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CHAPTER 

ONE 

Introduction 
__________________________________________________________________________________ 
 

1.1 General  

Geophysical methods facilitate to untangle the earth’s subsurface geology and earth’s internal 

architecture by measuring the geophysical signals produced by them on various measuring 

platforms. The increasing demand for oil, gas and other natural resources has led to the 

advancement of geophysical technology in terms of sophisticated instruments, survey designs, 

and state-of-the art processing and interpretational techniques to unravel the intricacies of the 

subsurface. Certainly, the existence of significant physical property contrast between the target 

that is being looked for and the surrounding rocks is essential for generating detectable 

anomalous signals at the measuring stations. Adding to this the source depth and its dimensions 

also would influence the nature of the anomalous field.  

Broadly, geophysical methods can be categorized into static, dynamic, relaxation, and 

integrated effect methods. In static geophysical methods, like gravity and magnetic, the 

distortions in static physical fields are measured and quantified to explore the subsurface 

causative sources. The governing equations for gravity anomalous field contain the density 

contrast, and in case of magnetics the anomalous field involves magnetization contrast. In 

dynamic geophysical methods, the energy is generated and sent into the ground, and the 

returning signals are picked up at several measuring stations. In this category, the equations 

governing the physical field contain the time factor like the arrival time in case of seismic 
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methods, and phase or frequency difference in case of electromagnetic methods. In relaxation 

methods (like induced polarization), the time required for an energized medium to restore back 

to its ground state is studied, hence, the time factor enters into the corresponding governing 

equations. In integrated effect methods, the measured signals become the statistical average 

within a given volume or over a given area.  

Generally, deducing concealed geological sources/structures from the signals measured at the 

surface comes under geophysical inverse problems. Geophysical exploration continues to be a 

grave encounter due to the fact that the physical property contrast needed to detect the 

subsurface features can be caused by different rock types having the same physical properties, 

which makes the process of finding a definite solution for the subsurface target elusive. The 

ambiguity or non-uniqueness in any geophysical interpretation can be reduced to a tolerable 

degree by integrating with other geophysical methods or making use of the available 

information as inputs/constraints in the model space to be mapped (Pilkington, 2009). 

Nonetheless, the interpretation is generally concerned to introduce assumptions or a definite 

geometry to the structure to restrict the number of plausible solutions. 

The magnetic method, which is the subject matter of the thesis, is a versatile and perhaps the 

cheapest geophysical method to deploy in many geologic explorations. Magnetic surveys are 

carried out on the surface, in air, and also in oceans. Airborne magnetic surveys are essentially 

of reconnaissance nature, although some structures capable of holding hydrocarbons and large 

magnetite deposits have been located directly by the magnetic surveys. The airborne surveys 

have an advantage over the ground surveys in terms of quick coverage of large areas, surveying 

in inaccessible regions like forests, water logged areas, rugged terrains etc. Furthermore, the 

airborne surveys serve in demarcating areas of interest, where further ground geophysical work 

can be planned and thus, they help in saving large amounts of expenditure which would have 

been incurred if detailed ground magnetic work were to be undertaken in non-potential regions. 
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Marine magnetic surveys are also carried out extensively on both continental shelves and 

deeper portions of the seas for diversified geologic applications. Among several applications, 

the magnetic method is used extensively in the exploration of geothermal resources (Soengkono 

et al., 1992; Xu et al., 2007; Pauta et al., 2021), hydrocarbon and mineral resources (Campbell 

and Mason, 1979; Paterson and Reeves, 1985; Sharma, 1987), identification of paleochannels, 

concealed basic intrusives, landfill boundaries, archaeological investigations etc. 

1.2 Earth’s magnetic field and magnetic elements 

Large part of the earth’s magnetic field is produced by the convection currents in the outer core. 

In addition, currents in the ionosphere, currents induced in the earth from external magnetic 

fields, steady-state induced magnetizations and remanent magnetizations induced in crustal 

rocks further add to the overall magnetic field of the earth. The features of the earth’s main 

magnetic field (attributed to the convection system of currents in the outer core) closely 

resembles that of a magnetic dipole deemed to have been placed at the earth’s center, which is 

inclined to the rotation axis of the earth by about 111/2°.  Incidentally, the geomagnetic poles 

(i.e., the points where the magnetic axis of the imaginary dipole meets the earth’s surface) do 

not coincide with the magnetic dip poles (i.e., the locations where the magnetic dip attains 90°). 

The direction of the main magnetic field, 𝐹, at any observation on the surface of the earth is 

defined by a tangent drawn to the magnetic line of force at the point. The total field, 𝐹, is 

resolved into the vertical (𝐹𝑉) and horizontal (𝐹𝐻) components directed vertically downwards 

and towards the magnetic north respectively (Fig. 1.1). The magnetic dip, 𝑖, at any location is 

defined as the angle between the horizontal and the total field vectors. In the northern 

hemisphere the magnetic field dips downwards, whereas in the southern hemisphere it dips 

upwards. By convention, the dip of the magnetic field, 𝑖, is considered positive in the northern 

hemisphere, and negative in the southern hemisphere. The horizontal component, 𝐹𝐻, is again 
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resolved into two components, 𝐹𝐻𝑥 and 𝐹𝐻𝑦, one directed parallel and the other perpendicular 

to the geographic north. The vertical plane containing the total field vector, 𝐹, and two of its 

resolved components, 𝐹𝐻𝑥 and 𝐹𝐻𝑦 is defined as the magnetic meridian. 

  

 

 

 

 

 

 

 

 

Fig. 1.1: Schematic representation of earth’s magnetic field and its components in the northern 

hemisphere 

Because the magnetic field experiences temporal variation (and hence the magnetic meridian) 

its declination, 𝑑, with respect to a fixed direction – the geographic north must be known to 

define the magnetic field at any given instance. The declination, angle between the geographic 

north and geomagnetic north, is considered positive if 𝐹𝐻 strikes to the east of the geographic 

north and it is treated as negative if strikes west of the geographic north. 

The following relations exist between the components of the earth’s magnetic field 

                                                                 𝐹𝑉 = 𝐹𝑠𝑖𝑛𝑖                                                           (1.1) 

                                                                 𝐹𝐻 = 𝐹𝑐𝑜𝑠𝑖                                                             (1.2) 

                                                                  𝐹2 = 𝐹𝑉2 + 𝐹𝐻2                                                               (1.3) 

𝐹 

𝐹𝑉 

𝐹𝐻 

Magnetic meridian 

Geographic north 

𝐹𝐻𝑥 

𝐹𝐻𝑦 𝑑 

𝑖 

Geographic east 
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                                                                𝑡𝑎𝑛𝑖 =
𝐹𝑉
𝐹𝐻
                                                                             (1.4) 

                                                        𝐹𝐻𝑥 = 𝐹𝐻𝑐𝑜𝑠𝑑 = 𝐹𝑐𝑜𝑠𝑖 𝑐𝑜𝑠𝑑                                      (1.5) 

                                                        𝐹𝐻𝑦 = 𝐹𝐻𝑠𝑖𝑛𝑑 = 𝐹𝑐𝑜𝑠𝑖 𝑠𝑖𝑛𝑑                                        (1.6) 

                                                       𝐹𝐻2 = 𝐹𝐻𝑥2 + 𝐹𝐻𝑦
2                                                              (1.7) 

                                                                𝑡𝑎𝑛𝑑 =
𝐹𝐻𝑦
𝐹𝐻𝑥

                                                                          (1.8) 

Though lateral variations in magnetization of crustal rocks produce distortions in all the 

magnetic elements, variations in the total field (𝐹), and two of its resolved components (𝐹𝑉 and 

𝐹𝐻) are generally opted and mapped in most of the exploration activities.  

1.3 Magnetic force and magnetic potential 

The magnetic repulsion force between two identical poles 𝑚1 and 𝑚2 is given by Coulomb’s 

law as, 

                                                               𝐹 = (
𝑚1𝑚2

𝜇𝑥2
) 𝑟1̂,                                                                    (1.9) 

where, 𝜇 stands for magnetic permeability, 𝑥 denotes the distance between the two poles and 

𝑟1̂ is the unit vector directed from 𝑚1 to 𝑚2. 

Magnetic potential, 𝑊, is defined as the amount of work done in moving a unit north pole 

against the magnetic field from an infinitely long distance in non-magnetic medium (𝜇 = 1), 

                                                              𝑊 = − ∫
𝑚

𝑥2
𝑑𝑥

𝑟

∞

=
𝑚

𝑟
.                                                       (1.10) 

since monopoles do not exist, the magnetic potential due to a magnetic dipole (Fig. 1.2) can be 

expressed as 
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                                                                      𝑊 =
𝑚

𝑠1
−
𝑚

𝑠2
,                                                               (1.11) 

where, 𝑚`is pole strength, 𝑠1 and 𝑠2 are the lengths of the radial vectors connecting two poles 

of the dipole to the observation, 𝑃(𝑠, 𝜃). 

 

 

 

 

 

 

Fig. 1.2: Orientation of magnetic dipole with reference to observation, 𝑃(𝑠, 𝜃). 

Expressing 𝑠1 and 𝑠2 in terms of 𝑠, 

                                                                    𝑠1 = 𝑠 + 
𝑙

2
𝑐𝑜𝑠𝜃′,                                                         (1.12) 

                                                                    𝑠2 = 𝑠 − 
𝑙

2
𝑐𝑜𝑠𝜃.                                                          (1.13) 

Here, 𝜃′ is the angle made by the radial vector, 𝑠1, with the magnetic dipole.  Substituting eqs 

(1.12) and (1.13) in eq (1.11), magnetic potential becomes, 

                                              𝑊 =  −
𝑚𝑙

2
[

cos 𝜃 + cos 𝜃′

(𝑠 +
𝑙
2 cos 𝜃

′) (𝑠 +
𝑙
2 cos 𝜃

 )
].                                (1.14) 

When 𝑟 → ∞, eq (1.14) takes the form 

                                                         𝑊 = −
𝑚𝑙 cos 𝜃

𝑠2
= −

𝑀 cos 𝜃

𝑠2
,                                             (1.15) 

where, 𝑀 stands for magnetic moment of the dipole.  

A volume of magnetic material contains a mixture of magnetic dipoles resulting from 

𝑠1

𝑠

𝑃(𝑠, 𝜃) 

𝜃′

𝑠2

𝑙

𝜃

+m 

-m 
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individual atoms and dipoles. They are aligned either to exhibit residual magnetism owing to 

its magnetic history or by induction in the presence of an external field. Both the cases, 

however, result in continuous distribution of dipoles with vector dipole moment per unit 

volume of magnitude 𝑀. 

The scalar magnetic potential at 𝑃, caused by the magnetic dipole is given by, 

                                                                       𝑊 = −𝑀
𝜕

𝜕𝜑
(
1

𝑠
).                                                      (1.16) 

Here, 𝜑 denotes the direction of magnetization. 

For an infinitesimal volume, 𝑑𝑣, the magnetic moment, 𝑑𝑚, becomes 

                                                                      𝑑𝑚 = 𝐽𝑑𝑣.                                                                    (1.17) 

Here, 𝐽 is the intensity of magnetization. Thus, the magnetic potential, 𝑑𝑊, of an elementary 

volume is given by, 

                                                                     𝑑𝑊 = −𝐽𝑑𝑣
𝜕

𝜕𝜑
(
1

𝑠
).                                                  (1.18) 

The gravitational potential in moving a unit mass, 𝑑𝑚𝑠, and density 𝜌 to theoretically infinite 

distance against the force of attraction is given by, 

                                                                   𝑑𝑈 =
𝐺𝑑𝑚𝑠

𝑠
,                                                                  (1.19) 

where, 𝐺 is the universal gravitational constant. Since 𝑑𝑚𝑠 = 𝜌𝑑𝑣, 

                                                                   𝑑𝑈 =
𝐺𝜌𝑑𝑣

𝑠
.                                                                   (1.20) 

Substituting 𝑑𝑣 obtained from eq (1.20) in eq (1.18), 

                                                                    𝑑𝑊 = −𝐽
𝑠𝑑𝑈

𝐺𝜌

𝜕

𝜕𝜑
(
1

𝑠
).                                                (1.21) 
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The total magnetic potential, 𝑊, due to the source volume can be obtained as, 

                                             𝑊 = ∫𝑑𝑊 = −
𝐽

𝐺𝜌
∫
𝜕

𝜕𝜑
𝑑𝑈 = −

𝐽

𝐺𝜌

𝜕𝑈

𝜕𝜑
.                                   (1.22) 

Eq (1.22) is popularly known as Poisson’s relation, which connects the gravity and magnetic 

potentials.  

1.4 Magnetic anomalies 

Let 𝐹𝐴⃗⃗⃗⃗  represent the anomalous magnetic field produced by a concealed magnetic source by 

virtue of its presence in the earth’s magnetic field, 𝐹 . Let 𝜃 be the angle subtended by the 

anomalous field vector, 𝐹𝐴⃗⃗⃗⃗ , with the earth’s magnetic field vector, 𝐹 . Then, at any observation 

on the earth’s surface the total field magnetometer measures the resultant magnetic vector,  𝑇⃗ =

𝐹 + 𝐹 𝐴 (Fig. 1.3).  

 

                                                             

 

 

Fig. 1.3: Schematic representation of the earth’s ambient magnetic field vector, and the 
anomalous magnetic field vector 

Magnetic anomaly in total field, ∆𝑇, becomes 

                                                              ∆𝑇 = |𝑇⃗ | − |𝐹 |.                                                    (1.23) 

Obviously, ∆𝑇 ≠ 𝐹𝐴⃗⃗⃗⃗ . 

From Fig. 1.3,  

                                                       𝑇⃗ 2 = 𝐹 2 + 𝐹𝑎⃗⃗  ⃗
2
+ 2𝐹  𝐹𝐴⃗⃗⃗⃗ 𝑐𝑜𝑠 𝜃.                                             (1.24) 

If 𝐹𝐴⃗⃗⃗⃗ << 𝐹⃗⃗  ⃗, eq (1.24) can be expressed as 

𝜃 

𝐹  

𝐹𝐴⃗⃗⃗⃗  
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                                                     𝑇⃗ 2 ≈ 𝐹 . 𝐹 + 2𝐹.⃗⃗  ⃗ 𝐹𝐴⃗⃗⃗⃗                                                            (1.25) 

From eq (1.23), ∆𝑇 can be written as 

                                             ∆𝑇 = |[𝐹 . 𝐹 + 2𝐹.⃗⃗  ⃗ 𝐹𝐴⃗⃗⃗⃗ ]
1/2
| − |𝐹 |                                              (1.26) 

Applying Taylor series on eq (1.26) 

                                                 ∆𝑇 ≈ |[𝐹 . 𝐹 ]
1/2

[1 +
𝐹.⃗⃗  ⃗ 𝐹𝐴⃗⃗⃗⃗ 

𝐹 . 𝐹 
]| − |𝐹 |                                              (1.27) 

Clearly, [𝐹 . 𝐹 ]
1/2

=|𝐹 |.  

                                                           ∆𝑇 ≈ |𝐹 | + |
𝐹.⃗⃗  ⃗ 𝐹𝐴⃗⃗⃗⃗ 

𝐹 
| − |𝐹 |                                                      (1.28) 

                                                                   ∆𝑇 ≈ 𝐹̂. 𝐹𝐴,                                                                      (1.29) 

where, 𝐹̂ is the unit vector along 𝐹 . Eq (1.29) suggests that the total field anomaly measured 

by a total field magnetometer is in fact the component of the anomalous field projected on to 

the direction of the ambient field, 𝐹 . Similarly, the vertical magnetic anomaly, ∆𝑉, is defined 

as the projected component of the anomalous field in 𝑧 direction (vertically downwards), and 

horizontal magnetic anomaly is the projected component of the anomalous field in 𝑥 direction.   

The vertical (∆𝑉) and the horizontal magnetic anomalies (∆𝐻) are related to the total field 

anomaly, ∆𝑇, as 

                                                          ∆𝑇 = ∆𝑉𝑠𝑖𝑛𝑖 + ∆𝐻𝑐𝑜𝑠𝑖.                                              (1.30) 

Here, 𝑖 is the magnetic dip. 

1.5 Magnetic surveys 

In ground magnetic surveys, two types of station layouts are generally employed. In the first 

type, the measurements are carried out along straight lines, called profiles consisting of specific 
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number of stations usually placed equidistant from each other. A profile is laid such that it is 

more or less perpendicular to the expected strike of the structure under investigation so that 

maximum change in the physical field (magnetization) could be recorded along the profile. The 

stations on the profile are selected so as to cross the lateral dimensions of the body completely, 

and a sizeable number of stations are laid over less perturbed regions on either side of the body. 

Sometimes, the area is investigated by means of several parallel profiles crossing the body. The 

distance between these profiles is usually kept constant during the survey, and stations are fixed 

on each profile so that they form a rectangular or square grid of points on the topography. In 

some cases, like rugged or uneven topography, data collection in the form of grid surveys 

becomes difficult. In such cases, the measurements are taken at convenient locations free from 

cultural noise. Optimum separation for the profiles is decided on the basis of the expected linear 

extent of the target. Generally, it would be ideal to opt the profile interval 2 to 5 times the 

station interval in grid surveys. In airborne surveys, the flight altitude and separation of flight 

lines among which the data is to be collected are determined by the objective of survey.  

1.5.1 Magnetic data corrections 

Magnetic data collected from field observations require a few corrections to remove the 

contributions from sources other than the target of interest. The magnetometer readings are 

influenced by the earth’s main magnetic field, magnetic field variations arise due to extraneous 

disturbances besides variations in geology. In order extract the anomalous magnetic field 

attributed to variations in geology the other two components need to be removed from the 

magnetometer readings.  

1.5.1.1 Diurnal correction 

In ground magnetic surveys a base station is first occupied and a reading is taken. The field 

stations are then covered sequentially, returning the magnetometer to the base station in 
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between at convenient intervals of time to realise the diurnal correction. The magnetometer 

reading corresponding to the time of field station reading is interpolated and subtracted from 

the respective field reading. However, reoccupation of a base/a secondary base several times a 

day during the field operations invariably consumes lot of time and money. Such a difficulty is 

overcome by continuous recording of the magnetic field at the base/secondary base by an 

additional magnetometer. In this case, the field magnetometer reading at the base at the start of 

the work is subtracted from all the other field station readings and the left outs are corrected for 

the variation recorded by the base magnetometer. For aeromagnetic surveys, tie lines are run 

perpendicular to the main flight lines. From among the main flight lines, a few control lines are 

also selected. At the intersections of the control and tie lines two magnetometer readings are 

obviously obtained, which differ due to the diurnal variation. The closure errors in the loops 

formed by the base and control lines are distributed along the control lines. 

1.5.1.2 Normal correction 

The earth’s main magnetic field calculated with the International Geomagnetic Reference Field 

(IGRF) using latitude, longitude, date and station elevation values is subtracted from the field 

magnetometer reading to leave the magnetic anomaly. If the dimensions of the survey area are 

very small, then the N-S and E-W gradients of the normal field are calculated and multiplied 

with the N-S and E-W distances of the field stations measured from the base station, and added 

to the total change of the main field between the base and field stations.  

The magnetic effects due to station elevation and the terrain are usually not considered in 

magnetic data reduction.  

1.6 Interpretation 

The magnetic data after being subjected to all the corrections are displayed either as profiles or 
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as contour maps. The anomalous values of the field obtained from a field survey are always 

complex owing to the fact that they are the cumulative magnetic effects of different sources at 

different depths. Geological knowledge on the study area prior to the survey and the use of 

other geophysical methods to investigate the same area can aid in restraining few interpretations 

to the observed anomalies. 

Generally, interpretation of magnetic anomalies is carried out following a four-prong strategy 

viz., i) qualitative interpretation, ii) regional and residual anomaly separation, iii) quantitative 

interpretation and iv) geological translation of geophysical interpretation. 

1.6.1 Qualitative interpretation 

Magnetic anomalies presented in the form of profiles and contour maps yield important 

information about the sub-surface bodies generating the magnetic field. The anomaly maps are 

categorized into different magnetic character and correlated with the known geology, and the 

inferred correlations are extrapolated into poorly mapped regions. Magnetic anomaly of an 

object varies sharply if the object is shallow, whereas it will be of smoothly varying character 

for objects located at deeper depths. Also, the width of the anomaly depends not only on the 

depth but also on the lateral extent of the target being looked for. Information on major 

structural trends is derived from the characteristics of the anomaly axes. Flexures and 

termination of anomaly contours on maps reveal the presence of fault margins in the survey 

area. Parallel contours on an anomaly map indicate two-dimensionality of the anomalous 

sources, whereas closed contours reflect 3D bodies.  

1.6.2 Regional-residual anomaly separation 

The observed magnetic anomalies are the cumulative effects of the magnetic fields generated 

by sources distributed underground. The high frequency magnetic signal received from the 
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target of interest at shallower depths are embedded in the magnetic response of sources that are 

deeper or located far away, corresponding to lower frequencies. The latter field is known as 

regional magnetic anomaly from which the observed data is removed to give the former field 

known as the residual magnetic anomaly. Deep, large and far away sources produce broader 

wavelength anomalies and the smaller anomalies which are mostly overhead the source of 

interest are called noise, which are removable. The process of removing regional field from the 

residual anomalies is called regional and residual anomaly separation. Clearly, the authenticity 

and dependability of interpretation relies on the effectiveness of the regional-residual anomaly 

separation.  

Among many other methods available, isolation and enhancement techniques become more 

popular to separate regional trends from the observed anomalies. Amidst them the simplest one 

is the graphical method (“Nettleton, 1954’; “Hinze, 1990”). Another approach which is 

analogous to the graphical method is the trend-surface analysis by least-squares fitting (“Agocs, 

1951; Oldham and Sutherland, 1955; Skeels, 1967”). Techniques based on digital filtering 

(“Peters, 1949; “Griffin, 1949”; Henderson, 1960; Byerly, 1965; Fraser et al., 1966; Fuller, 

1967; Grant, 1972; Gupta and Ramani, 1980”), Fourier transform (“Dean, 1958; Bhattacharyya, 

1965”), reduction to pole filter (“Baranov, 1957; Baranov and Naudy, 1964”), wavelength filter 

(“Zurflueh, 1967; Lidiak et al., 1985”), shaded relief maps (“Chandler, 1985; Dods et al., 1985; 

Broome, 1986”), derivative filter (“Peters, 1949; Mesko, 1966”), continuation filter (“Peters, 

1949; Henderson and Zietz, 1949; Dean, 1958; Negi, 1967; Keller et al., 1985; Yarger, 1985”), 

strike sensitive filter (“Chandler, 1985; Lidiak et al., 1985”), band-pass filter (“Blakely, 1996”), 

Wiener filter (“Pawlowski and Hansen, 1990”), stripping (“Hammer, 1963; Li and Oldenburg, 

1998”), 3D magnetic inversion (Li and Oldenburg, 1996)  and higher order polynomial fitting 

(“Chakravarthi et al., 2013”) are also available to separate regional anomaly trends. Though 

plethora of methods are available for regional anomaly separation, apriori knowledge  
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on geology plays a crucial role in extracting meaningful residual signals from the observed 

anomalies.  

1.6.3 Quantitative interpretation 

In quantitative interpretation, the dimensions of causative sources and/or their physical 

properties are estimated by analyzing the anomalies based on mathematical strategies. In 

general, the magnetic anomaly of a geophysical geometry can be expressed as the product of 

size and shape parameters. The size parameter contains the information on the intensity of 

magnetization, whereas the shape parameter encompasses information on model parameters 

including the direction of magnetization. Two approaches are popular by which quantification 

of magnetic anomalies is realized. In the first approach, the subsurface is discretized into 

numerous elementary units, and the susceptibilities of such units are estimated from magnetic 

anomalies (Li and Oldenburg, 1996; Abedi et al., 2015).  In the second category of methods, 

appropriate geometry is assigned to the anomalous source and its dimensions are worked out 

(Murthy, 1998; Ani Nibisha et al., 2022). The practical utility of many methods come under 

first category falls short because of the fact that these techniques consider induced magnetism 

alone is responsible for generating the anomalies.  Over and above, the number of unknowns 

(susceptibilities) to be estimated from the anomalies far exceeds the number of observations, 

thereby, and uncertainty in the analysis also increases (Cai et al., 2018). The ambiguity in 

interpretation can be effectively tackled by assigning a known geometry to the subsurface target 

of interest. The anomalies generated from the geologic source are then inverted to parametrize 

the assigned model such that the model anomalies replicate the observed anomalies (“Murthy 

1998; Chakravarthi et al., 2013b”). The use of information obtained from drilling and/or other 

geophysical data in the model space would further reduce the uncertainty to a greater extent. 
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1.7 Review of existing methods 

Several techniques have been developed in the past to interpret the magnetic anomalies of 

geological sources. Some of them are based on the use of logarithmic curves (“Hutchison 

1958”), harmonic analysis (“Bhattacharya, 1965”), standard curves (“Gay, 1963, 1965; Haigh 

and Smith, 1975; Rao and Babu, 1983”), characteristic curves (“Bruckshaw and Kunaratnam, 

1963; Grant and West, 1965; Koulomzine et.al, 1970; Rao and Murthy, 1978; Telford et.al, 

1990”), equivalent source techniques (“Dampney, 1969; Radhakrishna Murthy and Pradeep 

Kumar, 1983”), derivative based approaches like steepest descent (“Murthy et al., 1980”), 

Gauss-Newton approach (“Won, 1981”), Hilbert transform (“Mohan et al., 1982”), Marquardt-

Levenberg (“Khurana et al., 1981; Murthy, 1990”), Werner deconvolution (“Hartman et al., 

1971; Ku and Sharp, 1983”),  midpoint method (“Murthy, 1985”), filtering techniques (“ 

Stavrev, 2006; Furness, 2007; Khalil, 2014”), Euler deconvolution (“Reid et al., 1990; 

Gerovska and Araúzo-Bravo, 2003; Salem and Ravat, 2003”; Khalil, 2016”), analytic signal 

derivatives (“Salem, 2005”), genetic algorithm (“Montesinos et al., 2005”), fair function 

minimization (“Tlas and Asfahani, 2011”), Singular value decomposition (“Ulugergerli and 

Meju, 1997; Tavakoli et al., 2016”), simulated annealing (“Biswas, 2016”), particle swarm 

optimization (“Liu et al., 2018”) etc. 

Interpretation of magnetic anomalies combining linear and non-linear optimization procedures 

using SVD has been developed by Mirzaei and Bredewout (1996) and Tavakoli et.al. (2016). 

Lelievre and Oldenburg (2006) solved the forward and inverse problems by discretizing the 

causative body into prismatic cells of finite volume and fixed susceptibilities. Fregoso and 

Gallardo (2009), Wang et al. (2012) combined SVD with other methods while Bosch and 

McGaughey (2001) discussed the inversion technique under lithologic constraints to interpret 

both gravity and magnetic anomalies. Fedi and Rapolla (1999) have suggested an inversion 

technique using least squares method for both horizontal and vertical fields of gravity and 
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magnetic data through depth resolution. 

Generally, inverse problem deals with the process of deriving parameters of a specified 

geological model from the observed geophysical signal affected by the varying properties of 

the earth that can reproduce the anomaly signal to an acceptable level. Local optimization 

techniques were used in the past to solve inversion of anomalies like steepest descent (“Paul, 

1972”), conjugate gradients (“Commer, 2011; Wang and Lilley, 1999; Pilkington, 1997”) etc. 

Owing to the fact that there are certain constraints like high nonlinear mathematical formulation 

(“Montesinos et al., 2016”) which may limit the effectiveness of these methods, global 

optimization techniques have been used to overcome the limitations associated with it. Genetic 

algorithms (“Currenti et al., 2005, 2007; Montesinos et al., 2005; Montesinos et al., 2016”), 

simulated annealing (“Biswas 2016; Biswas and Acharya 2016; Biswas, 2018”), higher order 

derivatives (“Ekinci, 2016”), particle swarm optimization (“Desmarais and Spiteri, 2017; 

Godio and Santilano, 2018; Liu et al., 2018”) and ant colony optimization (“Teimouri and 

Baseri, 2014; Yu et al., 2021”) are among the few global optimization techniques available that 

begins with a set of initial values and then progress to find a global minimum or maximum of 

an objective function. 

Genetic algorithm (GA) was developed based on biological evolutions like mutations and 

crossover where initial parameters are selected at random and then improved for fitness (“Sen 

and Stoffa, 2013”). Simulated annealing (SA) deals with finding global minimum or maximum 

of a function (cost function) that has a large number of independent variables. It is based on 

physical annealing process to minimalize the energy distribution that befalls when a substance 

is subjected to heating and the particles get randomly distributed in the liquid phase, followed 

by cooling to produce the crystalline lattice. Ant Colony Optimization (ACO) is a probabilistic 

optimization technique inspired by the pheromone trail behaviour of real ants where the 

artificial ants indicate multi-agent methods. ACO has slow convergence rate and 
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improvisations are being given to the algorithm for better results. Particle Swarm Optimization 

(PSO) is another progressive optimization algorithm built on the idea of social behaviour of 

birds and fish swarms. PSO, much like GA, starts with random solutions and optimizes by 

updating iterations. PSO makes use of particles (potential models) to retain memory from its 

neighbour to generate a new trail. PSO’s have been used in parametric inversion mainly which 

focuses on estimating the small number of unknown parameters from specified geological 

models with simple geometries. This leads to large errors if PSO is used in physical property 

inversion. Although, few researchers have overcome this limitation and used PSO in physical 

property inversion (Liu et al., 2018). These algorithms are used extensively to solve inversion 

of gravity, magnetic and other potential methods to parametrize the geometry of buried 

geological bodies, greatly reducing the inherent ambiguity associated with it. 

The aim of the present work as presented in the thesis is to develop i) a generalized forward 

modelling scheme to compute the magnetic anomalies in any component (vertical, horizontal, 

total) due to two-dimensional (2D) listric fault morphologies that are magnetized by arbitrary 

magnetisation, ii) a generalised interactive modelling to analyse the magnetic anomalies of 2D 

listric fault sources, and iii) an automatic inversion technique to recover the listric fault 

structures from the observed magnetic anomalies. The presented modelling and inversion 

techniques are efficient in the sense that the anomalous field measured in any component can 

be used to recover the fault structures. The relevant software is developed using object oriented 

and class-based JAVA programming language. For inversion, the ridge regression algorithm 

(Marquardt, 1970) is used to estimate the source parameters. 

1.8 Aim and scope of the thesis 

The aim of the present thesis is to develop new algorithms and related software with built-in 

GUI capabilities to i) compute the anomalous magnetic fields produced by arbitrarily 
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magnetized 2D listric fault morphologies in any component using a unified equation, ii) 

interactively model the anomalous magnetic fields in any component to recover the fault 

structures, and iii) automatically invert the magnetic anomalies to restore the fault 

morphologies. Accordingly, the thesis is organized into five chapters as detailed below. 

Chapter 1 presents the basic principles of the magnetic method. It covers earth’s magnetic field 

and its elements, fundamental relations between the magnetic potential and magnetic field, 

Poisson’s relation connecting gravity and magnetic potentials etc. This chapter discusses the 

concept of magnetic anomaly, and the relation between total field, vertical and horizontal 

magnetic anomalies. Description on planning and execution of magnetic surveys, and the 

corrections to the magnetic observations are discussed. Discussion on the interpretation of 

magnetic anomalies covering both qualitative and quantitative, and review on the existing 

interpretation techniques are discussed in length in this chapter. This chapter ends with a section 

highlighting the aim and scope of the thesis.   

In Chapter-2, a new generalised equation is derived and relevant software is developed to 

realise forward modelling of arbitrarily magnetised 2D listric fault sources. Polynomial 

functions of specific degree describe the non-planar nature of the fault ramps of listric fault 

sources. The present forward modelling operator has the advantage that the same equation can 

be used to compute the anomalous magnetic field of the structure in any component. The 

software computes and display the model response and structure geometry in user-friendly 

manner. The reliability of the present operator is justified by comparing the anomalous fields 

obtained over a 2D vertical fault structure in the vertical, horizontal and the total field with the 

corresponding anomalies derived using an analytic equation (Murthy et al., 2001). In addition, 

it is demonstrated with a theoretical model of a listric fault structure at mid-crustal level that 

the anomalous magnetic fields produced by such non-planar structures would deviate 

significantly from those fault structures with planar fault ramps. It is concluded that the use of 
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fault models with planar fault ramps to analyse the magnetic anomalies produced by listric fault 

sources should be discouraged.  

Chapter-3 deals with a methodology for interactive modelling of magnetic anomalies to restore 

the model space geometry. Based on the methodology, a user-friendly GUI software coded in 

JAVA is developed and presented.  This software allows one to construct the non-planar fault 

ramp analytically by means of a few control points. The co-ordinates of the control points are 

automatically assigned using which the polynomial coefficients are estimated to construct the 

fault plane. The model response of the structure is computed and the deviations of the 

theoretical response with the observed ones are minimized by modifying the model space using 

simple drag and drop mouse operations. The presented software is simple in operation as it 

enables the user to navigate through the model space to update the required changes. The 

applicability of the method and code are demonstrated on the synthetic magnetic anomalies in 

horizontal component attributed to a theoretical listric fault source. 

In chapter-4, an automatic inversion technique based on the principles of optimization is 

presented along with the software to recover 2D fault sources having nonplanar fault planes. 

This technique provides a means to analyse the magnetic anomalies of the structure measured 

in any component (i.e., vertical, horizontal or total). The present technique uses the polynomial 

functions to describe the fault plane, the coefficients of which become the unknown parameters 

to estimate from the magnetic anomalies along with the other shape parameters, namely, the 

depths to the top and bottom of the fault structure, the location of the fault edge, besides 

intensity and direction of magnetisation. This technique initialises the model space based on 

some characteristic anomalies and their positions on the anomaly profile and subsequently 

updates them iteratively following the predefined convergence conditions. During the process 

of interpretation, the software displays the convergence between the observed and theoretical 

magnetic anomalies, model growth, and misfit decay with iteration in animated form. The 
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closeness of fit between the recovered and assumed theoretical models of a fault structure from 

the analysis of noise-added vertical magnetic anomalies justifies the strength and applicability 

of the proposed technique. The observed total magnetic anomalies along one EW profile across 

the western margin of the Perth Basin, Australia are interpreted and the results are compared 

with the available/reported information. 

Chapter-5 epitomizes a comprehensive summary of the research findings presented in this 

thesis and presents scope for future research. 
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CHAPTER 

TWO 

Magnetic anomalies of 2D Listric fault 
sources 

__________________________________________________________________________________ 

 

2.1 General 

Fault is a planar or gently curved fracture, where tensional or compressional forces trigger 

relative displacement of rocks on either side of the fracture. Listric faults are typical normal 

faults, which are characterized by curved or concave-upward geometry along the fault ramp. 

The curvature of the fault plane arises due to diminishing fault dips against depth caused by 

varying amounts of extensional strain along the fault ramp (McKenzie, 1978; Smith and Bruhn, 

1984; Jackson, 1987; Middleton et al. 1993; Chakravarthi, 2011). Listric faults are mostly 

associated with the extensional tectonic settings, where the Earth's crust is being stretched. The 

rotation and dipping of beds reflect the deformation style associated with extensional forces. 

As the beds rotate and dip, the hanging wall subsides, creating a depression in the form of basin 

that accumulates sediments, contributing to the overall tectonic and sedimentary history of the 

region. Large scale listric faults occur on passive continental margins during rifting and drifting 

and as sedimentary faults in deformed basins of deltaic strata. These faults also manifest in the 

aftermath of orogeny (late and post orogenic), occurring after the initial formation of fold belts. 

The formation of this type faults is attributed to the conditions involving increase in ductility 

in sedimentary prisms and the crust. After the formation, the faults are deformed due to various 

factors such as compaction of shale in footwalls, arching during upliftment of rocks beneath 

the fault and an enhanced tilting of the entire upthrown fault block (Roux, 1979; Shelton, 1984).  
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The rotation and tilting of beds indicate the distribution of strain within the hanging wall which 

is required to maintain the geometric compatibility of the rock layers with the evolving fault 

geometry. This rotation is a result of the differential movement along the fault at various depths. 

Near the fault surface, the movement is more vertical, while at greater depths, it becomes more 

or less horizontal (Shelton, 1984; Spahic et al., 2011; Zhao et al., 2020). As a consequence, the 

beds in the hanging wall undergo rotation to accommodate this change in displacement 

direction. This kind of rotation is known as antithetic and the faults are therefore named as 

antithetic faults (Patalakha, 1986; Erickson et al., 2001). Another characteristic feature of listric 

faults is that the beds in the hanging wall tend to dip towards the fault plane. 

  

Listric faults have been extensively investigated on diversified geologic terrains across the 

globe for exploration of a wide range of mineral resources like copper, lead, zinc, silver, gold 

(Keith et al., 1983; Spencer and Reynolds, 1989; Spencer and Welty, 1986), Uranium deposits 

(Singh, 2013), geothermal resources (Tarits et al., 2019; Duwiquet et al., 2019) etc.  The 

knowledge on the geometries of listric fault is important for evaluating commercially viable 

natural resources since movement along these faults create notable structural traps for 

hydrocarbons (Hardman and Booth, 1991; Bhattacharaya and Davies 2001; Lane, 2002; 

Goussav et al., 2006; Cong et al., 2020). Besides, listric faults also play a crucial role in 

seismotectonic studies. For e.g., Smith and Bruhn (1984) showed that large magnitude 

earthquakes nucleate near the bottom of listric faults at the changeover of brittle nature of the 

crust to ductile. Torizin et al. (2009) argue that the study of the nature of fault dips with 

increasing depth could improve the precision of seismic source characterization.  

Due to the non-planar nature of fault planes, mere surface observations of very small vertical 

extent do not easily unveil the listric nature of fault morphology (McKenzie, 1978; Patalakha, 

1986). So also, it is indeed difficult to accurately estimate the major extension and throw of 
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faults from surface observations on fault dips alone (McKenzie 1978; Chakravarthi 2011). In 

such cases, the existence of magnetization contrast(s) between the displaced/detached rock 

masses on either side of fault planes could generate measurable magnetic anomalies, which can 

be mapped and parameterized to quantify the listric fault morphologies (Ani Nibisha et al., 

2021; Ani Nibisha et al., 2022). Forward modelling of magnetic anomalies is a powerful tool 

in geophysics which has numerous applications in mineral exploration, resource evaluation, 

and geological mapping. This technique involves simulating the magnetic field observed at the 

surface of the earth from a known distribution of magnetic sources. One of the applications of 

forward modelling of magnetic anomalies is in the identification and exploration of mineral 

deposits. Magnetic minerals such as magnetite and pyrrhotite are commonly associated with 

ore deposits, and their distribution in the subsurface can be mapped using magnetic surveys. 

By modelling the magnetic field produced by these minerals, it is possible to identify areas of 

high magnetic intensity caused by mineral deposits. Another application of forward modelling 

is in geological mapping. The distribution of magnetic sources in the subsurface can reveal 

information about the geological history of a region, such as the location and extent of igneous 

rocks, fault zones, and other geological structures (Blakley, 1996). By modelling the magnetic 

field produced by these sources, it is feasible to prepare detailed maps of subsurface geology 

to look into tectonic history of a region (Oldenburg and Li, 2005).  

In this chapter, a generalized equation to compute the magnetic anomaly due to a 2D listric 

fault morphology in any component (i.e., horizontal, vertical, and total field) is derived 

(forward modelling) in the space domain. A software, FORMAG, coded in JAVA with built-

in GUI interface is developed. The use of the forward modelling operator and the software are 

exemplified with two synthetic listric fault models. Sample input and output data files of the 

software are presented.  
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2.2 Magnetic anomaly of an arbitrary magnetized 2D listric fault source 

In Cartesian co-ordinate system, let the 𝑧-axis is positive vertically downwards and 𝑥-axis 

traverse to the strike of a listric fault source whose geometry is shown in Fig. 2.1.  

                

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: Schematic diagram showing a conceptual geometry of a typical listric fault source, 

and the fault plane described by a polynomial of specific degree. 

The 2D fault structure is confined in the vertical plane between the depth limits 𝑧𝑇 and 𝑧𝐵 (𝑧𝐵 

> 𝑧𝑇) along the 𝑧-axis. The sedimentary infill within the hanging wall is presumed magnetically 

transparent, whereas the magnetic interface (fault plane) between the hanging wall and the 

footwall is only responsible for generating the magnetic anomalies. Further, the structure is 

bounded on the left by a non-planar surface defined by the function 𝑓(𝑧) = ∑ 𝑓𝑖𝑧
𝑖𝑛

𝑖=0 , and 

towards the right it is extending to infinity. Here, 𝑓𝑖 represents a set of coefficients, and 𝑛 stands 

for the degree of polynomial. Because of the fact that both induced and remanent 

magnetizations are responsible for generating magnetic anomalies over a geologic structure, 
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we presume that the structure is magnetized in an unknown direction along the resultant of both 

induced and remanent magnetic vectors. For a 2D source, the resultant magnetic field vector, 

𝐽, can be resolved spatially into three mutually orthogonal components namely, 𝐽𝑠𝑖𝑛𝜃,  

𝐽𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝛿, and 𝐽𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝛿 along the vertical, parallel to the strike of the source, and 

perpendicular to the strike of the source, respectively. Here, 𝜃 and 𝛿 denote the resultant 

magnetic dip and declination of resultant magnetic field vector measured with reference to 

strike of the source. Because the component resolved along the strike of the body fails to 

generate magnetic anomalies, the effective magnetization which is responsible for producing 

the anomalies can be expressed (Murthy, 1998; Ani Nibisha et al., 2021) as  

                                                       𝐽𝑒𝑓 = 𝐽√(1 − 𝑐𝑜𝑠2𝜃𝑐𝑜𝑠2𝛿).                                                   (2.1) 

The dip of the effective magnetization vector is given by 

                                                       𝜃𝑒𝑓 = 𝑡𝑎𝑛−1(tan𝜃 𝑐𝑜𝑠𝑒𝑐𝛿).                                                    (2.2) 

The effective magnetization of the source causing the anomalies lies in the vertical plane 

perpendicular to the strike of the source.  

Now considering 𝑑𝑐 as the density contrast of the structure with reference to the undisturbed 

footwall, the magnetic potential, 𝑊, due to the structure at any point 𝑃(0, 0) outside the source 

region can be expressed using the Poisson’s relation (eq 1.22) as  

                                              𝑊 =  −
𝐽𝑒𝑓
𝐺𝑑𝑐

{
𝜕𝑈

𝜕𝑥
𝑐𝑜𝑠𝜃𝑒𝑓 +

𝜕𝑈

𝜕𝑧
𝑠𝑖𝑛𝜃𝑒𝑓},                                         (2.3) 

where, 𝐺 is universal gravitational constant, and 𝑈 represents the gravity potential.  

The vertical magnetic anomaly ∆𝑉 outside the source region can be expressed as  

                                              ∆𝑉 =
𝐽𝑒𝑓
𝐺𝑑𝑐

[
𝜕2𝑈

𝜕𝑥𝜕𝑧
𝑐𝑜𝑠𝜃𝑒𝑓 +

𝜕2𝑈

𝜕𝑧2
𝑠𝑖𝑛𝜃𝑒𝑓].                                       (2.4) 
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The gravity potential 𝑈 due to the 2D source at the point 𝑃(0, 0) is given by 

                                                         𝑈 = −𝐺𝑑𝑐∫ ln(𝑥2 + 𝑧2) 𝑑𝑠,                                                 (2.5)

𝑠

 

where, 𝑠 is the cross-sectional area of the structure, and (𝑥, 𝑧) stands for the source coordinates 

of an element within the structure. Substituting the partial derivatives of 𝑈 obtained from eq 

(2.5) in eq (2.4), the vertical magnetic anomaly can be expressed as (Ani Nibisha et al., 2021) 

                                            ∆𝑉 = 2𝐽𝑒𝑓∫
(𝑧2 − 𝑥2) sin 𝜃𝑒𝑓 + 2𝑥𝑧 𝑐𝑜𝑠𝜃𝑒𝑓

(𝑥2 + 𝑧2)2
𝑑𝑠.                          (2.6)

𝑠

 

Applying Stokes’ theorem, eq (2.6) can be rewritten as 

                             ∆𝑉 = 2𝐽𝑒𝑓 ∫ [ ∫
(𝑧2 − 𝑥2) sin 𝜃𝑒𝑓 + 2𝑥𝑧 𝑐𝑜𝑠𝜃𝑒𝑓

(𝑥2 + 𝑧2)2
𝑑𝑥

∞

𝑥=𝑓(𝑧)

] 𝑑𝑧.                (2.7)

𝑧𝐵

𝑧=𝑧𝑇

 

Upon simplification, eq (2.7) takes the form  

                                                    ∆𝑉 = 2𝐽𝑒𝑓 ∫  
𝑧 𝑐𝑜𝑠𝜃𝑒𝑓 − 𝑓(𝑧) sin 𝜃𝑒𝑓

𝑓(𝑧)2 + 𝑧2
𝑑𝑧.                            (2.8)

𝑧𝐵

𝑧=𝑧𝑇

 

The vertical magnetic anomaly due to the structure at any point 𝑃′൫𝑥𝑗 ,  𝑧𝑗൯ on the topography 

along the principal profile can be obtained (Ani Nibisha et al., 2021) as 

                              ∆𝑉൫𝑥𝑗, 𝑧𝑗൯ = 2𝐽𝑒𝑓 ∫  
൫𝑧 − 𝑧𝑗൯𝑐𝑜𝑠𝜃𝑒𝑓 − (𝑓(𝑧) − 𝑥𝑗) sin 𝜃𝑒𝑓

(𝑓(𝑧)−𝑥𝑗)
2 + (𝑧 − 𝑧𝑗)

2
𝑑𝑧.            (2.9)

𝑧𝐵

𝑧=𝑧𝑇

 

Further, the anomaly in horizontal component ∆𝐻 at the point 𝑃(0, 0) can be obtained from eq 

(2.3) (Ani Nibisha et al., 2021) as 

                                     ∆𝐻 =
𝐽𝑒𝑓 𝑠𝑖𝑛𝜗

𝐺𝑑𝑐
[
𝜕2𝑈

𝜕𝑥𝜕𝑧
cos (𝜃𝑒𝑓 −

𝜋

2
) +

𝜕2𝑈

𝜕𝑧2
sin (𝜃𝑒𝑓 −

𝜋

2
)],            (2.10) 
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where, 𝜗 is strike of the body. The horizontal magnetic anomaly due to the structure at any 

point 𝑃′൫𝑥𝑗 ,  𝑧𝑗൯ on the principal profile outside the source region can be expressed using eq 

(2.5) (Ani Nibisha et al., 2021) as  

∆𝐻൫𝑥𝑗, 𝑧𝑗൯ = 2𝐽𝑒𝑓 𝑠𝑖𝑛𝜗 ∫  
൫𝑧 − 𝑧𝑗൯𝑐𝑜𝑠(𝜃𝑒𝑓 −

𝜋
2
) − (𝑓(𝑧) − 𝑥𝑗)sin (𝜃𝑒𝑓 −

𝜋
2
)

(𝑓(𝑧)−𝑥𝑗)
2 + (𝑧 − 𝑧𝑗)

2
𝑑𝑧.

𝑧𝐵

𝑧=𝑧𝑇

 

                                                                                                                                                               (2.11) 

From eqs (2.9) and (2.11) one can realize that the vertical magnetic anomaly produced by a 2D 

listric fault source is similar in form to the horizontal magnetic anomaly produced by the same 

structure but with a different amplitude and a phase. 

The generalized equation for magnetic anomaly in any component due to a listric fault source 

at an observer location at 𝑃′൫𝑥𝑗 ,  𝑧𝑗൯ can be finally expressed (Ani Nibisha et al., 2021) as  

                               ∆𝑇൫𝑥𝑗, 𝑧𝑗൯ = 2𝐽′ ∫  
൫𝑧 − 𝑧𝑗൯ cos 𝜃′ − ൫𝑓(𝑧) − 𝑥𝑗൯ sin 𝜃′

(𝑓(𝑧)−𝑥𝑗)
2 + (𝑧 − 𝑧𝑗)

2
𝑑𝑧,               (2.12)

𝑧𝐵

𝑧=𝑧𝑇

 

where, 𝐽′ =  𝐽𝑒𝑓 √(1 − 𝑐𝑜𝑠2𝜗𝑐𝑜𝑠2𝛼)  

and 

         𝜃′ = 𝜃𝑒𝑓 − 𝑡𝑎𝑛−1(𝑠𝑖𝑛𝜗/𝑡𝑎𝑛𝛼). 

Eq (2.12) is a standard form to calculate the magnetic anomaly of a 2D listric fault source in 

any specific component. For e.g., setting 𝛼 to 90°, 0°, and 𝑖 (magnetic dip) in eq (2.12) magnetic 

anomalies of the fault can be realized in the vertical, horizontal, and total field components, 

respectively. Also, it is more appropriate to solve eq (2.12) by a numerical approach rather than 

an analytical approach because of the simple fact that the polynomial, 𝑓(𝑧), in the integrand 

may take any degree (Chakravarthi, 2010a; Chakravarthi, 2011, Ani Nibisha et al., 2021).  
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The validity of eq (2.12) is illustrated by comparing the anomalies (in each component) 

obtained from the present method against the corresponding anomalies realized from an 

analytical equation (Murthy et al., 2001) over a 2D vertical fault structure (Fig. 2.2b). In this 

case the assumed parameters of the source are 𝑧𝑇 = 0 km, 𝑧𝐵= 4.0 km, 𝜃 = 30°, and 𝜗 = 40°. 

The anomalies in each component are calculated along a profile in the interval 𝑥𝑗ϵ (0, 40 km) 

on the observational plane, 𝑧𝑗 = 0, and shown in Figs. 2.2a, 2.3a, and 2.4a respectively. The 

differences between the anomalies obtained from the present method and the analytic equation 

in each component are shown in Figs. 2.2c, 2.3b, and 2.4b.  

 
Fig. 2.2: (a) Comparison of vertical magnetic anomalies obtained from the present method 

(Ani Nibisha et al., 2021) and the analytic equation (Murthy et al., 2001), (b) geometry of 

vertical fault, (c) differences between the anomalies from the two methods. 
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Fig. 2.3: (a) Comparison of horizontal magnetic anomalies obtained from the present method 

(Ani Nibisha et al., 2021) and the analytic equation (Murthy et al.,2001), (b) differences 

between the horizontal anomalies obtained from the two methods. 

 
Fig. 2.4: Total magnetic anomalies realized from the present method (Ani Nibisha et al., 2021) 

against analytic equation (Murthy et al., 2001), (b) differences between the total anomalies 

from the two methods. 
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In the case of vertical magnetic anomaly, a maximum difference of -6E-04nT is observed at 

the 19th km on the profile (Fig. 2.2c), whereas in the horizontal and total components the 

maximum differences are -2E-04nT and -4E-04nT respectively (Figs. 2.3b and 2.4b). The 

insignificant differences noticed between the anomalies in each component obtained from the 

present method against the anomalies found from the analytic equation proves the effectiveness 

of the proposed method. 

2.3 FORMAG - Forward Modeling Software  

Based on the procedure described in the text, a GUI based software, FORMAG (Appendix 2A), 

is developed using object-oriented JAVA programming language to compute the magnetic 

anomalies of a 2D listric fault source in any component.  

 
 

Fig. 2.5: Structure relationship between Model, View and Controller 

 
The present software is built on Model-View-Controller (MVC) architecture as shown in Fig. 

2.5. The element ‘Model’ constructs the model space and computes the magnetic anomalies in 

the required component (specified by the user by means of a code number - 1 for vertical 

component, 2 for horizontal component, and 3 for total field component). The ‘View’ module 

allows the user to input the data either interactively or by reading the data from an external file 

by making use of ‘load file’ option. This module displays the output in both graphical and 
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ASCII formats. The ‘Controller’ implements the task of passing required actions to Model and 

View modules whenever they are called for. 

Once the batch file of the software, FORMAG, is invoked the view module appears on the 

screen as shown in Fig. 2.6. The view module is composed of three layouts - input, graphical, 

and ASCII. In turn the input layout consists of 11 input fields, and 5 action buttons (Fig. 2.6). 

On the other hand, the graphical layout is configured into two display panels - one for the 

anomaly and the other for the structure. The ASCII layout on the right side displays the output 

in ASCII format. The input data required for FORMAG to compute the anomaly response in 

any component are: profile ID, number of observations, distance to each observation (any 

units), depth to top of the fault, depth to bottom of the fault, degree of polynomial, coefficients 

of polynomial of prescribed degree, strike of the structure with reference to the magnetic north 

(degrees), intensity of magnetization (nT), direction of magnetization (degrees), and a code 

number (1 for vertical, 2 for horizontal, and 3 for total magnetic anomaly). The five action 

buttons are – Load file, forward modelling, save and print, clear, and exit. The forward 

modelling operator computes the anomalous magnetic field of the structure in the user defined 

component, and provides the output both in a tabular form in the ASCII layout, and graphical 

form in the anomaly and structure panels respectively. The ‘save and print’ option facilitates 

the user to save the output in html format and allows for printing. 

2.4 Application 

The applicability of the method and code are demonstrated on a synthetic model of a thick 

listric fault structure positioned at mid-crustal levels. The geometry of the assumed structure is 

shown in Fig. 2.7b. In this case, the fault ramp is treated as non-planar and described it by a 4th 

degree polynomial (Fig. 2.7b), whose coefficients are given in Table 2.1. 
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Table 2.1: Coefficients of 4th degree polynomial, synthetic example 

Coefficient Magnitude 

𝒂𝟎 17.9734 

𝒂𝟏 0.60451 

𝒂𝟐 -0.06495 

𝒂𝟑 0.00374 

𝒂𝟒 -3.852 E-005 

 

 

Fig. 2.7: (a) Vertical, horizontal, and total magnetic anomalies calculated from the present 
method over a thick mid-crustal listric fault source (b). 
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Fig. 2.8: Magnetic anomalies produced by a 2D listric fault structure and a 2D fault structure 
with planar fault ramp.    
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 For such a model set up, the magnetic anomalies in the vertical, horizontal, and total field are 

calculated on a profile across the structure at 51 equispaced observations in the interval 𝑥𝑗ϵ (0, 

50 km) and shown in Figs. 2.7a. In order to examine the nature of anomalies produced by a 

listric fault structure and that of a fault structure with a planar fault plane, the anomalies in 

respective components are also calculated over the same structure (Fig. 2.7b) presuming a 

planar fault ramp (Murthy et al., 2001).  Figs. 2.8a to 2.8c compare the anomaly responses 

obtained from the two models. It is clearly evident from Fig. 2.8a to 2.8c that the anomalous 

magnetic fields produced by a listric fault structure notably differ from the corresponding 

anomalous fields produced by the same structure with a planar fault plane. Therefore, the 

assumption of planar fault plane should be accepted with caution while interpretating the 

magnetic anomalies caused by listric fault structures. 

Sample input and output for the case of horizontal magnetic anomaly computation are given in 

Annexures 2B and 2C. 

2.5 Conclusions 

1. Both analytic and numeric approaches are used to derive a new generalized equation to 

compute the magnetic anomalies of an arbitrarily magnetized 2D listric fault source. 

The specific equation is able to compute the anomalous magnetic field of a 2D listric 

fault morphology in any component. 

2. Based on the derived equation of magnetic anomaly, a software FORMAG, is 

developed using JAVA programming language to compute the magnetic anomalies in 

any user-defined component, and display the response and the structure geometry 

graphically.  

3. It is revealed with a synthetic example that the magnitude of the anomalous field 

produced by a listric fault source, in any component, differs considerably from the 
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corresponding anomalous field produced by the same structure having a planar fault 

ramp. 

4. The use of modelling and inversion algorithms which consider the fault planes as planar 

surfaces to analyse the magnetic anomalies of large normal faults is discouraged (Ani 

Nibisha et al., 2021). 
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CHAPTER 

THREE 

Interactive modelling of magnetic 
anomalies of 2D Listric fault sources 

__________________________________________________________________________________ 

3.1 General 

Due to structure complexity, many times listric faults are not easily detectable from measured 

geophysical anomalies. Sometimes, under favourable conditions the gravity method is able to 

detect these structures if significant lateral density changes exist between the displaced rocks. 

The changes in the sub-surface formation densities produce detectable gravity anomalies across 

the fault ramps (Chakravarthi, 2010a; Chakravarthi et al., 2017). However, large topographic 

undulations and heterogeneity in near-surface geology often limit the effectiveness of the 

gravity method. On the other hand, seismic methods can image the subsurface and detect the 

changes in rock properties associated with the fault zones. Still, the complex nature of listric 

faults would seriously distort the travel paths of the seismic waves and in turn effect the 

interpretation. Since fault zones are frequently associated with the magnetic minerals with 

contrasting magnetisations, with proper data collection, processing and interpretation the 

magnetic method can yield valuable information on listric faults despite their complexity. 

A few techniques have been put forth to find the parameters of fault sources from the observed 

magnetic anomalies. The use of characteristic curves in the interpretation of magnetic 

anomalies had been proposed by Moo (1965), Grant and West (1965), Telford et al. (1976), 

Rao and Murthy (1978), and Rao et al. (1980). The use of characteristic curves may lead to 
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errors in parameter estimation because the characteristic distances and the amplitudes of 

anomalies related to target parameters are highly subjective (Al-Garni, 2016). Based on the 

application of Fourier integral, Sengupta (1974) had proposed a method to analyse the magnetic 

anomalies caused by vertical fault structures. Stanley (1977) demonstrated that the horizontal 

gradient of total magnetic anomaly over a vertical contact is the same as the total magnetic 

anomaly over a thin dyke and that specific points on the gradient are related to the fault 

parameters. Qureshy and Nalaye (1978) proposed a technique based on decomposing magnetic 

anomaly into symmetric and anti-symmetric parts. Rao and Babu (1983) presented standard 

curves for magnetic anomaly interpretation treating the angle of fault plane as 90° and that the 

magnetization is caused purely by induction. Murthy (1985) had developed an efficient method 

of interpreting magnetic anomalies of arbitrarily magnetized fault structures, wherein the 

anomalies across the structure are scaled at two different elevations followed by identifying the 

maximum and minimum anomalies and their mid points, which in turn were used to estimate 

the source parameters. Mushayandebvu et al. (2001) had developed a method using extended 

Euler deconvolution to analyse the anomalies produced by fault structures, while Murthy et al. 

(2001) used Marquardt’s (1963) algorithm to analyse the magnetic anomalies. The inversion 

scheme proposed by Murthy et al. (2001) is noteworthy because their algorithm presumes 

arbitrary magnetization for the fault structures and analyses the anomalies in any component 

for the source parameters.  

Using analytic signal and Euler deconvolution, Doo et al. (2007) had devised a technique to 

estimate the source parameters of a 2D magnetic contact. Subrahmanyam and Rao (2009) have 

suggested a simple method that uses a few characteristic positions on the magnetic anomaly to 

find the parameters of a fault structure. Interpretation techniques based on constrained 

optimization theory (Asfahani and Tlas 2004) and stochastic algorithms (Asfahani and Tlas 

2007) are also available currently to analyse the magnetic anomalies of fault structures. 
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However, the practical utility of all the above techniques is limited to analyse the magnetic 

anomalies caused by large normal faults having non-planar fault planes (Ani Nibisha et al., 

2021). Chakravarthi (2010a) developed a forward modelling technique to compute the gravity 

anomalies of listric fault sources, among which the density contrast differs continuously with 

depth. An automatic inversion scheme to simultaneously estimate the fault parameters (listric) 

and regional gravity background from a set of observed gravity anomalies was also proposed 

(Chakravarthi, 2011).  

However, no algorithm is reported/available explicitly to analyse the magnetic anomalies 

caused by 2D listric fault sources (Ani Nibisha et al., 2021). Therefore, a need exists to develop 

a suitable technique to analyse the magnetic anomalies produced by 2D fault structures 

presuming (i) arbitrary magnetization for the source, and (ii) non-planar surfaces for fault 

planes. In this Chapter, an interactive modelling scheme is developed along with a modelling 

software, 2DLISMAG.  

3.2 Interactive modelling of magnetic anomalies 

The approach of interactive modelling starts by initialising the model space in the light of 

known subsurface geologic information available if any for example from boreholes (Singh, 

2013), seismic imaging (Goussav et al., 2006; McKenzie and Jackson, 2012) etc. Accordingly, 

the model space is constructed and the magnetic anomaly response is calculated in user-defined 

component using eq (2.12). A polynomial function of prescribed degree describes the non-

planar fault ramp analytically, which is guided by a few control points. The known co-ordinates 

(𝑥, 𝑧), of the control points are fitted to the polynomial function to estimate the unknown 

polynomial coefficients using the equation 

                                     ∑∑
𝑓(𝑧)

𝜕𝑝𝑘

𝑓(𝑧)

𝜕𝑝𝑚

𝑛+1

𝑚=1

𝑁𝐶

𝑖=1

𝑃𝑘 =∑(𝑥𝑖)
𝑓(𝑧)

𝜕𝑝𝑘
, 𝑘 = 1, 2, … . , 𝑛 + 1.

𝑁𝐶

𝑖=1

                 (3.1) 
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Here, 𝑁𝐶 is number of control points, 𝑛 is degree of polynomial, 𝑃𝑘, 𝑘 = 1, 2, … . , 𝑛 + 1 are 

the coefficients of the polynomial under consideration. These coefficients are used to construct 

the fault plane. The deviations between the observed and model responses are then minimized 

in real time by modifying the parameters interactively using simple drag and drop mouse 

operations (Ani Nibisha et al., 2021).   

3.3 LISMAG2D  

LISMAG2D is an interactive modelling software developed for analysing the magnetic 

anomalies caused by 2D listric faults in any component (Appendix 3A). The software is 

developed using the object-oriented JAVA programming language. The advantage of this 

software is that it is platform-independent and works on any GUI-based operating system with 

at least jdk1.6 version installed. The software was based on the Model-View-Controller 

architecture as shown in Fig. 2.5. The module – ‘Model’ estimates the coefficients of the 

prescribed polynomial to construct the geometry of a fault plane and computes the magnetic 

anomaly of the structure in the specific component. The ‘View’ module reads the input data 

and displays the output in both graphical and ASCII forms. The ‘Controller’ executes the task 

of passing the required actions to Model and View modules as and when they are called for. 

Once the batch file is called in, the view module of LISMAG2D appears on the monitor as 

shown in Fig. 3.1. The input layout consists in eleven input fields and ten action buttons. The 

data required for the input layout are: profile ID, number of observations, distance (any units), 

observed anomalies (nT), depth to top (any units), depth to bottom (any units), degree of 

polynomial, strike of the structure with reference to the magnetic north (degrees), intensity of 

magnetization (nT), direction of magnetization (degrees), and code number (1 for vertical, 2 

for horizontal, and 3 for total field). Alternatively, the user enters the data in a notepad and the 

same is called in to the program by ‘load file’ operator (Fig. 3.1). The action buttons of the 
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Fig. 3.2: Observed anomalies (anomaly panel) and control points (structure panel). Note that the number 

displaying the control points in red warrants additional control points. 

 

 

Fig. 3.3: Observed anomalies (anomaly panel) and the control points (structure panel). Display of number 

of control points in blue indicates selection of optimum control points. 
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input layout are: specify fault coordinates, draw fault plane, compute/edit fault plane, save and 

print (for the output), clear, save file (for input), original fault coordinates and exit. 

Once the input data is entered and launch the action button – ‘specify coordinates’, a display 

panel appears on the monitor showing the observed anomalies on the top with a structure panel 

attached to it at the bottom (Fig. 3.2). The user selects a few control points in the structure pane 

by means of mouse clicks to aid the construction of listric fault plane. The code assigns 

coordinates to all such points, and display the coordinates and the number of control points 

selected (Fig. 3.2). In addition, the code notifies the user whether or not the optimum number 

of control points are chosen to construct the fault plane. For example, if the number of control 

points chosen to describe the fault plane is insufficient (depending upon the degree of opted 

polynomial), then the number displaying the selected points appears in red (as shown in Fig. 

3.2). In such a case, the user needs to select a few more points in the structure panel till the 

colour of font displaying the number of points turns to blue (Fig. 3.3). Upon launching the 

‘draw/edit fault plane’ action button, the code solves the polynomial coefficients, 𝑓𝑘, by fitting 

the prescribed polynomial to the coordinates of the control points and constructs the fault plane 

as shown in Fig. 3.4. Once the model space is ready, the anomalous field in a specific 

component (by specifying code number 1 for vertical, 2 for horizontal, and 3 for total) can be 

realized by activating the ‘compute/Edit fault plane’ operator (Fig. 3.1). The business logic 

computes the structure anomaly and display the response along with the observed anomaly in 

the anomaly panel (Fig. 3.5). The observed and computed anomalies, coordinates of control 

points, and the solved coefficients of the polynomial are also displayed in a tabular form in the 

ASCII layout (Fig. 3.5). The departures of the model anomalies from the observed ones are 

minimized by modifying the geometry of the fault plane by simple drag and drop mouse 

operations. Once the coordinates of the control points are altered the coefficients of the 
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Fig. 3.4: Observed anomalies (anomaly panel) and analytically defined fault plane (structure panel). The 

coordinates of the control points and the estimated polynomial coefficients are displayed in the ASCII 

panel. 

 

Fig. 3.5: Observed and model magnetic anomaly responses in horizontal component (anomaly panel) and 

model space (structure panel). 
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polynomial are recalculated automatically, and the structure and corresponding anomalous 

response are also updated and displayed in real-time as shown in Fig. 3.6.  

 

Fig. 3.6: Observed and refined model magnetic anomaly responses in horizontal component (anomaly 
panel) and updated model space (structure panel). 

The user has an option to change other parameters as well including the degree of polynomial 

at any stage to realise an acceptable fit between the observed and modelled anomalies. The 

‘save and print’ option saves the output as html file and print the output.  

3.4 Applications

The method of interactive modelling and the usefulness of the software, 2DLISMAG, are 

demonstrated on a synthetic listric fault structure. In this case, a 5th degree polynomial with a 

set of 6 coefficients (Table 3.1) is used to characterize the non-planar nature of the fault plane. 

The fault ramp is surfaced out to the topography at the 20th km on the profile and extended 

downwards to a maximum depth of 4 km along the 𝑧-axis. For such a structure, the magnetic 

anomalies in the horizontal component are calculated on the top of topography,  𝑧𝑗 = 0 km, at 
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42 equispaced observations in the interval 𝑥𝑗ϵ (0, 41 km) using eq (2.12) and shown in Fig. 

3.7a.  

Table 3.1: Coefficients of assumed 5rd degree polynomial, and coefficients of estimated 3rd 

degree polynomial for fault plane construction 

Coefficient 5th degree 

polynomial 
(Assumed) 

3rd degree 

polynomial 
(Estimated) 
 

𝒂𝟎 19.6749 19.6611 

𝒂𝟏 0.1470 0.0757 

𝒂𝟐 -0.2113 0.5332 

𝒂𝟑 0.6688 -0.03 

𝒂𝟒 -0.2449  

𝒂𝟓 0.0289  

 

  
Fig. 3.7: (a) Observed and modelled anomalies (anomaly panel), and (b) derived structure 

(structure panel). 
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To perform modelling with 2DLISMAG, these theoretical anomalies are contemplated as the 

observed anomalies to recover the structure. In reality, it is difficult to choose the optimum 

polynomial to model the fault ramp if additional information on the subsurface is not available. 

For this reason, in this modelling a 3rd degree polynomial is considered in place of the 5th degree 

to simulate the fault plane. The estimated coefficient of the 3rd degree polynomial are given 

Table 3.1. The sequence of modelling steps described in section 3.3 is followed to model the 

structure and the result is shown in Fig. 3.7.  

Sample input and output files are given in Annexures 3B and 3C, respectively. 

3.5 Conclusion 

1) An interactive modelling methodology and related GUI software, LISMAG2D, coded 

in JAVA are presented to quantify the magnetic anomalies generated by 2D listric fault 

sources.  

2) The advantage of LISMAG2D is that it can be used to model the magnetic anomalies 

of listric faults irrespective of the component the anomalies are measured. 

3) The validity of the proposed modelling and software are epitomised with a synthetic 

model of a 2D listric fault structure, where the nonplanar fault ramp is described with 

a 5th degree polynomial to generate the theoretical anomalies. Theses anomalies are 

treated as the observed anomalies in the interactive modelling to recover the structure. 

In doing so, the fault plane is replicated with a 3rd degree polynomial, keeping in view 

that in real world it is always difficult to choose the optimum polynomial in the absence 

of additional independent information.  
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CHAPTER 

FOUR 

Automatic inversion of magnetic 
anomalies caused by 2D Listric fault 
sources 

__________________________________________________________________________________ 

4.1 General 

More than not faults that are originated as a result of rifting, drifting, and collapsed orogeny 

are listric in nature. Though fault planes of large normal faults are often nonplanar, many 

interpretation techniques have been reported considering the fault planes as planar surfaces to 

analyse the potential field anomalies resulted from them (see for e.g., Sundararajan et al., 1983; 

Rao, 1985; Murthy et al., 1980; Rao and Babu, 1983; Raju et al., 1998; Murthy, 1998; Murthy 

et al., 2001; Abdelrahman et al. 2003; Chakravarthi and Sundararajan, 2004; Essa, 2013; 

Abdelrahman and Essa, 2015; Anderson et al., 2020; Elhussein, 2021; Essa et al., 2021; Essa, 

2021; Rao and Biswas, 2021).  

In recent past, techniques are also published to calculate the gravity and magnetic responses of 

listric fault sources. For example, Chakravarthi (2010a), Chakravarthi (2010b) presented a set 

of formulae to compute the gravity responses of 2D and 2.5D fault structures, where analytic 

functions were used to simulate the geometries of fault planes. A few inversion schemes to 

quantify listric fault sources from measured gravity anomalies are also available. Chakravarthi 

(2011) proposed an inversion technique to infer the shape parameters of 2.5D listric fault 

structures and regional gravity field from measured gravity anomalies. This technique is 

efficient to model the listric fault morphologies, where the disconnected hanging wall 
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comprises in thick-sectioned sediments with progressive increase in density with increasing 

depths. Another optimisation proposed by Chakravarthi and Pramod Kumar (2015) 

simultaneously estimates from the gravity anomalies the fault plane geometries and densities 

of several lithologic units or their thicknesses within the hanging wall. Roy et al. (2022) have 

used the particle swarm optimisation (PSO) to interpret the gravity anomalies of listric faults 

by simulating the fault planes with quadratic Bezier curve.  

It is pertinent to note that not many techniques are developed in magnetics for fault model 

interpretation because the unknown model parameters to be solved from the magnetic 

anomalies are generally large in number, particularly when the direction of magnetisation is 

presumed as arbitrary (Murthy et al. 2001; Ani Nibisha et al., 2022). Making use of the 

symmetry of the analytic function representing the magnetic anomalies of dyke and vertical 

fault models, Powell (1967) devised a method to interpret the magnetic anomalies of fault 

structures, whereas Sengupta (1974) used the Fourier integral to analyse the anomalies. 

Following Koulomzine et al. (1970), Qureshi and Nalaye (1978) proposed the decomposition 

of the magnetic anomaly profile into even and odd components for fault model interpretation. 

Green (1979) developed a harmonic method that uses the locations of two turning points and 

two inflection points on the magnetic gradient profile to interpret the anomalies caused by a 

contact.  

Murthy (1985) used the properties of midpoints between the maximum and minimum 

anomalies on the profiles at two selected heights, the distances between the said anomalies, 

and the ratio of horizontal to vertical gradients of the anomalies to decipher arbitrarily 

magnetised fault structures. Murthy et al. (2001) applied the Ridge Regression algorithm in an 

inversion to quantify the magnetic anomalies caused by fault sources in any component. This 

technique initialises the fault structure using the maximum and minimum anomalies and their 

positions on the anomaly profile. These initial model parameters are then refined iteratively till 

49



an acceptable predefined convergence is achieved between the observed and modelled 

anomalies. Stavrev (2006) had proposed the concept of magnitude transform that makes use of 

both magnetic field components and the first-order derivatives to invert magnetic anomalies of 

simple geometric shapes. Subrahmanyam and Rao (2009) proposed a method to infer fault 

parameters using characteristic points on the magnetic profile. An inversion method based on 

modular neural network was proposed by Al-Garni (2016) to decipher fault parameters. Essa 

and Elhussein (2018) employed the Particle Swarm Optimization (PSO) in the analysis of 

magnetic anomalies of simple geometric shapes. Ekinci et al. (2019) applied both differential 

evolution algorithm (DE) and particle swarm optimisation (PSO) on the gravity and magnetic 

anomalies caused by deep-seated faults and reported that DE is more efficient than PSO in 

terms of convergence rate, model space recovery, and robustness. Recently, Biswas and Rao 

(2021) have used simulated annealing (SA) to interpret the anomalies due to fault and sheet-

type models. However, the intrinsic assumption that the fault planes are either vertical or planar 

in the aforementioned methods limit their utility to analyse the anomalies caused by fault 

sources that display listric behaviour with depth.  

Therefore, it is necessary to design a new inversion strategy to determine the parameters of 

listric fault structures from the measured magnetic anomalies. Here, a generalised inversion 

technique and a software 2DINMGLS are presented to quantify the listric fault sources from 

the magnetic anomalies observed in any component, viz., vertical, horizontal or total field. The 

present inversion utilises the scheme of Ani Nibisha et al. (2021) for anomaly calculation. The 

proposed technique is applied on the magnetic anomalies of a synthetic listric fault structure in 

the presence of pseudorandom noise, followed by its application to analyse the real field 

anomalies across the western margin of the Perth Basin, Australia. 
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4.2 Inversion of magnetic anomalies  

In inversion, theoretical anomalies that arise from a starting model are fitted to the observed 

anomalies and based on the misfit between the observed and theoretical anomalies, the 

parameters of model space are adjusted iteratively within the permissible limits, so that the 

optimum model becomes geologically acceptable. The present inversion utilises eq (2.12) for 

forward modelling of magnetic anomalies of listric fault sources in any component (Ani 

Nibisha et al., 2021). In the present case, the size factor, 2𝐽′ , in eq (2.12) is independent of the 

source body parameters, hence, the magnitude of 𝐽𝑒𝑓 can be determined from the size factor, in 

principle. On the other hand, the shape of the anomaly profile in any component over the 

structure with a known strike is influenced by the body parameters, viz., 𝑧𝑇 (depth to the top 

of the fault plane), 𝑧𝐵 (depth to the bottom of the fault plane), coefficients of the function, 𝑓(𝑧), 

𝑓𝑖 , 𝑖 = 0, 1, 2, . . , 𝑛, and 𝜃𝑒𝑓. In other words, the body parameters of the structure and 𝜃𝑒𝑓 can 

be estimated from the shape of the anomaly profile. 

In general, the process of any geophysical inversion starts by initialising a model space with a 

set of approximate shape parameters coupled with appropriate physical property contrast/s. 

Usually, these initial parameters are specified by the interpreter as in the case of interactive 

modelling (section 3.2). At times, the starting model is described with a simple geometry, 

thereby enabling the interpreter to instruct the computer to identify some characteristic 

anomalies and their locations on the profile, which are then used to initialise the source. In the 

proposed inversion, approximate/ initial body parameters are obtained by treating the fault 

source as a vertical step (Murthy et al., 2001, Ani Nibisha et al., 2022). Such an approximation 

was also proposed by Chakravarthi (2011) to analyse the gravity anomalies resulted from 

strike-limited listric fault sources. For a vertical step, the approximate distance to the top of the 

fault edge, 𝐷𝐴𝑝𝑝, on the profile can be found at an observation, where the magnitude of the 
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anomalous field equals the sum of the minimum ((∆𝑇𝑚𝑖𝑛) and maximum (∆𝑇𝑚𝑎𝑥) anomalies 

(Murthy et al., 2001; Ani Nibisha et al., 2022). In case the anomaly profile is symmetric about 

the anomaly axis with a single turning point, then the observer location corresponding to the 

maximum anomaly is assigned to 𝐷𝐴𝑝𝑝. The value of 𝜃′ is obtained as (Murthy et al., 2001; 

Ani Nibisha et al., 2022) 

                                 

𝜃′ = arctan
2√

∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

(1 −
∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

)
, for 0.05 ≤

∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

≤ 0.55

𝜃′ =
𝜋

2
, for 

∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

> 0.55

𝜃′ = 0°, for 
∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

< 0.05.
}
 
 
 
 
 

 
 
 
 
 

                           (4.1)   

The value of 𝜃′ calculated from eq. (4.1) is placed in the appropriate quadrant based on the 

plus-minus method (Murthy et al., 2001). Eq. (4.1) conveys that 𝜃′ is dependent only on the 

magnitudes of minimum and maximum anomalies. Also, the approximate depth to the top of 

the fault edge is obtained as 

       

𝑧𝑇𝐴𝑝𝑝 = 
|𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛| sin 𝜃

′

2√9 − 4 𝑠𝑖𝑛2𝜃′
, for 0.05 ≤

∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

≤ 0.55 or 
∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

> 0.55

𝑧𝑇𝐴𝑝𝑝 = 0.224 𝑋 𝑊, for 
∆𝑇𝑚𝑖𝑛
∆𝑇𝑚𝑎𝑥

< 0.05,
}
 
 

 
 

          (4.2) 

where, 𝑊 is the distance between the two half-maximum anomalies on the profile. Depth to 

the bottom of the fault plane is initialized as, 

                                                              𝑧𝐵𝐴𝑝𝑝 = 8𝑋𝑧𝑇𝐴𝑝𝑝.                                                                 (4.3) 

A ratio of 8 for 𝑍𝐵𝐴𝑝𝑝
𝑍𝑇𝐴𝑝𝑝

 is found satisfactory to invert the magnetic anomalies of listric fault 

sources with 2≤ 𝑍𝐵

𝑍𝑇
≤ 15 (Ani Nibisha et al., 2022).  
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It is to note that for a vertical step, the coefficients, 𝑓𝑖 , 𝑖 = 1, 2, . . , 𝑛 become zero. Hence, the 

magnetic anomaly, ∆𝑇൫𝑥𝑗൯, in eq (2.12) takes the form  

     ∆𝑇൫𝑥𝑗 , 𝑧𝑗൯ = 𝐶1 ∫  
൫𝑧 − 𝑧𝑗൯

(𝑓0−𝑥𝑗)
2 + (𝑧 − 𝑧𝑗)

2
𝑑𝑧 − 𝐶2 ∫  

൫𝑓0 − 𝑥𝑗൯

(𝑓0−𝑥𝑗)
2 + (𝑧 − 𝑧𝑗)

2

𝑧𝐵

𝑧=𝑧𝑇

𝑑𝑧.     

𝑧𝐵

𝑧=𝑧𝑇

(4.4) 

where, 𝐶1 = 2𝐽′ cos 𝜃′, and 𝐶2 = 2𝐽′ sin 𝜃′.  

As many linear equations (similar to eq 4.4) are framed as the number of observations, and two 

normal equations are constructed and solved for C1 and C2. From the estimated values of 𝐶1 

and 𝐶2, the value of 𝐽′ can be obtained as 

                                                               𝐽′ =
√𝐶1

2 + 𝐶2
2

2
                                                                     (4.5) 

Eq (2.12) computes the theoretical anomalies of the model space at all observations, 𝑥𝑗, 𝑗 = 1, 

2,.., 𝑁𝑜𝑏𝑠. In this process, 𝐷𝐴𝑝𝑝 value is initially assigned to 𝑓0, and all other coefficients are 

set to zero (i.e., 𝑓𝑖 = 0, 𝑖 = 1, 2, …, 𝑁). The theoretical anomalies, ∆𝑇𝑐𝑎𝑙൫𝑥𝑗, 𝑧𝑗൯, of the initial 

structure obtained from eq (2.12) obviously deviates from the observed anomalies, 

∆𝑇𝑜𝑏𝑠൫𝑥𝑗, 𝑧𝑗൯. The misfit between the two anomalies can be quantified as (Ani Nibisha et al., 

2022) 

                                              𝐽 = √∑
[∆𝑇𝑜𝑏𝑠൫𝑥𝑗, 𝑧𝑗൯ − ∆𝑇𝑐𝑎𝑙൫𝑥𝑗, 𝑧𝑗൯]

2

𝑁𝑜𝑏𝑠

𝑁𝑜𝑏𝑠

𝑗=1

.                                     (4.6) 

The deviation of theoretical anomalies from the observed ones can be written using Tylor series 

approximation as 
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∆𝑇𝑜𝑏𝑠൫𝑥𝑗, 𝑧𝑗൯ − ∆𝑇𝑐𝑎𝑙൫𝑥𝑗, 𝑧𝑗൯

=
∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑧𝑇
𝑑𝑧𝑇 +

∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑧𝐵
𝑑𝑧𝐵 +

∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑓0
𝑑𝑓0 +

∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑓1
𝑑𝑓1

+
∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑓2
𝑑𝑓2 +⋯

∆𝑇൫𝑥𝑗, 𝑧𝑗൯

𝜕𝑓𝑛
𝑑𝑓𝑛                                                                   (4.7) 

A total of 𝑁𝑜𝑏𝑠 linear equations in number are framed from which (𝑛 + 3) normal equations 

are built and solved for (𝑛 + 3) unknown parameters using the Marquardt algorithm 

(Marquardt, 1970; Chakravarthi, 2003; Ani Nibisha et al., 2022). The normal equations can be 

put in the form (Ani Nibisha et al., 2022) 

∑ ∑
∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑘

∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑚

𝑛+3

𝑚=1

𝑁𝑜𝑏𝑠

𝑖=1

(1 + 𝜉𝜆)𝑑𝑝𝑘 = 

                                                 ∑ 𝐸𝑟𝑟൫𝑥𝑖, 𝑧𝑖൯
∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑘
, 𝑘 = 1, 2, … . , 𝑛 + 3.

𝑁𝑜𝑏𝑠

𝑖=1

                         (4.8) 

Here, 𝜆 is the damping factor, and 𝐸𝑟𝑟൫𝑥𝑖, 𝑧𝑖൯ = [∆𝑇𝑜𝑏𝑠൫𝑥𝑖, 𝑧𝑖൯ − ∆𝑇𝑐𝑎𝑙൫𝑥𝑖, 𝑧𝑖൯], 𝑖 =

1, 2, … . , 𝑁𝑜𝑏𝑠.  Also, 𝜉 = 1 for 𝑚 = 𝑘, otherwise 0. Equation (4.8) can be put in a matrix form 

as  

                                                                      (𝐴 + 𝜆𝐼) 𝑋 = 𝐵,                                                            (4.9) 

where, the elements, 𝐴𝑖𝑘, of matrix 𝐴 are expressed as 

                                   

𝐴𝑖𝑘 = ∑ ∑
∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑘

∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑚

𝑛+3

𝑚=1

𝑁𝑜𝑏𝑠

𝑖=1

, 𝑘 = 1, 2, … . , 𝑛 + 3,

𝐵 =  ∑ 𝐸𝑟𝑟൫𝑥𝑖, 𝑧𝑖൯
∆𝑇൫𝑥𝑖, 𝑧𝑖൯

𝜕𝑝𝑘
, 𝑘 = 1, 2, … . , 𝑛 + 3,

𝑁𝑜𝑏𝑠

𝑖=1

𝑋 = 𝑑𝑝𝑘, 𝑘 = 1, 2, … . , 𝑛 + 3. }
 
 
 
 

 
 
 
 

              (4.10) 
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Here, 𝐼 is the diagonal matrix containing the elements of 𝐴. Also, 𝑑𝑝𝑘, 𝑘 = 1, 2, … . , 𝑛 + 3 are 

the estimated improvements in the model parameters, 𝑝𝑘. Here, 𝑑𝑝1 = 𝑑𝑧𝑇, 𝑑𝑝2 = 𝑑𝑧𝐵, 𝑑𝑝3 =

𝑑𝑓0, 𝑑𝑝4 = 𝑑𝑓1, ……, 𝑑𝑝(𝑛+3) = 𝑑𝑓(𝑛+3). Eq (4.9) conveys that the diagonal elements of 

matrix 𝐴 are multiplied by (1+ 𝜆 ). Further, it is to note that the polynomial degree, 𝑛, should 

be chosen in such a way that the number of unknowns doesn’t exceed the number of 

observations. The partial derivatives of the anomaly in eq (4.10) are obtained by numerical 

differentiation (Chakravarthi et al., 2001; Ani Nibisha et al., 2022).  

To start with, the initial data misfit, 𝐽𝐴̂, is obtained from eq (4.6). The damping factor, 𝜆, is set 

to 0.5 (Chakravarthi, 2003) and eq (4.9) is worked out for 𝑑𝑝𝑘, 𝑘 = 1, 2, … . , 𝑛 + 3. The 

existing source parameters, 𝑃𝑘, 𝑘 = 1, 2, … . , 𝑛 + 3 are updated to 𝑃𝑀, 𝑀 = 1, 2, … . , 𝑛 + 3 by 

adding/subtracting 𝑑𝑝𝑘, 𝑘 = 1, 2, … . , 𝑛 + 3 to 𝑃𝑘. The theoretical response of the improved 

model is again calculated, and the corresponding misfit, 𝐽𝑁̂, is estimated. If the magnitude of 

the new misfit, 𝐽𝑁̂, falls below its preceding value, 𝐽𝐴̂, then 𝜆 is reduced by a factor of 2. In such 

a case, 𝐽𝑁̂ is assigned to 𝐽𝐴̂ and 𝑃𝑀 to 𝑃𝑘 and the process repeats iteratively. By any chance if 

the misfit at the end of any specific iteration exceeds its preceding value, then the existing value 

of 𝜆 is multiplied by 2, and eq (4.9) is worked out again for the values of 𝑑𝑝𝑘. This process 

continues within the specific iteration till the resulting misfit falls below its preceding value. 

The inversion process automatically terminates upon the completion of specific number of 

iterations, or the prevailing misfit at the end of any iteration equals to or less than the prescribed 

threshold, or the current value of, 𝜆, is abnormally large (Chakravarthi, 2003, Ramamma et al. 

2021, Ani Nibisha et al., 2022). 

4.3 INVMGLSTRK 

Based on the above inversion methodology a software named, INVMGLSTRK, is developed 

using the JAVA programming language to interpret the magnetic anomalies caused by 2D 

55



  

 

F
ig

. 
4
.1

: 
V

ie
w

 m
o
d
u
le

 o
f 

IN
V

M
G

L
S
T

R
K

 

A
n

o
m

al
y 

d
is

p
la

y 
p

an
el

 

St
ru

ct
u

re
 d

is
p

la
y 

p
an

el
 

G
ra

p
h

ic
al

 L
ay

o
u

t 
A

SC
II

 L
ay

o
u

t 

In
p

u
t 

La
yo

u
t 

56



listric fault sources in any component (Appendix 4A). The work flow of the software is based 

on the Model-View-Controller setup (Fig. 2.5). The software initializes the structure using a 

few characteristic anomalies and their positions on the profile, and refines the structure 

iteratively until a specified convergence criteria is satisfied.  

The view module of INVMGLSTRK is shown in Fig. 4.1. The input layout consists of 8 input 

fields and 5 action buttons. The input data required for the code are: profile ID, number of 

observations, distance to each observation, observed anomaly (nT), degree of polynomial, 

strike of the source with reference to magnetic north (degrees), code number (1 for the vertical 

component, 2 for horizontal, and 3 for the total field), and number of iterations to be performed. 

As in the case of FORMAG, and LISMAG2D the user can read the input data from an external 

file using the ‘load file’ action button. Upon activating the action button - ‘Inversion’, the 

software performs the optimisation and recovers the structure. The user saves the output in 

html format and opts for printing by clicking the ‘save and print’ action button. The notable 

feature of the software is that during the process of analysis it displays the changes in data 

misfit, model space and nature of fit between the observed and theoretical anomalies against 

iteration in animated form.  

4.4 Applications  

To justify the relevance of the proposed method of inversion, two magnetic anomaly profiles 

were interpreted. In the first case, the vertical magnetic anomalies due to a synthetic structure 

are analyzed. In the latter case, the total magnetic anomalies attributable to a deep-seated fault 

from the western margin of the Perth Basin, Australia are interpreted. 

4.4.1 Synthetic example 

Fig. 4.2b describes the model geometry of an assumed listric fault structure in the 𝑥𝑧-plane. 

The fault originates near the topography at the 20th km and extends downwards with decreasing 
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dips to a maximum depth of 4 km (Ani Nibisha et al., 2022). A 5th degree polynomial, whose 

coefficients are given in Table 4.1, describes the geometry of the fault ramp. Assuming the 

intensity and direction of magnetisation as 100 gammas and 30nT respectively, the structure 

anomalies in the vertical component are calculated in the observation range, 0 -40 km, on the 

profile to which pseudorandom noise (Gaussian) is added and shown in Fig. 4.2a (Ani Nibisha 

et al., 2022). The noise has zero mean and a standard deviation of 8.82nT. We treat these noisy 

anomalies as the observed anomalies in the inversion to recover the structure by setting 4.1nT 

as the acceptable threshold for the data misfit. The algorithm executed 8 iterations for inversion 

and then terminated. It was found from the inversion result that the misfit had decayed rapidly 

within first six iterations, from 40.6 to 8.32 gammas, thence gradually before it attained a value 

of 4.1nT at the end of the 8th iteration. The estimated values of intensity of magnetisation and 

direction of magnetisation from the inversion were 99.8 gammas and 31nT, respectively. The 

recalculated theoretical anomalies of the estimated model after the 8th iteration closely fit the 

observed anomalies and the estimated structure exactly mimics the assumed one (this case is 

not shown for brevity). The determined polynomial coefficients after inversion precisely 

coincide with the assumed ones (Table 4.1).  

In reality, it is always tricky to select the best polynomial to describe the fault plane geometry, 

if additional information on the subsurface is either scanty or unavailable. Therefore, it is 

necessary to examine whether or not the inversion technique could recover the structure, if a 

polynomial degree other than the optimum is used in the inversion. For this, the inversion was 

repeated independently using a 2nd degree and a 3rd degree polynomial (in place of a 5th degree) 

to simulate the fault surfaces (Ani Nibisha et al., 2022). Here also the tolerable misfit between 

the observed and modelled anomalies was kept 4.1 gammas. For the 2nd degree polynomial 

approximation of the fault plane, the code had performed 10 iterations and for 3rd degree 6 

iterations, respectively. In both cases, the algorithm initially identified the origin of the fault 
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plane at 19.99 km, and placed the top edge of the fault plane at 0.29 km depth and the bottom 

at 2.39 km, respectively. The estimated intensity of magnetisation in either case was 99.4 

gammas, and the direction of magnetisation was 35°. The initial model parameters were 

updated in iterative mode along with the other unknowns (coefficients of the function, 𝑓(𝑧)). 

After the inversion, the misfit calculated through eq (4.6) in either case was less than the 

predefined threshold. The modelled anomalies after the inversion in both cases were shown in 

Fig. 4.2a along with the observed ones. Fig. 4.2b shows the corresponding estimated structures. 

The maximum difference between the observed and theoretical anomalies corresponding to the 

optimum structures were found within ± 8nT. The estimated initial and final values of the 

polynomial coefficients were given in Table 4.1. Though the initial misfit for the starting model 

was 40.61 gammas in either case, it’s decay with iteration was more rapid with the 3rd degree 

polynomial approximation of the fault plane when compared to the 2nd degree (Fig. 4.3). 

  

Fig. 4.2 (a) Observed and recalculated anomalies after inversion, (b) assumed and estimated 
structures after inversion (Ani Nibisha et al., 2022). 
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Fig. 4.3 Changes in misfit, damping factor and other parameters of model space with iteration 
number (Ani Nibisha et al., 2022). 

It was found that when the 2nd degree polynomial was used to model the fault plane, the 

inversion had placed the top of the fault at 0.16 km, and the bottom at 3.91 km (Fig. 4.2b). In 

case of the 3rd degree, the top edge was placed at 0.19 km, and the bottom at 3.93 km, 

respectively. Therefore, the bottom depth of the recovered structure remains almost the same 

regardless the degree of polynomial used in the inversion. On the other hand, the depth to the 

top of the fault edge was slightly overestimated in either case when compared to the assumed 

one.  Also, the choice of 2nd degree in the inversion had led to the underestimation of the 

extension by about 6.5%. The changes in the data misfit, damping factor, and other unknown 

parameters of the model space against the iteration are shown in Fig. 4.3.  

To assess the effect of planar fault plane assumption on the interpretation of anomalies caused 

by listric faults, the anomalies in Fig. 4.2a were also analysed using the method of Murthy et 

al. (2001). The recalculated anomalies of the optimum model, and the resultant structure 

resulted from the inversion method of Murthy et al. (2001) were shown in Figs. 4.2a and 4.2b. 
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Fig. 4.4 (a) Observed and recalculated total magnetic anomalies and (b) estimated structure after 

inversion, western margin of the Perth Basin, Australia. The inverted model by Murthy et al. (2001) 

is also shown (Ani Nibisha et al., 2022). 

 
Fig. 4.5 Changes in misfit, damping factor and other parameters of model space with iteration 

number, western margin of the Perth Basin, Australia (Ani Nibisha et al., 2022). 
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It is clearly seen from Fig. 4.2b that the deduced structure with its top at 0.5 km, bottom at 6.5 

km, with a fault angle of 120° does not comply well with the true structure, hence, the model 

is refuted (Ani Nibisha et al., 2022).  

Sample input and output files of the inversion are given Annexures 4B and 4C. 

4.42 Field example – Western margin of the Perth Basin, Australia 

The Perth Basin of Australia is well-known for its hydrocarbon prospects. This rift basin is 

bounded by the Carnarvon Basin to the north, and the Yilgarn Craton to the east. To the 

southeast it is boarded by the Bight Basin, and on the west and south it shares the oceanic crust 

of the Indian and Southern oceans (Kovac et al., 2016).  Fig. 4.4a shows an aeromagnetic 

anomaly profile across the western margin of the basin at 30°S (Qureshi and Nalaye 1978). For 

the present study, the anomaly profile was digitized into 20 observations and subjected to 

inversion, taking a 2nd degree polynomial to simulate the fault plane. The theoretical anomalies 

and the deciphered structure after the 20th iteration, being the concluding one, were shown in 

Fig. 4a and 4b, respectively. Overall, the residuals among the observed and theoretical 

anomalies vary between -2.7 to 2.9 gammas along the length of the profile. The present 

technique found the origin of the fault plane on the profile at the 16th km at a depth of 4 km, 

and placed its bottom at 14.8 km. The intensity and direction of magnetisation are estimated as 

68.3 gammas and 315°. 

The estimated coefficients of the 2nd degree polynomial are given in Table 4.1. The changes in 

the data misfit, damping factor and other parameters of the model space as a function of 

iteration number are shown in Fig. 4.5. The interpreted model of the same anomaly treating the 

fault plane as a planar surface (Murthy et al., 2001) was also shown in Fig. 4.4b for comparison. 

The deduced structure from the present inversion is more appropriate because the identified 
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faults across the basin margins from seismic imaging also revealed listric nature with depth 

(Middleton et al., 1993). 

4.5 Conclusions 

1) An automatic inversion technique was presented to quantify 2D listric fault sources 

from the measured magnetic anomalies in any component. This method uses the 

Marquardt’s algorithm in its implementation. From the measured anomalies the 

proposed method estimates the parameters of the source, intensity and direction of 

magnetization. To calculate the model response, this technique makes use of the 

forward modelling scheme developed by Ani Nibisha et al. (2022).  

2) The validity of the proposed technique was exemplified with a theoretical model and a 

real field case. In the theoretical example, vertical magnetic responses of a 2D listric 

fault source with predefined parameters were analysed. Though the fault plane of the 

assumed structure was defined with a 5th degree polynomial in generating the synthetic 

data, the inversion was carried out independently with 2nd degree and 3rd degree 

polynomials.  

3) It was demonstrated that, by and large, the technique was successful in restoring the 

assumed structure, though the degrees of polynomials were different from the optimum. 

On the other hand, interpretation of anomalies with a planar fault surface had yielded a 

structure that was not in line with the assumed structure. Therefore, it is discouraged to 

analyse the magnetic anomalies caused by listric fault structures by the techniques, 

which treat the fault planes as planar surfaces.  

4) In the case of real field application, the total magnetic field anomalies attributed to a 

deep-seated fault from the western margin of the Perth Basin, Australia are interpreted 

presuming a non-planar surface for the fault plane. The interpreted results were 

compared with the reported ones. 
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CHAPTER 

FIVE 

Conclusions 
__________________________________________________________________________________ 

The thesis has been structured into five chapters to present the research work on the 

development of new interpretation techniques for magnetic anomalies of 2D listric fault 

sources. Chapters 2, 3, and 4 specifically cover the detailed findings of the research work. 

The key highlights of these chapters presenting new techniques are as follows: 

1. A new generalised forward modelling operator and related software are developed to 

compute the magnetic anomalies of 2D listric fault sources in any component,  

2. Interactive modelling of magnetic anomalies and related software for recovering 2D 

listric fault structures from magnetic anomalies measured in any component are 

developed, and 

3. An automatic inversion technique coupled with relevant software are developed to 

analyse magnetic anomalies of 2D non-planar fault sources in any component. 

The software presented in this thesis are coded in object-oriented, class-based JAVA 

programming language. The main advantages of the presented software are that they are 

platform-independent and work on any GUI-based operating system with at least JDK 1.6 

version installed. Another notable feature of the software presented in Chapter 3 for interactive 

modelling is that the model space construction and subsequent modifications to the model 

space to achieve goodness of fit between the observed and theoretical anomalies shall be 

realized by simple drag and drop mouse operations. Accordingly, the model space and 

corresponding theoretical anomaly response shall be updated and displayed in real-time. Yet 
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another noteworthy feature of the software presented in Chapter 4 for automatic inversion is 

that the theoretical anomaly fit with the observed one, model space growth, and the decay of 

data misfit with iteration are displayed in animated forms to witness the solution convergence.  

5.1 Scope for future research 

Interpretation of magnetic anomalies caused by finite-strike listric fault sources is not yet 

reported. It is expected that future research will focus on developing suitable and appropriate 

algorithms to address this aspect. 
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p‐1
60
1.0,2.0,3.0,4.0,5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0,13.0,14.0,15.0,16.0,17.0,18.0
,19.0,20.0,21.0,22.0,23.0,24.0,25.0,26.0,27.0,28.0,29.0,30.0,31.0,32.0,33.0,34.0
,35.0,36.0,37.0,38.0,39.0,40.0,41.0,42.0,43.0,44.0,45.0,46.0,47.0,48.0,49.0,50.0
,51.0,52.0,53.0,54.0,55.0,56.0,57.0,58.0,59.0,60.0
5.0
25.0
4
17.97335422,0.6045061731,‐0.06495029775,0.003744390665,‐0.00003852543696
30.0
70.0
50.0
2
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Profile ID:- p-1

Distance
Calculated
anamolies

(nT)
1 48.736
2 50.786
3 52.981
4 55.335
5 57.859
6 60.566
7 63.468
8 66.577
9 69.897
10 73.429
11 77.159
12 81.054
13 85.048
14 89.017
15 92.758
16 95.945
17 98.108
18 98.658
19 97.031
20 92.978
21 86.794
22 79.235
23 71.159
24 63.221
25 55.791
26 49.021
27 42.935
28 37.493
29 32.633
30 28.288
31 24.394
32 20.895
33 17.743
34 14.897
35 12.323
36 9.991
37 7.876
38 5.957
39 4.216
40 2.637
41 1.205
42 -0.092
43 -1.266
44 -2.326
45 -3.283
46 -4.144
47 -4.918
48 -5.613
49 -6.234
50 -6.789
51 -7.283
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52 -7.722
53 -8.11
54 -8.452
55 -8.752
56 -9.015
57 -9.243
58 -9.441
59 -9.61
60 -9.755

Coefficients of the polynomial::
-------------------------------------------
f0 = 17.9734
f1 = 0.6045
f2 = -0.065
f3 = 0.0037
f4 = -0
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abc
41
1.0,2.0,3.0,4.0,5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0,13.0,14.0,15.0,16.0,17.0,18.0
,19.0,20.0,21.0,22.0,23.0,24.0,25.0,26.0,27.0,28.0,29.0,30.0,31.0,32.0,33.0,34.0
,35.0,36.0,37.0,38.0,39.0,40.0,41.0,
21.103933428121998,22.17256839508961,23.354434320855674,24.66844379422022,26.137
956519740868,27.79216650246589,29.66804337547583,31.81310520419792,34.2894716327
5696,37.17994785255616,40.59744212384507,44.700079614978826,49.71652696726892,55
.99071357886667,64.06615600274834,74.85897567524766,90.05569002237151,113.190049
01867628,153.42129984532798,247.17643482252205,104.5041696731591,27.178336190066
904,‐2.5700352067367715,‐20.344137944684082,‐32.420255416252736,‐40.230330689981
71,‐44.13245778632276,‐44.90432416094882,‐43.7101911700241,‐41.552392181018924,‐
39.058035507988784,‐36.552481554011415,‐34.18255042132575,‐32.002902146455234,‐3
0.024164443486697,‐28.23741205046394,‐26.62608667228895,‐25.171614277029892,‐23.
85593080300154,‐22.662511237387005,‐21.57668684726927,
4.0
3
40.0
100.0
30.0
2
19.68,20.14,22.14,24.42,26.6,
0,0.96,2.18,3.25,4,
5
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LOCATION:- abc
Distance Observed anamolies (nT) Calculated anamolies (nT)
1 21.104 22.071
2 22.173 23.216
3 23.354 24.487
4 24.668 25.904
5 26.138 27.496
6 27.792 29.295
7 29.668 31.347
8 31.813 33.707
9 34.289 36.452
10 37.18 39.686
11 40.597 43.551
12 44.7 48.257
13 49.717 54.117
14 55.991 61.624
15 64.066 71.617
16 74.859 85.645
17 90.056 106.999
18 113.19 144.404
19 153.421 234.896
20 247.176 98.904
21 104.504 34.724
22 27.178 10.857
23 -2.57 -4.96
24 -20.344 -17.375
25 -32.42 -27.502
26 -40.23 -35.243
27 -44.132 -40.155
28 -44.904 -42.22
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29 -43.71 -42.083
30 -41.552 -40.637
31 -39.058 -38.583
32 -36.552 -36.346
33 -34.183 -34.141
34 -32.003 -32.065
35 -30.024 -30.153
36 -28.237 -28.409
37 -26.626 -26.827
38 -25.172 -25.391
39 -23.856 -24.088
40 -22.663 -22.902
41 -21.577 -21.821

Coordinates of control points(x,z):
-----------------------------------
(19.68,0)
(20.14,0.96)
(22.14,2.18)
(24.42,3.25)
(26.6,4)

Coefficients of the polynomial::
-------------------------------------------
f0 = 19.6611
f1 = 0.0757
f2 = 0.5332
f3 = -0.03
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abc
41
0,1.0,2.0,3.0,4.0,5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0,13.0,14.0,15.0,16.0,17.0,18.0,
19.0,20.0,21.0,22.0,23.0,24.0,25.0,26.0,27.0,28.0,29.0,30.0,31.0,32.0,33.0,34.0,35.
0,36.0,37.0,38.0,39.0,40.0
‐15.03084,‐15.62240,‐16.26270,‐16.95801,‐17.71572,‐18.54461,‐19.45510,‐20.45974,‐21
.57364,‐22.81512,‐24.20640,‐25.77434,‐27.55085,‐29.57192,‐31.87226,‐34.46532,‐37.27
201,‐39.84222,‐39.99644,‐23.36207,311.4382,276.3909,210.1111,177.3356,156.4969,141.
4931,129.7508,119.8962,111.0390,102.5033,93.76633,84.57867,75.16166,66.14302,58.117
70,51.32764,45.71421,41.09349,37.26857,34.07107,31.36824    
3
40
1
100
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Profile ID:- abc
Distance Observed anamolies (nT) Calculated anamolies (nT)
0 -15.031 -17.082
1 -15.622 -17.773
2 -16.263 -18.521
3 -16.958 -19.335
4 -17.716 -20.224
5 -18.545 -21.198
6 -19.455 -22.27
7 -20.46 -23.456
8 -21.574 -24.772
9 -22.815 -26.243
10 -24.206 -27.893
11 -25.774 -29.754
12 -27.551 -31.865
13 -29.572 -34.262
14 -31.872 -36.978
15 -34.465 -40.005
16 -37.272 -43.184
17 -39.842 -45.788
18 -39.996 -44.591
19 -23.362 -20.08
20 311.438 310.232
21 276.391 272.742
22 210.111 210.928
23 177.336 177.604
24 156.497 155.99
25 141.493 140.375
26 129.751 128.164
27 119.896 117.908
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28 111.039 108.631
29 102.503 99.6
30 93.766 90.347
31 84.579 80.854
32 75.162 71.606
33 66.143 63.219
34 58.118 56.019
35 51.328 50.01
36 45.714 45.033
37 41.093 40.895
38 37.269 37.425
39 34.071 34.484
40 31.368 31.966

-----------------------------------

Iteration number = 8

Depth to the top = 0.1964

Depth to the bottom = 3.9302

Coefficient of the polynomial::
-------------------------------------------
a0 = 19.9904
a1 = 0.0505
a2 = 0.0981
a3 = 0.1488
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magnetized 2D fault sources with analytically deBned
fault planes
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Based on Poisson’s relation, a generalized equation to realize forward modelling of magnetic anomalies
due to arbitrarily magnetized 2D listric fault sources in any component is derived in the space domain.
The non-planar fault plane of a listric fault structure is described with a generalized polynomial equation.
The estimated coefBcients of a prescribed polynomial are used to construct the fault plane analytically.
The validity of the presented formula is established against the theoretical anomalies that are realized by
an analytic equation over a vertical fault structure. It is demonstrated with a synthetic example that the
magnetic anomalies in any component produced by a typical listric fault source always have lesser
magnitude when compared to the corresponding anomalous Beld produced by the same structure with a
planar fault plane assumption.

Keywords. Listric fault morphology; arbitrary magnetization; magnetic anomaly; forward modelling.

1. Introduction

Faults are planar or gently curved fractures in
lithosphere rocks that are caused by tectonic and
other related disturbances/movements. Large scale
faults formed during rifting, drifting, and evolution
of passive continental margins are normally asso-
ciated with the basin development process. More
often than not, fault planes of marginal faults
associated with thick sedimentary basins are non-
planar because the primary detachment fracture
more often follows a curved path rather than pla-
nar (McKenzie 1978; Smith and Bruhn 1984;
Jackson 1987; Goussav et al. 2006; Chakravarthi
2011).
The geometry and kinematics of listric faults

have gained paramount importance in under-
standing the large-scale extensional processes and

exploring commercially viable mineralized targets.
Torizin et al. (2009) argue that the study of the
nature of fault dips with increasing depth could
improve the precision of seismic source character-
ization. Due to the non-planar nature of fault
planes, it is indeed difBcult to accurately estimate
the major extension and throw of faults from sur-
face geologic observations alone (McKenzie 1978;
Chakravarthi 2011). In such cases, the existence of
magnetization contrast(s) between the displaced/
detached rock masses on either side of fault planes
could generate measurable magnetic anomalies,
which can be mapped and parameterized to
quantify the listric fault morphologies.
A few techniques are available to estimate the

parameters of fault structures from observed
magnetic anomalies. The use of characteristic
curves in the interpretation of magnetic anomalies
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had been proposed by Moo (1965), Grant and West
(1965), Rao and Murthy (1978), and Rao et al.
(1980). Based on the application of Fourier inte-
gral, Sengupta (1974) had proposed a method to
analyse the magnetic anomalies caused by vertical
fault structures. Stanley (1977) demonstrated that
the horizontal gradient of total magnetic anomaly
over a vertical contact is the same as the total
magnetic anomaly over a thin dyke and that
speciBc points on the gradient are related to the
fault parameters. Qureshy and Nalaye (1978) pro-
posed a technique based on decomposing magnetic
anomaly into symmetric and anti-symmetric parts.
Rao and Babu (1983) presented standard curves
for magnetic anomaly interpretation treating the
angle of fault plane as 90� and that the magneti-
zation is caused purely by induction. Murthy
(1985) had developed an eDcient method of inter-
preting magnetic anomalies of arbitrarily magne-
tized fault structures, wherein the anomalies across
the structure are scaled at two different elevations
followed by identifying the maximum and mini-
mum anomalies and their mid points, which in turn
were used to estimate the source parameters.
Mushayandebvu et al. (2001) had developed a

method using extended Euler deconvolution to
analyse the anomalies produced by fault struc-
tures, while Murthy et al. (2001) used Marquardt’s
(1963) algorithm to analyse the magnetic anoma-
lies. The inversion scheme proposed by Murthy
et al. (2001) is noteworthy because their algorithm
presumes arbitrary magnetization for the fault
structures and analyses the anomalies in any
component for the source parameters. Using ana-
lytic signal and Euler deconvolution, Doo et al.
(2007) had devised a technique to estimate the
source parameters of a 2D magnetic contact.
Subrahmanyam and Rao (2009) have suggested a
simple method that uses a few characteristic posi-
tions on the magnetic anomaly to Bnd the param-
eters of a fault structure. Interpretation techniques
based on constrained optimization theory (Asfa-
hani and Tlas 2004) and stochastic algorithms
(Asfahani and Tlas 2007) are also available cur-
rently to analyse the magnetic anomalies of fault
structures. However, the practical utility of all the
above techniques is limited to analyse the magnetic
anomalies caused by large normal faults having
non-planar fault planes.
Chakravarthi (2010) had developed a forward

modelling technique to compute the gravity
anomalies of listric fault sources, among which the
density contrast differs continuously with depth.

An automatic inversion scheme to simultaneously
estimate the fault parameters (listric) and regional
gravity background from a set of observed gravity
anomalies was also proposed (Chakravarthi 2011).
To the best of authors’ knowledge, no algorithm is
reported/available explicitly to analyse the mag-
netic anomalies generated by listric fault sources.
Therefore, a need exists to develop suitable tech-
niques to analyse magnetic anomalies produced by
fault structures presuming (i) arbitrary magneti-
zation for the source and (ii) non-planar surfaces
for fault planes.
In this paper, we derive a generalized equation

for computing the magnetic anomaly due to a lis-
tric fault morphology in any component (i.e., hor-
izontal, vertical, and total Beld). A computer code
in JAVA is developed to realize forward modelling
in an interactive mode. The advantage of this code
is that it is platform-independent and works on any
GUI-based operating system with at least the jdk
1.6 version installed.

2. Forward modelling: Magnetic anomaly
of an arbitrary magnetized 2D listric fault
source

In the Cartesian co-ordinate system, let the z-axis
is positive vertically downwards and x-axis tra-
verse to the strike of a listric fault source whose
geometry is shown in Bgure 1. The 2D fault struc-
ture (inBnite strike length) is conBned between the
depth limits zT and zB (zB [ zT) along the z-axis.
Here, we treat the sediments within the hanging
wall as magnetically transparent, while the mag-
netic interface (fault plane) is only responsible for
generating the anomalies. Further, the structure is
bounded on the left by a non-planar surface deBned

by f zð Þ ¼
Pn

i¼0 fiz
i; and towards the right, it

extends to inBnity. Here, fi represents a set of
coefBcients, and n stands for the degree of the
polynomial. Because both induced and remanent
magnetizations are responsible for generating
magnetic anomalies over a geologic structure, we
presume that the structure is magnetized in an
unknown direction along the resultant of both
induced and remanent magnetic vectors. For a 2D
source, the resultant magnetic Beld vector, J , can
be resolved spatially into three mutually orthogo-
nal components namely, J sin h, J cos h cos d, and
J cos h sin d along the vertical, parallel to the strike
of the source, and perpendicular to the strike of the
source in the horizontal plane, respectively. Here,
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h is the resultant magnetic dip, and d denotes the
resultant magnetic Beld vector’s declination from
the source’s strike. Because the component
resolved along the strike of the body fails to gen-
erate magnetic anomalies, the eAective magneti-
zation which is responsible for producing the
anomalies can be expressed (Murthy 1998) as:

Jef ¼ J
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 h cos2 dð Þ:

p
ð1Þ

The dip of the eAective magnetization vector is
given by

hef ¼ tan�1 tan h cosec dð Þ: ð2Þ

The eAective magnetization always lies in a
vertical plane perpendicular to the strike of the
source.
Now considering dc as the density contrast of the

structure, the magnetic potential, W , at any point
P 0; 0ð Þ outside the source region can be expressed
using the Poisson’s relation as (Murthy 1998)

W ¼ � Jef
Gdc

oU

ox
cos hef þ

oU

oz
sin hef

� �

; ð3Þ

where G is universal gravitational constant, and U
represents the gravity potential.
The vertical magnetic anomaly DV outside the

source region can be expressed as:

DV ¼ Jef
Gdc

o2U

ox oz
cos hef þ

o2U

oz2
sin hef

� �

: ð4Þ

The gravity potential U due to the 2D source at
the point P 0; 0ð Þ is given by

U ¼ �Gdc

Z

s

lnðx2 þ z2Þds; ð5Þ

where s is the cross-sectional area of the structure
and x; zð Þ stands for the source coordinates of an

element within the structure. Substituting the
expressions for partial derivatives of U from
equation (5) in equation (4), we obtain

DV ¼ 2Jef

Z

s

z2 � x2ð Þ sin hef þ 2xz cos hef
x2 þ z2ð Þ2

ds: ð6Þ

Applying Stokes’ theorem, equation (6) can be
rewritten as

DV ¼

2Jef

Z zB

z¼zT

Z 1

x¼f zð Þ

z2 � x2ð Þ sin hef þ 2xz cos hef
x2 þ z2ð Þ2

dx

" #

dz:

ð7Þ

Upon simpliBcation equation (7) takes the form

DV ¼ 2Jef

Z zB

z¼zT

z cos hef � f zð Þ sin hef
f 2 zð Þ þ z2

dz: ð8Þ

The vertical magnetic anomaly due to the

structure at any point P0 xj ; zj
� �

on the topography

along the principal proBle can be obtained as:

DV xj ; zj
� �

¼ 2Jef

Z zB

z¼zT

z � zj
� �

cos hef � f zð Þ � xj
� �

sin hef

f zð Þ � xj
� �2þ z � zj

� �2 dz:

ð9Þ

Further, the anomaly in horizontal component
DH at the point P 0; 0ð Þ can be obtained from
equation (3) as:

DH ¼ Jef sin#

Gdc

o2U

ox oz
cos hef �

p
2

	 

þ o2U

oz2
sin hef �

p
2

	 
� �

;

ð10Þ

where # is strike of the body. The horizontal
magnetic anomaly due to the structure at any

B

zBasement 
zB

Non-planar listric fault plane

ZT 

Figure 1. Schematic diagram showing a conceptual geometry of a typical listric fault source. The x-axis is transverse to the strike
of the structure, z-axis is vertically positive downwards, and the fault plane is described by a polynomial of speciBc degree. The
source is striking inBnitely along the y-axis.
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point P 0 xj ; zj
� �

on the principal proBle outside the

source region can be expressed using equation (5)
as:

DH xj ; zj
� �

¼ 2Jef sin#

�
Z zB

z¼zT

z � zj
� �

cos hef � p
2

� �
� f zð Þ � xj
� �

sin hef � p
2

� �

f zð Þ � xj
� �2þ z � zj

� �2 dz:

ð11Þ

From equations (9 and 11), one can realize that
the vertical magnetic anomaly produced by a 2D
listric fault source is similar to the horizontal
magnetic anomaly produced by the same structure
but with a different amplitude and phase.
The generalized equation for the magnetic

anomaly in any component due to a listric fault

source at an observer location at P 0 xj ; zj
� �

can be

Bnally expressed as:

DT xj ; zj
� �

¼ 2J 0
Z zB

z¼zT

z � zj
� �

cos h0 � f zð Þ � xj
� �

sin h0

f zð Þ � xj
� �2þ z � zj

� �2 dz

ð12Þ

where J 0 ¼ Jef
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 # cos2 að Þ

p
and h0 ¼ hef�

tan�1 sin #=tan að Þ.
Equation (12) is a standard form to calculate the

magnetic anomaly of a listric fault source in any
speciBc component. For example, by setting a to
90�, 0�, and i in equation (12) the vertical, hori-
zontal, and total magnetic anomalies can be real-
ized, respectively. Further, it is more appropriate
to solve equation (12) by a numerical approach
rather than analytical because of the simple fact
that the polynomial, f zð Þ, in the integrand may
assume any degree (Chakravarthi 2010, 2011).

We demonstrate the validity of equation (12) by
comparing the anomalies (in each component)
obtained from the present method against the ones
realized from an analytical equation (Murthy et al.
2001) over a vertical fault structure (Bgure 2b). In
this case, the assumed parameters of the source are
zT = 0 km, zB= 4.0 km, hef = 30�, Jef ¼ 100 nT and
# = 40�. The anomalies in each component are
calculated along a proBle in the interval
xj � ð0; 40 kmÞ on the observational plane zj = 0 and

(a)

(b)

(c)

Figure 2. (a) Comparison of vertical magnetic anomalies obtained from the present method and the analytic equation (Murthy
et al. 2001), (b) geometry of vertical fault, and (c) differences between the anomalies from the two methods.
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shown in Bgures 2(a) and 3(a, c), respectively. The
differences between the anomalies obtained from
the present method and the analytic equation in
each component are shown in Bgures 2(c) and 3(b,
d). In the case of vertical anomaly, a maximum
difference of �6E�04 nT is observed at the 19th
km on the proBle (Bgure 2c), whereas in horizontal

and total components, the observed maximum
differences are �2E�04 nT and �4E�04 nT,
respectively (Bgure 3b and d). These insignificant
differences between the anomalies in all the com-
ponents demonstrate the accuracy of the proposed
method of forward modelling.

3. Computer code

Based on the algorithm described in the text, a
GUI-based software, FRMGLSTRK, coded in
JAVA, is developed to compute the magnetic
anomalies of a 2D listric fault source in any
component.
The code is built on the Model-View-Controller

(MVC) architecture according to the structural
relationship shown in Bgure 4. The module ‘Model’
estimates the coefBcients of a prescribed polyno-
mial to construct the geometry of a fault plane and
computes the magnetic anomalies of the structure

(a)

(b)

(c)

(d)

Figure 3. (a) Comparison of horizontal magnetic anomalies obtained from the present method and the analytic equation
(Murthy et al. 2001), (b) differences between the horizontal anomalies obtained from the two methods, (c) total magnetic
anomalies from the present method and the analytic equation (Murthy et al. 2001), and (d) differences between the total
anomalies from the two methods.

Figure 4. Structural relationship between Model, View and
Controller.
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in the required component. The ‘View’ module
reads the input data and displays the output in
both graphical and ASCII forms. The ‘Controller’
executes the task of passing the required actions to
Model and View modules whenever they called for.
Once the batch Ble of the software is invoked, the

view module appears on the monitor, as shown in
Bgure 5. The view module is arranged into the
input, graphical, and ASCII layouts (Bgure 5). The
input layout consists of nine input Belds and eight
action buttons. The graphical layout is divided into
the anomaly panel on top and the structural panel
at the bottom. The ASCII layout towards the right
displays the output in ASCII format.
The input parameters to the code are: proBle and

ID, number of observations, distance to each
observation as measured with reference to the Brst

station (any units), depth to the basement (any
units), degree of the polynomial, the strike of the
source with reference to magnetic north (degrees),
intensity of magnetization (nT), direction of mag-
netization (degrees), and code number (1 for ver-
tical, 2 for horizontal, and 3 for total magnetic
anomaly). The code allows the user to specify the
input in two ways: (1) the data can be entered in a
notepad and loaded to the code by the ‘load Ble’
action button, or (2) data can be directly entered in
respective Belds of the input layout (Bgure 5). The
action buttons of the input layout are: specify fault
coordinates, draw/edit fault plane, forward mod-
elling, save and print, clear, save Ble, load Ble, and
exit.
After specifying the input parameters and

invoking the action button ‘specify fault

Figure 5. View module of FRMGLSTRK.

Figure 6. Selection of control points by mouse clicks in the structure panel. The appearance of number of control points in red
warrants the selection of addition points.
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coordinates’, the user selects a few control points in
the structure panel by means of mouse clicks to
construct a fault plane. The code automatically
assigns the coordinates x; zð Þ to each such selected
point in the structure panel, and the same is dis-
played on the right-hand side of the structure
panel. The number of selected control points are
also displayed in the graphical layout, as shown in
Bgure 6. In addition, the code guides the user to

select the optimum number of control points in the
structure panel to construct the fault plane. For
example, if the number of control points to describe
the fault plane is insufBcient (depending upon the
degree of chosen polynomial), then the number of
selected control points is displayed in red (as shown
in Bgure 6). In such a case, the user needs to select
a few more points in the structure panel till the font
colour turns to blue (Bgure 7).

Figure 7. The number of control points (six) appear in blue indicates the selection of sufBcient control points in the structure
panel.

Figure 8. Analytically deBned fault plane by a 5th degree polynomial. The footwall is represented with solid red and the hanging
wall in yellow. The estimated coefBcients of the polynomial and the coordinates of six control points are displayed in the lower
panel of ASCII layout.
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Upon invoking the ‘draw/edit fault plane’ action
button in the input layout, the code solves the
polynomial coefBcients, fk, by Btting the prescribed

polynomial to the coordinates of control points.
These estimated coefBcients are then used to con-
struct an analytically deBned fault plane, as shown

Figure 9. Vertical magnetic anomaly over a listric fault morphology. The non-planar fault plane is described with a 5th degree
polynomial. The magnitude of anomaly at each observation is displayed in the top panel of ASCII layout.

Figure 10. Output of forward modelling in html format with a print dialogue box attached to it.
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in Bgure 8. If the user opts for modifying the fault
plane, then the control points in the structure
panel are edited by simple drag and drop mouse
operations. Accordingly, the coefBcients of the
polynomial get updated, and the fault plane is
reconstructed and displayed in real-time. The user
also has the option to change the degree of the
polynomial, if required.

Once the model space is constructed, the
anomalous Beld in any speciBc component (by
specifying code number 1 for vertical, 2 for hori-
zontal, and 3 for total) can be realized by invoking
the ‘forward modeling’ operator (Bgure 9). The
business logic computes the magnetic anomalies in
the required component and displays the response
in the anomaly panel, as shown in Bgure 9. The
computed anomalies are also displayed in a tabular
form in the ASCII layout (Bgure 9). The user saves
the output by invoking the ‘save and print’ action
button (Bgure 10).

4. Example

The applicability of method and code is demon-
strated on a synthetic listric fault model, whose
geometry is shown in Bgure 11(d). The assumed
model space remains the same as in Bgure 2(b), but
in this case, a 5th degree polynomial is used to
describe the listric (non-planar) fault plane, as
shown in Bgure 11(d). The coefBcients of the cho-
sen polynomial (5th degree) are given in table 1.
For such a structure, the magnetic anomalies in
vertical, horizontal, and total components are cal-
culated from the present method and compared to
the anomalies obtained from the analytic equation
(Murthy et al. 2001), which presumes the planar
surface for the fault plane. In both cases, the
observer is on the top of the topography at zj = 0
km. The theoretical anomalies obtained from both
methods at 41 equi-spaced observations on a proBle
in the interval xj � ð0; 40 kmÞ are shown in
Bgure 11(a–c). It is clearly seen from Bgure 11(a–c)
that the magnetic anomalies produced by the lis-
tric fault structure differ in magnitude from the
corresponding anomalies realized from the analytic
equation. Therefore, the assumption of a planar
surface for a fault plane should be accepted with
caution, particularly when interpreting the mag-
netic anomalies caused by large normal faults.

5. Conclusions

A generalized equation that combines both ana-
lytic and numeric approaches to compute the
magnetic anomalies due to an arbitrarily magne-
tized 2D listric fault source in any component is
presented. It is demonstrated with a synthetic
example that the magnitude of anomalies produced
by a listric fault source, in any component, portray
lesser magnitude than the anomalies produced by

(a)

(b)

(b)

(c)

Figure 11. (a) Vertical, horizontal, and total magnetic
anomalies obtained from the present method over a listric
fault source (fault plane is described with a 5th degree
polynomial) whose geometry is shown in (d). The magnetic
anomalies in the three components calculated over the same
structure by an analytic equation (Murthy et al. 2001)
presuming a planar fault plane are also shown for comparison.

Table 1. CoefBcients of 5th degree
polynomial.

CoefBcient Magnitude

a0 20.014

a1 –0.1479

a2 0.4836

a3 0.0711

a4 –0.0023

a5 0.00039
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the same structure with a planar fault surface.
Therefore, the application of routine modelling and
inversion algorithms that consider the fault planes
as planar surfaces to analyse the magnetic
anomalies of large normal faults is discouraged.
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An automatic inversion technique is presented to analyse the magnetic anomalies produced by 2D fault
sources having nonplanar fault planes. This technique provides a means to analyse the magnetic
anomalies of the structure measured in any component (i.e., vertical, horizontal or total). The present
technique uses the polynomial functions to describe the fault plane, the coefBcients of which become the
unknown parameters to be estimated from the magnetic anomalies along with the other shape parame-
ters, namely, the depths to the top and bottom of the fault structure, the location of the fault edge, besides
intensity and direction of magnetisation. This technique initialises the model space based on some
characteristic anomalies and their positions on the anomaly proBle and subsequently updates them
iteratively following the predeBned convergence conditions. The closeness of Bt between the recovered
and assumed theoretical models of a fault structure from the analysis of noise-added vertical magnetic
anomalies justiBes the strength and applicability of the proposed technique. The observed total magnetic
anomalies along an EW proBle across the western margin of the Perth Basin, Australia are interpreted
and the results are compared with the available/reported information.

Keywords. 2D listric fault; arbitrary magnetisation; magnetic anomaly; automatic inversion.

1. Introduction

Faults that are originated as a result of rifting, drift-
ing, and collapsed orogeny are often listric in nature
rather than planar.Also, thick sedimentary basins are
commonly delimited on their margins by faults that
are curved in cross-section (Jackson 1987; Middleton
et al. 1993). These fault planes are characterised by
steep dips near the surface/topography and with
increasingdepths the fault dips progressively decrease
(Shelton 1984; Spahi�c et al. 2011; Zhao et al. 2020).
Though fault planes of large normal faults are

often nonplanar, many interpretation techniques
have been developed considering the fault planes as

planar surfaces to analyse the potential Beld
anomalies resulted from them (see for e.g., Sun-
dararajan et al. 1983; Rao 1985; Murthy et al.
1980, 2001; Rao and Babu 1983; Raju et al. 1998;
Murthy 1998; Abdelrahman et al. 2003; Chakra-
varthi and Sundararajan 2004; Essa 2013; Abdel-
rahman and Essa 2015; Anderson et al. 2020;
Elhussein 2021; Essa et al. 2021; Essa 2021; Rao and
Biswas 2021). In recent past, techniques are also
reported to calculate the gravity and magnetic
responses of listric fault sources. For example,
Chakravarthi (2010a, b) presented a set of formulae
to compute the gravity responses of 2D and 2.5D
fault structures, where analytic functions were used
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to simulate the geometries of fault planes. A few
inversion schemes to quantify listric fault sources
from measured gravity anomalies are also in vogue.
Chakravarthi (2011) proposed a technique using the
Marquardt’s (1970) algorithm to contemporarily
infer the shape parameters of 2.5D listric fault
structures and regional gravity Beld from the mea-
sured gravity anomalies. This technique is eDcient
to model the listric fault morphologies, where the
disconnected hanging wall comprises in thick-sec-
tioned sediments with progressive increase in den-
sity with increasing depths. Another optimisation
proposed by Chakravarthi and Pramod Kumar
(2015) simultaneously estimates from the gravity
anomalies the fault plane geometries and densities of
several lithologic units or their thicknesses within
the hanging wall. Interpretation of gravity anoma-
lies caused by 2D listric fault sources among which
the density contrast follows the exponential decay
was also reported (Chakravarthi et al. 2017). Roy
et al. (2022) have used the particle swarm optimi-
sation (PSO) to interpret the gravity anomalies of
listric faults by simulating the fault planes with
quadratic Bezier curve. In recent past, Nibisha et al.
(2021) have developed a uniBed technique to com-
pute the magnetic anomalies due to the listric fault
sources in any component.
It is pertinent to note that not many techniques

are developed in magnetics for fault model inter-
pretation because the unknownmodel parameters to
be solved from the magnetic anomalies are generally
large in number, particularly when the direction of
magnetisation is presumed as arbitrary (Murthy
et al. 2001). Making use of the symmetry of the
analytic function representing the magnetic
anomalies of dyke and vertical fault models, Powell
(1967) devised a method to interpret the magnetic
anomalies of fault structures, whereas Sengupta
(1974) used the Fourier integral to analyse the
anomalies. Following the formulation of Kou-
lomzine et al. (1970), Qureshi and Nalaye (1978)
proposed the decomposition of the magnetic anom-
aly proBle into even and odd components for fault
model interpretation. Green (1979) developed a
harmonic method that uses the locations of two
turning points and two inCection points on the
magnetic gradient proBle to interpret the anomalies
caused by a contact. Murthy (1985) used the prop-
erties of midpoints between the maximum and
minimum anomalies on the proBles at two selected
heights, the distances between the said anomalies,
and the ratio of horizontal to vertical gradients of the
anomalies to decipher arbitrarily magnetised fault

structures. Murthy et al. (2001) applied the Ridge
Regression algorithm in an inversion to quantify the
magnetic anomalies caused by fault sources in any
component. This technique initialises the fault
structure using the maximum and minimum
anomalies and their positions on the anomalyproBle.
These initial model parameters are then reBned
iteratively till an acceptable predeBned convergence
is achieved between the observed and modelled
anomalies. Stavrev (2006) had proposed the concept
of magnitude transform that makes use of both
magnetic Beld components and the Brst-order
derivatives to invert magnetic anomalies of simple
geometric shapes. Subrahmanyam and Rao (2009)
proposed a method to infer fault parameters using
characteristic points on the magnetic proBle. An
inversion method based on modular neural network
was proposed by Al-Garni (2016) to decipher fault
parameters. Essa and Elhussein (2018) employed
the Particle Swarm Optimization (PSO) in the
analysis of magnetic anomalies of simple geometric
shapes. Ekinci et al. (2019) applied both differential
evolution algorithm (DE) and particle swarm opti-
misation (PSO) on the gravity and magnetic
anomalies caused by deep-seated faults and reported
that the DE is more eDcient than PSO in terms of
convergence rate, model space recovery, and
robustness. Recently, Biswas and Rao (2021) have
used simulated annealing (SA) to interpret the
anomalies due to fault and sheet-type models.
However, the intrinsic assumption that the fault
planes are either vertical or planar in the afore-
mentioned methods limit their utility to analyse the
anomalies caused by fault sources that display listric
behaviour.
Therefore, it is necessary to design a new inversion

strategy to determine the parameters of listric fault
structures from the measured magnetic anomalies.
Here, we present a generalised inversion technique,
employing the Marquardt’s (1970) algorithm, to
quantify the listric fault sources from the magnetic
anomalies observed in any component, viz., vertical,
horizontal or total Beld. We presume that the cau-
sative source responsible for generating the anoma-
lies is magnetised along the resultant of induced and
remanent magnetic vectors. The present inversion
utilises the forward modelling scheme of Nibisha
et al. (2021). The proposed technique is applied on
the magnetic anomalies of a synthetic listric fault
structure in the presence of pseudorandom noise,
followed by its application to analyse the real Beld
anomalies across the western margin of the Perth
Basin, Australia.
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2. Forward modelling – theoretical
considerations

Figure 1 depicts a schematic representation of a 2D
listric fault geometry, in which the footwall
remains undistorted, whereas the hanging wall is
displaced downwards. The source parameters of
the structure are deBned in the Cartesian coordi-
nate system in which the x-axis is placed transverse
to the strike of the fault source and the z-axis
vertically downwards. The strike of the source is
presumed along the y-axis perpendicular to the xz
plane. The structure is bounded by a function,

f zð Þ ¼
Pn

i¼0 f iz
i, on one side and on the other it

extends to inBnity (Nibisha et al. 2021). Here, n is
the degree of a prescribed polynomial, and f i; i ¼
0; 1; 2; . . .; n are the unknown coefBcients of the
polynomial to be estimated from the inversion. The

vertical (DV xj ; zj
� �

), and horizontal (DH xj ; zj
� �

Þ
magnetic anomalies due to such a source at any

observation, xj ; zj
� �

, can be expressed as (Nibisha

et al. 2021)

DV xj ; zj
� �

¼ 2Jef

�
Z zB

z¼zT

z � zj
� �

cos hef � ðf zð Þ � xjÞ sin hef
ðf zð Þ�xjÞ2 þ ðz � zjÞ2

dz;

ð1Þ

DH xj ; zj
� �

¼ 2Jef sin#
Z zB

z¼zT

z � zj
� �

cosðhef�p
2Þ�ðf zð Þ�xjÞ sinðhef � p

2Þ
ðf zð Þ�xjÞ2 þ ðz � zjÞ2

dz;

ð2Þ

where

Jef ¼ J
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 h cos2 dð Þ

p
;

and
hef ¼ tan�1 tan h cosec dð Þ:

Here, J represents the magnitude of the resultant
magnetic vector of both induced and remanent
magnetisations, and h represents its dip. Also, Jef

and hef refer to themagnitude anddip of the eAective
magnetisation vector that lies in an upright plane
perpendicular to the strike of the source.
Equations (1 and 2) reveal that the vertical and
horizontalmagnetic anomalies of the structure differ
from each other in terms of amplitude and phase.
The expression for magnetic anomaly in any
component can be expressed as (Nibisha et al. 2021):

DT xj ; zj
� �

¼ 2J 0

�
Z zB

z¼zT

z � zj
� �

cos h0 � f zð Þ � xj
� �

sin h0

ðf zð Þ�xjÞ2 þ ðz � zjÞ2
dz: ð3Þ

Here, J 0 ¼ Jef

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2 # cos2 að Þ

p
, h0 ¼ hef�

tan�1 sin#= tan að Þ. # is the strike of the source
measured with reference to themagnetic north either
due east or west. It is to realise that upon substituting
a = 90� in equation (3), the vertical magnetic
anomaly of the structure can be calculated.
Similarly, by setting a to 0� and i (dip of earth’s
magnetic Beld) in equation (3), the anomalies in
horizontal and totalBeld canbe realised, respectively.

3. Inversion of magnetic anomalies

In inversion, theoretical anomalies that arise from
a starting model are Btted to the observed
anomalies and based on the misBt between the
observed and theoretical anomalies, the model
parameters of the space are adjusted iteratively
within the permissible limits, so that the optimum

Figure 1. Schematic diagram showing the geometry of a 2D listric fault source.
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model becomes geologically acceptable. In the
present case, the size factor, 2J 0, in equation (3) is
independent of the source body parameters, hence,
the magnitude of Jef can be determined from the
size factor, in principle. On the other hand, the
shape of the anomaly proBle in any component over
the structure with a known strike is inCuenced by
the body parameters, viz., zT (depth to the top of
the fault plane), zB (depth to the bottom of the
fault plane), coefBcients of the function, f zð Þ,
f i; i ¼ 0; 1; 2; . . .;n, and hef . In other words, the
body parameters of the structure and hef can be
estimated from the shape of the anomaly proBle.
In general, the process of any geophysical

inversion starts by initialising a model space with a
set of approximate shape parameters coupled with
appropriate physical property contrast/s. Usually,
these initial parameters are speciBed by the inter-
preter. At times, the starting model is described
with a simple geometry, thereby enabling the
interpreter to instruct the computer to identify
some characteristic anomalies and their locations
on the proBle, which are then used to initialise the
source. In the proposed inversion, approximate/
initial body parameters are obtained by treating
the fault source as a vertical step (Murthy et al.
2001). Such an approximation was also proposed
by Chakravarthi (2011) to analyse the gravity
anomalies resulted from strike-limited listric fault
sources. Following Murthy et al. (2001), for a ver-
tical step, the approximate distance to the top of
the fault edge, DApp, on the proBle can be found at
an observation, where the magnitude of the
anomalous Beld equals the sum of the minimum
(DTminÞ and maximum ðDTmaxÞ anomalies. In case
the anomaly proBle is symmetric about the anom-
aly axis with a single turning point, then the
observer location corresponding to the maximum
anomaly is assigned to DApp. The value of h0 is
obtained from Murthy et al. (2001)

h0 ¼ arctan

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTmin

DTmax

r

1� DTmin

DTmax

� � ;

for 0:05� DTmin

DTmax

� 0:55

h0 ¼ p
2
; for

DTmin

DTmax

[ 0:55

h0 ¼ 0�; for
DTmin

DTmax

\0:05:

9
>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>;

ð4Þ

The value of h0 calculated from equation (4) is
placed in the appropriate quadrant based on the
plus–minus method (Murthy et al. 2001).
Equation (4) conveys that h0 is dependent only on
the magnitudes of minimum and maximum
anomalies. Also, the approximate depth to the
fault edge is obtained as:

zTApp ¼
Xmax � Xminj j sin h0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9� 4 sin2 h0

p ;

for 0:05� DTmin

DTmax

� 0:55 or
DTmin

DTmax

[ 0:55

zTApp ¼ 0:224XW ; for
DTmin

DTmax

\0:05;

9
>>>>>>>=

>>>>>>>;

ð5Þ

where W is the distance between the two half-
maximum anomalies on the proBle. Depth to the
bottom of the fault plane is initialised as:

zBApp ¼ 8XzTApp: ð6Þ

A ratio of 8 for
ZBApp

ZTApp
is found satisfactory to

invert the magnetic anomalies of listric fault

sources with 2 � ZB

ZT
� 15.

It is to note that for a vertical step, the coefB-
cients, f i; i ¼ 1; 2; . . .;n become zero. Hence, the

magnetic anomaly, DT xj
� �

, in equation (3) takes

the form

DT xj ; zj
� �

¼ C1

Z zB

z¼zT

z � zj
� �

ðf 0�xjÞ2 þ ðz � zjÞ2
dz

� C2

Z zB

z¼zT

f 0 � xj
� �

ðf 0�xjÞ2 þ ðz � zjÞ2
dz:

ð7Þ

where C1 ¼ 2J 0 cos h0 and C2 ¼ 2J 0 sin h0.
As many linear equations (similar to equation 7)

are framed as the number of observations, and two
normal equations are constructed and solved for C1

and C2. From the estimated values of C1 and C2,
the value of J 0 can be obtained as:

J 0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

1 þ C2
2

q

2
: ð8Þ

Equation (3) computes the theoretical anomalies
of the model space at all observations, xj , j =
1, 2,.., N obs. In this process, DApp value is initially
assigned to f 0, and all other coefBcients are set to
zero (i.e., f i ¼ 0, i = 1, 2, …, N). The theoretical
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anomalies, DT cal xj ; zj
� �

, of the initial structure

obtained from equation (3) deviates from the

observed anomalies, DTobs xj ; zj
� �

. The misBt

between the two anomalies can be quantiBed as:

bJ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN obs

j¼1

DTobs xj ; zj
� �

� DT cal xj ; zj
� �� �2

N obs

:

v
u
u
t ð9Þ

The deviation of theoretical anomalies from the
observed ones can be written using Tylor series
approximation as:

DTobs xj ; zj
� �

� DT cal xj ; zj
� �

¼
DT xj ; zj

� �

ozT
dzT þ

DT xj ; zj
� �

ozB
dzB

þ
DT xj ; zj

� �

of 0
df 0 þ

DT xj ; zj
� �

of 1
df 1

þ
DT xj ; zj

� �

of 2
df 2 þ � � � þ

DT xj ; zj
� �

of n
df n:

ð10Þ

A total of N obs linear equations in number are
framed from which (n þ 3Þ normal equations are
built and solved for (n þ 3Þ unknown parameters
using the Marquardt algorithm (Marquardt 1970;
Chakravarthi 2003). The normal equations can be
stated as:

XN obs

i¼1

Xnþ3

m¼1

DT xi; zið Þ
opk

DT xi; zið Þ
opm

1þ nkð Þdpk

¼
XN obs

i¼1

Err xi; zið ÞDT xi; zið Þ
opk

; k ¼ 1; 2; . . .; n þ 3:

ð11Þ

Here k is the damping factor and Err xi; zið Þ ¼
DTobs xi; zið Þ �DT cal xi; zið Þ½ �; i ¼ 1;2; . . .;N obs: Also,
n¼ 1 for m ¼ k, otherwise 0. Equation (11) can be
put in a matrix form as:

Aþ kIð ÞX ¼ B; ð12Þ

where the elements,Aik, ofmatrixA are expressed as:

Aik ¼
XN obs

i¼1

Xnþ3

m¼1

DT xi; zið Þ
opk

DT xi;zi
� �

opm
;

k ¼ 1; 2; . . .;n þ 3;

B ¼
XN obs

i¼1

Err xi; zið ÞDT xi; zið Þ
opk

;

k ¼ 1; 2; . . .;n þ 3;

X ¼ dpk ; k ¼ 1; 2; . . . ;n þ 3:

9
>>>>>>>>>>>>=

>>>>>>>>>>>>;

ð13Þ

Here I is the diagonal matrix containing the
elements of A. Also, dpk, k ¼ 1; 2; . . .; n þ 3 are the
estimated improvements in the model parameters,
pk. Here, dp1 ¼ dzT , dp2 ¼ dzB, dp3 ¼ df 0,
dp4 ¼ df 1; . . .; dpðnþ3Þ ¼ df ðnþ3Þ. Equation (12) con-

veys that the diagonal elements of matrix A are
multiplied by (1+k). Further, it is to note that the
polynomial degree, n, should be chosen in such a
way that the total number of unknowns does not
exceed the number of observations. The partial
derivatives of the anomaly in equation (13) are
obtained by numerical differentiation (Chakravarthi
et al. 2001).

To start with, the initial data misBt, cJA , is
obtained from equation (9). The damping factor, k,
is set to 0.5 (Chakravarthi 2003) and equation (12)
is worked out for dpk ; k ¼ 1; 2; . . .; n þ 3. The
existing source parameters, Pk, k ¼ 1; 2; . . .;n þ 3
are updated to PM , M ¼ 1; 2; . . .;n þ 3 by
adding/subtracting dpk; k ¼ 1; 2; . . .; n þ 3 to Pk.
The theoretical response of the improved model is

again calculated, and the corresponding misBt, cJN ,
is estimated. If the magnitude of the new misBt,
cJN , falls below its preceding value, cJA , then k is

reduced by a factor of 2. In such a case, cJN is

assigned to cJA and PM to Pk and the process
repeats iteratively. By any chance if the misBt at
the end of any speciBc iteration exceeds its pre-
ceding value, then the existing value of k is mul-
tiplied by 2, and equation (12) is worked out again
for the values of dpk. This process continues within
the speciBc iteration till the resulting misBt falls
below its preceding value. The inversion process
automatically terminates upon the completion of a
speciBc number of iterations, or the prevailing
misBt at the end of any iteration equals to, or less
than the prescribed threshold, or the current value
of k is abnormally large (Chakravarthi 2003;
Ramamma et al. 2021).

4. Examples

To justify the relevance of the proposed method of
inversion, two magnetic anomaly proBles were
interpreted. In the Brst case, the vertical magnetic
anomalies due to a synthetic structure are anal-
ysed. In the latter case, the total magnetic
anomalies attributable to a deep-seated fault from
the western margin of the Perth Basin, Australia,
are interpreted.
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4.1 Synthetic example

Figure 2(b) describes the model geometry of an
assumed listric fault structure in the xz-plane. The
fault originates near the topography at the 20th km
and extends downwards with decreasing dips to a
maximum depth of 4 km (Bgure 2b). A Bfth-degree
polynomial, whose coefBcients are given in table 1,
describes the geometry of the fault plane. Assum-
ing the intensity and direction of magnetisation as
100 gammas and 30� respectively, the structure
anomalies are calculated in the observation range,
0–40 km, on the proBle to which pseudorandom
noise (Gaussian) is added and shown in Bgure 2(a).
The noise has zero mean and a standard deviation
of 8.82 nT. We treat these noisy anomalies as the
observed anomalies in the inversion to recover the
structure by setting 4.1 nT as the accept-
able threshold for the misBt. The algorithm exe-
cuted Bve iterations for inversion and then
terminated. It was found from the inversion result

that the misBt had decayed rapidly within Brst four
iterations, from 40.6 to 8.32 gammas, thence
gradually before it attained a value\4.1 gammas
at the end of the 5th iteration. The estimated
values of intensity of magnetisation and direction
of magnetisation from the inversion were 99.8
gammas and 31�, respectively. The recalculated
theoretical anomalies of the estimated model after
the 5th iteration closely Bt the observed anomalies
and the estimated structure exactly mimics the
assumed one (this case is not shown for brevity).
The determined polynomial coefBcients after
inversion precisely coincide with the assumed ones
(table 1).
In reality, it is always tricky to select the best

polynomial to describe the fault plane geometry if
additional information on the subsurface is either
scanty or unavailable. Therefore, it is necessary to
examine whether or not the inversion technique
could recover the structure, if a polynomial degree
other than the optimum is used in the inversion.

Figure 2. (a) Observed and recalculated anomalies after inversion, (b) assumed and estimated structures after inversion, and
(c) error plot showing the residuals between the observed and recalculated anomalies after inversion.
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For this, we repeat the inversion using a 2nd degree
and a 3rd degree polynomial (in place of a 5th
degree) to simulate the fault surface. Here also we
kept the tolerable misBt between the observed and
modelled anomalies at 4.1 gammas.
For 2nd-degree polynomial approximation of the

fault plane, the technique had performed 10 itera-
tions and for 3rd degree, 6 iterations, respectively.
In both cases, the algorithm had identiBed the
origin of the fault plane at 19.99 km and placed the
top edge of the fault plane at 0.29 km depth and
the bottom at 2.39 km, respectively. The estimated
intensity of magnetisation, in either case, was 99.4
gammas and the direction of magnetisation was
35�. The initial model parameters were updated in
iterative mode along with the other unknowns
(coefBcients of the function, f zð Þ). After the
inversion, the misBt calculated through equa-
tion (9) in either case was less than the predeBned
threshold. Though the initial misBt for the starting
model was 40.61 gammas, in either case, its decay
with iteration was more rapid with the 3rd degree
polynomial approximation of the fault plane when
compared to the 2nd degree (Bgure 3). The mod-
elled anomalies after the inversion in both cases
were shown in Bgure 2(a) along with the observed
ones. Figure 2(b) shows the corresponding esti-
mated structures. The maximum difference
between the observed and theoretical anomalies
corresponding to the optimum structures was
found within ±8 gammas (Bgure 2c). The esti-
mated initial and Bnal values of the polynomial
coefBcients are given in table 1.
It was found that when a 2nd degree polynomial

was used to model the fault plane, the inversion
had placed the top of the fault at 0.16 km, and the
bottom at 3.91 km (Bgure 2b). In case of a 3rd
degree, the top edge was placed at 0.21 km and the
bottom at 3.84 km, respectively. Therefore, the
bottom depth of the recovered structure remains

almost the same regardless of the degree of poly-
nomial used in the inversion. On the other hand,
the depth to the top of the fault edge was slightly
overestimated in either case when compared to the
assumed one. Also, the choice of 2nd degree in the
inversion has led to the underestimation of the
extension by about 6.5%. However, such small
deviations in the estimated structure are accept-
able because of the fact that the anomalies used in
the analysis contain random noise. The changes in
the data misBt, damping factor, and other
unknown parameters of the model space against
the iteration are shown in Bgure 3.
To assess the eAect of planar fault plane on the

interpretation of anomalies caused by listric faults,
the anomalies in Bgure 2(a) are also analysed using
the method of Murthy et al. (2001). The recalcu-
lated anomalies of the optimum model and the
resultant structure are shown in Bgure 2(a and b).
It is clearly seen from Bgure 2(b) that the deduced
structure with its top at 0.5 km, bottom at 6.5 km,
and fault angle of 120� does not comply well with
the true structure.

4.2 Field example – Western margin
of the Perth Basin, Australia

The Perth Basin of Australia is well-known for its
hydrocarbon prospects. This rift basin is bounded
by the Carnarvon Basin to the north and the
Yilgarn Craton to the east. To the southeast, it
is boarded by the Bight Basin, and on the west
and south, it shares the oceanic crust of the Indian
and Southern oceans (Kovac et al. 2016).
Figure 4(a) shows an aeromagnetic anomaly proBle
across the western margin of the basin at 30�S
(Qureshi and Nalaye 1978). For the present study,
the anomaly proBle was digitised into 20 observa-
tions and subjected to inversion, taking a 2nd-
degree polynomial to simulate the fault plane. The

Table 1. Assumed and estimated coefBcients of polynomials (synthetic example) and estimated coefBcients (real Beld example).

Degree of

polynomial

Assumed coefBcients Estimated coefBcients after inversion

f 0 f 1 f 2 f 3 f 4 f 5 f 0 f 1 f 2 f 3 f 4 f 5

Synthetic example

5 20.014 –0.1479 0.4836 0.0711 –0.0023 0.0004 20.014 –0.1479 0.4836 0.0711 –0.0023 0.0004

3 19.9248 0.2435 –0.0125 0.1666

2 20.3011 –1.025 0.8824

Field example (western margin of the Perth Basin, Australia)

2 10.5274 1.5683 –0.0265
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theoretical anomalies and the deciphered structure
after the 20th iteration, being the concluding one,
were shown in Bgure 4(a and b), respectively.
Overall, the residuals among the observed and
theoretical anomalies vary between �2.7 and 2.9
gammas along the length of the proBle (Bgure 4c).
The present technique found the origin of the fault

plane on the proBle at the 16th km at a depth of
4 km and placed its bottom at 14.8 km. The
intensity and direction of magnetisation are esti-
mated as 68.3 gammas and 315�. The inferred
coefBcients of the 2nd degree polynomial are given
in table 1. The changes in the data misBt, damping
factor and other parameters of the model space as a

Figure 3. Changes in misBt, damping factor and other parameters of model space with iteration number.

Figure 4. (a) Observed and recalculated total magnetic anomalies and (b) estimated structure after inversion, inverted depth
model by Murthy et al. (2001) is also shown. (c) The left-out residuals between observed and recalculated anomalies by the
present method, western margin of the Perth Basin, Australia.
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function of iteration number are shown in Bgure 5.
The interpreted model of the same anomaly
treating the fault plane as a planar surface (Murthy
et al. 2001) was also shown in Bgure 4(b) for com-
parison. The deduced structure from the present
inversion appears to be more appropriate because
the identiBed faults across the basin margins from
seismic imaging also reveal listric nature with
depth (Middleton et al. 1993).

5. Discussion

An automatic inversion technique was presented
to quantify 2D listric fault sources from the
measured magnetic anomalies in any component.
This method uses the Marquardt’s algorithm in
its implementation. From the measured anoma-
lies, the proposed method estimates the parame-
ters of the source, intensity and direction of
magnetisation. To calculate the model response,
this technique makes use of the forward mod-
elling scheme developed by the same authors
earlier.
The validity of the proposed technique was

exempliBed with a theoretical model and a real
Beld case. In the theoretical example, the model
space was constructed using a set of known
parameters, and its magnetic response was calcu-
lated in the vertical component. In doing so, the
fault plane was described with a 5th degree poly-
nomial. Pseudorandom noise was added to the
structure anomalies before being inverted to
recover the structure. Though the structure
anomalies were noisy, the proposed technique had
fairly recovered the structure, where the fault
plane was modelled with a 5th degree polynomial.

Later, the noisy anomalies were also analysed using
different polynomials (2nd and 3rd degrees) for
fault plane simulations. It was demonstrated that,
by and large, the technique was successful in
restoring the assumed structure, though the
degrees of polynomials were different from the
optimum. On the other hand, the structure
obtained from the interpretation of anomalies with
planar fault plane assumption was not in line with
the assumed structure. Therefore, it is discouraged
to analyse the magnetic anomalies caused by listric
fault sources by the techniques, which treat the
fault planes as planar surfaces.
In the case of real Beld application, the total

magnetic Beld anomalies attributed to a deep-
seated fault from the western margin of the Perth
Basin, Australia, are interpreted presuming a
nonplanar surface for the fault plane. The inter-
preted results are compared with the reported
ones.
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