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RECOVERING LOCATIONS AND TAKEOFF ANGLES OF EARTHQUAKES IN
CLUSTERS BASED ON THE DIFFERENCE IN THEIR S-P INTERVALS

It is demonstrated in [Gnyp & Malytskyy, 2023] that only the difference in the intervals between the first P- and S-waves
can be used to relocate a cluster of similar earthquakes. The advantage of using only the difference is that it is measured by
cross-correlation within a window containing the corresponding arrivals, eliminating the need to know their exact timing.
Another advantage is that relative locations can be recovered regardless of source times and, therefore, of often inaccurate
arrival picks or velocity models. It is assumed in [Gnyp & Malytskyy, 2023] that the cluster size is significantly smaller than
the distance to the stations, and that the takeoff angles of the first P- and S-waves, as well as station azimuths, are known for
at least one reference earthquake. Under these conditions, the relationship between the locations and the difference becomes
purely geometrical and linear, allowing for a straightforward solution of the corresponding system. However, if both the loca-
tions and takeoff angles are unknown, the system becomes nonlinear and singular, making it nearly impossible to solve. In
the current version of the algorithm, we propose circumventing the singularity by optimizing the locations and takeoff angles
separately. First, we determine the locations for some initial angles, then adjust the angles, re-evaluate the locations, and re-
peat this process. To evaluate the effectiveness of this approach, we conduct a series of synthetic experiments, focusing pri-
marily on the ability to achieve complete recovery of locations and takeoff angles using a damped least-squares solution,
depending on the accuracy of the initial angles, the number and configuration of stations, and the damping applied. To reduce
the impact of local minima, we propose estimating the median of solutions obtained for an ensemble of randomly perturbed
initial angles. The tests demonstrate the effectiveness of the algorithm and its potential applicability to real data. The algo-
rithm can be combined with other relocation techniques, which makes it possible to link the poorly recorded events to well-
constrained ones. This is particularly important for clearer imaging of fault structures in intraplate areas with low seismicity,
improving our understanding of local seismic activity and earthquake hazard.

Keywords: earthquake location, takeoff angles, relocation, similar earthquakes, cluster earthquakes, S-P
interval, cross-correlation.

Introduction Another advantage is that, since only relative loca-
tions are recovered, this can be done regardless of
source times and, therefore, of often inaccurate phase
picks or velocity models.

In [Gnyp & Malytskyy, 2023], we assume that,
since the cluster size is much smaller than the distance
to the stations, (i) the ray paths are nearly identical
outside the cluster, and differences in travel times
arise only within the cluster; (ii) changes in station
azimuths and takeoff angles due to location changes
are very small and can be neglected. It is also as-
sumed that (iii) the rays lie in a vertical plane contain-
ing both the earthquake and the station; (iv) the P- and
S-wave velocities (vp and vs) are known and uniform
within the cluster; (v) the azimuths of the stations also

The similarity of earthquakes occurring in clusters
is now widely used to measure their relative (differen-
tial) phases, thereby significantly improving their lo-
cation accuracy, both relative and absolute [Shearer,
1997; Menke, 1999; Waldhauser & Ellsworth, 2000;
Shearer et al., 2005; Snieder & Vrijlandt, 2005; Rob-
inson et al., 2007, 2007, 2013]. Consequently, a large
number of small earthquakes can be included in the
analysis [Papadimitriou et al., 2023; Bonatis et al.,
2024], which is crucial to many problems of seismo-
logical research, especially in regions with low local
seismicity, such as the East Carpathians [Gnyp, 2010,
2013, 2021, 2022; Kozlovskyi et al., 2020; Naza-
revych et al., 2022].

In our previous study [Gnyp & Malytskyy, 2023],
we proposed an algorithm for relocating earthquakes
that occur in clusters, based on the simultaneous com-
parison of a large number of intervals between their
first S- and P-waves. One advantage of using only the
difference is that, since it is measured by cross-
correlation within a window around the corresponding
phases, there is no need to know exact arrival times.

© A. Gnyp, D. Malytskyy

are known for at least one, reference earthquake, as
well as the takeoff angles of the first P- and S-waves.
Under these assumptions, the relationship between the
difference in intervals and the coordinates of earth-
quakes within a local Cartesian system centered on
the reference earthquake becomes purely geometric
and linear, making it easy to solve the corresponding
system of equations.
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A series of synthetic experiments was conducted
in [Gnyp & Malytskyy, 2023] to evaluate the algo-
rithm’s performance. It depended on several factors,
including the number and configuration of stations,
the level of noise in the observed data, data sparsity,
and inaccuracies in azimuths and takeoff angles. In
the experiments, differences in the intervals between
S- and P-waves were generated for some original lo-
cations and subsequently used as observables to re-
cover the locations by solving the corresponding line-
ar system. The tests demonstrate the algorithm’s ef-
fectiveness and its potential applicability, particularly
for small earthquakes or sparse networks where a
large portion of the data is noisy or missing.

The assumptions in the initial version of our algo-
rithm, although numerous, are in fact very realistic
and common in seismological practice. Usually, the
location and takeoff angles for at least the largest
earthquake can be determined by other methods,
which serve as a reference. Since the cluster size is
much smaller than the distance to the stations — a
condition that is often met — it is reasonable to assume

that the station azimuth and takeoff angles are the
same for all earthquakes, and that the ray paths identi-
cal outside the cluster. Besides, the rays generally lie
within a vertical plane containing both the source and
the station, with very rare exceptions due to the ex-
tremely inhomogeneous velocity structure.

On the other hand, numerous assumptions signifi-
cantly limit the algorithm’s potential applicability.
Theoretically, the station azimuths and takeoff angles
can be recovered simultancously with the locations.
However, if the problem is approached directly, the
resulting nonlinear system becomes so singular that it
is practically unsolvable.

In a new version of our algorithm, we propose cir-
cumventing the singularity by optimizing the loca-
tions and takeoff angles separately. First, we deter-
mine the locations for some initial angles, then adjust
the angles, re-evaluate the locations, and repeat this
process. At the same time, to simplify the problem —
at least at this stage — we assume that the station azi-
muths are known and that their inaccuracies are much
smaller than those of the take-off angles.

Y

Fig. 1. Scheme for calculating the difference between the ray paths from earthquakes 1 and 2 with co-
ordinates X1, y1, z1, and Xz, y2, Z» in the local Cartesian system. On the left is the horizontal projection,
on the right is the vertical one. Earthquakes are indicated with red and green stars, and the station,

which is actually much further away, is indicated with a blue triangle. a is the angle of emergence.

Algorithm

The difference DDSP&” in the intervals between P-

and S-waves for a pair of earthquakes i and j at station
k is defined as

DDSPiEk) - ti(k) + Sék) _ (ti(k) + Pi(k)) _ (tEk) + S(jk)) +t§k) + PJgk) R
=S¥ -8 - (PY - pY), = DS - DPY,
i j i ] 1 1j
in which t; and t; are the source times, S¥, Y, PY, and

plﬁ'@ are the travel times of first P- and S-waves, Dpi?‘)

and DSS‘) are the travel time differences between earth-
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quakes i and j measured by the cross-correlation between
the corresponding waveforms at station k, i, j=1,..., N,
and k= 1,..., K. For N earthquakes, there will be N(N-1)
pairs and the same number (or sometimes fewer) of dif-
ferences (observations) at each station.

Under the assumptions made in the previous ver-
sion of our algorithm [Gnyp & Malytskyy, 2023], the
dependence of differences on coordinates becomes
purely geometric and linear (Fig. 1):

DDSPY =da™ (x, - %) +db® (y, - y,) +dc (z, - z,),(1)
in which
da® =sinEAZY)sinBY)/ vg - sinAZ)sinEa) /v, »
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db® =—cos(-Az)sin(-p") /v, + cos(-Az*)sin(-a™) /v, (2)

dc® = cos(-B™) /v —cos(a®) /v,

the axes X and Y of the local Cartesian system cen-
tered on the first earthquake are directed east and
north, respectively; the axis Z is directed upwards,

Az% is the azimuth of the k-th station, and o and
pY are the takeoff angles of the P- and S-rays meas-

ured clockwise relative to the Z axis.
The equations (1) are linear with respect to the co-

ordinates, and can be easily solved if angles a® and
B®, and Az are known.
After introducing vectors

X'= (X2, Y2, Z2, X3, Y3, Z3, .. , XN, YN, ZN)T,
and AASP® = (AASPY), AASPY, ..., AASPY,
AASPY), AASPY), ..., AASPX), ..., AASPY),
AASPY), . AASPE), )T,
equations (1) can be presented in the matrix form:
D®X = AASP®Y, @)

in which the matrix D® consists of the expressions (2)

for a®, b® and c®, and its dimensions are (N-1)-N/2

x 3:(N-1). The structure of the system (3) is tran-

scribed in Appendix 1 to [Gnyp & Malytskyy, 2023].
After introducing matrix D and vector AASP

D% AASP®

D® AASP®
D=| . | AASP= S ,

D" AASP™

the system of equations for K stations is obtained:
DX =AASP, (4)

in which the dimensions of matrix D are K-(N-
1)-N/2 x 3-(N-1).

It is demonstrated in [Gnyp & Malytskyy, 2023]
that if accurate takeoff angles are known, locations X
can be fully recovered by solving equation (4) using
the differences from at least three stations in the ab-
sence of noise in the data, AASP. Otherwise, if accu-
rate takeoff angles are not known and we start with
some assumed ones, there will be no exact solution X
to (4), because even if there is another set of angles
and locations for which the differences AASP are ex-
actly the same, or even if such sets are multiple, it is
very unlikely that we would be able to stumble upon
them by chance. In the current version of our algo-
rithm, we minimize the least squares norm:

L =|AASP-DX . (5)

When both the observations AASP (actually the
additive noise n in them) and the model X are consid-
ered multidimensional random processes with com-
ponents of each of them statistically independent and
with the same dispersions, o, and om, respectively, the
stochastic inversion of [Aki and Richards, 1980] is
equivalent to the familiar and frequently used damped
least squares:

X=(D'D+¢&’l)"'D" AASP, (6)

in which the damping parameter & means o, t0 o
ratio. Increasing & damps the influence of diagonal
elements in the D™D that are smaller than &, thereby
reducing its singularity and improving the likelihood
of obtaining a physically meaningful solution. How-
ever, this also decreases its resolution, defined as the
number of statistically independent components.

Next, we proceed to the optimizing of takeoff an-
gles.

Since a change in the takeoff angles, o® and p®,

of the rays traveling to station k does not affect the
difference in the intervals at other stations, the angles
can only be optimized individually for each of the
stations. So, for simplicity, we will drop the station's
number K in the superscript and instead use O and S to
represent the observed and synthetic variations, re-
spectively. Therefore, the least squares optimization
of angles can be represented as the minimization of
the norm:

A=|AASP® — AASPS(0,B)”,

in which

U]

AASPO = (AASPY), AASPY, ..., AASPY,
AASPY), AASPY), .., AASPLY) ., .., AASPY, .,
AASPE, , AASPX), )T

are the differences observed at station k, k=1, ...,
K, and AASPS are the synthetic differences calculated
for some takeoff angles, o and B, which are the same
for all cluster earthquakes.

After linearization of AASP®(a,B) in the vicinity

of o and B*, the norm A becomes
A=/d-Gm

2

, ©))
in which
d = AASP® —AASP® (0, B) . .

a—o
m = { *} ’
B-B
and matrix G consists of the two column vectors

G| 2AASP@B)|  OAASP(wB) | (9)
aa oB ‘ p=p”

‘u:a*
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Then, the column vectors of partial derivatives in
G can be represented as
S S
J AASP” (0,8) _AX, J AASP” (a,B) _BX.,
Ja P
in which N-(N-1)/2 by (x) 3-(N-1) matrices A and B
consist of coefficients

dal=sin(-Az)cos(—a)/ Vv, »
da2 = —cos(—Az) cos(—a)/ vy ,
da3=-sin(-a)/v,,
and
dbl = —sin(-Az) cos(-B)/ vy ,
db2 = cos(—-Az) cos(—B)/ vy,
db3=sin(-p)/ vy,

respectively, and are identical in structure to the
matrix D in (3), transcribed in Annex 1 to [Gnyp &
Malytskyy, 2023].

The global minimum of A in (8), which is equal to
zero, is reached when

d=Gm. (10)

However, due to the inherent inaccuracy of the
model, AASPS(a, B), an exact solution to (10) either
does not exist or the solutions are multiple. So, we use
damped least squares again:

m=(G'G+y1)'G'd, (11)
in which the meaning of the damping parameter »* is
the same as of & in (6).

Thus, after optimizing the takeoff angles for each
of the stations using damped least squares, the new
locations X are calculated for them, and so on, until
the minimum criteria are met.

Synthetic experiments

Next, a series of synthetic experiments is per-
formed, in which the "observed" (actual) difference in
the intervals between P- and S-waves is generated for
some synthetic earthquakes located in an imaginary
rupture plane randomly along two 3D lines intersect-
ing at zero coordinates. To avoid inconsistencies and
bring the experiments closer to reality, the actual clus-
ter size, takeoff angles, and station azimuths are used,
as in the relocation of the Teresva series in [Gnyp &
Malytskyy, 2021]. The coordinates of 18 synthetic
earthquakes in the local Cartesian system centered on
the reference earthquake are listed in Table 1.

Continuation of Table 1

1 2 3 4

3 -1.00 -1.00 -1.00
4 -2.00 -2.00 -2.00
5 8.00 8.00 8.00
6 -3.00 -3.00 -3.00
7 4.00 4.00 4.00
8 6.00 6.00 6.00
9 7.00 7.00 7.00
10 5.00 5.00 5.00
11 9.00 -5.85 1.35
12 -1.00 0.65 -0.15
13 -2.00 1.30 -0.30
14 8.00 -5.20 1.20
15 -3.00 1.95 -0.45
16 4.00 -2.60 0.60
17 6.00 -3.90 0.90
18 7.00 -4.55 1.15
19 5.00 -3.25 0.75

Table 2 shows the takeoff angles and station azi-
muths (Fig. 2). Velocity vp is set to 5 and vs to 3 km/s
inside the cluster.

The efficiency of our inversion scheme is then ex-
plored by varying the accuracy of the initial takeoff
angles, the number and configuration of stations, and
the values of the damping parameters & and y2.

The inaccuracy of the initial angles is modeled by
adding random numbers uniformly distributed in the
ranges of +11 and +20 degrees to the actual angles
(Table 2). Since all gradient-based nonlinear optimi-
zations are susceptible to the presence of local mini-
ma, we propose reducing their impact by estimating
the median of solutions for an ensemble of initial an-
gles, randomly perturbed in a similar manner in the
ranges of +15 and +23 degrees, respectively, with
maximum perturbation reaching +16 and +43 degrees.

Table 2

Station azimuths and takeoff angles of the first
P- and S-waves (a, B) used to calculate differ-
ences in the “observed” S-to-P intervals. Take-
off angles are measured as it is shown in Fig. 1.

Table 1

Coordinates of synthetic earthquakes in

the local Cartesian system.

EW, km NS, km Z, km
1 2 3 4
1 0.00 0.00 0.00
2 9.00 9.00 9.00
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| Az, deg 1, deg [, deg

RAK 97.00 7358 64.76
BM 199.60 78.00 67.17

MEZ 343.30 79.60 67.97
TRS 272.60 79.60 68.07
NSL 306.20 66.37 59.55
BUR 112.70 85.22 70.03
TES 126.90 96.04 92.77

DRG 208.20 12085 12045
MLR 14850 14236 117.38
GZR 193.80 117.98 11753
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180

Fig. 2. Azimuths of stations and takeoff angles of first P- and S-waves
(indicated by circles and diamonds, respectively) (Table 2) used
for the calculation of "observed" differences in the intervals between S- and P-waves.

Z, km

Fig. 3. Recovering the locations and takeoff angles of 18 synthetic earthquakes in 3D using five stations:

RAK, BMR, MEZ, TRS,

and NSL. The inaccuracy of the initial angles is modeled by perturbing the actual
angles within the range of £11 degrees.

a: The actual locations of synthetic earthquakes in 3D (Table 1) and the hypothetical rupture plane defined by
them. Here and below, the actual locations are indicated by cyan squares, while their projections are depicted as
blue circles. The locations are approximated by a surface using the method of correlation grids [Davis, 1986].

b: One of ten sets of initial earthquake locations in 3D, calculated for initial angles further perturbed in the
+15-degree range. Here and below, locations are represented by purple squares, and their projections are de-

picted as purple circles.
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Fig. 3. (Continuation). Recovering the locations and takeoff angles of 18 synthetic earthquakes in 3D
using five stations: RAK, BMR, MEZ, TRS, and NSL. The inaccuracy of the initial angles is modeled
by perturbing the actual angles within the range of £11 degrees.

c: The median of ten sets of final locations. Throughout the article, they are indicated by gray squares,
and their projections are denoted by empty circles.

d: 2D projections of actual, initial, and median final locations.

e: The relative difference between the initial and actual takeoff angles of P-wave (Ai), and between
the median final and actual angles (Af).

f: The relative difference between the initial and actual takeoff angles of S-wave (Bi), and between the
median final and actual angles (Bf).

The recovery of locations is evaluated qualitative-
ly, based on their visual presentation in 3D and 2D
(Fig. 3 a, b, ¢, and d). For takeoff angles, relative es-
timators are used

/(la, bi — Bi _Ba /Ba,
/aa’ bf :‘Bf _Ba /Ba;

in which superscript i is for the initial angles, a — for
the actual angles, and f — for the final (or recovered)
ones. The efficiency of the recovery was then judged
by the difference between a' and a, and b' and b, re-
spectively (Fig. 3 e, f).

Finding the optimal values of damping parameters
e and ¢? (6, 11) may be considered a problem in it-
self. Large values can lead to very small changes in

a'=la' -0

f f
a —‘a -a®
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model parameters, significantly slowing down the
algorithm’s convergence, as well as increasing the
risk of ending up in a local minimum. If they are too
large, the convergence may not be achieved at all, or
the solution may turn out to be meaningless. We se-
lect values of g2 and e? experimentally, by trial and
error, taking into account the above considerations.
For a fixed number of synthetic earthquakes, the op-
timal values vary depending on the number and con-
figuration of stations, as well as the inaccuracy of the
initial angles. As expected, the optimal values for ¢?
and e? differ by several orders of magnitude, which
only reflects the singularity of the problem and a
sharp contrast between the metrics of the two model
parameter spaces and the metric of the data space
[Harris & Douglas, 2021; Malek et al. 2007].
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Fig. 4. Recovering the locations and takeoff angles of 18 synthetic earthquakes in 3D using five stations:
RAK, BMR, MEZ, TRS, and NSL. The inaccuracy of the initial angles is modeled by perturbing the actual
angles within the range of +20 degrees.

a: The actual locations of synthetic earthquakes in 3D (Table 1).

b: One of ten sets of initial earthquake locations in 3D, calculated for initial angles further perturbed in the
+23-degree range.

c¢: The median of ten sets of final locations.
d: 2D projections of actual, initial, and median final locations.

e: The relative difference between the initial and actual takeoff angles of the P-wave (Ai), and between the
median final and actual angles (Af).

f: The relative difference between the initial and actual takeoff angles of S-wave (Bi), and between the
median final and actual angles (Bf).
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Fig. 5. Recovering the locations and takeoff angles of 18 synthetic earthquakes in 3D using all ten
stations listed in Table 1. The inaccuracy of the initial angles is modeled by perturbing the actual an-
gles within the range of +11 degrees.

a: The actual locations of synthetic earthquakes in 3D (Table 1) and the hypothetical rupture plane
defined by them.

b: One of five sets of initial earthquake locations in 3D, calculated for initial angles further per-
turbed in the £15-degree range.

c: The median of five sets of final locations.
d: 2D projections of actual, perturbed, and median final locations.

e: The relative difference between the initial and actual takeoff angles of the P-wave (Ai), and be-
tween the median final and actual angles (Af).

f: The relative difference between the initial and actual takeoff angles of S-wave (Bi), and between
the median final and actual angles (Bf).
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Fig. 6. Recovering the locations and takeoff angles of 18 synthetic earthquakes in 3D using all ten sta-
tions listed in Table 1. The inaccuracy of the initial angles is modeled by perturbing the actual angles
within the range of +20 degrees.

a: The actual locations of synthetic earthquakes in 3D (Table 1).

b: One of five sets of initial earthquake locations in 3D, calculated for initial angles further perturbed
in the +23-degree range.

c¢: The median of five sets of final locations.
d: 2D projections of actual, perturbed, and median final locations.

e: The relative difference between the initial and actual takeoff angles of the P-wave (Ai), and be-
tween the median final and actual angles (Af).

f: The relative difference between the initial and actual takeoff angles of S-wave (Bi), and between the
median final and actual angles (Bf).
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Figs. 3 and 4 show the results for 5 stations (RAK,
BMR, MEZ, TRS, and NSL), the smallest number of
stations for which the solution is uniquely con-
strained. In Figs. 5 and 6, the results are shown for all
ten stations listed in Table 2.

Even with such a large inaccuracy of the initial take-
off angles as £20 degrees, the improvement in the medi-
an of the final locations, not only compared to the initial,
but also to the actual locations, is evident in all experi-
ments and can be considered quite satisfactory.

Significant improvements are observed in the me-
dian of final takeoff angles, although with some ex-
ceptions. It is important to note in this regard that the
median of the final solutions is estimated here not
from solutions that satisfy the norms L and A (5, 7),
but from solutions corresponding to local minima, in
which the gradients (9) become close to zero, ap-
proaching the smallest representable computer num-
ber, and do not change any further. The median in the
example with ten stations is estimated using solutions
for five perturbed initial takeoff angles, whereas in the
example with five stations, ten perturbed initial angles
are used. It is quite possible that the median of the
final solutions can be further improved simply by
increasing their number; however, this requires signi-
ficantly greater computational power and time.

We present experiments with five and ten stations;
the results for six and eight also confirm a steady im-
provement in recovering both locations and takeoff
angles as the number of stations increases.

Discussion and conclusion

The paper presents a new algorithm for recovering
earthquake locations and takeoff angles. It is based on
the simultaneous comparison of intervals between S-
and P-waves from closely spaced events, such as
earthquakes in clusters. The difference between the
intervals is measured only by cross-correlation, which
means it is not influenced by arrival times. The algo-
rithm can be used even without a velocity model, as
long as the location of the reference earthquake is
known with reasonable accuracy.

The algorithm can be combined with other reloca-
tion techniques, which makes it possible to link the
poorly recorded events to well-constrained ones. This
is particularly important for achieving clearer imaging
of fault structures and understanding of local seismic
activity and earthquake hazard in intraplate areas with
low seismicity. On the other hand, if the algorithm is
applied independently, the link between events can
still be established, and the performance of the algo-
rithm can be significantly improved by using a larger
number of reference earthquakes.
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It is also important to note that, although only the re-
lative locations of earthquakes are recovered, the spatial
orientation and size of the cluster are true. If the earth-
quakes share the same rupture plane, their focal mecha-
nism is the same as the mechanism of the reference
earthquake. Thus, the reliability of the mechanism, as
determined using an often inaccurate velocity model, can
be verified by the recovered orientation of the rupture
plane. Furthermore, the takeoff angles, which are also
recovered independently of the velocity model, can also
be used to verify both the mechanism and the recovered
orientation of the rupture plane.

Various other versions of the algorithm can also be
proposed. In particular, station azimuths can be recovered.
As a result, the horizontal location of the reference earth-
quake can be verified using the recovered azimuths. On
the other hand, it is possible to propose simplified versions
of the algorithm in which some parameters are considered
to be more or less accurately known, and only the remai-
ning parameters are recovered. Such as the first version of
the algorithm, in which the takeoff angles are known. Or,
for example, one could consider the option of recovering
velocities vp and vs within the cluster, while the other pa-
rameters are known. Even variations in velocities over
time can be implemented in such a version. Thus, a wide
range of seismological problems can be addressed using
the different versions of the algorithm.
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BU3HAUYEHHSA PO3TAILIYBAHHA 3EMIJIETPYCIB
YV KITACTEPAX I KYTIB BUXOJY 3A PI3HUIEXO MIX IHTEPBAJTAMU S-P

VY crarti [Gnyp & Malytskyy, 2023] npogeMOHCTpOBaHO, SIK B3aEMHE PO3TAIIyBaHHS CXOXHX 3€MJIETPYCIB
y KJIacTepax MOKHA BU3HAYUTH JIMIIE 32 Pi3HUICIO IHTEPBAJIiB MK BCTymamu nepuux P- i S-xsuins. [lepesaroro
BUKOPHUCTAHHS JIUIIE Pi3HUII € T€, 1[0, OCKUIBKH I BU3HAYAIOTh 3 BUKOPUCTAHHAM (YHKIIi B3a€EMHOI KOpesmii y
BiKHI JJOBKOJIa Bi[IIOBiTHUX BCTYIIIB, HEMa€e HEOOXiMHOCTI 3HATH iXHiM TouHWII yac. [HIIa mepeBara moisrae y
TOMY, IO B3a€EMHE PO3TAIIyBaHHS 3eMJICTPYCIB MOKHA BU3HA4YaTH HE3aJIeKHO BiJl 4acy y BOTHHII, & OTXKeE, Bil
YacTO HETOYHMX BCTYIIIB 1 MBHUAKICHOT MOJeNi. Y CTaTTi MPUHHSTO, 10 PO3MIp KiacTepa HabaraTo MEHIIHHA 3a
BIJICTaHb JIO CTaHINH, 1 IO KYTH BUXOMYy mHepmmux P- i S-XxBunb W a3UMyTH CTaHIA BiOMi MpWHANMHI I
OJTHOTO, OIOPHOTO 3eMiIeTpycy. Tomi CIiBBITHOIICHHS MiXK KOOPAWHATAMH 1 PI3HUICIO MK IHTEpBAIAMHU CTaE
CyTO TEOMETPHYHHM 1 JIIHIHHUM, a BIJIOBiTHA CHCTEMA JIETKO PO3B’s3yeThcs. OMHAK, SKIIO OKPiM KOOPAWHAT,
HEBiJIOMi 1 KyTH BHXOJdY, CUCTEMA CTa€ HENIHIMHOIO 1 HACTUIBKU CHHTYJLIPHOIO, IO PO3B’SA3aTH i MPaKTUIHO
HEMOXJIUBO. Y il CTAaTTI MH MPONOHYEMO OOIWTH CHHTYISAPHICTH 3a JONMOMOTOK ONTHMI3allii KOOpPIWHAT i
KyTiB BHXOJy OKPEMO: CIOYAaTKy BH3HA4YaTH KOOPAWHATH AJsl TIEBHUX MOYATKOBUX KYTIB BUXOJY, HICISI TOTO
migOupaTH KyTH BUXOXy, BH3HAYaTH Al HUX HOBI KOOPIAMHATH 1 T.J. AOM OIIHMTH e(EeKTUBHICTH TAaKOTO
MiAXO0y, BUKOHAHO CEpII0 MOJEIBFHUX CKCICPUMEHTIB, HALUICHUX HAa TMEPEBIPKY MOXKIMBOCTI ITOBHOTO
BIZTHOBJICHHSI KOOPJIMHAT 1 KYTiB BUXOJIYy 3 BUKOPHUCTAHHSM PO3B 53Ky 3araiieHOro MiHIMaJIbHO KBaJpaTHYHOTO
3aJIXKHO BiJI CTYINEHSI HETOYHOCTI MOYATKOBHUX KYTiB, KUIBKOCTI i KOH(Irypauii cTaHiiii Ta CTyneHs 3araiieHHs
po3B’si3Ky. [yl 3MEHIICHHS BIUIMBY JIOKQIBHUX MIiHIMYyMiB 3allpONOHOBaHO BH3HA4yaTH MeJiaHy pPO3B'S3KiB,
OTpPUMaHUX Ul aHCaMOJIO BHIAJIKOBO 30ypeHHMX ITOYaTKOBUX KyTiB. Pe3ymbratum TecTyBaHHS CBiA4YaTh PO
e(peKTUBHICTh 3alPONOHOBAHOTO MIIXOMy 1 JOLIJBHICTh 3aCTOCYBaHHS aJTrOPUTMY A0 pPEAIbHHUX JaHHX.
AJNTOPUTM MO’KHA 3aCTOCOBYBATH i B KOMOIHAIll 3 IHIIMMH METOAAMH, IIOB’SI3yIOYH 3€MIICTPYCH 3 HEUITKHUMHU
3anMcaMHy 3 IHIIMMH, IapaMeTpH sSKHUX BifoMi Habarato Kpamie. A Iie OCOOJMBO BaKJIMBO JUISL OTPUMaHHS
TOYHIIIOTO YSBICHHS IPO PO3JIOMHO-OJIOKOBY TEKTOHIKY CEpeIMHHO-KOHTHHEHTAIBHUX 30H 31 CJIA0KOIo
CEHCMIYHICTIO, MPUPOLY MICIIEBOI CEHCMITHOT aKTUBHOCTI i cCeiCMiduHy Hebe3meKy.

Kniouosi crosa: posramryBaHHS 3eMIIETPYCIB, KYTH BHXOJY, BU3HAYCHHS KOOPIMHAT, CXOXI 3€MIICTPYCH,
KJIacTep 3eMJICTPYCiB, IHTEpPBaJI MiX BCTynamu P- Ta S-XxBuib, QpyHKIis B3a€EMHOT KOPEJIALii.
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