-RESEARCH PAPER-

IJIMGE

International Journal of Mining and Geo-Engineering

IJMGE 58-2 (2024) 121-134 DOI: 10.22059/1JMGE.2023.363558.595090

Joint Euler deconvolution for depth estimation of potential field
magnetic and gravity data

Saeed Ghanbarifar ¢, Seyed Hossein Hosseini ¢, Seyed Masoud Ghiasi ?, Maysam Abedi " °
and Ahmad Afshar ©

2 Institute of Geophysics, University of Tehran, Iran.
b School of ‘Mining Engineering, Faculty of Engineering, University of Tehran, Iran.
¢ Department of Mining and Metallurgical Engineering, Amirkabir University of Technology, Tehran, Iran.

Article History:
Received: 08 August 2023.
Revised: 02 September 2023.

ABSTRACT Accepted: 10 September 2023.

The Euler deconvolution system is a well-known approach to estimate the depth of underground sources in potential field geophysics. Over-
determined Euler linear equations are usually solved independently and separately for the gravity and magnetic data, and each result is an
estimate for the depth of the potential sources. This technique is widely utilized to analyze the depth variations of magnetic and gravity sources
individually. However, the depth estimation of each of the mentioned potential fields may return specific and exclusive results regarding the
complex nature of the subsurface structures, and the gravity and magnetic separate depth estimation solutions may be discordant in many
aspects. In the cases of low-resolution for the gravity and magnetic data sets, this study indicates that the independently solved Euler depth
estimation systems cannot yield reliable and accurate solutions for potential field sources. By combining the gravity and magnetic data and
simultaneously solving the Euler equations for the gravity and magnetic potential fields, this research presents a novel approach called the
joint Euler method with a proper capability to return more accurate and improved depth estimations for the boundary and body of potential
field sources. The presented method was solved and examined over homogeneous and non-homogeneous synthetic scenarios with reduced
resolution, and the depth solutions were also compared with the separate approach. After obtaining the desired results from the synthetic
models, the joint Euler technique was applied to the gravity and magnetic data of the Kifl oil trap located in Iraq. The results were quite
promising compared to the separate depth estimations, proving the sufficiency and applicability of the proposed potential field method in

terms of interpretational aspects.
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1. Introduction

As a popular and rapid strategy, the Euler equations have been vastly
used in potential field geophysical studies to estimate depth of
underground sources. Many efforts have been made to present
uncomplicated and fast algorithms to quickly distinguish the geometry
features of sought sources responsible for potential field anomalies,
among which the Euler depth estimator is among the most favourite
ones. Providing a basis for further in-depth researches, modelling and
interpretations, a major advantage of this algorithm is its speed and
simplicity. The standard Euler deconvolution method is extensively
utilized in many researches for the interpretation of potential field
geophysical data, since it carries less computational expense. Through
potential field horizontal and vertical derivatives, the Euler equations
are used to calculate the depth of subsurface sources reliably. To the best
of our knowledge, over a profile of potential field data, this method was
initially proposed and developed by Thompson (1982) [1].
Subsequently, Reid et al. (1990) solved the equations for 2D data [2].
Investigating the depth of mineral deposits, studying the location of
potential field anomalies and shallow faults, calculating the depth of
geothermal reservoirs, and also obtaining the thickness of surface
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sediments are some of the important applications of the Euler
deconvolution method [3-5]. In addition to depth estimation, the Euler
system of equations can also be used to determine the boundaries of
anomalies and the depth of discontinuities, e.g. [6-71.

In previous studies, the standard 3D Euler equation system was solved
for the data generated from potential sources by choosing an
appropriate structural index “SI” within the optimum moving window
sizes on the entire grid surface using the gravity and magnetic data sets
separately and independently [8]. Due to the difference in the sensitivity
of subsurface physical structures to different geophysical methods, as
well as the existence of the principle of non-uniqueness, it may be
necessary to use multiple geophysical methods throughout a study area
in order to achieve and map more accurate and reliable results and
viewpoints of underground features. Therefore, in the presence of the
potential field gravity and magnetic data, this study presents a novel
solution by introducing the "Joint Euler method", in which the standard
Euler equations are solved simultaneously for both gravity and magnetic
data. Then, this approach was tested on homogenous and non-
homogenous synthetic cases.
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Assuming identical coordinates for magnetic and gravity potential
data, the Euler equations were initially solved separately by reducing
and eliminating the resolution of the potential field data. In this case,
the results indicated that solving the Euler equations independently and
separately does not return an accurate result for the boundary and depth
of the survey potential sources. Due to various reasons, such as the high
cost of geophysical surveys and the difficulty of the implementation,
severe topography, etc., the resolution of magnetic and gravity data sets
might be low in reality. In order to obtain more accurate results
regarding the depth and boundary of potential sources for exploratory
studies, tectonic researches, etc., geophysics and geological interpreters
need access to novel methodologies to simplify data shortages.
Therefore, the mentioned issue is fairly consequential and critical in the
field of potential field data processing. In this regard, in the next step,
the Euler equations are solved using the proposed joint Euler method
with identical tolerance and inputs for the generated synthetic potential
sources data with low-resolution.

To employ the presented approach on a real case, the Euler equations
were solved in two separate and joint modes for the magnetic and
gravity potential field data of the Kifl oil field in Iraq. Previous
researches on this area confirm the existence of a long oil-trapping
horst-graben fault structure [9-11]. The results indicate that solving the
Joint Euler equations with the same initial tolerance and inputs yield
better outcomes through proper agreement with geology and previous
studies in comparison to the separately solved Euler solution of the
equations.

2. Methodology

In this section, a brief introduction is presented to express the major
mathematical concept of the proposed depth estimator. In the presence
of a background field, the Euler's homogeneity equation for magnetic
and gravity potential fields is written as follows:

x=x) 5+ (= Y) 5o+ @ —2) 5. = N(B—P) M

Shortly describing the parameters, Pstands for observed magnetic or
gravity field data at a point (x, y, z); (OP / x, OP | y, 0P | z) describes the
directional derivatives of the potential fields that can be calculated by
different methods, such as convolution or calculation in the Fourier
domain; (xo, yo, zo) delineates the location of the anomaly source (zo is
the depth of the potential field source); B is the background or main
field of the observed data; and N stands for the structural index (SI) as
the degree of homogeneity of the potential fields [12]. The structural
index is normally variable for sources with different shapes, and its
determination is very influential in the final depth estimates of the Euler
system of equations [6-7]. Basic geological information of study areas
has a great impact on obtaining this parameter. Various computational
methods have been developed to calculate the structural index (e.g., [13-
161). Some important structural index values for homogeneous and
simple-shaped geological structures are given in Table 1.

Rewriting the Eq. (1) separately for the magnetic field P and the
gravity field 7, yields:

apm

(x— xo)—+(y yo) ot (2= 20) 5 = N(B — P) (2)

(6= x0) 2+ (7 = Y0) 52 + (2= 20) 5 = Ny By — Po) 3)

Indices of m and g denote the magnetic and gravity fields,
respectively. Each of the above-mentioned equations has three common
Xo
variables of source location ( [ }’o] ) and an independent unknown
Zo
parameter of B (B for gravity and Bm for magnetic fields), which are
obtained by solving Eqgs. 2 and 3 independently. Adding 0 x Bg to Eq. (2)
and 0 x Bu to Eq. (3), we have:
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Combining the above-mentioned equations, it would be possible to
Xo

Yo
simultaneously estimate the vector of unknown parameters | Zo | With

m
[B,]
(v +u) the number of observed data inside the window and for a window

on the grid surface, the simple matrix form of the Euler equations (Egs.
4 and 5) can be represented as follows:
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It should be noted that u and v stand for the number of the magnetic
and gravity data in a single window, respectively.

The mentioned system of the equations can be written in the
following simplified form:

G 1 =[] @
Also, in a more simplified way, Eq. (7) can be represented as follows:
Gm=d (8)
In this case, d=[‘;l:]is the data vector with the length of (v+u), mis the

o
model parameters vector [ Zo |, and G= [(é:] is the linear operator in
B,

g
equations.

The set of matrix equations is an over-determined system for a
window within the grid surface. The common method for finding the
appropriate model parameters is to minimize the second norm of the
residual vector, which is also known as the least squares technique. Due
to the high ability in statistical analyses and having an appropriate
geometric understanding, the least squares method, or also the second
norm solution, is a popular approach in solving equations with a normal
distribution. To increase the certainty of the answers, the least squares
method is generally written in the form Gwm = dw. In this case, the
residual vector turns into the following form [17]:

r=dy — G,m 9)

In the above- mentioned formula, it is better noting that d,, = d X W
and G, = G X W.
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Table 1. The structural indices of some simple-shaped sources in potential field studies (Reid and Thurston 2014).

Source Number of infinite dimensional Magnetic Gravity Depth relative to...
Sphere 0 3 2 Center

Vertical line/pipe/cylinder 1 2 1 Top

Horizontal line /cylinder 1 2 1 Center

Dyke 2 1 0 Top

Sill 2 1 0 Center

Contact 3 0 -1 Top

This research considered the weighting function (W) as a diagonal
matrix which is inversely related to the distance of the observed data (s)
from the center of each window:

(39
0 -~ 0 |

1/51 0
0 o Yo o
(0 0) (0 1/:517)

Considering the mentioned weighting function, the simple form of
the Euler equations system turns into the following form:

Gym = d,, 1)

Multiplying both sides of Eq. (1) by the transposed matrix of G, we
have:

Gy Gym = Gy, Tdy, (12)

Finally, the normal form of the equations for obtaining the model
parameters (m) is presented as follows [17]:

W= (10)

m = (G Gy) Gy dyy (13)

It should be noted that in this study, the dynamic window method
has been utilized to solve the Euler equations in each part of the grid
surface [8]. This method solves the Euler equations for potential fields
by considering moving and dynamic windows throughout the whole
grid surface. By considering dynamic windows with variable dimensions
in each area of the grid, this algorithm solves the Euler equations within
all the windows, and finally, the window with the minimum uncertainty
value in depth estimation is considered the optimal one. The entire grid
surface is scanned and the optimal window sizes are calculated along
with minimum error rates for answers and dimensions simultaneously.
Finally for the entire observation grid, the set of acceptable answers for
the Euler equations is the ones with an uncertainty of less than an initial
tolerance (&) that is also a percentage of the estimated depth. Briefly
stated, the set of acceptable answers to the Euler equations can be
obtained from the following conditional expression [8]:

if min(uncertainty, )(i,j) < & (%) = final mgye, estimation  (14)

Note :0 < £ <100

3. Synthetic scenarios

In this section, to evaluate the efficiency of the proposed method, the
joint Euler method was examined and reviewed for two synthetic
models. Since the Euler deconvolution technique concerns homogenous
sources, this method was initially tested for a homogenous sphere, and
then it was utilized over a more complicated inhomogeneous synthetic
body.

In this regard, the survey resolution of the gravity and magnetic data
was reduced for the inhomogeneous synthetic data, and then the Euler
equation system was solved independently and jointly for the gravity
and magnetic potential fields to evaluate the impact of the presented
joint solution on solving the Euler equations. In this research, the
synthetic magnetic and gravity survey coordinates are investigated at

two identical and non-identical states for an inhomogeneous source,
and the results are reviewed and discussed.

To simulate the responses of the synthetic magnetic and gravity
models, a grid area was designed .Using the parallel algorithm in
Matlab through cell merging method, Chen and Zhang (2018)
developed a forward modelling code on gravity data [18]. Building upon
this work, both magnetic and gravity data were forward modeled. To
create more realistic terms, the magnetic and gravity data were
corrupted with 3 % and 1 % random Gaussian noise, respectively. These
observations are then inputs and entries of the aforementioned Euler
equations system.

3.1 Homogenous model

To test the presented synthetic method, a simple homogeneous
sphere source was initially considered. The magnetic susceptibility and
density contrast properties of this model were 0.1 (in SI unit) and 0.3
(gr/cm?), respectively. The Earth’s magnetic field intensity of 46,000 nT
with inclination and declination angles of 90 and 0 degrees, respectively,
were assumed. As can be seen in Fig. 1, the magnetic and gravity field
responses are presented within a surface grid covering a 10001000 m?
area with a 10 m station spacing along with a 3D view of the synthetic
model and a 2D top view of the source. A summary description of the

first synthetic scenario is given in the Table 2.

The potential field of a homogeneous source was calculated with the
coordinates of the center (xc, Ve, zc) = (500, 500, -100) and a radius of 50
meters. Then, the depth estimation process was conducted using the
presented joint standard Euler deconvolution method with dynamic
windows ranging from a minimum of 3 times cell size to maximum of
33 times cell size, by considering 1% tolerance and 90% overlap. In the
next step, the obtained results with the real values (center of the sphere)
were compared. The results of the histogram of the estimated
parameters (Fig. 2) indicate that most of the depth solutions (zo) are
obtained between the values of 100.95 and 101 meters around the
location (xo, yo) of 500 meters, in close accordance with the assumed
values.

Now, if we consider the average value of the parameters as the
criterion for comparing the answers with the real center of the sphere at
the coordinates (xc, ¢, zc ) =(500,500,-100), the obtained average values
and errors indicate that the presented joint Euler method has
appropriately estimated the coordinates of the center of the
homogeneous sphere (tabulated in Table 3).

3.2, In-homogenous model

Using the mentioned forward-modelling technique, to test the
presented method, a synthetic model with two separate sources was
planned. The western source was initially considered with a depth range
of 200-500 m and a NS elongation from 1900 to 3000 m, and also an EW
elongation from 1300 to 1900 m. The magnetic susceptibility and density
contrast properties of this model were 0.01 (in SI unit) and 0.5 (gr/cm?),
respectively.

The eastern source was also specified with a depth range of 300-600
m and a NS elongation from 1900 to 3000 m, and also an EW elongation
from 3500 to 4100 m. The magnetic susceptibility and density contrast
properties of this model were 0. 1 (in SI unit) and 1 (gr/cm’®),
respectively.
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Fig 1 A homogeneous sphere source potential field anomaly simulation, (a) gravity
data, (b) magnetic data, (c) 3D source geometry, and (d) 2D top view. The
synthetic gravity and magnetic data are corrupted byl% and 3% random Gaussian
noise, respectively.
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Fig. 2 The histogram plot of the estimated parameters (x0, y0, z0) through the joint
Euler algorithm. A synthetic sphere source was assumed as described in Table 2.

The Earth’s magnetic inclination and declination angles were
assigned equal to 90 and 0 degrees, respectively and also the Earth's
main field for the magnetic source was also considered equal to 46,000
nT. A summary description of the synthetic scenario is delineated in
Table 4. As can be seen in Fig. 3, the magnetic and gravity field responses
of the two horizontal sources are presented within a surface grid
covering a 5000%¥5000 m”* area with a 50 m station spacing along with a
3D view of the synthetic model and a 2D cross section indicating the
middle of the area.

In standard Euler deconvolution method, structural index (SI) is the
coefficient delineating the geometric characteristics of causative sources
responsible for potential field anomalies. Depth estimation is highly
dependent on the structural index [19], while it can be estimated
automatically by manipulating the main equation of Euler and
substituting input data with directional derivatives of potential field data
[14]. For the designed synthetic model, it should be noted that the Euler
standard equations are solved with a structure index of 1.5 and 0.5 for
magnetic and gravity fields, respectively (Ng= Nm-1).

In the following, the Joint Euler depth estimation approach is
compared with the separately solved examples for four different cases.

3.21 CASE I: non-identical magnetic and gravity coordinates

In this case, the observed magnetic and gravity survey coordinates are
assumed to be non-identical. As depicted in Fig 4, the number of
potential magnetic and gravity data was reduced so that the remaining
data of the gravity and magnetic potential fields do not have the same
coordinates. In this way, by reducing the resolution of magnetic (or
gravity) data, some gravity data points may exist at the missing magnetic
data locations. Data-spacing is also increased from 50 m to 150 m. White
squares indicate the lack of survey data. The Euler equation system was
then solved separately for each of the magnetic and gravity data sets. As
shown in Fig. 3, the results of the simulations show that separate
estimation of the depth of the potential sources results in deficient
resolution, while increasing the survey data distances.

Figure 5 indicates the results of the standard Euler depth estimation
technique for each of the magnetic and gravity data after reducing the
survey data resolution. As mentioned before, due to the deficiency of the
data resolution, the standard Euler depth estimation process was not
able to retrieve any depth solutions either for magnetic or for gravity
data (Fig5).
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Table 2. The assumed parameters for the synthetic homogeneous source shown in Fig, 1.

125

Easting Center Northing Center Z Center Radius Density contrast Susceptibility Inclination Declination
(m) (m) (m) (m) (glem?) (8D (degree) (degree)
500 500 -100 50 03 01 90 0

Table 3. The average values of the estimated parameters for the center of the homogeneous sphere using the joint Euler method.

Parameters Xo Yo Zy
Average estimated parameters for magnetic sphere 499.9975 500.001 100.9698
Error 0.0049495 0.0020678 0.9698
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Fig. 3 The potential field anomaly simulation of a multi-source scenario with 50 m spacing, (a) gravity data, (b) magnetic data, (c) 3D view of sources geometry, and (d)
2D cross section at Northing=2500 m. The synthetic gravity and magnetic data are corrupted by 1% and 3% random Gaussian noise, respectively.
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Table 4. The assumed parameters for the synthetic model shown in Fig. 3.

Easting Northing z
West Block Size (m) (m) (m) Slope Density contrast Susceptibility Inclination |Declination
def SI de de
) From To From To From | To (degree) (gfem3) Y (degree) (degree)
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300
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Fig. 4 The observed synthetic anomalies for the simulated potential fields of a multi-source scenario, (a) magnetic data, and (b) gravity data. Note that white squares
indicate the lack of data as a result of resolution reduction.
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Fig. 5 The standard Euler depth estimation of a multi-source scenario, where the left column is for gravity and the right one is for magnetic data. Data resolution has
decreased.
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To address the mentioned issue, the proposed solution of this study number of important survey magnetic data points are unavailable.
is to utilize the joint Euler approach which solves the equations Therefore, by the available gravity data in some of these points, the Euler
considering both of the potential fields simultaneously. For this purpose, equations can be jointly solved using the proposed solution of this study.
in order for better visualization, the gravity and magnetic survey profiles The results of the joint Euler solutions with two different tolerance
are shown concurrently in Fig.6a. As can be seen, it is assumed that a values of 3 and 5 are shown in Fig. 6.
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Fig. 6 (a) The observed gravity and magnetic data of a multi-source scenario superimposed on the same map and joint Euler depth estimations for
synthetic sources with tolerance of (b) =3 and (c) &=5. The 3D transparent display of depth estimations for tolerances of (d) £=3 and (e) for e=5.
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As can be inferred from Fig. 6, comparing the results with the initial
synthetic model (Fig. 3), despite the relatively lower resolution, it can be
concluded that the joint Euler method was able to provide an
appropriate estimation of the depth and location for two potential
sources. By considering the complex geological, morphological, and
topographic features of the Earth, in practice, this method decreases the
uncertainty in the absence of some of the magnetic or gravity data
points. This presented approach is also very useful for datasets with
lower resolutions and quality. It should be mentioned that the joint
Euler depth estimation results are illustrated on the magnetic map in
Figs. 6b and 6c¢, and accordingly, enlarging the tolerance caused a minor
increase in the number of solutions. The joint Euler solutions
superimposed on Figs. 6d and 6e also display the 3D transparent view of
the synthetic forward models. As can be observed, the joint Euler depth
solutions are acceptably located over the causative sources.
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3.2.2. CASE 2: Identical magnetic and gravity survey coordinates

Similar to Fig. 4a, in this section, the resolution of magnetic survey
data is assumed to be relatively low, while the gravity survey data are
available at the same magnetic data points. In this case, as indicated
previously, solving the Euler equations system independently for the
magnetic and gravity data sets does not lead to an accurate estimation
of the depth and boundaries of the potential sources (Fig. 7). Therefore,
the Euler equations were solved simultaneously for both of the magnetic
and gravity potential fields by considering two tolerances of 3 and 5.
Briefly stated, the Joint Euler solution approach contributes to the
reduction of the possible lack of resolution and presents a much more
precise depth estimation process (Fig. 7c). The results show that Joint
Euler technique has been quite able to estimate the depth and
boundaries of potential sources with the lack of magnetic data
resolution.

0.
-500

-1000

Depth(m)

-1500 4

-2000

1000 \.')(J()(D

1000
3000

2000 !
2000

1000

Northing(m) 00 Easting(m)

(b)

-1000 4

Depth(m)

-1500

-2000

1000 5000

1000

2000 3000

2000

1000

Northing(m) 00 Easting(m)

(®

Fig. 7 The joint Euler depth estimation of a multi-source scenario, (a) depth solution plot on the magnetic anomaly for £=3, (b) The 3D transparency display of the source
and solutions for €=3, (c) depth solution plot on the magnetic anomaly for £=5, and (d) The 3D display of the source and solutions for £=5.

As discussed through synthetic tests in this section, the impact of the
joint Euler depth estimation approach was specifically indicated when
the magnetic and gravity survey data resolution is relatively low.
Comparing the results with the initial synthetic models, in cases with
the lack of precision through separate magnetic and gravity depth
estimation solution, the joint Euler attitude was synthetically proven to
be quite applicable.

3.23 CASE 3: Generating responses with increase of data-spacing

To examine the joint Euler method in this section and to create a
realistic condition for the synthetic experiments, the data spacing
interval was increased from 50 m to 208 m, calculating the synthetic
magnetic and gravity responses of the same multi-source scenario. The
Euler equations system was then solved by considering a 5 % tolerance
for the estimated depth ranges. Similar to the previous hypotheses, it
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should be noted that the synthetic survey coordinates were identical for
both data sets.

Figure 8 depicts the Euler depth solutions for the gravity and
magnetic data along with the joint approach results. As can be seen,
increasing the data spacing caused a major decrease in the number and
precision of the solutions for the gravity and magnetic separate Euler
depth estimations. As can be inferred from Figs. 8a and 8b, the single
gravity and magnetic depth estimations did not lead to a proper
trustworthy conclusion which can be an acceptable criterion for further
investigations and drilling operations. As in the magnetic results in Fig.
8b, the gravity depth estimation shown in Fig. 8a could not retrieve a
sustainable estimate for the depth and location of the potential field
sources, but this fact is more evident for the western source, which has
alower geophysical signal amplitude than the eastern one. However, due
to the existence of adjacent anomalies, it would be more difficult to set
up a suitable window size for solving the Euler equations, because it is
not possible to overlap the windows on one side from one place to
another.
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In the next step, as depicted in Figs. 8c, the presented joint procedure
of this research was conducted over the same synthetic data with the
same tolerance value. In this case, the number and clustering of the
retrieved depth solutions increased significantly for both the eastern and
western potential sources simultaneously. Compared to the results in
Figs. 8a and 8b, the retrieved depth estimation points are fairly
distributed over both sources, especially for the eastern mass which was
not properly determined through the common Euler equations of the
gravity synthetic data set. For the western source, the estimates were also
quite pleasing in terms of the number of the solutions compared to the
separate estimation conclusions for the potential sources. This
experiment proves the validity of the proposed joint method, specifically
where the separate magnetic and gravity depth estimations fail to
recover acceptable results. Reducing the potential field data resolution
is an appropriate technique to test the effectiveness and sustainability of
the joint procedure.

It should be mentioned that increasing the tolerance can lead to an
increase in the number of estimated points, but it also increases the error
in the estimation of parameters at the same time. Reducing the tolerance
may also cause the loss of some of the beneficial estimations. Therefore,
this research seeks to obtain the parameters through pre-determines
error in this section. This behavior may even occur for different
tolerances in high-resolution states.

3.24. CASE 4: Non-identical coordinates with increased data-spacing

In this section, the survey data spacing was increased to 192 and 384
meters for the magnetic and gravity data, respectively, resulting in
different data coordinates for both potential field data points. Then, the
Euler equations were solved separately and jointly with the same inputs
and a 5% tolerance for these data. The depth estimation outputs for the
gravity and magnetic data are presented in Fig. 9.

As can be seen in Fig. 9a, compared to the previous step, reducing the
resolution of the gravity data, it is evident in this case that the algorithm
returns no result from solving the Euler equations within the
determined tolerance interval (5%). Although the magnetic results from
solving the equations yielded better estimations from the gravity
solutions, comparing the number of the solution points on the eastern
mass (Figs. 9b and 9c) indicates that in comparison to the Joint Euler
mode, the number of these acceptable solutions is substantially less, and
the proposed Joint Euler approach has been successfully able to estimate
the depth over the body and its boundaries .Therefore, despite the very
small number of gravity data (low-resolution) and the lack of acceptable
Euler depth estimation results for the gravity data with low-resolution,
the same number of data points has been quite helpful to improve the
results of the joint Euler approach. These results also prove that the
proposed joint Euler method has been able to enhance the results of
depth estimations in this case as well.

It should be mentioned that in the following, the Euler equations
for the real magnetic data were able to determine the boundaries of the
faults, while the gravity results were not useful on one of the zones with
depth solutions. However, the results of the joint Euler were able to
retrieve the depth of the sedimentary layer in addition to the boundaries
of the faults.

4. Geological setting of the studied region

The Iraqi geology is tectonically divided into four main zones with
the different characteristics of rock type, age, thickness and structural
evolution. As can be seen in Fig, 10, these major zones include: (1) Inner
Platform (stable shelf), (2) Outer Platform (unstable shelf), (3) Shalair
Zone (Terrain), and (4) Zagros Suture Zone. The first two zones of the
Arabian Plate have not been subjected to any kind of metamorphism
and volcanism. The Iraqi territory is located in the extreme northeastern
part of the Arabian Plate, which is colliding with the Iranian (Eurasian)
Plate. This collision has developed a foreland basin that includes: (1)
Imbricate Zone, (2) High Folded Zone, (3) Low Folded Zone, and (4)
Mesopotamia Foredeep [20].
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Fig. 9 (a) The Euler deconvolution depth estimation for separate (a) gravity data,
and (b) magnetic data, and (c) joint algorithm for both potential fields.

The Mesopotamia foredeep in Iraq includes the Mesopotamia Plain
and the Jazira Plain. Compared to the Imbricate, High Folded and Low
Folded Zones, this foredeep is less tectonically disturbed. Known as the
Mesopotamian Flood Plain, Quaternary alluvial sediments of the Tigris
and Euphrates Rivers and their tributaries as well as distributaries cover
the central and southeastern parts of the Foredeep entirely. However,
covered by Miocene rocks, the extension of the Mesopotamia Plain
towards the northwest is called the Jazira Plain, represented by a thick
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sedimentary sequence. The Mesopotamia Foredeep thickens
northwestwards, including syn-rift sediments, especially of the Late
Cretaceous age, whereas on the surface, the Quaternary sediments
thicken southeastwards. The basement depth also varies from 8 km in
the west to 14 km within the Iraqi—Iranian boarders towards the
southeast. In the southern part of the Mesopotamia foredeep, the
anticlinal structures have an N-S trend and extend northwards until the
Latitude 32N. Within the Jazira Plain, they change their trends to NW-
SE, and then to E-W direction [20-21].
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Fig. 10 The main Tectonic Zones in Iraq (arrows indicate plate motions in
centimeters per year) and the studied oil field in the Kifl region.

The studied area is geographically located in the center of Iraq and
west of the Euphrates River, about 30 km southwest of the city of Hilla
and between the cities of Karbala and Najaf. This area is located between
latitudes of 32° 08’ 08"- 32,17’ 03” N and longitudes of 44° 07’ 50"- 44°
21’ 07" E. In terms of tectonic settings, superficial sediments of the Kifl
area range from the Eocene in the southwest to recent deposits on the
Euphrates zone in the east. They often indicate a very slight dip towards
the east and northeast (two degrees). The majority of the faulted area is
also covered by Quaternary sediments [22-23]. As one of the most
prominent Najd fault zones, the faults belong to the Euphrates
boundary running toward the Euphrates River in the south of Iraq and
continuing towards the Rutba area in the west [24]. Although, in
adjacent areas, 49 minor normal faults have occurred with a general
trend of NW-SE and N-S [25]. Generally, the study area is considered
stable in terms of tectonics. In addition, the sedimentary cover ranges
from 7-8 km overlying the basement rocks.

The Kifl area is positioned in the stable shelf within the
Mesopotamian zone and in the Euphrates subzone. It represents the
boundary between the stable and unstable shelf. The geological and
tectonic evolution of Iraq is considerably influenced by the opening and
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closing of the Palaeotethys and Neotethys oceans. The Neotethys was
opened during the upper Carboniferous-Permian period along the
rifting axis running parallel to the Zagros, and when the Arabian plate
was dominated by post-rift thermal sag. It led to generating a passive
margin to the northwest and northeast, which progressively prograded
basin wards from W/SW to the E/NE. The new Tethys Ocean continued
to spread to the NE, and the Mediterranean in the north began to open
in the Late Jurassicc The Mesopotamian intercontinental basin
developed inside the Arabian plate and to the west of the Zagros thrust
zone. Consequently, the Kifl area was affected by those movements. It
was located on the west flank of the Mesopotamian basin.

The transversal faults have played important roles in the depositional
basin environment, and later in the development of the main tectonic
structures. It means that the faults have been active since the Permian
[26]. The main structural elements recognized and described up to now
were mostly those caused, or at least to a different degree, directly
affected by the Alpine Orogenic phases, mainly by the tertiary ones.
Therefore, the trends of the subsurface features in this block are parallel
to the Alpine chain, prevalently NW-SE and N-S. The geological
background of the area was affected by the geometry of the
underground basement masses and faults. Moreover, it is also affected
by the Paleozoic epirogenic events and Mesozoic arching [22].

In 1959, the K1 exploration well was drilled on the crest of this
structure, which penetrates the mid Jurassic-Triassic formations. The
drilling reaches 32565 m at the Sargelue formation, approving oil-
trapping in the Nahr Umar and Zubair formations. The estimated
production is approximately 5600 b/d. Then, the K2 well was drilled 13.5
km southwest of the KI, without indicating oil-trapping since it lay
outside the structure enclosure of the field. Both K1, K2 were localized
through the interpretation of gravity and seismic surveys executed by
the IPC company in late 1950s. Based on the results of a seismic survey
in 1975, the K3 well was drilled to explore the Triassic reservoir and to
evaluate the amount of hydrocarbon accumulations appeared at the K1
well. The drilling reached a depth of 4330 m at the Kura chine formation.
According to the log interpretations, the oil indicator was 1.5 m higher
in the Zubair formation. In 1980 and 1982, the Mobil Company studied
the area and attributed the presence of oil in the Zubair formation due
to stratigraphic traps. Therefore, the K4 well was drilled, located 4 km
west of the Kl to ensure obtaining the longest oil column within the
sand body. However, the results proved that the Zubair formation is
structurally thick by about 10 m in the K4 relative to the K1, while oil
column in the K4 was 3 m. Note that the K4 well was drilled for the
estimation of hydrocarbon accumulation in the Zubair and the Yamama
formations, and to understand how the oil was trapped.

5. Case study geophysics survey and data interpretation

In this section, the Euler equations were solved and compared in both
separate and joint modes for the real magnetic and gravity data of an oil-
trapping field in the Kifl, Iraq, and the results are discussed. For this
purpose, a grid of the surveyed data in the area with a spacing of 200 m?
and the dimensions of 2,000 * 1,200 m* was prepared. The reduced to
pole map of the magnetic residual data and the Bouguer anomaly map
are depicted in Fig. 11. It shall be mentioned that the residual anomaly
maps lead the way to specify the most important local features of the
Kifl area and obtain a suitable geometry of different underground
structures. The investigation of the gravity and magnetic potential fields
as well as previous studies in the area indicate the existence of a hidden
fault in the form of horst and graben structures along with an oil trap in
the region [11].

Figures 12 to 14 illustrate the depth estimation results of the standard
Euler equations in 2D and 3D visualization for the potential field maps.
Due to the existence of the subsurface two-dimensional structures in the
area, and according to the basic geological information, also previous
studies in the region, the structural indices of 15 and 0.5 were
considered, respectively for the magnetic and gravity data for solving the
equations [9-11].
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Fig. 11 The potential field maps of the Kifl region in Iraq, (a) gravity,
and (b) magnetic data along with the drilled wells in the area. The black
lines indicate the possible faults of the area according to the previous
studies (AL-Farhan et al. 2022).

Figures 13a- ¢ present the Euler depth estimation solutions over the
gravity and magnetic maps along with the joint Euler depth solutions.
As can be seen, the joint Euler method has retrieved proper depth
solutions over the study area, covering the faults, horst, and graben
structures with acceptable sorting and clustering of the depth solution
ranges. Expanding throughout the area, it is worth noting that the joint
Euler results have covered the shortcomings of the separately conducted
depth estimations. Figure 13 illustrates the 3D display of the Euler depth
estimation solutions for separating the gravity and magnetic fields along
with the joint Euler estimations as well.

As can be inferred from the Figs. 12 to 14, investigating the results
indicates that the joint Euler algorithm has yielded a better match with
previous studies and models in comparison to the separate depth
estimations of the potential fields. Especially, reviewing the 3D
illustration of the joint Euler results (Figs. 13c and 14c), it is evident that
compared to the separately estimated solutions of Euler equations, the
presented joint Euler method was able to retrieve the depth solution
points along with the slope of the faults, as well as the depth of the
bottom of the first sedimentary layer and the depth of the cap rock layer
(over the horst-graben region) with better resolution. Comparing the
separately conducted estimations with the joint Euler approach results
shows that the joint consideration of the magnetic and gravity fields has
yielded smoother solutions with proper clustering and better
visualization aspects compared to the separately estimated solutions.

Figure 14 depicts a 2D view of the depth solutions for the gravity and
magnetic fields along with the joint Euler results. As can be seen, the
gravity depth results have yielded better results than the magnetic
solutions in terms of uniformity and distribution, clustering, and sorting.
However, the joint Euler results were much more precise leading to
better visualization and depiction of the subsurface structures. As a
result, in comparison to the separately estimated depth solutions, the
slope of the subsurface discontinuities along with the over-layer cap



132 S. Ghanbarifar et al. / Int. J. Min. & Geo-Eng. (IIMGE), 58-2 (2024) 121-134

Northing (m)

3568000

3566000 i 1 “

Northing (m)

3562000

3560000

418000 120000 122000 124000 126000 428000 130000 432000 134000 136000

Easting (m)

(b)

3570000

3558000

115000 120000 422000 424000 126000 425000 130000 @200 434000 436000

Easting (m)

135000 n T

Fig. 12 The standard Euler depth estimation results over an oil-trapping field at the
Kifl region in Iraq, (a) gravity estimations, b) magnetic estimations, and (c) joint
algorithm estimations superimposed over the magnetic grid.

6. Conclusion

The Euler deconvolution technique is a swift and efficient mechanism
as a suitable tool in the quantitative and qualitative analysis of potential
field data. The low quality and resolution of data caused by
environmental factors, such as severe topography or the existence of
data deficiency are important and common obstacles in the geophysical
potential data processing. As a mathematical idea, the suggested solution
to solve this issue is to employ the joint Euler procedure. In a nutshell,
in order to dramatically improve the results, this research solved the
standard Euler equation for double potential fields for a suitable
tolerance, by considering the magnetic and gravity vector fields as a
single one. In comparison to the outputs of the separately solved Euler
depth estimation equations, the results indicate that combining the
characteristics of two different but similar potential vector fields of the
magnetic and gravity data help to complete and ameliorate the
outcomes of depth estimations over the body and boundary of the
potential sources.
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Fig. 13 The 3D visualization of the standard Euler depth estimation results for
separate (a) gravity data, (b) magnetic data, and for (c) joint algorithm.

To assess the accuracy and precision of the presented method, the joint
Euler equations were solved for two homogeneous and non-
homogeneous synthetic models, and the results were compared with the
separately estimated depth solutions. Within four inconsistent cases, the
results of this study specified that the joint Euler method has provided
a better quality of estimation results along with more appropriate
consistency and sorting of final solutions in addition to a more reliable
number of acceptable answers. This proposed method was implemented
on an inhomogeneous synthetic model within four various states.
Conclusively, the joint Euler method was properly able to yield superior
and reliable results for the depth and boundary of the target masses in
all four states. As discussed for the fourth case with the non-identical
magnetic and gravity field coordinates, along with the increased survey
data spacing, separately conducted the Euler depth estimations of the
gravity field returned no answers, while the separately acquired
solutions for the magnetic data yielded better results. However, through
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Fig. 14 The 2D visualization of the standard Euler depth estimation results for
separate (a) gravity data, (b) magnetic data, and for (c) joint algorithm.

the merger between two mentioned potential fields, the presented joint
Euler method in this study was quite able to provide appropriate
estimations of the boundary and depth of non-homogeneous targets.
Hence, by investigating the synthetic scenarios, rather than separate
solutions, it can be concluded that the combination of Euler equations
for both magnetic and gravity potential fields results in the desired
quality of interest, especially in the low-resolution data sets. Therefore,
the novel joint Euler method can be utilized in the interpretations and
researches of potential field geophysical data.

After the review and inspection of the favorable conclusions for the
designed synthetic models through the low-resolution cases, the
proposed method was implemented on the potential field data sets of
the Kifl oil reservoir located in Iraq. In comparison with the separate
Euler solutions for the potential fields, the results of the joint Euler
method returned an acceptable configuration for the subsurface host-
graben fault structures along with the depth of the sedimentary
overburden cap rock.

Natural density and magnetic susceptibility contrast of rocks are two
factors causing potential field anomalies._The mathematical solution
concept of the equations proposed in this research were presented and
applied by considering the assumption that two types of physical
properties of the underground targets and their two resultant potential
vector fields can provide more accurate and reliable information
together in the quantitative and qualitative interpretational aspects of
subsurface structures. As a result, the calculation of Euler equations in
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joint mode for potential fields can be considered a contemporary and
innovative approach within the interpretational point of views in the
field of potential field studies.
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