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Abstract Magnetic prospecting is a rapid and inexpensive
geophysical tool and one of the most widely used methods for
geophysical prospection throughout the world. However, the
noise factors—such as inclined magnetization, complex geo-
logical structure of investigated areas, and uneven terrain
relief—strongly obscure the interpretation of observed magnetic
anomalies. The developed methodology of magnetic anomalies’
interpretation from models of thin beds and horizontal circular
cylinders (spheres) in complex environments (oblique magne-
tization, rugged relief and unknown levels of the normal mag-
netic field) using improved versions of characteristic points and
tangents was presented in detail in the author’s previous publi-
cations. However, many geological targets have a geometrical
form of thick beds and thin horizontal plates and intermediate
forms that crop up between these two models. In this paper, a
methodology for interpreting magnetic anomalies produced by
thick bed models in complex environments is explicitly descri-
bed. It shows that quantitative analysis of magnetic anomalies
due to intermediate targets could be successfully carried out
using the methodology developed for the thick bed model. In the
case of a thin horizontal plate with a large horizontal size, two
distinct anomalies (from the left and right ends) may be inter-
preted as anomalies from thin beds. The interpretation method-
ology was successfully tested, both on typical models and on real
geological targets. It was concluded that these methods could be
effectively applied for quantitative analysis of magnetic surveys
for geological-geophysical mapping, archeological target
delineation, ore body searching, revealing oil and gas traps, and
solving other geological and environmental problems.
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Introduction

Magnetic prospecting has been successfully applied to
geological-geophysical mapping, searching for useful
minerals, and solving various environmental problems, as
it is a rapid, effective, and low-cost geophysical method
(Logachev and Zakharov 1973; Telford et al. 1990;
Parasnis 1997; Eppelbaum and Khesin 2012). The accuracy
of high-precision magnetic investigations may be
0.2-0.1 nT, or even less. At the same time, magnetic
observations are notoriously complicated by numerous
factors; the most common forms of noise affecting the
magnetic investigations are discussed in the next section.

The complicated conditions of a magnetic survey
require advanced methods of quantitative interpretation
and 3-D modeling of magnetic anomalies (Khesin et al.
1996; Eppelbaum and Khesin 2012). The end product of a
magnetic field application is the development of a corre-
sponding physical-geological model (PGM) of the studied
targets (Khesin et al. 1996).

One of the most important stages in the magnetic data
examination is the quantitative analysis of magnetic anoma-
lies (Fig. 1). Obviously, the first methodology of the quanti-
tative interpretation of magnetic anomalies produced by thick
bodies was published by Peters (1949). Among other studies
carried out in this direction, those by Pyatnitsky (1961),
Reford and Sumner (1964), Dukhovsky et al. (1970), Am
(1972), Logachev and Zakharov (1973), Tafeyev and Sokolov
(1981), Rao and Babu (1984), Ravat and Taylor (1998), and
Flanagan and Bain (2013) may be noted. A quantitative
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Fig. 1 Generalized block
scheme of magnetic data
processing and interpretation
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analysis of magnetic anomalies from models of thin beds and
horizontal circular cylinders (spheres) under complex envi-
ronments was given in detail in Khesin et al. (1996) and
Eppelbaum et al. (2001). Here, we present an interpretation of
magnetic anomalies produced by thick beds, thin horizontal
plates and intermediate interpreting models.

Noise in magnetic prospecting: a brief review

Magnetic surveys of potential archeological sites in Israel
and in many other regions of the world are complicated by
several kinds of noise (Eppelbaum and Khesin 2001;
Eppelbaum et al. 2010; Eppelbaum 2011) (Fig. 2). These
disturbances are briefly considered below.

Artificial (man-made) noise

The industrial component of noise mainly arises from
power lines, cables, and various underground and trans-
portation systems. The instrumental component is associ-
ated with the technical properties of magnetometers and
their spatial locations, and human errors, obviously, can
accompany geophysical observations at any time. Finally,
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undocumented (poorly documented) results of previous
surveys can distort preliminary PGM development.

Natural disturbances

Nonstationary noise includes diurnal (time) variations,
mainly from distant ionosphere disturbances. In the pres-
ence of strongly magnetized objects, these time variations
can produce secondary transient effects. Meteorological
conditions (rain, lightning, snow, hurricanes, etc.), and
water movement in basins and rivers may also affect
readings. Soil-vegetation factors associated with certain
soil types (e.g., swampy soil or loose ground in deserts) and
dense vegetation, which sometimes hampers movement
along the profile, also need to be taken into account.

Geological-geophysical and archeological factors

These constitute the most important geological-geophysi-
cal disturbances. The application of any geophysical
method depends primarily upon the existence of physical
property differences between the objects under study and
the surrounding medium. The physical limitations of the
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Fig. 2 Block scheme of
disturbances appearing in the
magnetometric investigations
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methods reflect measurable magnetic and paleomagnetic
contrast properties between the archeological targets and
the geo-environmental sequence. Uneven terrain relief may
negatively affect equipment transportation and magnetic
data acquisition. Physically, this disturbance is generally
twofold for potential and quasi-potential fields and
involves the form and physical properties of the topo-
graphic features of the terrain relief as well as the effect of
variations in the distance from the point of measurement to
the hidden target (Eppelbaum et al. 2011).

Ancient earthquake damage is widely identified in many
regions of the world. The variety of anomalous sources is
composed of two factors: the variable surrounding medium,
and the variety of archeological targets; both factors are crucial
and greatly complicate the interpretation of magnetic data.

Oblique magnetization
Oblique magnetization disturbs these geophysical fields in

the following way: the major extremum is shifted from the
projection of the upper edge of the object in plan view, and

geological targets

an additional extremum may appear. An oblique magneti-
zation is a characteristic particularity in most areas of the
world.

Methodology of magnetic data quantitative
interpretation over the thick bed model

There is no doubt that methodologies such as singular
points (Troshkov and Groznova 1985); the Euler decon-
volution method (e.g., Reid et al. 1990; Davis et al. 2010;
Beiki 2013; Florio and Fedi 2014; Fregoso et al. 2015);
analytical signal (e.g., Nabighian 1972; Roest et al. 1992);
wavelet transform (e.g., Moreau et al. 1999; Vallée et al.
2004); various transformation methodologies (e.g., Salem
et al. 2005; Chianese and Lapenna 2007; Phillips et al.
2007; Stampolidis and Tsokas 2012; Ialongo et al. 2014);
and other similar procedures are rapid and effective
methods. However, they often do not allow calculating
such medium peculiarities as oblique magnetization (which
may be different for various geological targets occurring in
the area under study) and rugged terrain relief, and in many
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cases they provide only some averaged information. For
instance, in conditions of oblique magnetization, the “re-
duction to pole” procedure is often used—the calculation
of pseudogravimetric anomalies (Blakely 1995). However,
the procedure is suitable only when all interfering bodies in
the studied area are magnetized parallel to the geomagnetic
field and simultaneously when the bodies have subvertical
dipping. Only in this case, the magnetic field can be
recalculated correctly; the graphs obtained would be sym-
metrical, and further interpretation using conventional
methods can be carried out.

Troshkov and Groznova (1985) have emphasized that
magnetic field processing and interpretation is a highly
complex physical-mathematical natural experiment where
many disturbances usually occur. The author of this paper
strongly supports this assertion. The methodology proposed
here (see below) is based on the concept of separate (and
detailed) examination of each identified anomaly. Never-
theless, application of the known automated methodologies
(Euler deconvolution, analytic signal, etc.) in simple geo-
logical situations (vertical or subvertical magnetization
vector location, flat relief, and quasi-uniform geological
media) is more justified. A possible integration of these
automatic methodologies with the method presented here
may be an effective one, and further elaboration of this
method envisages its formalization (tangents, intervals,
etc.) and total automation.

The four most commonly used models in magnetic
prospecting are (1) thin bed, (2a) horizontal circular
cylinder (HCC), (2b) sphere, (3) thick bed, and (4) thin
horizontal plate (Fig. 3). The methodology of magnetic
anomalies’ quantitative analysis in complex environments
(oblique magnetization, rugged terrain relief and unknown
level of the normal magnetic field) for models (1), (2a), and
(2b) has been presented in several publications (Khesin
et al. 1996; Eppelbaum et al. 2001; Eppelbaum and Mishne
2011). Several typical approximations of geological objects
by models of the four classes are presented in Table 1.

Fig. 3 Main models of

Some common methodological questions concerning
the thick bed model were noted in Khesin et al. (1996).
First of all, it is necessary to point out that all interpre-
tation methods developed for the vertical component
Z (AZ) can be applied for the analysis of the total mag-
netic field T (AT). Let us consider the interpretation
methodology:

(1) Effective magnetic moment M.. Generally speaking,
it is an effective magnetic moment of its volume unit for an
inclined thick bed, i.e., effective magnetization (M ). The
expression for the Z anomaly is

Mg = Jesin(py — y), (1)

where J. = JC, is the effective body magnetization (for
AT anomalies, value C,, is replaced by C,,Cp); ¢ is the
angle of inclination for the upper edge of a thick bed; @,
is the inclination of lateral boundaries of a thick bed;
Cy, = sin i/ sin ¢y, iy, is the inclination of the thick
bed magnetization vector J to the horizon; ¢, is the
inclination angle of the magnetization vector projection
on the vertical plane of the profile; Cy = sin ip/ sin ¢,;
ip is the geomagnetic inclination (a common inclination
in the area under study); and ¢ is the projection of the
local geomagnetic inclination direction onto the vertical
plane oriented in the direction of the profile (see also
Table 2).

(2) The generalized angle 0 (reflecting the degree of
magnetic anomaly asymmetry as a functional relation of
the anomalous body geometric form, value of magneti-
zation, magnetic inclination, and observation profile azi-
muth) for the Z anomaly is determined as in Khesin et al.
(1996)

szm_y2+¢lv (2)

where 7, =90° — ¢, and 1y, = 90° — ¢,,. For the
AT anomaly, y,, should be replaced by 7, + ym, wWhere
v0 = 90° — ¢ (angle completing the geomagnetic incli-
nation to the vertical in the profile plane).
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magnetic anomaly analysis

2n\ih.
hl

H,

<—— Depth (2)
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Table 1 Typical approximation of geological objects by bodies of the simplest shape (according to Eppelbaum and Khesin (2012), revised and

supplemented)
Geological-geophysical targets Approximation
Objects outcropping onto the Earth’s surface and Buried or cropping out when surveying aerially
under overburden
Tectonic—-magmatic zones, sill-shaped intrusions Tectonic—-magmatic zones, thick sheet intrusions and Thick bed
and thick dikes, large fault zones, thick sheet-like zones of hydrothermal alterations
ore deposits, salt bodies
Thin dikes, zones of disjunctive dislocations and Sheet intrusions, dikes, disjunctive dislocations, Thin bed

hydrothermal alterations, sheet-like ore deposits,
veins
Lens- and string-like deposits

Pipes, vents of eruption, ore shoots

Karst cavities, ore bodies

sheet-like ore deposits

Folded structures, elongated morphostructures, large
mineral lenses

Intrusions (isometric in plane), pipes, vents of
volcanoes, large ore shoots

Brachy-anticlines, brachy-synclines, isometric
morphostructures, karst terranes, hysterogenetic

Horizontal circular cylinder

Vertical and (inclined)
circular cylinder or pivot

Sphere

ore bodies

Traps, thin basaltic layers, salt layers

Intrusions, evaporites

Thin horizontal plate

Table 2 Variables applied for quantitative analysis of AT anomalies
due to model of obliquely magnetized thick bed

Variable Description

M Effective magnetization

J Magnetization vector

Je Effective body magnetization

®, Angle of inclination for the upper edge of a thick
bed

®2 Inclination of lateral boundaries of a thick bed

0 Generalized angle reflecting the degree of
magnetic anomaly asymmetry as a function
relation of an anomalous body geometric form,
value of magnetization, magnetic inclination and
observation profile azimuth

im Inclination of the thick bed magnetization vector
J to the horizon

Pm Inclination angle of the magnetization vector
projection on the vertical plane of the profile

io Geomagnetic inclination (a common inclination in
the area under study)

2b Horizontal thickness (size) of a thick bed

bo Projection of the local geomagnetic inclination
direction onto the vertical plane oriented in the
direction of the profile

(x1, h}) Coordinate of first angular point of the inclined

thick bed upper edge

(3) Coordinates of angular points (xy, hhand (x,, h?)
(here (x, — x;) = 2b is the horizontal thickness of the
thick bed model).

Table 2 continued

Variable Description
(x3, h%) Coordinate of second angular point of the inclined
thick bed upper edge
h= % Average depth to the upper edge
= O.S(h? — h}) Half of the vertical distance between the angle
points of the thick bed’s upper edge
d
ke sz
Relative half-thickness = 2
km Anomaly amplitude by 7 = 1, 2M, = 1, and
specified values 0 and f8
ko ko = Zel but when 0 = 0, ko = 2

(4) Abscissa of the epicenter (projection onto the plan
view of the mid-point of the upper edges of the thick bed),
which does not coincide with the abscissa of the anomaly
maximum (or minimum) of anomaly, due to the effect of
oblique magnetization.

Localization of the epicenter and determination of the
generalized angle 6 are specific features of magnetic
anomaly interpretation under the oblique magnetization
effect. The other interpretation problem is the determina-
tion of the normal background level (AZy,ckgr OF ATpuckgr)
for the anomalies under study.

For the techniques described below, the angle 0 is
understood to be in the range of 0°-90°, the Ox-axis is
oriented to the north (to the right in the figures), and the
Oz-axis oriented downward.
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Improved characteristic point method

The case of a thick bed fails to yield applicable analytical
expressions for the relations between the bed’s parameters
and characteristic points. The bed’s central point can be
defined by the analysis of the horizontal gradient Z,:

1 —cosf 1—cosf

x=-b—(h-1 , X, =b—(h+1])

sin 0
(3)
From Eq. (3), it follows that both left and right inflection

points are distorted along the profile to the south (Ox-axis
is north oriented) from projections of the thick bed’s angle

sin 0

/4
Z,=—=M,
T x

(x+b)+(h —1)?

(h—1)cosO — (x+b)sin0 (h+1)cos — (x —b)sinf
(x=b)Y+(h+1> |

where h = 0.5(h} + h?) is the average depth of a thick bed
with the inclined upper edge (Fig. 4), [ = 0.5(h3 — h}),
i.e., half of the vertical distance between the angle points of
the thick bed’s upper edge (Fig. 4).

The greatest extremes of the Z, curve have the following
abscissae (Khesin et al. 1996):

Fig. 4 Location of
characteristic points on graphs
AT and its horizontal gradient
AT, from the obliquely 500
magnetized thick bed (2b > h)
with inclined upper edge. J is
the magnetization vector)
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Thus, by any 6 (in the interval 0-90°), the inflection points
of magnetic anomaly produced by a thick bed occur in the
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The approximate horizontal thickness of the thick bed
may be determined from the distance between the inflec-
tion points ds:

ds =x, —x;=2b— (B} — h}) ———
= 2b<l —tan ¢, tang). 4)

If 2b > h, it is possible to obtain the exact position of
the thick bed lateral faces in the plane by Reford’s point
(Reford and Sumner 1964) determined on each pulse of the
obtained curve Z, The distance between these points
equals the bed thickness (within the bounds of the gradient
determination accuracy), and the point of origin occurs at
the mid-point between these pulses. It is possible to
interpret the above-mentioned pulses of the curve Z, by the
available formulas for a thin bed (the methodology of
magnetic anomaly interpretation over a model of thin bed
was given earlier in Eppelbaum et al. (2001)).

If hy = h, (upper edge is horizontal), the parameters of
the thick bed may be found in the following way: if we
determine the central point by the above-mentioned method
or by the tangent method (see below), it will be easy to select
Z symmetrical and asymmetrical parts from the graph:

{ Zyy(x) cos 0 = 0.5[Z(x) + Z(—x)], }
X (x)sin0 = 0.5[Z(x) — Z(—x)]. |

Using the known characteristic point methods
(x0.5 X0.25) (Logachev and Zakharov 1973; Telford et al.
1990) on the curve Z,, cos 0 will enable finding parame-
ters & and b. To determine values for M, and 0, both Z,,
and X,, curves may be used. To do this, the data presented

in Table 3 are applied, where using the value of § = b/h by
0 =0 and 0 =90° will enable finding two values of
coefficient k, (k, is the anomaly amplitude by 7 = 1,
2M. = 1, and specified values 6 and f)—kyo and kpoo-

Then, the M, = Zx/2k,, equation is applied to determine
M, cos 0 by Z,, and M, sin 0 by X,,. The values obtained
are finally used to find M, and 0.

It should be noted that the characteristic point method
usually plays a secondary role to the tangent method (see
below).

Improved tangent method

Unlike the method of characteristic points, the tangent method
uses not only x and y coordinates of maximum and minimum
points, and inflection points and their differences, but also the
first horizontal derivative in inflection points (where the first
derivative has its extrema) (Fig. 5). These values can be
readily obtained from the anomaly plot as tangents of the
inclination angles of the tangents to the curves at the inflection
points. This, along with the acceptable accuracy of the
method, favors an effective application of it. This PGM, as
well as models presented in Figs. 6, 7, 8, 9, was computed
using developed GSFC-M [Geological Space Field Compu-
tation, Modified (Khesin et al. 1996; Eppelbaum 2006)]
software intended for combined 3-D modeling of magnetic
and gravity fields in complex environments.

A somewhat different variant of the tangent method was
suggested by Peters (1949). Quite a number of modifications
of the tangent method are available today (Pyatnitsky 1961;
Reford and Sumner 1964; Dukhovsky et al. 1970; Tafeyev
and Sokolov 1981; Rao and Babu 1984, and others). How-
ever, there is really no methodology intended for reducing
the inclined magnetization effect and determining 6 (which
is an important parameter of the obliquely magnetized
anomalous bodies) as well as methodologies applicable in
conditions of rugged terrain relief and complex host media.

The modification discussed below is designed especially
for the conditions of oblique magnetization and inclined
relief. This technique enables us to determine 6 and to

Table 3 Values of computed

coefficients k,, and kg Parameter 0, degree

Parameter f§

0.1 0.5 1 2 3 5 8 10
km
0 0.199 0.927 1.571 2214 2.498 2.747 2.893 2.942
30 0.200 0.936 1.623 2.416 2.865 3.404 3.886 4.112
60 0.200 0.954 1.718 2.745 3.410 4.274 5.081 5.446
90 0.200 0.962 1.763 2.887 3.637 4.625 5.553 5.996
ko
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
30 0.073 0.076 0.088 0.115 0.140 0.177 0.216 0.234
60 0.334 0.346 0.372 0.425 0.464 0.496 0.557 0.576
90 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Parameters f3, k,, and kq are explained in the text (see section on “Improved tangent method”) and in

Table 2
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localize the point of origin (i.e., position of the body’s epi-
center) in the course of the interpretation. Four tangents are
used: two inclined ones, passing through the inflection points
with the largest in absolute values of horizontal field gradi-
ent, and two horizontal ones, passing through the maximum
and the largest absolute minimum of the anomaly (Fig. 5).

The inflection points at the inclined tangents are closest
to the largest in absolute value extrema of the anomaly and
are found to their left for 6 changing from 0 to 90° and the
axis Ox running approximately to the north (to the right in
the figures).

For a thick bed with a horizontal upper edge, besides the
segment ds [see Eq. (4)] and d; = Xpin — Xmax, parameters
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ds, d4, do, d7 and dg can be calculated by the following
proportions (Fig. 5):

d3 = Xunr — Xup.ry

(5)

d4 = Xup.l — Xun.l-
The following segments are also used (Fig. 5):

ds = Xup.r — Xup.1,
(6)
ds = X — Xun..
It is obvious that d; = dz + d4 + d.
Here, Xupr» Xunr Xupl, Xuni are, respectively, the x
coordinates of the upper right, lower right, upper left and
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Fig. 6 Quantitative analysis of AT, nT
magnetic field from a model of 4
ancient limestone wall. Crossing 500 — g L d =
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lower left points of intersection of the inclined tangents 27
with the horizontal ones: 2 0, (9a)
Xupr = Xy — %, and Z,. and Z,;, values are obtained from the equation
X1
. 7
Zy — Znin @ 9z =0 (9b)
Xunr = Xr — 5 7 Ox
|Zs|
Zox — 7 Equation (9a) has from 2 to 5 real roots, depending on
max . B
Xupl = X1 + W? values 0 and f (relative half-thickness § = b/h) and cannot
* . (8) be solved in a general form. Therefore, it was solved using
Zl - Zmin .
Xl =X — —————— the well-known Newton—Raphson numerical method (e.g.,
‘le|

Z., and Z,, are the right and left tangents, respectively,
applied to curve Z, and x, and x; values are determined
from the equation

Stroud 2001), with 6 equal to 15, 30, 45, 60, 75° and f
equal to 0.1, 0.5, 1, 1.5, 2, 3, 5, 8, 10.

The values of Z,, Z;, Z,, and Z,; were calculated by the
obtained values of x, and x;. After this, left-hand sides of
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Fig. 7 Example of quantitative AT, nT
analysis of magnetic field from 400 —
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Egs. (5), (6), (7), and (8) were obtained. In the computa- L ks ds 10
tions, it was assumed that h = 1, 2M, = 1, b = f. The 9= ke dy’ (10)
values obtained are denoted by a tilde (“~”), and the ki ds
values of ds, d,, dg and dg for h = 1 are denoted by ki, k4,  kpo = e (11)
ke and kg, respectively. 4 4
The desired values in the R.H. sides of Egs. (5), (6), (7), K — ks _ ds (12)
po ke + ks dg+d;

and (8) are calculated for 6 equaling 15, 30, 45, 60, 75° and
f equaling 0.1, 0.5, 1, 1.5, 2, 3, 5, 8, 10. It is assumed that
h=1,2M. =1, b = . The values obtained are denoted
by a tilde, and the values of ds, ds, dg and dg for h = 1 are
denoted by ks, k4, kg and kg, respectively.

Table 4 presents the kg = f(0), kgy = f1(0, f) and
k}m = f>(0, p) relationships, where
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Table 4 enables calculating 0 from kg and the half-
thickness f by the obtained 0, using kgg and k,/g@ determined

from graph AZ (AT). The need to use k;zo along with kg

can be explained by the fact that the f§ value obtained from
kpgo for small 0 is not reliable.



Environ Earth Sci (2015) 74:5971-5988

5981

Fig. 8 Quantitative analysis of
magnetic anomaly over the
model of salt thick bed
computed for the conditions of

rugged terrain relief

dﬁ " d’i

< >

=

10 20

o

Depth, m

1
o

S M o W <2
IIllllllllllllll]l]llllll

-

IIII|IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllllllllll

30 40 50 60 70 80 90 100
Distance, m

°
-10 mA/m

salt layer

30 mA/m\

—
0

(=]

10 20

Table 5 helps to determine k3, k4 and k¢ by the obtained
values of 0 and f5. One way to obtain values X, and Xy,
and k, (kn, = AZ (AT,,) when h = 1, 2M, = 1) and ko =
% (when 0 =0, kg = %) is shown in Table 6.

The following shows how the interpretation is carried
out (modified from Khesin et al. 1996):

(1) Determination of 6 and the relative half-thickness /.
The necessary tangents to the anomaly curve are plotted
(see Fig. 5), and the segments ds, dy, dg, dg, Ta (T is the
amplitude of anomaly AT) are determined from the mag-
netic anomaly graph. The coefficients kg, kg and k?sa are
calculated by Egs. (10)—(12). Then, with 0 obtained from
kg from Table 4, two values of 8 are obtained from kg and
k%o and averaged, if they are close.

(2) Determination of the depth & of the bed upper edge.
The coefficients k3, k4 and kg obtained from 6 and f are
presented in Table 5. The depth 4 is calculated using the
equation h; = % where d; is a characteristic segment and k;
is a coefficient corresponding to this segment. Then, an
average value hyyer = W is obtained.

IllllllllllllllIllllllllllIll]lllllllllllllllllll

30 40 50 60 70 80 90 100
Distance, m

(3) Determination of half of the horizontal thickness b is
by the formula

b= ph. (13)

(4) Determination of the effective magnetic moment M,
is by the formula

T
M, = % (14)
The coefficient k,, is obtained from the known values of
0 and f in Table 5.
(5) Localization of the epicenter (the origin of coordi-
nates). This operation is performed using x,,, and xu,),
which are calculated by the formulas

{ Xunr = h)j{un.r }’ (15)
Xunl = hxun.l

where X, and X, are obtained from the known values of
0 and f in Table 6.

The segments Xy, and x,,,; are plotted from the corre-
sponding points of intersection of the inclined tangents and
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Fig. 9 Quantitative analysis of
magnetic anomalies produced N: 140
by a classic thin plate (26 > h, — 120
and h,, and vertical thickness of -
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the lower horizontal one. The mid-point between the ends
of these segments defines the epicenter location.

(6) Determination of the correction ATk, in the nor-
mal background level:

k
Ahuckge = ATin + AT 5 +° o (16)
The value of kg = % is obtained from Table 3.

This modification has been tested on typical (theoretical)
curves of AT anomalies due to a depth-limited thick bed
with 0 equal to 0, 30, 60 and 90°, § = 1-10. This suggests
that the version just discussed is theoretically accurate.

The modification tested for thick beds with unlimited
lower edges has shown the good accuracy of Q, hy, b and
M, determination (2-3° forf, 34 % for h and b, 2 % for
M.).

This modification has also been tested on typical curves
of AT due to the oblique ¢, = (45, 60, 90, 120°) induc-
tively magnetized (i, = 45°) (this direction of magneti-
zation is a typical average for the Eastern Mediterranean
region) beds of a variable thickness (ff = 1-4), with the
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lower edge at the depth of &, (ho/h; = unlimited, 6 and 3)
(Table 7). The results prove that the modification can be
applied for interpreting anomalies caused by depth-limited
beds. In fact, the errors in the parameter determination for
depth-limited beds tend to increase in comparison with the
case of depth-unlimited beds. Still, they are acceptable in a
practical way (max. 15-20 %).

It should be noted that sometimes a combination of
characteristic point and tangent methods may give maximal
interpretation reliability. For improving the magnetic data
resolution, the distance between the observation points in
anomalous areas must be condensed. In addition, the
comparison of magnetic observations carried out at two
levels may provide valuable information about the hidden
targets.

Our experience (Khesin et al. 1996; Eppelbaum et al.
2001; Eppelbaum 2011; Eppelbaum and Khesin 2012)
indicates that the anomalous part of the magnetic graph
must be described by at least 15-18 points (over complex
geological sections, the more dense observation set may be
necessary).
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Table 4 Values of computed

. arameter 0, degree
coefficients kg, k/;() and k;fO P g

parameter f3

0.1 0.5 1 2 3 5 8 10
ko
0 0.749 0.714 0.667 0.594 0.561 0.536 0.521 0.517
30 0.820 0.810 0.793 0.783 0.784 0.795 0.810 0.817
60 0.833 0.881 0.880 0.884 0.889 0.900 0.908 0.913
90 0.934 0.935 0.933 0.935 0.939 0.941 0.947 0.950
kpo
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
30 0.544 0.578 0.656 0.774 0.840 0.899 0.935 0.948
60 0.280 0.314 0.403 0.580 0.687 0.796 0.866 0.891
90 0.126 0.148 0.207 0.382 0.520 0.672 0.799 0.819
ki
0 0.799 0.780 0.694 0.527 0.406 0.272 0.180 0.147
30 1.374 1.259 1.039 0.727 0.554 0.383 0.269 0.226
60 2.429 2.183 1.741 1.180 0.906 0.636 0.454 0.386
90 4.684 4.242 3.387 2.190 1.629 1.115 0.783 0.661
E:el;gcinza]i:?i{fzgg?fuwd Parameter 0, degree Parameter f§
0.1 0.5 1 2 3 5 8 10
ks
0 1.545 1.680 1.949 2352 2567 2.774 2.904 2.950
30 1.213 1.369 1.732 2.416 2.888 3.492 4.042 4.300
60 1.056 1.238 1.730 2.906 3.839 5.117 6.321 6.891
90 1.008 1.203 1.763 3.569 5.423 7.583 9.804 10.853
kq
0 1.545 1.680 1.949 2.352 2.567 2.774 2.904 2.950
30 2.233 2367  2.640  3.120  3.436 3.883 4.321 4.537
60 3.773 3.937 4.294 5.012 5.588 6.432 7.299 7.733
90 8.003 8.156 8.512 9.344 10.092 11.283 12.580 13.252
ke
0 0.389 0.472 0.850 2.113 3.755 7.423 13.220 17.150
30 0.412 0.511 0.809 1.875 3.312 6.644 12.033 15.671
60 0498 0565  0.737 1.343 2.332 4.987 9.745 13.162
90 0.701 0.720  0.751 0.699  0.951 2.537 6.272 9.208

Disturbing effects of an inclined profile

If anomalies are observed on an inclined profile, then the
parameters obtained characterize a certain fictitious body.
The transition from fictitious body parameters to those of
the real body is performed using the following expressions
(the subscript “r” stands for a parameter of the real body)
(Khesin et al. 1996)

h, = h + xtan wo, (17)
X = —htan o + Xo, ’

where £ is the depth of the upper edge occurrence, x, is
the location of the source’s projection to plan view rela-
tive to the extremum having the greatest magnitude, and
g is the angle of the terrain relief inclination (wq > 0
when the inclination is toward the positive direction of
the x-axis).

Undoubtedly, all the above-mentioned procedures
should be computerized and the role of the interpreter will
be reduced to check (and possibly correcting) the auto-
matically selected parameters in the magnetic curves.
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Table 6 Values of computed

. - - Parameter 0, degree
coefficients Xy, and Xun1 > aeg

Parameter f§

0.1 0.5 1 2 3 5 8 10

Xun.r

0 1.740 1.916 2.374 3.408 4.445 6.486 9.514 11.525

30 1.180 1.338 1.730 2.683 3.664 5.658 8.627 10.622

60 0.793  0.928 1.281 2214 3.191 5.167 8.151 10.146

90 0.504  0.602  0.881 1.789 2.774 4.747 7.730 9.722
iun.l

0 1.740 1.916 2.374 3.408 4.445 6.486 9.514 11.525

30 2,678  2.909 3.451 4.728 5.971 8.361 11.770 13.976

60 4529 4812 5479 7.047 8.568 11.369 15.213 17.640

90 9.208  9.477 10.144 11.822 13.512 16.656  20.928 23.591

Table 7 Results of the improved tangent method testing on
AT anomalies computed from the models of obliquely magnetized
thick beds

Anomalous bodies (beds) Determination error

0, degree h; (%) b (%) M, (%)
Depth-unlimited 12 13 11 14
Depth-limited with hy/hy = 6 15 14 15 18
Depth-limited with hy/hy =3 17 15 16 20

Possible determination of the lower edge of thick
and “quasi-thick” bodies

Most reliably, the depth of a magnetized body’s lower edge
may be determined by the application of 3-D magnetic field
modeling integrated with other geophysical and geological
methods (e.g., Blakely 1995; Eppelbaum and Khesin 2012;
Eppelbaum and Katz 2015).

In the regional magnetic data analysis, a maximum
possible magnetized body lower edge occurrence may be
calculated by estimating the Curie point depth (e.g., Pilchin
and Eppelbaum 1997; Eppelbaum et al. 2014). Considering
the estimation of the lower edge of the depth-unlimited
bodies (H»/hy > 10; explanation of these parameters is
given in Fig. 3) (when the lower edge of magnetized body
does not reach the depth of Curie point) is a complex
geophysical-geological problem.

To estimate the lower edge for the depth-limited body
characterized by Hy/h; <5 — 7 various methodologies
(e.g., Bulina 1970; Nikitsky and Glebovsky 1990; Khesin
et al. 1996) were developed; the Bulina (1970) semi-em-
pirical formula is one of the simplest:

H, = 2d, — 1.8h,,

where parameter d; is presented in Fig. 5.

At the same time, Bulina’s (1970) method does not
calculate the effect of inclined magnetization and cannot be
applied for the case when h; > 2b.
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Application to models and field examples
Models

A preliminary testing of the quantitative interpretation
method on the model of thick bed is shown in Fig. 5.

The PGM presented in Fig. 6 is typical of the Caucasus,
Mediterranean, and many other regions of the world: a
magnetic body (J = 3000 mA/m) having a form of thick
bed (basalt) with an inclined upper edge and inclined lat-
eral boundaries occurs in the low magnetized medium
(100 mA/m). Applying the aforementioned interpretation
methodology enabled determination of the position of the
middle of the upper edge of the bed and left and right
angular points of the upper edge with great accuracy. The
calculation of magnetization J, by the use of Eqgs. (1) and
(14) gives us the value of 2700 mA/m.

The next model (Fig. 7) is of the greatest interest. This
PGM occupies an intermediate geometrical form between
the thick bed and thin horizontal plate (as it is closer to the
model of the thin plate). It is necessary to note that a thin
horizontal plate model is difficult to analyze in conditions
of oblique magnetization and unknown levels of the normal
field (Logachev and Zakharov 1973; Telford et al. 1990).
Applying the aforementioned methodology to interpret the
magnetic anomaly due to this intermediate target enabled
obtaining the parameters of the anomalous body with the
required accuracy. This model is more complex, and the
determined J. value consisted of 2100 mA/m (the value
assumed for the anomalous body in the PGM is
2500 mA/m against 200 mA/m of the host medium).

Figure 8 shows the quantitative analysis of a magnetic
anomaly produced by a salt layer that may be approximated
by the thick bed model having a form of thick bed. Since
salt is a diamagnetic material with very low negative
magnetization (= —10 mA/m) usually occurring in a host
media with low magnetization (here a magnetization of
30 mA/m was selected), the amplitude of the modeled
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Fig. 10 Interpretation of AT graphs on two levels along profile
through the Guton anomaly (Azerbaijan, southern slope of the Greater
Caucasus). / recent alluvial deposits; 2 limestone, tuff sandstone, clay
shale (K); 3 mudstone, tuff sandstone (J3); 4 clay shale and coarse-
grained tuff sandstone (J,); 5 sandy-clay shale, a sand flysch,
metamorphosed clay shale and sandstone (J»); 6 phyllitizated clay
shale, sandstone, and spilite (J); 7 dikes and sheet bodies of the
gabbro—diabasic association (J,); 8 regional upthrust—overthrusts; 9
upthrust—overthrusts separating the longitudinal tectonic steps of the
second order; /0 upthrust—overthrusts complicating the longitudinal

anomaly is only about 3 nT. The characteristic peculiarity
of this model is the presence of a rugged terrain relief
disturbing the magnetic anomaly. The results of quantita-
tive interpretation do not ideally coincide with the PGM,
but demonstrate sufficient accuracy (Fig. 8); the calculated
J. value was about —7 mA/m.

Finally, let us consider the magnetic effect from the
“classic” thin horizontal plate characterized by large hori-
zontal thickness 2b, small vertical thickness (2b > h; and

tectonic steps; // transverse fractures; /2 magmatic intrusion of
intermediate-acid composition according to the performed analysis
and other geological-geophysical data (non-segmented J;_, com-
plex); 13 the line of airborne magnetic survey and averaging inclined
straight line; /4 inflection point of the plot AT closest to the maximum
on the left; 15 corrected zero line of the plots AT; determined position
of the center of upper edge of thick bed by the analysis of: 16 ATy
(airborne observations); 17 AT upward analytically continued to
2 km. Blue and red tangents and intervals relate to AT, and
AT km), respectively

h,), and near-surface occurrence. Of course, this model
cannot be interpreted as a “quasi-thick” model. If the
parameter 2b is sufficiently large, we observe two indepen-
dent anomalies that we can interpret using methodologies
developed for complex physical-geological conditions for
the model of thin bed (Eppelbaum et al. 2001). In this case,
we assume that the magnetization of the left-hand bed is
positive, and the right-hand bed is a negative one (in this
case, determining the magnetization is not possible). As
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shown in Fig. 9, the results of the interpretation indicate the
position of the center of the upper edges of two “fictitious”
thin beds in the left (positive anomaly) and right (negative
anomaly) of the considered thin horizontal plate model.

Field examples

The aforementioned methodology of magnetic anomaly
examination was successfully applied to many field
examples. Let us consider one case of regional magnetic
data analysis (the southern slope of the Greater Caucasus)
and one very detailed case from archeological geophysics.

Guton magnetic anomaly of the Greater Caucasus

We will consider here an example of the Guton magnetic
anomaly situated in NW Azerbaijan (the southern slope of
the Greater Caucasus), near the border with Russia. A
detailed quantitative interpretation of this anomaly was
carried out along 15 profiles crossing it. The results along
one of the profiles (the anomalous body was approximated
by a thick inclined bed) are presented in Fig. 10 (here,
improved tangent, characteristic point, and areal methods
were applied). The data indicate that the anomalous body is
characterized by comparatively low magnetization
(J = 250 mA/m), considerable vertical thickness (about
30 km) and a steep dip of the lateral contacts; analytical
continuation and singular point methods applied on the
same profiles gave similar results. The characteristics of
this anomalous body prove the intermediate-acid compo-
sition of this target (intrusion). The interpretation of the
significant vertical thickness of this body agrees with the
geothermic data on the depth of the Curie discontinuity in
this area (about 30 km) (Eppelbaum et al. 2014). The
outcroppings at the Earth’s surface formed sub-volcanic
and sub-intrusive bodies of various consistencies that are
apparently fragments of this large magmatic massif pene-
trating the upper part of the section along the extended
faults of the common Caucasian direction. The magmatic
focus shown is associated with the rich pyrite—polymetallic
deposits of the Zagatala-Belokan ore field and possibly
other areas in the Greater Caucasus (Eppelbaum and
Khesin 2012). Thus, the data presented in Fig. 10 give a
good example of an integrated PGM.

Banias site of the Roman period (northern Israel)

The remains of the city of Banias (Roman period) are
located in northern Israel, at the foot of Mt. Hermon. In the
vicinity nearest the area of the geophysical investigations
described here, the remains of a Roman cemetery and
aqueduct (Hartal 1997) have been discovered. Petrological

@ Springer

AT, nT i ds
3038 d; dg dy N
20
10 -
] ds
0 - a
. | 42 @ ]
-10 -
20 - P P
-30 -
B L LA N T T 1 T 1 1 1T 11
0 2 4 6 8 10 12 14 16
Distance, m
0
g -1 o
+ . - J=800-900 mA/m
< 2 J=0
& 3
a ~

-4

Fig. 11 Interpretation of magnetic anomaly from buried Roman
chamber, northern continuation of the Banias site (foot of Mt.
Hermon, northern Israel) (initial data according to Eppelbaum et al.
2003)

and petrophysical analyses of the excavated chambers
indicated that these objects were built from a special type
of limestone (J = 0-2 mA/m) that is found in the host
media of basaltic pebbles and magnetic soil
(J = 800-900 mA/m). Quantitative interpretation of the
observed negative anomaly using the above-mentioned
methodology has shown that obtained position of the thick
bed is at a lowered depth compared with the results of
archeological excavations (Fig. 11); apparently it is caused
by the essential inhomogeneity of the host media.

Conclusions

An interpretation methodology (improved characteristic
point and tangent methods) for analyzing magnetic
anomalies produced by the thick bed model in complex
physical-geological conditions (oblique magnetization,
rugged terrain relief and absence of knowledge of normal
magnetic field level) is presented in detail. The application
of this methodology allows for precisely determining the
position of the upper edge (surface) of the target under
study, as well as some other parameters. An important
conclusion about the applicability of this methodology for
quantitative interpretation of magnetic anomalies from
bodies occupying intermediate geometric forms between
the thick bed and thin horizontal plate was done. It allows
to significantly increase an interpretation potential of this
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methodology. In the case of a thin plate model with a large
horizontal distance 2b between the left and right edges,
these two anomalies may be independently interpreted as
typical anomalies from vertical thin beds. Several models
(PGM of intrusive bodies and salt layer were used) and
field examples (regional magnetic data examination from
granitic intrusive in the southern slope of the Greater
Caucasus and interpretation of magnetic anomaly from a
Roman archeological site in Northern Israel) demonstrate
the effectiveness of applying this methodology; its inte-
gration with known rapid interpretation methods (Euler
deconvolution, analytic signal, wavelet transform, etc.) in
complex geological situations may greatly increase the
accuracy of the magnetic data quantitative analysis. Further
elaboration of the presented methodology will include the
development of a software package for formalization of the
interpreting process.
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