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ABSTRACT

Depending upon the geometrical shapes of the fold profiles, the Western Zagros
Fold/ Thrust Belt of Iraq has been subdivided into different geometrically distinctive
and genetically significant four sectors using Fourier ratios suggested by Hudleston
classification. Furthermore, the same belt has been subdivided into eight sectors using
Singh and Gairola's classification. The sector names of the former are chevronic—
sinusoidal, sinusoidal—parabolic, parabolic—semi elliptical and semi elliptical-box fold
styles. Whereas in the later division, the sectors are almost chevronic, chevronic—
sinusoidal, almost sinusoidal, sinusoidal—parabolic, almost parabolic, parabolic—semi
elliptical, almost semi elliptical and semi elliptical-box fold styles.

The investigation involves harmonic analysis (Fourier analysis) of the fold
profiles by solving Fourier equations using the Gauss elimination method,
determination of Fourier coefficients and Fourier ratios for forty major anticline
structures that cover fairly evenly the Western Zagros Fold/ Thrust region. The
procedure of harmonic analysis is carried out with FOLDN, a GWBASIC program
written for this purpose. Fourier ratios are utilized for distinguishing different types of
fold shapes.

In general, the map of these sectors shows that the folds become progressively
more developed in shape towards the north and northeast. The arrangement of the
obtained fold sectors in the studied area, matches the folds initiated first near the
Alpine Suture and with time, they propagated south and southwestward across the axis
of orogeny. In addition, probably the process is still going on.
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INTRODUCTION

The Western Zagros Fold/ Thrust Belt (WZFTB) contains simple faulted and
folded strata, which is located between the latitudes 34° - 37°north; and the longitudes
41°- 46°east. The WZFTB Belt comprises two subdivisions namely High Folded and
Low Folded zones. The former is located in the northeastern part whereas the latter is
situated southwesterly. The thrust zone and the quasiplatform area bound the WZFTB
from the north to the northeast and the south to the southwest respectively (Fig.1).
Many descriptive studies were dealt with the WZFTB, which is previously called
Folded Zone or Foreland Folds. These studies are Henson (1951), Dunington (1958),
Bolton (1958), Ditmar et. al. (1971), Buday (1973), Ameen (1979), Numan (1984),
Buday and Jassim (1987), Numan (1991), Numan and Al-Azzawi (1993), Numan
(1997), Maroof (1999), Numan (2000) and Al-Azzawi (2003). In the present study, a
mathematical technique is used for analyzing fold shape. This technique was called
Fourier (harmonic) analysis, which depends on the principle of Fourier series. Fourier
analysis is essentially used to determine the shapes of fold profiles and these were
employed in this work to conclude the tectonic framework of the WZFTB.

Different authors like (Norris, 1963; Harbaugh and Preston, 1965; Whitten, 1966;
Chapple, 1968) in Tripathi and Gairola (1999) had mentioned the Fourier analysis. In
addition, it was modified by (Stabler, 1968), (Hudleston, 1973a), (Ramsay and Huber,
1987), (Bastida et al., 1999) and (Tripathi and Gairola, 1999). Three workers carried
out field applications of this theory, Stowe (1988) in Zimbabwe used this technique in
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drawing fold profiles of sections taken from the Greenstone Belt. Singh and Gairola
(1992) studied the area of North Almora Thrust. However, this study is restricted only
to show the difference between the fold profiles of the para-autochthonous and
allochthonous rocks. Moreover, Strivastava and Gairola (1997) in central India made
the third study. They studied the Index of Nonharmony (INH) by Fourier analysis and
they classified the folds in the area according to the Index of Nonharmony.
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Fig.(1) The tectonic division of Iraq after (Fouad, 2012) and Location
of the study area.

METHODOLOGY

A: Theoretical point of view:

The mathematical technique that involved in the present study is known as
Harmonic or Fourier analysis. It uses a series of trigonometric functions to express the
shape of folded strata.

F(X) = ap+ a1 COS X + a» COS2X + a3z COS 3X
+ by SINX + by SIN 2X + bs SIN 3X

By these functions, the curve of any folded layer can be defined and some
coefficients called Fourier coefficients can be calculated as well. These coefficients are
referred to the amplitude of various cosine and sine components. If a small part
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(sector) of the complete curve of sine function is selected, then the shape of this sector
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Fig. (2) A/ Determination of y1,y2 and y3 for quarterwavelength. B/ Location of Fourier
Coeftficients within the folded layer. C/ Curves and Functions of Sine and Cosines.

can be defined by very few coefficients (Fig.2).

Therefore, the following Fourier equations are responsible for determining the
coefficients (b1, b3 &b5):

Y1
Y2

b; SIN X; + bs SIN 3X; + bs SIN 5X;
bi SIN X, + b3y SIN 3X, + bs SIN 5X,
Y3 = by SIN X3 + by SIN 3X;3 + bs

For this purpose, three simple equations were derived by Stabler (1968) with
approximate results of the Fourier coefficients. They are:

b= 1/3 (ys+Vyi) +[y2/(2sin60)]
bs= 1/3 (2y1—VYs) [1/(2 sin 60) =0.576]
bs= 1/3 ((ys+Vy1)-Y2/(2sin60))

------

The amplitude of any fold is derived from bl; however, this can be slightly
modified by b3. Positive b3 broadens the hinge area of any fold and produces a box
fold whereas negative b3 tends to steepen and straighten the limbs and produces a
chevron fold. While the value of b5 is so small and may be negligible.

The present authors suggested a mathematical procedure with a computer
program to solve the Fourier Equation by Gauss Elimination Method (The computer
program can be demand from the first author).
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Consequently, Fourier coefficients can be plotted graphically on the Hudleston
diagram (Hudleston, 1973a) to find the shapes of the studied folds. The Hudleston's
fold shapes are chevron, sinusoidal, parabolic, semi elliptical and box shape (Fig.3).

Experimentally, Ramsay and Huber (1987) studied the progressive changes of a
fold shape during its growth versus the progressive deformation. They concluded that
in the beginning of any deformation, the fold shape starts as chevron style then it is
progressively changed into sinusoidal, parabolic, semi elliptical and box shape. The
outcome of the two mentioned concepts means that (in the field) the box shape fold is
older than others and the chevron fold is relatively the youngest.
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Fig. (3) Fold shapes after (Hudleston, 1973a)

Accordingly, the present study tried to apply the fold shapes, which were found
by Fourier coefficients, on the progressive fold shapes of Hudleston' (1973a) and
Ramsay and Huber (1987). This application was carried out in the WZFTB folds for
the purpose of finding the relative ages of these folds and classifying them according
to their relative ages.

B- Application:

For the sake of simplifying the application of this technique, two assumptions are
adopted. First, the exposure points of the half wavelength of a fold are considered as
inflection points. The validity of this consideration was empirically checked (Fig. 4).
Second, is to take the measurements from the competent strata of parallel fold type of
Ramsay (1967). In a parallel fold, the beds maintain constant thickness and the axial
plane always bisects the interlimb angle, so it is easy to locate the trace of its axial



Nabeel K. Al-Azzawi

and

Nazar M. S. Numan

31

plane. Naturally, there are no perfect parallel folds (Hudleston, 1973b; Ramsay and
Huber, 1987) but there are combinations of more than one class of Ramsay's
classification of multilayer folds (Ramsay, 1967). To apply this technique in northern
Iraq, certain competent formations must be identified to take the measurements from.
The most well known competent beds in the WZFTB are the Pila Spi Limestone
Formation in the area eastern of Tigris River and Jeribe/Euphrates Formation in the
western part. These formations are bounded by incompetent formations. Figure (5)
shows that the competent layers must fold by parallel type (1B) whereas incompetent

layers can take classes 1A, 1C and class 3 (Ramsay and Huber, 1987).
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Fig. (5) Folding style of competent and incompetent layer, Ramsay and
Huber (1987)

The procedure proposed and applied for this study contains the following items:

1- Fold Profile Construction:
Profile of the studied fold must be drawn for the preparation of Fourier analysis.
Al-Azzawi (2004) proposed a mathematical method for the construction of fold profile
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with a computer program. The constructed fold profile must be framed with
coordinating axes. The y-axis is parallel to the axial plane trace and passing through
the inflection point, whereas the x-axis must pass through the inflection point and
perpendicular to axial plane trace (Fig.6).
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Fig. {6) Rotation of fold profile by drift angle and determination of Stabler
axes of inclined axial plane.

2- Rotation of Fold Profile:

When the fold is symmetrical, the trace of its axial plane will be vertical,
therefore y-axis and x-axis become vertical and horizontal respectively (i.e. the profile
remains without rotation). While if the fold is asymmetrical, then rotation must be
needed until, y-axis and x-axis become vertical and horizontal respectively. The angle
of rotation Drift can be measured by the following equation:

Drift=90 - (((180-GL-ST)/2)+GL)

Where GL is the dip angle of the gentle limb and ST is for the steep one.
The deformational matrix method is used to rotate this profile (Fig.6), and the
matrix listed below is needed to rotate the profile in clockwise direction:

Cos (Drift) Sin (Drift)
Transformational Matrix =
-Sin (Drift) Cos (Drift)

The new X and Y values of the folded curve after rotation become:
X1~ =x1 * Cos ( Drift) + yi1* - Sin (Drift)
y1 =x1* Sin (Drift) + y1* Cos ( Drift)
When the profile is needed to rotate in anticlockwise direction, the
transformational matrix becomes:
Cos (Drift) - Sin (Drift)
Transformational Matrix =
Sin (Drift) Cos (Drift)
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And the new X and Y values of the folded curve after rotation become:

X1 =x1* Cos (Drift) + yi* Sin (Drift)

y1~ =x1*- Sin (Drift) + y1* Cos ( Drift)
After rotating the fold profile, values of X and Y become:

(X1¥17) , (X2,¥2) 5 eeeeeieiannnn, , (Xn",yn)

3- Determination of a fold profile function:

Many mathematical methods were experimentally used to calculate the fold
function that can be used in the determination of Fourier coefficients. These methods
are Lagrangian polynomial interpolation, the divided differences by Newton formula,
Newton method for solution of nonlinear equations and Least Squares method.
Empirically, it is proved that the Lagrangian polynomial interpolation is the best
method for the presentation of the fold function and for interpolating points within the
fold profile curve (eroded or missing points in the central part of the fold). Whereas
the Least Squares method was used for extrapolation of the missing points on the fold
profile terminations.

Application of Lagrangian Polynomial Interpolation:

The values of X and Y after rotating the fold profile are:

(X1,y17) 5, (X27,¥2) 5 ceeeeeeieenn, , (Xn,yn)
If x=x"and F(x)= y , then they become
X: Xo X1 X2 Xn-1
F(x): F(xo) F(x1)) FX2) oooeviiiinnnn. F(Xn-1)

The Lagrangian polynomial for degree of n is defined as the following:
Pn(X) = F(X0) Lo (X) + F(x1) L1 (X) + F(x2) L2 (X) + - - - - +F(Xn-1) Ln-1 (X)

n
OR Pn(x)=Y  F(xi)Li(x)
i=0
And Li (x) for any value of x can be determined as:
(X-X0) (X-X1) (X-X2) = == = - - - - (X-Xi-1) (X-Xi+1) - - = (X-Xn)
Li (X) = mmmmmm oo e e e e
(Xi-Xo0) (Xi-X1) (Xi-X2) - - - - = (Xi-Xi-1) (Xi-Xi+1) - = =(Xi-Xn)

Application of L east Squares Method:

Determining the values of:

IXi IXiZ IXiE IXit ZYi ZXiYi ZIXi?Yi
Making the equations of Least Squares:

aN +aZXi+aIXiZ =XVYi

WX Xi +aXXit+ X X2 =IXiVi

I Xil+ aaZ Xid+ a2X Xi* =X Xi2Yi

Arranging in matrix form:
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N 2Xi EXi? bo 2Yi
Xi EXiZ IXiE | * b1 =| ZXiYi
Xz X2 XXt b2 X Xi2Yi

Making upper triangular form:

a1l di,2 di1,3 . di4 aia
az1 az?2 23 . A4 aza
as,1 as2 d33 . a34 dsa

Calculating the values of the coefficients ai, a2 and as by back substitution method:
a33* b2 =azy

b2=as4/ as3

Qp2*bitaz*br=axs

b1 =(azs—az3*b2) /a2

ar1 *botai2*bi+aiz*b2=ais

bo = (a14—ai2 *b1- a13 * b2) /a1

Finally determining the form of fold function:

Y —ag+a; X+ aX?

4- Determination of Stabler Axes:

Stabler (1968) suggested simplified equations for determining the Fourier
coefficients; in addition, he proposed a practical procedure for this purpose. He
divided the base of a quarter wavelength after rotation (AQW) into three equal parts.
For each part there is a value of Y, so there are three values Y1, Y2 and Y3 called Stabler
axes (Fig. 6).The corresponding X-values to Y1, Y2 and Y3 are equal to 1/3 AQW, 2/3
AQW and AQW respectively. It must be known that QW is representing the quarter
wavelength before rotation and the following formula is responsible for conversion:

AQW = QW * Cos (Drift)

Practically, Stabler axes can be measured directly from any fold profile (Fig. 6).
The measurements must be converted to scaled values because different scales give
different results. The scaled values of Stabler axes are convenient for the application of
Fourier Equations. The following formula is used for the determination of the scaled
values.

Yi=yi*II/2* AQW Stabler (1968)

5- Arrangement of Fourier Equations:

For the sake of the harmonic analysis of any natural fold, the three coefficients
b1, bs & bs can be taken into consideration and Fourier Equations can be arranged as
follows:
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Y1 = b1 SINX: + bz SIN 3X;1 + bs SIN 5X3
Y, = by SIN X2 + bz SIN 3X2 + bs SIN 5X»
Y3 = by SIN Xz + bs SIN 3X3 + bs SIN 5X3

To calculate the amounts of by, bs & bs, the values of X (1/3 AQW, 2/3AQW and
AQW) and their related Y * must be substituted in the previous equations.

6- Solution of Fourier Equations by Gauss Method:

The solution of these equations in the previous step is very complicated; the
present authors used the Gauss Elimination method to solve Fourier Equations by a
computer program called FOLDN. The Gauss Elimination method was described by
(Gerald and Wheatly, 1984). The following steps are explaining the procedure of the
Gauss Elimination method.

Rewriting the Fourier Equation in the following form:

b1 a1 + bz a12 + bs a13 = ais

b1 a1 + bz a2 + bs a2z = aza

b1 asp + bz asp + bs azz = ass
Converting these equations to matrix form:

a1 a2 aig b1 a4

a1 a2 a3 *1 bs| =| a4

a1 as2 as3 bs asa4
Making Upper triangular matrix:

a2 a1 b1 a4
0 a3 | *|bs| = |a4
0 0 bs a34

Calculating the values of b1, b3 & b5 coefficients by back substitution method:

a33bs = az4

bs=a34/833 .oooovniiiii 1
a2 b3 + a2z bs =axs

bs=(azsa-az3 bs)/azo ool 2
a1 by +aip bs +ai3 bs =aias

bi=(a14- a2 bz - ai3 bs) /a1 ............ 3

The ratio b3 / b1 is called Fourier Ratio, which is used for determining the fold
shape. This is because b5 is negligible in the macroscopic folds studies.

7- Hudleston Classification:
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The Fourier ratio can be applied on Hudleston Diagram (Fig.3) to determine the
shape style of the studied fold.

8- Singh and Gairola Classification -

The same ratio can also be applied for Singh and Gairola Diagram (Fig.7) to
determine the precise shapes of the studied folds.

PROGRESSIVE CHANGE OF FOLD SHAPES DURING
EXPERIMENTAL FOLDING

Folds are found in nature in their final stage of development. Therefore,
Hudleston (1973b), Ramasy, and Huber (1987) experi-mentally tried to study the
progressive growth of folds with physical models. They found out that folds could pass
through different shapes when they progressively grow. Hudleston (1973b) carried out
his experiment in a shear box using Ethyl cellulose substance for his model. He found
that the strata were started folding by sinusoidal shape, became progressively
developed to parabolic and semi elliptical shape with increasing stresses. Ramsay and
Huber (1987) used Plasticine substance for their model. This laboratory experiment
was passed through four stages; a certain fold shape represented each stage. The first
stage was manifested by chevron-sinusoidal shape whereas the second and third stages
had almost sinusoidal and parabolic shapes respectively. The fourth stage appeared as
almost semi elliptical shape and the hinge zones became more rounded with increasing
stresses until reaching box-like shape.
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Fig. (7) Fold shapes after Singh and Gairola (1992)
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From the aforementioned experiments, it may be concluded that the shape of
any fold can grow progressively from chevron, sinusoidal, parabolic, semi elliptical
and box shape. Moreover, if this conclusion is considered as a geological truth and
can be applied in the geological field, it means that the chevron fold is relatively
younger than semi elliptical one, and the box type fold is the oldest.

FOURIER OR HARMONIC ANALYSIS OF THE WZFTB FOLDS

According to the previous aspects of defining fold shape by Fourier analysis and
the chronological ascending of the fold shape styles, the present authors had subjected
40 folds of the WZFTB of Iraqg to this application. Consequently, it is found that the
WZFTB folds could be divided into four sectors according to the Hudleston division
(Fig.8). These are:

1- Chevronic-Sinusoidal Folds Sector:

The folds in this sector have Fourier ratios ranging from -0.111 to 0.000.
These folds are Ain Zalah, Zeneat, Qand, Mandan, Ain Alsafra, Almeshraqg,
Butmah East, Butmah West, Ishkaft, Sinjar, Sasan, Zumbar, Shaikh lbrahim
and Adaiya. There are two folds in this sector in anomalous manner, they are
Bahshiga and Khorsubad with sinusoidal-parabolic and under chevronic shape
respectively.

2- Sinusoidal — Parabolic Folds Sector:

This sector comprises folds ranging in their Fourier ratios from 0.000 to
0.037. These folds are Baikher, Shaikhan, Bana Bawi, Darband Bazian, Mashorah
Dagh, Hemrin North, Hemrin South and Kirkuk. The anomalous folds in this sector
are Duhok, Dahkan, Makhul and Qara Chaug that have parapolic-semi elliptical
shape and Chamchamal, Permum Dagh and Zakho with chevronic-sinusoidal
shape.

3-Parabolic—Semi Elliptical Folds Sector:

Fourier ratios of this sector are ranging from 0.037 to 0.165. The sector
comprises Charveki Dagh, Safine Dagh, Shakrok, Harir, Berat, Bazian South,
Bazian North and Pera Magron.

4-Semi Elliptical — Box Folds Sector:

This sector is containing a single fold. It is Chia Gara Anticline, which has
Fourier ratio equal to 0.2659. This sector represents a higher degree of
development in the WZFTB.

When the same folds are subjected to the Singh and Gairola divisions (Singh
and Gairola, 1992) (Fig. 7), then the WZFTB folds can be divided into 8 precise
sectors, due to small intervals of Fourier ratio (Fig.7).

These sectors are:

1- Almost Chevronic Folds. 2- Chevronic-Sinusoidal Folds.

3- Almost Sinusoidal Folds. 4- Sinusoidal — Parabolic folds.

5- Almost Parabolic Folds. 6- Parabolic—Semi Elliptical Folds.
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7- Almost Semi Elliptical Folds. 8-Semi Elliptical-Box Folds.
DISCUSSION

The application of Fourier analysis according to Hudleston and Ramsay and
Huber experiments on the WZFTB folds reveals two important tectonic results. The
first one is the homogeneous and progressive change of folds' shapes in the WZFTB.
The second result is the anomalous folds in this Belt.

Progressive folds' shapes:

Figure (8) explains the homogenous and progressive change of folds' shapes in
the WZFTB. It shows that the fold shapes of this belt are progressively advancing
toward the north and the northeast. The fold shapes appeared as chevronic-sinusoidal
folds (first sector) in the south and southwest of the WZFTB had been advanced
toward the north and northeast to semi elliptical-box folds (fourth sector). This
indicates that the ages of these folds are increasing to the north and northeast parts.
Figure (8) shows the four sectors of folds' shapes according to (Hudleston, 1973a) and
describes the tectonic development of the WZFTB folds as well. Thus according to the
results of Hudleston (1973a) and Ramsay and Huber (1987) experiments, the semi
elliptical- box folds sector is considered the older sector in the WZFTB, whereas the
chevronic-sinusoidal folds sector is relatively younger.

Using the assumption of fold shape as an indicator for folds development, the
analysis results reveals that Semi elliptical fold must be started as chevron fold, then it
became sinusoidal and parabolic. Accordingly, the folds of the fourth sector (semi
elliptical-box) in the WZFTB might be started with chevron or chevronic-sinusoidal
folds at the beginning of Arabian Eurasian plates' collision. After that, when the folds
of the third sector (parabolic-semi elliptical) started as chevron folds, the folds of the
fourth sector were grown to sinusoidal-parabolic folds. Moreover, when the folds of
the second sector (sinusoidal-parabolic) formed as chevron folds, the third sector was
developed to sinusoidal-parabolic folds and the folds of the fourth sector became
parabolic-semi elliptical folds and so on.

There are two evidences confirm the present interpretation. First, the boundaries
of these sectors are parallel to the Bitlis — Zagros suture line, which is a result from the
collision of the Arabian and Eurasian (Iranian and Turkish) plates. This means that
these boundaries (at any point) are generally perpendicular to o1 stress axis and parallel
to o3 stress axis of the regional stress trajectories. The second evidence is the
geographic locations of these sectors are coinciding with their tectonic settings. This
means that the fourth sector, which comprises the higher developing folds is located
close to the suture line (the source of the tectonic force).
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The anomalous folds:

During the course of this analysis, some folds appear as anomalous folds in their
sectors. These are:

1- Bahshiga (sinusoidal-parabolic) and Khorsubad (under chevronic) folds which
appeared within the chevronic-sinusoidal folds sector.

2- Duhok, Dahkan, Makhul and Qara Chauq folds (parapolic-semi elliptical) and
Chamchamal, Permum Dagh and Zakho folds (chevronic-sinusoidal) which are
located within the sinusoidal- parabolic sector.

It is also conspicuous that Bahshiga, Duhok, Dahkan, Makhul and Qara Chauq
are anomalous folds having higher developed fold shapes than their sector shape.
While the other anomalous folds; Korsubad, Chamchamal, Permum Dagh and Zakho
have lower developed fold shapes than their sector shape. Numan and Al- Azzawi
(1993) and Al-Azzawi (2003) suggested that there were basement faults called listric
faults that had controlled the formation of the WZFTB folds. These faults were divided
into two types according to the fault vergence. They are Foreland —vergent listric
faults, which made folds vergent toward the south, or the southwest and suture-vergent
listric faults that made folds vergent toward the north or the northeast. The present
authors propose that when the listric fault had a higher displacement than the
surrounding faults, the associated fold becomes anomalous in its sector like Bahshiga,
Duhok, Dahkan, Makhul and Qara Chaug. While if the listric fault had a lower
displacement than the surroundings, then the related fold also becomes anomalous in
its sector like Permum Dagh, Chemchamal and Zakho. The listric fault in the first case
was called Progressive Fault. While it was named Retard Fault in the second case.
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