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Abstract: The identification of faults is a common objective in geophysical potential field methods.
Vertical discontinuities such as reverse faults, also known as tectonic faults, can easily be distinguished
through their effect on gravity and magnetic fields, appearing as gradient zones or areas of change in
the field. However, identifying strike-slip faults is one of the biggest challenges for potential field
methods as they are characterized by a complex series of anomalies with varying signs in the fault
zone, as well as displacement of anomaly axes between the strike-slipped blocks. The goal of this
study is to suggest a transformation that would aid in the identification of shear zones through the
calculation of the displacement along the discontinuity. The proposed approach involves calculating
the correlation coefficient between parallel profiles using moving windows. The position of the
window with the highest calculated correlation coefficient allows estimating of the discontinuity
displacement magnitude. The method was tested using a synthetic field and data from the magnetic
field of the Kolbeinsi Ridge.
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Introduction

The detection of fault displacements is a standard task for geophysical potential field
methods interpretation. Drops, spills — fault displacements with vertical displacement —
are well distinguished by gravity and magnetic fields as gradient zones or zones of field
character change. Traces for detecting such zones can be well traced both manually and
automatically — actually by fields or their transformations [Asoskov and Senchina, 2022;
Nikitin and Petrov, 2007; Saitgaleev et al., 2021]. The detection of strike-slip displacements
is one of the most difficult tasks for potential field methods, as displacements are expressed
as a complex chain of non-uniform anomalies in the zone of the fault itself, and by the
displacement of anomaly axes between shifted blocks [Asoskov, 2022; Tran et al., 2021]. The
task of this work is to propose such a transformation that could help to detect displacement
zones with the calculation of displacement along the fault. In this work, the object of study
is only one feature of displacement — displacement itself, without taking into account the
formation of anomalies by the structures of displacement themselves — pull-apart basins,
folds, pop-up ridges and so on.

The relevance of shear structures studying is great. Shear faults are interesting in
prospecting and exploration of hydrocarbon deposits [Gusev et al., 2020; Prishchepa et al.,
2021}, as they can form pull-apart basins (troughs) with heavy sedimentation [Egorov et al.,
2022; Koronovsky et al., 2009; Sohrabi et al., 2019]. Tectonic-magmatic and disjunctive
factors associated with faults, including strike-slip nature, affect the localization of ore-
bearing structures [Alekseev, 2020, 2021]. The structure of ore bodies is often controlled by

Russ. J. Earth. Sci. 2023, 23, ES4013, EDN: NWCRGX, https://doi.org/10.2205/2023es000847 https://rjes.ru/


https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.rjes.ru
https://rjes.ru/
https://orcid.org/0000-0001-5458-648X
https://orcid.org/0009-0007-3218-7227
https://orcid.org/0000-0002-9890-5275
https://elibrary.ru/nwcrgx
https://doi.org/10.2205/2023es000847
https://elibrary.ru/nwcrgx
https://doi.org/10.2205/2023es000847
https://rjes.ru/

EvaruaTioN oF DisPLACEMENTS CAUSED BY STRIKE-SLIP DEFORMATIONS. . . SENCHINA ET AL.

shears [Arkadiev, 1969; Movchan et al., 2022], since emerging spalls and cracks form a void
space for ore deposition in a well-permeable zone [II'chenko et al., 2022; Yakovleva et al.,
2022]. Tectonic disturbances of shear nature form wide zones of increased rock fracturing,
which can be significant in assessing the quality of facing stone [Isakova et al., 2021], in
studying the stability of structures or mine workings [Kazanin et al., 2021]. In addition,
shifts are of interest from the standpoint of general geology, when specifying the structure
and evolution of territories [Ageev et al., 2019].

Description of Calculation Methodology

The proposed approach involves calculating the correlation coefficient between mov-
ing windows of parallel profiles. In this case, the position of the window with the maximum
calculated correlation coefficient can be identified, and this position will characterize the
magnitude of the offset along the fault. The correlation coefficient, a parameter that charac-
terizes the degree of linear relationship between two samples [Wherry, 1984], varies from
—1 to 1. The linear correlation coefficient is defined as

=D 3i-7)
VE (-3 (3 -9)

where x; — values taken in the sample X, y; — values taken in the sample Y; X — average in
X,y —average in sample Y.

The order of calculations for the initial data presented in the form of a matrix of field
values (areal distribution) is assumed in a simplified version as follows:

1. choice of elongated sliding windows direction (along the supposed strike-slip faults),
or sequential enumeration of directions;

2. selection of the window size in accordance with the most pronounced spatial frequen-
cies of the analyzed signal;

3. choice of distance between moving windows;

4.  performing shifts of the second window at a fixed position of the first with the
calculation of the correlation coefficient for each shift;

5. analysis of obtained correlation coefficients with the selection of a maximum;

6. determination of the shift at which the maximum correlation coefficient is achieved;

7.  assignment to the cell of the first resulting matrix located between the sliding win-
dows, the value of the obtained maximum of the correlation coefficient;

8.  assigning to the cell of the second resulting matrix, located between the sliding win-
dows, the value of the resulting offset, this is the main desired result, corresponding
to the magnitude of the strike-slip fault.

To explain the calculations, consider a field model consisting of 6 survey points with
6 profiles each, making a total of 36 cells. Sample X is a window, for example, 3 cells in
size within the second column, while sample Y moves in the fourth column. The index
corresponding to the shear during this movement is called s. For each position of window
Y, we calculate the correlation coefficient k, and on the graph we highlight the position
of the maximum. The value of the maximum obtained is recorded for the calculation
point as the variable kp,,x, and the corresponding strike-slip is recorded as sgike-slip- AS
shown in the example, the highest correlation, equal to 1, is achieved when the Y window is
strike-slipped relative to the X window by one unit, as reflected in the graph (Figure 1). The
strike-slip magnitude is identified by the value Sgike-s1ip at which the maximum correlation
coefficient is reached.

If we build a map of the main calculation result — the magnitude of the strike-slip —
a zone in the center of the calculation area along the synthesized strike-slip zone will be
highlighted with values of +1 (“+” corresponds to right-lateral strike-slip), while for the
rest of the area — 0 (no strike-slip). The resulting map is smaller, since there is no way to
calculate the coefficient for side points (Figure 2).
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Figure 1. Calculation of correlation coefficient at different strike-slips of the Y window.
For this most simplified case, the strike-slip is correctly identified, and it is worthwhile

to test the algorithm on more complex models. Below there are the test results for one of
the simplest field variants, in which there are two anomalies complicated by a strike-slip.
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Figure 2. Result of the calculation of the strike-slip value for the original data shown in Figure 1 and
position of the strike-slip line.

The Testing of the Algorithm

Consider a field that features synthesized linear anomalies of latitudinal stretching
with a strike-slip in the x-coordinate area, equal to 13.5 km (Figure 3). The anomalies
are positive and negative and do not change along the axis of the anomalies. The shift,
simulating a strike-slip, has a meridional stretching — so this model is the simple for
interpretation. The strike-slip is implemented in a northern direction (left-side strike-slip)
by magnitude 8 km. A low-amplitude random noise is added to the field. The signal-
to-noise ratio is approximately 100. It is assumed that the results are equally applicable
to both gravity and magnetic field data, so in the task, we will consider a hypothetical
potential field in conventional units.

Russ. J. Earth. Sci. 2023, 23, ES4013, EDN: NWCRGX, https://doi.org/10.2205/2023es000847 30f 10


https://elibrary.ru/nwcrgx
https://doi.org/10.2205/2023es000847

EvaruaTioN oF DisPLACEMENTS CAUSED BY STRIKE-SLIP DEFORMATIONS. . . SENCHINA ET AL.

con.units
km L | 1 L 1 ! L
1
40- [ N ol
85
30- ] |6s
—————
45
20 e ——
8km 25
| - — — | —
10- \] B K
T T T T | J =

T
6 8 10 12 14 16 18 20 km

Figure 3. Synthetic field for testing the strike-slip identification algorithm.

For comparison of the results of the proposed algorithm with existing solutions, we
will perform the calculation of some transformations typically used for solving geotectonic
problems to show that when strike-slip zones are highlighted, they are ineffective. Thus, it
is considered advisable to calculate transformations such as “tilt derivative” (TDR), “total
horizontal gradient”, as well as an option for automatic tracing of anomaly axes (using the
“Reana” macros (author M. B. Shtokalenko) [Shtokalenko, 2018]. Examples of transformation
calculation results are presented below. It can be seen that none of them give any anomaly
along the strike-slip zone. In general, this result is almost obvious, as the transformations
usually highlight any anomalies, but separate anomalies along the strike-slip zone are not
introduced here, only the strike-slip is specified (Figure 4).
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(a) “Tilt derivative” (TDR) (b) “Total horizontal gradient” (c) Anomaly axis lines (“Reana”)

Figure 4. Some traditional transformations of the field shown in Figure 3.

Let’s perform the calculation according to the proposed methodology. The result is
described by two parameters — the maximum paired correlation coefficient for the sliding
window, and the magnitude of the strike-slip at which this maximum is reached. The
algorithm is currently developed poor enough, these are the first tests of the methodology,
so we take samples (profiles with moving windows) as shown in Figure 1 — along the
longitudinal direction. In general, in the future, it is necessary to move on to trying
different directions, as well as testing the algorithm when changing the window length, the
step between compared profiles, etc. However, as the first results of testing, we present
the following. As shown on the correlation coefficient map — Figure 5a — (values less than
0.25 are not of interest to us), the maximum correlation — about 1 - is achieved on parts of
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Figure 5. Calculation result of the value of the paired linear correlation coefficient (a) and strike-slip
magnitude (b) for the original data shown in Figure 3.

the map where linear anomalies are significant and random noise is of low significance.
Such parts of the map are colorless, while low-value coefficient parts are filled with gray
color.

The offset (Figure 5b) is defined in the range from —9 to 9 km, one pronounced anomaly
runs along the strike-slip that needed to be extracted, and there is also a chaotic picture in
the part where the correlation coefficient is relatively low. Since the chaotic distribution
of offsets is an expression of interference that has no relationship to the strike-slip, these
parts of the offset map can be screened using the correlation coefficient map, partially
transparent. Then, the bright parts with a well-traceable anomaly will be visible, and one
bright strike-slip in the 13.5 pickup area will be highlighted. Positive values of offsets
correspond to a right strike-slip, negative values correspond to a left strike-slip. It can

be stated that the result is exactly defined as left-handed with an offset of about 8 km
(Figure 6).
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Figure 6. A summary result scheme (black contours correspond to the original field) for the original
data shown in Figure 3.

This example presents a methodology for calculating and an example of the result
in the most simplified conditions. It is shown that the algorithm correctly identifies the
strike-slip zone and it makes sense to improve the algorithm for work in more complex

conditions.
Practical Example

For the first practical test of the algorithm, the Kolbeinsey Ridge and its surroundings
were selected. The ridge is a segment of the Mid-Atlantic Ridge located to north of Iceland
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in the Arctic Ocean. In Iceland, transform faults are exposed on the surface, for example,
the Reykjanes fault. Similar structures complicate the Mid-Oceanic ridges everywhere
and are the most simple in configuration manifestation of strike-slip [Hensen et al., 2019] -
without the formation of pronounced structures such as “horse tail”, fault duplexes, pull-
apart basins, flower-like, palm-tree-like structures, etc., typical for strike-slips in areas
with a powerful heterogeneous crust and sedimentary cover [Frolova et al., 2019; Karimova
and Bornyakov, 2021]. As mathematical and physical modeling shows, the character of
morphostructural segmentation of spreading axes depends mainly on the degree of mantle
heating and lithosphere thickness, the spreading slope and declination, and the existence
of structural inhomogeneities with increased lithosphere strength [Dubinin and Grokholsky,
2020; Mansurova, 2010], and is reflected mainly in the magnitude of displacement, the
contribution of the rotational component, and the “frequency” of the location of transform
zones. In the magnetic field of the research platform, the breakaway with a strike-slip
character of the field is clearly visible, which is also related to the choice of the section
[Gaina et al., 2011; Kashubin et al., 2021; Petrov and Poubelier, 2019]. The displacements
are associated with transform faults located subperpendicular to the divergent deep faults,
which are formed during spreading [Akhverdiev et al., 2018]. Transform faults form systems
of parallel strike-slips located within active extension structures. Within the polygon, sev-
eral such strike-slip zones can be distinguished [Brandsdéttir et al., 2015], transform faults
are identified here based on bathymetry data and confirmed by the results of geophysical
investigations [Chunguan et al., 2019].

To set a simple task for the algorithm at the current stage of work, let’s select a small
area of the map and rotate it. Calculate the correlation coefficient in a sliding window
and the shift value according to the algorithm described above, with a window length
corresponding to 50 km and the assumed vertical (when looking at the map) orientation of
the strike-slip. The shifts due to at least two distinct offsets that are clearly visible on the
magnetic field map (Figure 7) are quite obvious and are approximately 20 km.

| W .
0 500 1000 1500 2000 2500 km

(a) [Jackson et al., 1998; Petrov and Poubelier, 2019]
map of anomalous magnetic field

(b) [Gaina et al., 2011] with study area;
fragment of the geological map

nT

0 50 100 150

(c) and magnetic anomalies map

300 ki

S o

>

-‘dvr -

——

-
—
=
7 |

°

[‘

(d) for the algorithm testing

Figure 7. Test site for the algorithm’s practical testing — the vicinity of the Kolbeinsi ridge,

a small-scale geological map.
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non-dim.

Figure 8. Result of calculating the paired linear correlation coefficient (a) strike-slip magnitude (b)
for the data shown in Figure 7.

As a result, a displacement map was obtained, showing only one of the displacements
visible in Figure 7. The magnitude of the displacement was determined fairly well, as
18 km, with a right-lateral strike-slip. Several other small similar structures have also
been identified, mostly also corresponding to rightward shifts (Figure 8). It should be
noted that the resulting maps are smaller than the original, as it is not possible to calculate
the required characteristics for the edge parts. We will transfer the displacement axes
from Figure 9 to the anomalous magnetic field map (Figure 10). For the relatively large
strike-slip marked with the number 1, we will show its direction. Unfortunately, the
strike-slip marked with the number 2 in the results of the algorithm was not highlighted as
expected. The probable reason is its more complex manifestation in the magnetic field —
the displacement axis is not perpendicular to the anomaly axes (ridge), but goes at an angle
near 45 °C, which for the algorithm at its current stage of development is not accessible.
It seems that an anomaly has been noticed below the expected position of the second
strike-slip and it has a different sign. This means that the strike-slip here has a seemingly
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Figure 9. Summary result diagram. The black contours correspond to the original field, the colors
correspond to the magnitude of the strike-slip, the gray mask is overlayed on the areas where the
correlation coefficient is relatively low.
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opposite orientation. This is probably due to the current features of the algorithm, which
have correlated the crest axis with one of the anomalies located on the map below. This
“false” strike-slip is defined as left-sided, not a continuation of the right-sided shift of the
main structure. This result is masked by the map of the maximum correlation coefficient.
It seems that it is less than 0.89 in this area, so this area cannot be determined as the final
result of the algorithm. However, it is important to pay attention to potentially arising
problems of this nature for further improvement of the algorithm.

| EEEEm———  E———
0 25 50 75 100 km

Figure 10. Map of the result of the magnetic field anomaly interpretation. Number 1 indicates
a confidently identified strike-slip by the algorithm, number 2 is a missed one. Black vertical
segments correspond to possible strike-slips with a small offset, which were uncertainly identified by
the algorithm.

The methodology of strike-slips lateral displacement estimation is briefly described in
the work, and the feasibility of the algorithm is shown on a simple example and on real
data.

The greatest difficulties in further development of the algorithm are probably the
possibility of strike-slips in different directions, when the directions of extension of the
main anomalies are orthogonal (in the current examples). It is also likely that the detection
of real strike-slips will be complicated due to the formation of derivatives from the strike-
slips of structures, such as ridges, basins, and systems of fault ruptures. Nevertheless, the
work appears to be promising and of practical significance.
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