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Abstract

point depth

Our investigations are based on the property that the fields of sources, whose depths are numerically equal to survey
heights, are most brightly presented in the data of magnetic survey. Therefore, the magnetic field created by the
upper boundary of the magnetically active layer is well presented in the data of magnetic surveys (survey heights are
up to the first kilometres), whereas the geomagnetic field of the centre mass is well presented in the data of gradient
magnetic surveys at heights of 20-40 km. These data were used separately for the interpretation of the depths of the
upper and lower boundaries of the lithospheric magnetically active layer by spectral methods. This fact is especially
valuable for estimating the positions of deep sources. For the central part of the East European platform, we obtained
by spectral methods, the following values: the depth of the upper boundary of the layer is 8.5 km and that of the
lower boundary of the layer is 64.3 km. The discrete localisation of the source depths along the profile is performed by
the methods of converting the initial information into transformed fields, continuation upward, and reduction to the
pole with the determination of singular points. The Poisson integral, representing the solution of the outer Dirichlet
problem for the plane, served as a theoretical base for such an interpretation. These approaches made it possible to
determine more exactly the localisation of deep sources along the profile and showed that the published magnetic
maps based on aeromagnetic data do not contain in full measure the fields of deep-seated magnetic sources.
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Introduction

One of the main problems associated with the investi-
gation of potential fields of the solid Earth is the deter-
mination of parameters of magnetic anomaly sources.
The anomalous magnetic field is presented by analytical
models and graphical (digital) ground-based maps (e.g.
VSEGEI 2004; GS] and CCOP 1996). These maps are
based on data of aeromagnetic survey at a low height of
flight (first hundreds of metres). The data of such a sur-
vey contain highly intense local anomalies from near-sur-
face sources. However, the cited maps do not represent in
full measure the fields of deep sources, which are several
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and indicate if changes were made.

orders smaller than local anomalies produced by near-
surface sources (Tsvetkov et al. 2015). That is why the
fields of deep sources become lost in the process of con-
structing the maps presented in VSEGEI (2004), GS] and
CCOP (1996). In support, it is written in the book (Pech-
erskii 1994) that deep sources substantially contribute
to MAGSAT anomalies but cannot completely explain
their intensity. This implies a hypothesis about neglected
fields of deeper sources. In order to study in detail the
magnetic field of deep sources, it is necessary to perform
magnetic surveys at heights of 20-40 km. Fields of these
sources are most brightly presented in the data of mag-
netic surveys performed at the heights numerically equal
to the depth of the sources under consideration. Thus,
the geomagnetic field of the top of the lithospheric mag-
netically active layer is well presented in the data of aer-
omagnetic survey, whereas the geomagnetic field of the

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-5294-8878
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-018-0955-9&domain=pdf

Tsvetkov et al. Earth, Planets and Space (2018) 70:183

mass centre of the sources is well presented in the data of
magnetic survey at heights of 20—40 km. At these heights
(20-40 km), the anomalous magnetic field is formed with
natural averaging of local anomalies. At these heights, the
averaged magnetic fields from surface and deep sources
are of the same order.

One of the approaches to high-altitude magnetic meas-
urements is proposed by Hildenbrand et al. (1996). How-
ever, we used stratospheric balloons as carriers because,
first, they are capable of performing round-the-world
flights in zonal airflows at heights of 20—40 km (Gorham
2013). Second, during the drift of stratospheric balloons,
it is possible to obtain from them vertical differentials (or
gradients) of the magnetic field produced by lithospheric
sources.

The differentials of the main geomagnetic field
obtained from analytical models for points spaced 6 km
along the vertical line do not contain any appreciable
regular error of these models, as well as models of the
secular variation of the geomagnetic field. It follows from
the fact that for the sources located at depths exceeding
3000 km, on rather a small distance between gradiom-
eter sensors (6 km), these errors are practically identical
and are mutually excluded in the process of calculating
the differentials. Thus, magnetic differentials (gradients)
of the anomalous geomagnetic field are more precisely
identifiable than the anomalous geomagnetic field itself.
It is especially important for estimations of centre depths
of mass of magnetic sources in conditions of weakened
magnetic field of the deep sources identified above the
surface of the Earth.

The advantage of balloon gradient magnetic measure-
ments on the vertically oriented measurement base 6 km
long, lies in the fact that such measurements allow the
reliable separation of magnetic fields into the normal and
anomalous parts (the latter is the subject of our inves-
tigations) owing to the deep minimum in the fields of
gradients (Tsvetkov et al. 1997). Thus, using the ground-
based and balloon magnetic data, we can separately esti-
mate the depths of sources of magnetic anomalies in the
lithosphere.

Experiment

From the 1970s and up to now, we proposed and real-
ised the project of gradient magnetic measurements
onboard stratospheric balloons with the use of sca-
lar magnetometers, having the measurement base
6 km long along the gravitational field (Tsvetkov et al.
19964a, b). In our opinion, as distinct from the opin-
ion expressed in Nelson et al. (1992), it is possible to
directly obtain vertical gradients of the anomalous
magnetic field produced by deep sources only in the
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stratosphere by using the gradiometer measurement
base equal to several kilometres (approximately 6 km).
This task was realised and described in Tsvetkov et al.
(2007a) and Brekhov et al. (2013). It was proved in
Tsvetkov et al. (2015) that the use of the gradiometer
with the measurement base equal to 6 km heights of
30 km makes it possible to obtain with certainty ver-
tical gradient of the anomalous geomagnetic field gen-
erated by deep sources, which are located down to the
lower boundary of the lithosphere.

Scalar proton magnetometers, whose sensors are
insensitive to their azimuthal position, ensured the nec-
essary accuracy of measurement of magnetic gradients
with the use of rope systems. Deviations from the verti-
cal line of the 6 km measuring base of the gradiometer,
caused by possible disturbances in the carrying airflow
attaining 1500 m (hodograph), were obtained experi-
mentally. The method of correcting these deviations
(based on the data of GPS receivers and the analytical
model of the main geomagnetic field) is described in
Tsvetkov et al. (2007b). Taking into account the height
of balloon magnetic survey (30 km), only large regional
structures can be reflected in the resulting anomalous
magnetic field.

One of the described flights of the stratospheric bal-
loon with the mounted gradiometer occurred on 22
March 2013 from the starting platform located in the
city of Vol'sk, Saratov oblast. The balloon flew about
900 km (Vol’'sk-Yuzhno-Uralsk), of which 700 km was
at a height of about 30 km in the area of strike of the
regional Kama-Embensk magnetic anomaly (KEMA).
The route of this flight and that of the doubling flight
in 2008 are presented in Fig. 1. The exclusive data
obtained onboard the balloon show the scalar field
(AF) and its vertical gradient (differentials on the base
3+ 3 km). The results of magnetic surveys of 2013 and
2008 are presented as the exponent in Fig. 2. The exper-
iment is described in detail in the author’s publications
(Tsvetkov et al. 2015, 2016).

The satellite magnetic profile (H=400 km) based on
the data of the MF-7 model (http://geomag.org/modes
s/index/html) was invoked into the analysis. Note that
the magnetic anomaly at the height of 400 km (known
as the satellite Kama-Embensk magnetic anomaly
(KEMA), which is shown in Fig. 2) was identified from
magnetic data of the MAGSAT satellite (Coles et al.
1982), and was supported by magnetic measurements
performed aboard satellites launched subsequently.
Consequently, this anomaly is the objective reality, and
its parameters can be reasonably used in investiga-
tions. The balloon flight route crossed this anomaly in
the eastern direction; the cross section of its intensity is
shown in Fig. 2.


http://geomag.org/modess/index/html
http://geomag.org/modess/index/html

Tsvetkov et al. Earth, Planets and Space

(2018) 70:183

Page 3 of 9

54°0"

51°0"

54°0"

South Tatar arc|

‘o
. OF .
L

)

Priuralsky’
monoclysis
MV

EJ
all

0849

Y """\':jl

001¢

48°0"

5400

5720¢

60°0’

Fig. 1 Route lines of the stratospheric balloon magnetic survey in 2013 and 2008, and the tectonic scheme of the study area. The trajectory of flight
is shown by a red colour for 2013 and a dark blue line for 2008
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Fig. 2 Data of geophysical fields along the lines of flights of stratospheric balloons in 2008 and 2013. Results of the balloon magnetic surveys
performed in 2013 and 2008, as well as the intensity of the satellite KEMA (top). The data of the ground-based magnetic surveys along the routes of
the balloon flights in 2013 and 2008 (bottom) taken from maps (VSEGEI 2004) showing balloon flight routes
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Methods

The methods applied for identification of magnetic
anomaly sources are mainly based on the results of spec-
tral analysis of their data. The method described in Spec-
tor and Grant (1970) is widely used for estimating the
depths of geological objects (Gao et al. 2017; Tanaka et al.
1999), which will be considered in “Spectral analysis” sec-
tion of this paper.

In the paper of Tanaka et al. (1999), two relations for
the logarithms of spectra for high and low harmonic
frequencies, respectively, were obtained from the gen-
eral expression for the spectrum of the field of magnetic
sources (Blakely 1995). According to these relations,
the depths of the upper edge and the centre of mass of
magnetic sources are obtained separately from ground-
based data (GS] and CCOP 1996). However, the estima-
tion of depths in areas with a deep position of the Curie
isotherm by using approaches described in Tanaka et al.
(1999) and using the ground-based data array, can give
erroneous results.

One of the methods, which was used for estimating the
depths of objects, was based on the expression for the
logarithm of the amplitude spectrum (Ivanov 1956). The
spectrum of data of aeromagnetic surveys begins from
harmonics with wavelengths of several hundred metres
and is restricted by fields of medium-depth sources in the
lithosphere. The spectrum of data of the balloon magnetic
profile begins from 60 km harmonics (the doubled height
of the survey) and has no restrictions by fields of deep
sources in the lithosphere. Therefore, the high-altitude data
virtually carry no reliable information about the position
of upper edges of magnetic sources. However, they carry
information about the centres of magnetic masses of these
sources in the entire thickness of the lithosphere. In our
opinion, unlike that presented in Tanaka et al. (1999), the
method proposed by us, which is based on the separate use
of ground-based and balloon magnetic data, in conditions
of a deep position of the Curie isotherm, provides more
accurate results. In this case, the upper boundary of the
position of magnetic sources is determined from aeromag-
netic data, whereas depths of the centre of mass are esti-
mated from data of the balloon survey at a height of 30 km.
The well-known estimate (Tanaka et al. 1999) for the
boundaries of magnetically active layer of the lithosphere,
according to the data of the anomalous magnetic field map,
requires certain assumptions, which are not imposed in
the method described in this paper. Note that the depths
of magnetic sources calculated by spectral methods give
the integral result along the profile. The depths along the
profile can be localised by the methods of transformation
of the initial information into the transformed fields, con-
tinuation upward, and reduction to the pole with the deter-
mination of singular points, which considerably widens the
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possibilities of solving the inverse problem (This will be
considered in “Localisation of singular points” section of
the paper.) In this paper, we localised the singular points by
a combination of different methods (Berezkin 1988; Blokh
1998; Strakhov 1984; Troshkov and Groznova 1985). The
Poisson integral, representing the solution of the outer Dir-
ichlet problem for the plane, served as the theoretical basis
for our interpretation, which was in turn based on the ana-
lytical continuation of the fields.

Spectral analysis

Spectra of the ground-based (VSEGEI 2004) and balloon
magnetic profiles along the route of balloon surveys of
2013 are analysed in Tsvetkov et al. (2016) by the methods
of wavelet analysis and Fourier discrete transform. Com-
ponents with wavelengths of 300-550 km can be seen in
the long-wavelength parts of the spectra for both of the
profiles. Taking into account the fact that the active pro-
file length (~700 km) insignificantly exceeds the periods
of harmonics identified in the long-wavelength parts of the
spectra, as well as the fact that the ground-based profile
does not represent in full measure the fields of deep sources
(see above), this method of spectral analysis of the ground-
based magnetic profile makes it impossible to state with
certainty that such harmonics are contained in the data
under investigation. The patterns of inhomogeneities in the
anomalous magnetic fields are obtained by the method of
wavelet analysis of the balloon and ground-based magnetic
profiles (Tsvetkov et al. 2016). Data of the balloon magnetic
profile along the route are shown to contain inhomoge-
neities from 60 to 450 km in size, whereas the pattern of
wavelet analysis based on the balloon magnetic data along
the balloon flight route reveals a large inhomogeneity
450 km in size, which exactly coincides with the position
of the maximum of the satellite KEMA cross section (52°E)
(Tsvetkov et al. 2016). Such an approach with the use of an
independent method demonstrates that the spectrum of
data of the balloon profiles is saturated with low-frequency
components, whereas such components are absent in aero-
magnetic data, because the wavelet pattern constructed on
the basis of aeromagnetic data is devoid of inhomogenei-
ties, whose size exceeds 130 km (Tsvetkov et al. 2016).

The method of estimating the depths of objects from
the amplitude spectrum is based on the relation for the
logarithm of the amplitude spectrum, which was proved by
Ivanov (1956):

1 ,0
H = —lim sup "S@ I

w—>00 ||

This relation shows that the plot of the logarithm of
the amplitude spectrum for the fields of such models at
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@ — 0o tends to the inclined asymptote with the equation
(Blokh 1998; Serkerov 1991):

)’ZC—H|0)|:

where H characterises the depth of the uppermost singu-
lar point of the function, and ¢ is the free member of the
linear function. The works of Spector and Grant (1970)
have the same meaning. However, these authors use the
energy spectrum.

Spectral analysis of the results of the balloon magnetic
survey was performed in the framework of the Inter-
Sprect 1.0. program package (developed by Novikov,
K.V. and Ivanov, A.A.). The package makes it possible to
calculate the Fourier spectrum for profile surveys (in a
moving window) and estimate the depths of upper edges
of anomaly forming objects by the inclination angle of
the asymptote of the amplitude spectrum logarithm for
selected harmonics. It is shown in Tsvetkov et al. (2015)
that the anomalous magnetic field at the height 30 km is
mainly formed from fields of sources within the 100 km
band on the Earth’s surface. Repeated flights, due to a
scatter of their trajectories, make it possible to obtain a
wider band of surveys, i.e. to have a certain analog of the
3D survey for the data processing in a moving window.
According to the programme, the interpretation of data
is performed in the interactive regime. The equation of
the asymptotic straight line is determined by the method
of least squares.

The final result is given for the experiment of 2013,
which had the longest distance of the balloon flight.
First, the Fourier spectrum logarithm was obtained from
map data (VSEGEI 2004) along the balloon flight route
of 2013 (Fig. 3), and the depth was estimated from the
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inclination of asymptote of the logarithm of the spec-
trum. For this aeromagnetic survey, the logarithm of the
amplitude spectrum has, in essence, only one asymptote
in the entire range of frequencies. The depth of upper
edges of sources is about 8.5 km (Fig. 3).

Figure 4 shows the logarithm of the spectrum for the
balloon magnetic profile. The low-frequency region of
this spectrum is characterised by the coefficients reflect-
ing the inclination angle of the asymptote for the 2013
profile. This coefficient was equal to 66.4, which, taking
into account the balloon flight height (~30 km), corre-
sponds to the depths equal to ~36.4. The depths of lower
edges of the lithospheric magnetically active layer were
calculated by the formula: Z, =27, —Z,, where Z, is
the depth of lower edges; Z,_. is the depth of the centre of
mass; and Z,, is the depth of upper edges. According to
this relation, the depths Z,, were equal to 64.3 km for the
2013 route.

Localisation of singular points

The interpretation of magnetic source depths by the
methods of spectral analysis (described above) shows the
average values of depths along the profile. Therefore, at
the second stage of the interpretation, the data along the
balloon flight route were localised by estimating singular
points through a complex application of different meth-
ods (Berezkin 1988; Blokh 1998; Strakhov 1984; Troshkov
and Groznova 1985). The singular points are closely
related to the types and positions of field sources. The
results are considered in the aggregate, which makes it
possible to obtain the most accurate interpretation model
correlated with respect to all of the methods.

In|R|

0 0,2

for the balloon flight route of 2013

w, 1/km
Fig. 3 Logarithms of the amplitude spectrum and the asymptote of the anomalous magnetic field from the data presented and map (VSEGEI 2004)
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Fig. 4 Logarithms of the amplitude spectrum and the asymptote of the anomalous magnetic field obtained from the results of balloon magnetic

The Lowille theorem states that if a function is ana-
lytical on the entire plane and restricted, it is constant.
If such a function is not constant, it must have singu-
lar points. Therefore, if a potential field differs from the
identical constant, i.e. contains anomalies, the function
describing such a field must have singular points. In a
singular point, the function loses its analyticity. Singular
points of the functions, which describe magnetic anoma-
lies, are related to the objects producing them and can
carry information on the position and form of the object.
For localisation of singular points, it is possible to con-
tinue the field for its derivatives to a number of levels
in the vertical plane and extrapolate them downward to
their intersection.

Consecutive differentiation of the function leads to a
regular change of its singular points, whereas their posi-
tions remain constant. In the process of differentiation,
singular points change in the following order: exponen-
tial-logarithmic point of branching, logarithmic point
of branching, first-order pole, second-order pole, third-
order pole, etc. Logarithmic points of magnetic field
branching characterise the positions of the upper edges
of the object. First-order poles of the magnetic field char-
acterise edges of the equivalent plate at the level of the
magnetic mass centre. The second-order pole of the mag-
netic field is related to the centre of mass. Upper singu-
lar points are stably localised in the anomalous field. In
order to localise deeper points (the centre of mass and
edges of the equivalent plate), it is necessary to continue

the field into the upper half-space, which decreases the
influence of upper singular points.

According to the Strakhov method (Strakhov 1984),
the geomagnetic field and the first vertical derivative
are approximately continued into the horizontal layer.
The fields and their transformations are continued into
the upper and lower half-spaces in the spectral form by
transition from the functions themselves to the Fourier
spectra. This method makes it possible to determine the
upper singular point through the extrapolation of isolines
of the continued field or its derivative downward, up to
their intersection.

In agreement with the Berezkin method (Berezkin
1988), the singularities are localised by the continuation
of the magnetic field. For the magnetic field, the modu-
lus (scalar) is calculated at several levels. Then, for each
point, the obtained function is divided by its mean value
at the level under consideration. In order to determine
the positions of singular points, a “pseudo cross section”
should be constructed, which represents the map of iso-
lines of the normalised function in the vertical plane.
This method makes it possible to localise the upper sin-
gularities without determining their types.

Conforming to the Troshkov method (Troshkov and
Groznova 1985), the positions and types of singular
points are determined from the relations of three con-
secutive derivatives of different orders calculated at some
reference points of the upper half-space (above the sur-
face of observation), i.e. at places where the potential
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of the geomagnetic field and its elements are harmonic
functions satisfying the Laplace equation. In this case,
the singular points become poles of different orders.
The pole order carries the information about the sin-
gular point of the initial field. The first order of the pole
(4) corresponds to the vertex of a polygon. The second
order (x) corresponds to the edge of a thin plate, layer.
The third order (o) corresponds to the centre of magnetic
mass of the object. The symbols in parentheses mean the
orders of singular points as they are presented in the fig-
ures. The results obtained correlate well with the method
of the field continuation into the horizontal layer, provid-
ing additional information about the depths of magnetic
anomaly sources.

The results of complex application of the methods
described above are presented as a model consisting of
the map of isolines (the Strakhov method) and the posi-
tions of poles of different orders (the Troshkov method)
and are given in Figs. 5 and 6.

The depths shown in Figs. 5 and 6 are less stable than
those obtained from the interpretation by the meth-
ods of spectral analysis due to their integral result in the
last case. This is also due to the fact that the data used
in calculations are characterised by noticeable scatters,
and “the error in the identification of anomalies is deter-
mined, first of all, by the representativity of the initial
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data” (Simonenko 1976). Thus, the diagram shown in
Fig. 5, which is constructed from the map data (VSEGEI
2004), stably indicates the depths of upper edges of mag-
netic anomaly sources and does not follow the depths
of centres of magnetic mass, because the latter nearly
coincide with the depths of upper edges in the process
of interpretation. This additionally points to the fact that
the fields of deep sources cannot be presented in the data
map (VSEGEI 2004).

Geological interpretation of the results

The data of balloon gradient magnetic surveys at the
height ~ 30 km make it possible to identify in full meas-
ure all magnetic fields of deep sources in the lithosphere
up to its base, which allows us to calculate real depths of
lower edges of the lithospheric magnetically active layer
and, consequently, the depth of the Curie isotherm. It
has made it possible for the first time to construct more
complete and accurate maps of the Curie isotherm from
balloon gradient magnetic data than the maps obtained
previously.

The diagrams (Fig. 7) are obtained as the general-
ised result of investigations. This figure presents the
results of interpretation by the Strakhov (isolines of
the continued magnetic field) and Troshkov (poles of
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different orders) methods, as well as the regional geo-
logical structure along the balloon flight route of 2013.
Analysing the data of the balloon magnetic survey, it
is possible to note the correlation with the regional
geological structure in the area of work. The positions
of singular points according to the Troshkov method
clearly point to the boundaries between large geologi-
cal structures, which testifies to the block structure of
the region under consideration. The results presented
above make it possible to estimate magnetic proper-
ties of the detected blocks (Pecherskii and Genshaft
2001). Negative anomalies of the magnetic field fixed
on the 250-300 km and 500-660 km segments of the
profile are related to large positive structures, such as
the Orlyanka-Ivanovo uplift and the Bashkir anticlino-
rium, respectively. Positive anomalies are confined to
the negative structures of the Buzuluk depression, i.e.
to the Sernovodsk-Abduleno aulacogen and the Sterli-
tamak depression (see Fig. 7).

Conclusions
1. Using the experimental magnetic data obtained

onboard the stratospheric balloon during its drift; it
is shown that the magnetic maps based on aeromag-

netic data do not contain in full measure the fields of
deep-seated magnetic sources.

2. The separate use of ground-based and balloon mag-
netic data is shown to be important and practical for
estimating the vertical thickness of the lithospheric
magnetically active layer and the depth of its lower
boundary, which is the Curie isotherm.

3. Aeromagnetic data, analysed by the spectral method,
record with certainty the position of the upper edge
of the magnetically active layer of the lithosphere but
does not reveal the real positions of magnetic source
centres, whereas balloon data do not fix the posi-
tion of the upper edge but indicate with certainty the
depths of magnetic source centres. Hence, a combi-
nation of interpretations of aerial and balloon mag-
netic data provides the best possible results.

Balloon surveys can reveal the deep-seated block

structure of the lithosphere and provide a possibility

for estimating physical parameters of deep sources of
the magnetic field.
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