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Abstract

Analysis and solution of the forward magnetic problem for models of disjunctive lay-
ered geological structures, such as faults and layer discontinuities, are developed in
this paper. Magnetic anomaly components Z, H, T, AT and Ta resulting from disjunctive
geologic structures are similar to those caused by thin-layer magnetic sources of finite
size. Structures of a discontinuous horizontal layer, an up-thrown fault, inclined, normal
or reverse faulted, an over-thrusted structure and also a thick-layer fault of the relatively
small throw are examined. The composition of different forward magnetic models of
disjunctive structures and their calculations can be facilitated by the applied specific
properties of thin layers with unlimited depth extent. A method of rotation is proposed
to analyse the anomalous magnetic effects caused by discontinuous crustal structures.
The results shown are useful in analysing field magnetic data, recognising sources, in-
verting anomalies and interpreting geophysical data.

Key words: Magnetic anomalies, forward modelling, 2-D structures, equivalent compact
source, analytical expressions

Introduction

Magnetic methods in exploration geophysics are based on using contrasts
in magnetisation between different lithologies or magnetic sources of other
origin; they are used to solve geological, environmental, mining, archaeologi-
cal and other problems. Recent examples can be found in Grauch et al. (2001,
2006), Eppelbaum (2015), Dimovski et al. (2017, 2020), Dar and Bukhari (2020)
and Essa and Abo-Ezz (2021). Interpretation of magnetic anomalies using mod-
el sources with simple geometric shape, like those analysed here below, may
reduce the complexity of inverse problems and offer usable best-fit solutions.
According to the theory of physical fields as applied to exploration geo-
physics, a horizontal layer having constant magnetisation, finite thickness
and infinite size in all horizontal directions creates a homogeneous mag-
netic field only inside the layer, while, outside the source region, the field
intensity is equal to zero (Telford et al. (1990) see for example, Stavrev and
Radichev (2015)). If the horizontal layer is of finite size or has discontinuity
anywhere, then the magnetic field appears outside the source region as well.
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In this case, respective forward and inverse problems can have solutions.
The next parts of this paper show the construction of the appropriate 2D
models and discuss their specific properties.

Forward 2D problem for disjunctive structures of thin layers
under magnetisation

The main phases in a forward 2D problem, as applied here, are as follows:
(P1) Choice of shapes for the basic elements of a 2D structure; (P2) Determina-
tion of the location and parameters of inductive magnetisation for a 2D model
elements; (P3) Calculation of magnetic field created by basic elements of a
structure using analytical expressions; (P4) Assignment of a given 2D structure
in vertical cross-section; (P5) Calculations of its magnetic effects; (P6) Analy-
sis of results regarding equivalent sources of magnetic effects.

(P1): In the initial phase of selecting a basic element, we consider a mod-
el of a homogeneous, thin geological layer with a rectangular cross-section.
This layer is envisioned in a vertical two-dimensional plane beneath the Earth’s
surface, featuring a small cross-section and extending infinitely in length (see
examples shown in figures below). The model also allows the formation of spa-
tially limited thin elements of finite length.

(P2): For this task, a generalised spatial scenario has been established for
the placement and description of a magnetic 2D layered model, as illustrated
in Figure 1.

Figure 1. (a) Line L of a magnetic profile across the strike L_ of a thin-layer structure.
Symbols are as follows: N, - geographic North, E_ — geographic East, N, - magnetic
North, D, — declination of the normal geomagnetic field, D, - geographic azimuth of
L, (Dp-Do) - magnetic azimuth of L , M, - horizontal component of inductive mag-
netisation, M, - projection of M, along profile line L, M, - projection of M, along
line L ; (b) The vertical plane of the magnetic meridian N_, symbols stand for: I, - the
inclination of the normal geomagnetic field, M, and M_ - vertical and horizontal
components of inductive magnetisation M,; (c) Vertical plane of magnetic profile
line L, symbols standing for M, M_ - vertical and horizontal components of the ef-
fective inductive magnetisation M_, ¢ — dip angle of M_

Using mathematical notations and symbols from Fig. 1, the horizontal M
and vertical M_, components of the induced magnetisation are:
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M, = ILHO, M,, = LZo

+ kf, 1+ kf, (1)

where k is the layer's magnetic susceptibility, f, and f,are demagnetising factors

ranging between 0 and 1 in Sl units. In our case, of horizontal thin layer f,=0 for the

horizontal component and f,=1 for the vertical component (across the thin layer).

H, and Z, are the horizontal and vertical components of the normal geomagnetic
field. Thus, the magnetisation induced by the source body can be expressed by:

2
MOh:kHWMOz:%ZO’ MOZ\/MOh2+M0z2 =k H02+(lzok)2 @)
- -

Following (2), the effective magnetisation M_has the components,

M,, (shortened symbol M, =M, in Fig. 1c) and M, cos(D -D,) =M (Fig. Taand 7c). (3)

The component M_along the strike does not create a magnetic effect. Thus,
after simple rearrangement of equations (2) and (3), the analytical expressions
for effective magnetisation M_become:

[ 2 B -1 1 tanly
M, = [M, +Mp _kHOCOS(Dp DO)/COS(p' ¢ =tan [1+k'cos(Dp—Do)] (4)

In case of known remanent magnetisation, its components in vertical direc-
tion and along profile line L should be added algebraically to the respective
components M, and M,.

(P3) Regarding the use of analytical expressions for the anomalous magnetic
field, created by a thin layer under inductive magnetisation, we may see theoreti-
cal solutions in Logachev & Zaharov (1973), Tyapkin (1973), Telford et al. (1990),
Blakely (1995) and Reid (2003). The theoretical problem in this case involves a
two-dimensional magnetic field created by “flat” sources. The logarithmic poten-
tial and its derivatives have to be used to determine the intensity components of
the magnetic field (see, for example, Dimitrov & Stavrev (1986)). Its sources are
described within the plane formed by the horizontal X-axis and vertical Z-axis.

If the vector of effective magnetisation has been defined by its magnitude
and dip angle according to (1) - (4), the components of the anomalous field can
be calculated from the expressions:

hcosfB—xsin@
x2+h?

hsinf +xcosé@

Z = 2|M,|t o

, H=—2|M,|t

where angle 6 = a - ¢, angle a is the layer dip angle, ¢ is the magnetisation dip
angle; tis the layer thickness; h is the depth of the layer edge; x is the horizontal
coordinate of observation point P(x,0) with respect to the layer edge E(0,h) in
the 2D X0Z coordinate system. Axis X runs from left to right and axis Z is point-
ed downwards. Angles a and ¢ should be taken from the positive direction of
axis X clockwise from 0 to 360 degrees. The formula (5), shown by Logachev
& Zaharov (1973) with multiplier sin(a) on right side of the two above expres-
sions, are designed for thin layer models with apparent thickness. Here, we
make use of the strong rectangular shape of layer models (see P1).
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After calculating the vertical and horizontal magnetic components Z and H,
the anomalous total magnetic intensity AT (F) can be determined by an approx-
imation. We find its additive and quasi-harmonic approximation useful for this
purpose in case of a moderate anomalous field (see, for example, Cady (1980);
Blakely (1995)). In addition, the magnitude of the full anomalous vector T can
be calculated as:

AT =Zsinl,+ H cosI,cos(D,-D,); T=(Z+H)" (o)

The results from calculations for the magnetic anomalies of a thin layer of
a semi-infinite length have been analysed for three characteristic positions of
the layer. It has been established that, for each component of the created mag-
netic field, the same values are maintained at a constant angular difference (6)
between the layer inclination (a) and the magnetisation vector (¢). Additionally,
while the sign of the angle 6 changes, the shapes of the curves Z and H also
change, but the total intensity T remains consistent in both form and value (see
Figs. 2 a, b and c). This unique property of the magnetic effect of a thin layer
could be beneficial for solving both forward and inverse problems.

(P4): The 2D model of a given disjunctive structure assumes the existence
of two thin layers as a result from the separation of continuously existing
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Figure 2. Anomalies Z, H and T of thin-bed structures with infinite extent. Each case shows thin layers with the same
magnetic parameters, but with different strike (horizontal, inclined and vertical). The three cases have different condi-
tions for the angle 6 as follows: a) 8 > 0; b) 6 = 0; ¢) 6 < 0; (after Dimitrov & Stavrev (1986)).

thin layers within space. The geological and physical appearance indicates
the emergence of two distinct thin layers, each exhibiting its own magnet-
ic effects, based on the same magnetic properties discussed above. They
should be estimated and put in a summation to determine the resulting mag-
netic anomaly. The complicated forward modelling of such discontinuous
thin layers could be facilitated by the rotation method proposed here, due to
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specific properties of the magnetic fields, created by thin layers. Analytical
equations (5) and (6) include two types of variables — space geometrical x,
h, t angle a, and magnetic variables M, and its angle ¢. The two angles enter
the trigonometric functions in equations (5) as their difference, 8 =a - ¢. If a
thin layer has an upper point C and extends semi-infinitely in the subsurface
space at angles 6 and ¢, then when the layer rotates around centre C, while
maintaining a constant angle 6, the magnetic anomaly effect it generates
will remain constant along the magnetic profile of the observation points.
This specific formal property is illustrated in Figure 2 and also in the next
figures of 2D disjunctive structures. When calculating the common magnet-
ic effect, if the two layers participate in that process, it is possible to ob-
tain an active component between them using the method of rotation layers
with equal magnetic effects (see Figs. 2 and 3 and demonstrated models
later on). The active component consists of a single thin layer positioned
between the two thin magnetic layers whose magnetisation is in the direc-
tion obtained by rotating both magnetic layers about their inner edges. The
upper (or left) magnetic layer is rotated in an anti-clockwise direction, while
the lower layer is rotated in a clockwise direction, until both layers align with
the line connecting their original positions. As a result, the only part that is
magnetically active lies along the original gap, while the area beneath the
lower part produces zero effect due to the opposite directions of their vec-
tors of magnetisation.

(P5): The above concept allows us to utilise established analytical expres-
sions for the magnetic effects of a finite active layer. Therefore, the empty
space between the two thin layers in a disjunctive structure can be represented
as a material equivalent to one of the layers during the rotation process. We
can interpret this residual section as a finite equivalent 2D magnetic source of
the disjunctive structure. Consequently, solving the forward magnetic problem
can be simplified to calculating the magnetic anomalies generated by a thin
layer of finite length.

Analytical expressions for the anomalous magnetic field of thin layers that
are limited in length resemble the formulae (5) and (6). The coordinate system
is defined with axes XOZ positioned above the mid-point of the horizontal or in-
clined limited layer (Fig. 3). Its parameters are as follows: depth (h), length (2/),
inclination angle (a), thickness (t), magnetisation M_at angle ¢, angle 6 = a - ¢.

Sums Z=Z7 +Z,and H = H, + H, can be determined using the following
expressions:

(h—=1sina)cos O—(x+lcosa)sinf
(x+1cos @)?+(h—1 sin a)?

(h+lsina) cos 8—(x—lcosa)sin O
(x—1cos a)2+(h+1 sin )2 (7)

Z1 = ZMet y ZZ = _ZMet

(h=lsina)sin @ +(x+lcosa)cosd
(x+lcosa)®+(h—1sina)?

(h+lsina)sin0+(x—lcosa)cosf
(x=lcosa@)®+(h+lsina)? 8)

H1 = _ZMet ) H2 = ZMet

AT = (Zy + Z,) sinly + (H; + Hy)cosly cos(D, — Dy), Ta= (Z>+ H?) " (9)
Analytical expressions for calculating the anomalous magnetic effect of a

limited layer can be derived directly using the coordinates (x,,, h,) and (x,, h,)
without needing to specify the mid-point and length of the layer.
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Yz
Figure 3. Representation of the anomalous effect Z = Z, + Z, from a limited thin layer as
a combination of two layers unlimited in depth with an inclination angle (a) and thick-
ness (t), but at a different starting points with coordinates (x,,, h,) and (x, h,) and hav-
ing oppositely directed magnetisation vectors M, and M,. Thus, for the limited layer, the
magnetisation vector M, = M, is obtained and, for the second, deeper layer, the effective

vector magnetisationis M, - M, = 0.

P(6): An analysis of the above expressions and results, regarding Z and H mag-
netic anomalies, shows that they contain, in addition to (5), one more length param-
eter denoted as / after the first multiplier 2M t with thickness parameter t. This fact
provides the physical sense of magnetic effects from disjunctive structures and
their sources. This important conclusion is analysed in the next part of this paper.

Magnetic effects from magnetised thin layers in disjunctive
structures

Note: The magnetic profiles of the studied structures strike from west to
east in the northern geomagnetic hemisphere at latitude around 40°N and
longitude around 20°E. The inclination of the normal geomagnetic field is
close to 60° with a declination around 5°.

1.0ffset of a 2-D horizontal thin layer (Fig. 4)
This is a typical example of the simplest model structure for analysis. We have
two magnetic layers separated horizontally at a relatively small distance (Fig. 4b).
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The anomalous field components Z and H can be represented as a sum of
respective components caused by both thin layers: number ‘1’ from the left and
number 2’ from the right side of the braked structure. The zero point of the hori-
zontal x-axis is chosen in the mid-point of the structure and the zero point of the
downward z-axis is in the line of observation point P(x,0). The horizontal offset
is denoted here by the symbol w. Thus, the coordinates of the edge points of
the two layers are E,(x+w/2, z,) and E,(x-w/2, z,). According to the expression
(5), we may write:

Z=7+2, =2Mot(h' cos 6 —x, sin G, +h2 cosd, —x, s1n92j
(10)

2 2 2 2
X~ +h x,” +h,

H=H +H, =—2M0t[h1 sin @, +x, cos 6, N h,sin @, +x, cosé’zj
(1)

)cl2 + h12 x22 + h22

where x,=x+w/2,x,=x-w/2,h,=z,,h,=2,=z,h,=h,=h,

6,=a,-¢,=180°-9,6,=0,-¢,=0"-p, ¢, =, = ¢
¢ is the dip angle of effective layers magnetization M, tis the layers’ thickness.

After an algebraic summation of Z, and Z,, we obtain the complicated ex-
pression:

wl(x* —h*)sin+2xhcosp—(w/2)’ sin ]

Z=7+7Z, =2M.t
b O (PR =2 =R (W2 + (W] 2)* (12)

The coefficient Mt above could be multiplied by (w/w=1) in order to form the
coefficient (M tw)/w. The offset size w in the denominator of (M_tw)/w elimi-
nates the appearance of size w in the numerator of equation (12). The rest of
the above coefficient is M tw = m . Thus we obtain for Z:

7= 9m (x> —=h*)sing+2xhcosp—(w/2)’ sinp
VI =2 — )Wl 2) + (w) 2) (13)

In the same way, the result for the horizontal components sum H = H, + H, is

(x* —h*)cos@—2xhsinp—(w/2)* cos ¢
H=-2m, 2, 1222 2 12 2 4
(C+12Y =202 — ) (w/2) +(w/2) (14)

In the above two equations of the total intensity, the coefficient M tw =
m, has, as a physical quantity, the dimension [(Tesla) x (m) x (m)] = [Tm?],
where m? gives geometrically the area of the finite layer with size tw and
M, is the magnitude of the magnetic factor. Thus, the numerical value of
the coefficient m  is equal to the modulus of the magnetic moment of the
finite equivalent layer per unit length along the Y axis in the 2D model. This
justifies taking the finite layer as an equivalent source of the anomalous
magnetic effect.
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Figure 4. (a) Magnetic anomalies AT, Z, H and T, caused by the discontinuous (broken)
layer structure of two thin layers shown in (b) with magnetisation vector M, with angle
¢ = 30° (c) equivalent source of limited length (in dotted pattern) with 2-D magnetic
moment m, under angle ¢ = 180°+30° = 210° after the geometric rotation of the left layer
‘1" upon the right one 2’

If the width w of the structure is negligibly small with respect to the distances
between the thin-layer and the observation points, then, according to equations
(12) - (14), we may write:

(x> —h*)sin@ + 2xhcos @ . (x* —h*)cosp—2xhsing

Z=2m , —2m,
0 (x> +h*)? 0 (x> +h*) (15)
2 2
—hH)S +2xhC s
AT=2mO(x 2) w22x W, T;: Zz+H2=2m0%
(x"+h%) x“+h" (16)

These expressions correspond to the well-known expressions (see, for ex-
ample, Dimitrov & Stavrev (1986)) for the anomalous field caused by a 2-D line
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of point dipoles having magnetic moment m,. The example in Fig. 4c uses in-
clined magnetic moment and magnetisation.

The rotation method shown in Fig. 4c is used to analyse discontinuous crust-
al structures and their anomalous magnetic effects. This method can also be
applied to other disjunctive structures with thin layers. Results in graphic form
are given in Figs. 5, 6 and 7 below.

2. Vertical fault of a 2-D thin magnetic layer (Fig. 5)

3. Thick magnetic layer faulted with small displacement (throw) (Fig. 6)

4. Dipping fault of a thin layer (Fig. 7)
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Figure 5. (a) Magnetic anomalies AT and Z caused by a fault structure of two thin layers
shown in (b), with magnetisation M,; (c) Equivalent source between edge point E, and E,
with magnetic moment m = M vt is formed in its real position and sizes after geometric
rotation of the layer ‘1’(left) and layer 2’ (right) rotated up to the line joining + to - from
both sides and obtaining vertical position, where the lower part of coincidence under
wm = My, + M, = 0. Magnet-
isation can have any desirable angle ¢ from 0 to 360°. Fig. 3 illustrates a particular case
of horizontal magnetisation (angle ¢ = 0°).

point E, is not magnetically active because of vector sum M
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Figure 6. (a) Magnetic anomalies AT and Z caused by a thick layer fault structure; (b)
small throw that forms two active thin layers, ‘1’ and 2" and not active not limited layer
‘3, all with magnetisation M; (c) Equivalent source between edge points E,and E, with
magnetic moment m, = M vt after geometric rotation of the left and right active layers to
the vertical position, part of layer’s coincident under point E, is not magnetically active
as M sum = 0. Fig. 4 illustrates a particular case of dip angle ¢ = 60°.

Field scenarios applicable to layered magnetic structures

Faults within sedimentary basins are often associated with minor linear mag-
netic anomalies. These anomalies can be due to differences caused by the
tectonic alignment of sedimentary layers with contrasting magnetic character-
istics or by secondary magnetisation created by geochemical activity along the
fault zone. The former, for example, may explain all of the anomalies related
to intrasedimentary faults observed in the Albuguerque Basin (Grauch et al.
2001), a large sediment-filled Basin that comprises the central part of the Rio
Grande Rift in northern New Mexico.
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Figure 7. (a) Magnetic anomalies AT, Z, H and T_ caused by a dipping fault structure in
(b) consisting of two thin layers with magnetisation M_; (c) Equivalent source (in raster
of cross lines) with 2D magnetic moment m, = Mdt after geometric rotation of the left
bad and right layer to the dipping position under angle B, t is the thickness and d is the
source length between edge points E, and E,; the coinciding parts of the two layers
under point E, compensate each other (M sum = 0) so they are not magnetically active.

The linear anomalies in profiles show patterns typical of extensional faulting
and all of them appear to be juxtapositions of layers with different magnetic prop-
erties (Grauch et al. 2001). Different curves are shown, ranging from a symmetric
one expected over a contact to curves with two asymmetric peaks and two or
more inflection points. These curves have amplitudes ranging from 2 to 40 nT
(for data continued up to 100 m above ground). The magnetic curve over the Cat
Mesa fault is best explained by magnetic layers offset along a fault, which is very
similar to the theoretical case of a fault structure of two thin layers demonstrat-
ed in Figure 5. The San Ysidro Fault is another well-exposed fault in the central
Rio Grande Rift, USA (Grauch et al. 2006). It is a significant fault within badlands
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topography, allowing examination of varying structural depths along the strike.
A linear anomaly ranging from 10 to 20 nT generally follows most of the fault’s

mapped extent, with some variations in anomaly shape along the strike.
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Figure 8. Magnetic anomaly map of the vertical component Za of the Strouma River valley (SW Bulgaria) characterised
by extensive normal faulting, deposition of sediments and erosion of mountain ranges between the faults: KPF - Krupnik
fault; KRF - Kresna fault; PDF - Predela fault; WPF — West-Pirin fault; SWPF - South-west Pirin fault. The positive anoma-
lous group is caused by granite bodies locally enriched in ferromagnetic iron components at depths of 2-3 km. Continued
normal faulting followed by partial remodelling of the sediment strata by rivers has formed typical magnetic anomalies
caused by a thick layer fault structure inside the grabens (profiles 1-1’, 2-2' and 9-9’, 10-10’) and vertical faults of a thin

magnetic layer (profiles 3-3', 4-4’ and 5-5').

It is clearly seen in the profile plots of Grauch et al. (2006) that most of the cas-
es, especially in the northern part of the region, might be easily interpreted as dis-
continuous (broken) layer similar to structures of two thin layers shown in Fig. 4.

The territory of SW Bulgaria also has a complex tectonic structure with
evidence for a composite fault mosaic. The diverse landscape is dominated
by the modern valleys of Strouma and Mesta Rivers which developed their
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fluviolacustrine systems after the late Eocene. Zagorcev (2007) found that
the Late Cenozoic extension has been associated with normal faulting and
deposition of sedimentary layers (> 1500 m in the Simitli and Sandanski Gra-
bens). Further tectonism, characterised by increased normal faulting with
unroofing of the Paleogene granite plutons in the highest horsts of Pirin and
cyclic deposition of coarse sediments within the graben systems, led to pro-
gressive erosion of mountain ranges between normal faults. Under this con-
dition, we can expect vertical or horizontal offsets of the strata, which will
reflect the magnetic field and create anomalies similar to those studied here.

Figure 8 presents the residual vertical (Z) anomaly of the Strouma fault zone,
a long and wide tectonic structure built by several parallel fault fractures. The
clearly expressed anomalous group in the region is caused by granite bodies
locally enriched in ferromagnetic iron minerals at depths of 2-3 km on average
in the conditions of complicated fault tectonics. As already mentioned, Simitli
and Sandanski Grabens are two of the numerous Tertiary grabens in this area
developed along the Strouma River. They originate from the late Miocene over
Precambrian metamorphites, Palaeozoic and Upper Cretaceous granites and
are filled by Neogene sediments: sandstones, conglomerates clays and coal
(Dobrev & Kostak 2000).

The highest horsts, including Osogovo, Rila, Pirin and Belasitsa, which surround
the Strouma fault zone, experienced additional uplift during the Pleistocene. This
uplift was partly due to regional tectonic activity and partly the result of ongoing
normal faulting. As a consequence, the fluvial systems underwent partial remodel-
ling, leading to the development of new gorges (Zagorcev 2007).

Interpretation of such anomalies, which are typical for faults within sedimentary
basins can be simplified after applying the transformations described here. Usual-
ly, such magnetic anomalies over faulted strata are commonly caused by contrasts
in the magnetisation intrinsic to the sediments that are juxtaposed at the fault.

Conclusions

In this paper, we show that the magnetic effect from disjunctive thin layers
of infinite horizontal extension can be interpreted in terms of an equivalent
source of finite size between edge points of the layers. It is demonstrated
that a disjunctive thin layer of infinite horizontal extension creates an alter-
native magnetic source in the gap between the original layer's segments.
This is a novel method for computing magnetic anomalies of offset magnet-
ic layers using fewer parameters. Modelling of such a size-limited structure
is done with a much simpler expression for the magnetic moment compared
to the field of the two strike-unlimited layers.

With the graphical examples, we demonstrated that a small throw fault of
a thick magnetic layer generates a magnetic anomaly resembling that of a
thin-layer anomaly (compare the models shown in Fig. 6 and Fig. 7). The sign
of the main extremum of the created magnetic anomaly can correspond to
magnetisation in an opposite orientation to the normal layer's magnetisation
direction, as illustrated in the model shown in Fig. 4.

Although we give real examples only for a sedimentary environment, the in-
terpretation tips for two-dimensional horizontal infinite-length thin layers and
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their discontinuities, like breaks or faults, might also apply to other layered ge-
ology, such as faulted volcanic flows.

The analysed anomalies of Z and AT which are based on forward models,
as well as empirical observations gathered from real disjunctive geological
structures, exhibit a notable predominance of negative and/or narrow anoma-
lies. These negative anomalies are particularly intriguing as they can be traced
across extensive distances, reflecting the intricate spread of elongated geolog-
ical faults and disconnected structural elements within the Earth’s crust. This
phenomenon reveals a complex interplay of geological processes that influ-
ence the distribution and characteristics of subsurface formations.
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