our results show that, unlike other validation methods,
the Silhouette method is not dependent on the employed
clustering method. Therefore, the Silhouette method evaluates
each sample individually while other methods evaluate the
entire samples within a cluster as a group. You can produce a
simpler and general classification defining the most basic
structure of the area under investigation by comparing the
zoning classifications globally. The Silhouette plot of the
zoning (Fig. 3) shows the Silhouette index values across zones
used to establish the 13 optimal geologic zones, each with
specific numerical characteristics. It represents the Silhouette
of all zones next to each other, so that the quality of zones can
be compared.

The Silhouette index values for each zone is a plot of the
Silhouette coefficients ranked in decreasing order of all the
sampling sites within the same zone. The plot is a horizontal
line, whose length is proportional to the Silhouette index
value. The Silhouette plot shows which sampling sites lie well
within the zone and which ones are somewhere in between
zones. A wide Silhouette plot indicates large Silhouette index
values and hence a pronounced zone. The height of a zone is
simply equal to the number of sampling sites in the zone. The
global or overall Silhouette width of 0.26 for the 13 optimal
zones was found. As a rule of thumb, the Silhouette coefficient
should be around or larger than 0.25 in order to be able to
claim that a pattern in the data set has been found (Boros
2011). Therefore, the Silhouette averages and plots can be
used to select the optimal number of zones, assess how well

n=175

Fig. 3 The plot of Silhouette
index values across zone used to
establish the 13 optimal geologic
zoning map of Iran. The
Silhouette plot shows the sorted
Silhouette indices (x-axis) for all
sampling sites in each zone (y-
axis). The global Silhouette
coefficient of the zoning is the
average of the zones’ Silhouette
widths

Sampling sites

-0.1 0
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individual observations are classified, and determine the un-
derlying structure of the data set. As a case study of the
successful application of the new approach, an optimal 13-
zone geologic map of Iran is produced (Fig. 4). The geologic
zones are numbered according to their hierarchical order. The
following sections describe the features of each of these 13
optimal zones. The specific numerical geophysical and geo-
logical characteristics of these zones are presented in Table 2.

1) The Urumiyeh Zone: This zone is characterized by the
moderate magnetic field intensity, moderate seismicity,
relatively low earthquake energy release, moderate to-
pographic relief, and moderate fault length density.

2) The Eastern Alborz - Kopeh Dagh Zone: Moderate
exposure of Precambrian and metamorphic rocks, mod-
erate magnetic field intensity and topographic relief,
moderate seismicity, minimum area of Cenozoic rocks
and high average elevation.

3) The Western Alborz Zone: This zone is distinguished
from other zones by low crustal thickness, maximum
outcrop of igneous rocks, and high gravity and isostatic
anomalies.

4) The Hashtrud-Natanz Zone: Moderate magnetic field
intensity and topographic relief, high percentage area
of Precambrian, metamorphic, and igneous rocks expo-
sures. Highest average elevation plays an important role
in separating this zone from the other zones.

5) The Central Alborz Zone: The main geological charac-
teristics of this zone are moderate fault length density,

Global silhouette coefficient: 0.26

Silhouette coefficient
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Fig. 4 Distinct Automatic
Integrated Self-Organized
Optimum Zoning (AISOOZ) of
Iran based on Ward’s minimum
variance method for hierarchical
classification and Silhouette
validation criterion. Zoning has
been made purely by reference to
specified geophysical and
geological characteristics shown
in Table 1. The geologic zones are
numbered according to their
hierarchical order. The Corners of
zones on map have been rounded
slightly for cosmetic reason

6)

7)

8)

50°

2° 62° 64°

TURKAMANISTAN

267

it NN NN
VVVVVVVVYVVVVVVVY
VVVVVVVVVVVVVVYY
VVVVVVVVVVVVVY

RO T

46°

1- Urumiyeh Zone

2- Eastern Alborz - Kopeh Dagh Zone

3- Western Alborz Zone

[E553 4- Hashtrud-Natanz Zone

5- Central Alborz Zone

6- Central-East Iran Zone

7- Sanandaj-Baft Zone

maximum area of Paleozoic rocks exposures, high grav-
ity anomaly, relatively high seismic severity, relatively
high average Bouguer anomaly and low average mag-
netic field intensity.

The Central - East Iran Zone: This zone is differentiated
from surrounding areas by the maximum area of Ceno-
zoic rocks exposures, relatively low seismicity, low
magnetic field intensity, moderate seismic severity and
moderate unconsolidated sediments (Zamani et al.
2013a).

The Sanandaj - Baft Zone: Relatively high crustal
thickness, high fault length density, moderate eleva-
tion, and moderate seismicity are important features
of this zone.

The Zagros Fold - Thrust Zone: This zone is character-
ized by relatively low maximum isostatic anomaly
(Zamani and Farahi 2011), high crustal thickness, mod-
erate seismic activity and moderate elevation.

9)

10)

11)

12)

60° o.z’“
[Z21 8- Zagros Fold -Turust Zone

9- Zagros Simply Folded Zone

10- Khozestan Plain Zone

= 11- Minab-Baft Zone

m 12- Makran Zone

13- Chabahar Zone

The Zagros Simply Folded Zone: This zone is differen-
tiated from surrounding regions by moderate gravity
anomaly, minimum outcrops of igneous and metamor-
phic rocks (Zamani and Farahi 2011), low magnetic field
intensity and high seismicity. Maximum number of
earthquakes occurred in this zone.

The Khozestan Plain Zone: This unfolded zone is char-
acterized by low seismic activity, minimum fault length
density, low isostatic anomaly, low topographic relief,
and maximum exposures of unconsolidated sediments.
The Minab - Baft Zone: This zone is characterized by the
moderate area of Paleozoic rocks, largest percentage
area of ophiolite exposures, highest value of residual
bouguer anomaly and magnetic field intensity.

The Makran Zone: Moderate regional bouguer anomaly,
minimum area of Precambrian rocks exposures, maxi-
mum area of sedimentary rocks and high fault length
density are the main characteristics of this zone.
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Table 2 (continued)

Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 Zone 8 Zone 9 Zone 10 Zone 11 Zone 12 Zone 13

Zone 1

Attributes

6.32697287
33.9729312

0

2.13075687
66.4410221

15.8950165
25.342807

10.8876035
40.7859988
70.2641292
20.6765561
6.04816098
3.0111537

0.01076353
434.549624
2929.52692
1148.47197

2494.9773

0

1.69899078
58.9268332
2.20800471
35.8333461
66.9565067
30.1468601
1.38894425
0.79023894
0.00618565

2.2000503

1.90155203
25.4419854

1.77989551
54.5808651

0

16.8715769
39.577964

2.54805263
23.1133843
41.4124516
33.8701916
3.38440404
10.3079685
0.00654358
996.303627
3282.25066
1875.38187
2285.94704

1.22044643
21.8441208
0.02101301
19.5779117
61.132241

7.19679717
0.60041822
0.29886392
0.00346215
87.6684772
2670.30486
1094.79382
2582.63638

0.11183986
32.5868776
0.04419069
17.9823428
26.6905476
21.3589927
0.18117611
0.00013773

1.97819313
46.1791366
0.45266245
36.6279592
71.8214233
15.0748525
3.43251845
1.11169828
0.00572976
703.398318
3458.81105
1551.34209
2755.41273

RAMR
RASR

2.59183515

55.3117275

0

34.7661841

457511713

0.73822408
52.1681706
81.2407737
14.5463931
2.27231455
1.255427

1.81260103
57.7244472
87.0839133
8.98624397
0.9141108

RAOR

49.3967905
57.0991154

0
0

17.263294

83.0634163
6.22781467
0.49139223

0

67.4968676
68.0836523

0
0
0

40.9251088
80.8757421
5.44408738
0.32743724
0.32743724
0.00251604
23.2110888
2185.99504
543.72046

2162.78395

37.3395299
43.764189

RAUS

RACE

27.0392694
11.8226704
2.87776576
0.01461988
1.28266012
3873.87295
1665.42245
3872.59029

RAME

RAPA

0.68967834
0.00540403
645.165343
2317.58444

RAPR

0.00438053
0.26501333
740.719863
107.672842
740.454849

0.01844929
254.306507
2025.45845
890.670997
1771.15194

0.00029952
1.04152548
145.250364
13.0654036
144.208839

0.00625005
1158.9121

0.00340528
262.57675

FLDE
MIEL
MXEL

AVEL

909.956852
3367.28093
1773.76051
2457.32408

3216.24094
1782.58625
2057.32884

2123.17347
762.976195
1860.59672

1047.32743
1672.4191

RNEL

13) The Chabahar Zone: Relatively low elevation and
highest value of regional bouguer anomaly, low crustal
thickness, low seismicity, and minimum percentage area
of Mesozoic rocks exposures are the general character-
istics of this zone.

Although there are some similarities between AISOOZ and
conventional maps, AISOOZ map (Fig. 4) reveals some re-
markable features that could not be found in the conventional
maps (i.e. Stocklin 1968; Stocklin and Nabavi 1973). These
conventional maps which are not only original but also widely
used in Iran have been considered for illustrative purposes
only. New features revealed by the robust multivariate geo-
logical zoning (AISOOZ) method (Fig. 4) include the follow-
ing: 1- Contrary to the current maps AISOOZ map makes a
clear distinction between the Makran Mountains (Zone 12)
and the East Iranian Ranges. 2- The extent and rigidity of the
disputed microplate in central and eastern parts of Iran (Zone
6) is revealed. 3- The robust multivariate zoning method
displays striking similarities between the Eastern Alborz -
Kopeh Dagh Zone (Zone 2) and the Zagros Simply Folded
Zone (Zone 9) even though these zones are geographically far
apart. They probably have gone through similar geologic
processes during their geological evolution. 4- On the other
hand, the Sanandaj - Baft Zone (Zone 7) and the Zagros Fold -
Thrust Zone (Zone 8) that are geographically close are geo-
logically differentiated from each other. This indicates that
these zones went through separate paths during their geologic
evolution.

What we are primarily concerned with in this manuscript is
the mechanics of producing Automatic Integrated Self-
Organized Optimum Zoning (AISOOZ) map based on overall
similarities from a list of variables within individual zones.
This new approach has been applied to zoning tectonic map
for illustrative purpose only. It is important to recognize that
the geological zoning generated by AISOOZ method is based
purely on the geological and geophysical characteristics pre-
sented in Table 1. So, the correspondences and differences
between AISOOZ and a given zoning based on conventional
methods must receive careful thought (I & II).

However, the attributes used could readily be adapted to
take additional or alternative data sets. The same approach
could also be used to zoning maps of any entity, regardless of
its context and/or scale.

Assessment of geoenvironmental zoning

Apart from primary validity, which assures that the zoning
classification is representative of the general population, there
is a measure of secondary validity. It assesses how well the
classification is stable and robust. According to Williams
(1967), a classification should be truly stable and robust in

@ Springer



592

Earth Sci Inform (2015) 8:583-593

that slight alterations of information should not produce major
changes in the classification. The clustering is naturally a
“blind” process if it does not include any explicit semantic
knowledge of the dataset. The most direct approach to evalu-
ating and testing the stability and robustness of the Silhouette
validation index is to alter the data set slightly by adding or
removing of a few data samples and repeat the classification.
For this purpose, the Silhouette validation criterion has also
been applied to the data set used in our previous paper (II).
This is slightly different than the up-to-date data set with the
current research (Table 1). Since the procedure produced the
same zoning classification on repeated trials (Fig. 4), one can
conclude that the Silhouette validation index is a reliable
measure for determining the optimum number of zones. Fi-
nally, the same reliability testing was performed on the Wilk’s
lambda validation index (II). The resulting plots are presented
in Fig. 5.

Comparison of Fig. 5(a) and (b) indicates that the Wilk’s
lambda criterion tends to produce a different number of zones
with a slight modification of the data set. This is a serious error
because information is lost by merging distinct zones. There-
fore, in comparison with the Wilk’s lambda criterion, Silhou-
ette index performs better for optimum geoenvironmental
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Fig. 5 Showing how the application of Wilk’s lambda criterion as
stopping rule may result in different optimal number of geologic zones
due to the slight alteration of the data samples a Wilk’s lambda discrep-
ancy, calculated for the data set used in our previous paper (Zamani et al.
2011). b Wilk’s lambda discrepancy calculated for the up-to-date data
from current research. This indicates that in comparison with Wilk’s
lambda stopping criterion the Silhouette index is a more reliable and
robust criterion

@ Springer

zoning because it produces more stable and robust zoning
classifications.

Conclusion

Zoning classification provides us with an empirical and ob-
jective technique for performing one of the most inherent
capabilities for the human- classification. It aims at identifying
groups of similar entities or sampling sites and helps to dis-
cover distribution of patterns and interesting correlations in
the study area. Whether for purposes of simplification, explo-
ration or confirmation, zoning classification is a powerful
analytical method that has a wide range of applications in
virtually every scientific and technical discipline. Since the
availability of massive transactional and experimental data
sets, validating the zoning results has become an important
topic in the context of the Earth and environmental sciences.
Having decided on a suitable classification method, consider-
ation needs to be given to how to find a partition into groups
that optimizes the number of zones. Because there is no
internal statistical criterion used for inference, researchers
have developed several criteria and guidelines for ap-
proaching the problem (Everitt and Dunn 2010). These criteria
are ad hoc procedures and must be computed by the researcher
after the experiment is completed. When applied to the results
of zoning classifications, these procedures are sometimes
referred to as stopping rules. In this paper Ward unsupervised
classification method is used to produce geological zoning
maps. After that, the Silhouette validation criterion has been
applied for the first time as stopping rule to measure the
relative usefulness of geological zoning maps. By comparison
the sampling site globally and ignoring local dependencies,
the average Silhouette index of the zoning classifications
as a whole can determine the optimal or natural number of
geologic zones within the study area. This criterion, eventu-
ally led to an AISOOZ map displaying 13 optimal geologic
zone map of Iran. Finally, a comparative study has been
performed on the geological zoning classifications produced
by the Silhouette validation coefficient and that of the Wilk’s
lambda criterion. In comparison with the Wilk’s lambda, the
geological zoning produced by the Silhouette criterion is more
reliable in that the resulting geological classification is not
disturbed by the adding or removing a few sites or attributes
to the data set. Therefore, this criterion could be built into
computer programs as validation index or stopping rule to
assess natural or optimum number of zones, each with specific
numerical characteristics. AISOOZ maps not only can be
reevaluated quite often, but also provides us with a means to
create online as well as offline interactive zoning maps in
the Earth and environmental sciences. The attributes utilized
could easily be adapted to take additional or alternative data
sets. Therefore, AISOOZ approach could also be used to
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zoning maps of any entity, regardless of its context and/or
scale.
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