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Abstract: Many papers have been devoted to the problematic tectonic stress regime of the Upper Silesian Coal
Basin (USCB), particularly relating to the interrelation between the tremors triggered by mining activity and the
natural seismicity in the rock mass. This problem is analysed here on the basis of geodetic data in light of the tec-
tonic setting. The author determined the horizontal strain regime in the USCB area with the application of trian-
gular arrays that are formed by a network of GPS/GNSS stations. The primary geodetic data used in this research
are the coordinates recorded in time by the stations. They enabled the calculation of the easting and northing
components of displacement velocity vector and their errors. 16 permanently installed GPS/GNSS stations are
located into the study area and this set led to the construction of 23 different triangles, while the centroid of each
triangle was extracted. For each centroid, the deformation parameters were determined: maximal horizontal
extension, azimuth of maximal horizontal extension, minimal horizontal extension, maximal shear strain, and
area strain. These results were applied to estimate the spatial distributions of the parameters. The distributions
reveal that the central part of the study area (the Upper Silesian Trough) is under compression, and is surround-
ed by extension zones. In general, the distributions of strain estimates correspond to the tectonic pattern of the
area. These findings provide a different perspective on former studies on tectonic stress by geological surveys and
tectonic influence on seismicity in the USCB area. They confirm earlier assumptions about the occurrence of tec-
tonic stress in the studied area. The determined deformation parameters and their spatial distribution provide an
explanation for the occurrence of high-energy tremors in the USCB area.

Keywords: Global Navigation Satellite System (GNSS), tectonic regime, triangulation method, geodetic strain,
strain parameters

INTRODUCTION

The mining operations carried out for 200 years in
the Upper Silesian Coal Basin (USCB), have caused
disturbances in the distribution of the rock mass
stress and tension. One consequence of the process
of this stress accumulation has been the occur-
rence of seismic tremors. The geological setting of
the USCB has been under discussion for a number
of years. Many papers have been devoted to the
problematic tectonic stress regime, particularly

relating to the interrelation between the tremors
triggered by the mining and the natural seismici-
ty in the rock mass (e.g., Teisseyre 1983, Gibowicz
1990, Zuberek 1993, Idziak et al. 1999, Patynska &
Stec 2017). Some tectonic aspects of the study area
are still a matter of debate, especially with regard
to the relationships between the tectonics and the
seismic activity of the Upper Silesian Coal Basin.
Some research in the area suggests that generating
the strongest events have had a strict connection
with the tectonics.
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The tremors with the largest energy have been
closely related to geological discontinuities in the
area and are regarded as being the results of un-
stable movements in major geological faults due
to the approaching of mining activity (Teper et al.
1992). One example of this problem (which will be
discussed later in the paper) is the Ktodnica Fault
zone (the central part of the area), which is con-
sidered by some authors to be a modern seismo-
genic structure where The Young-Alpine tectonic
stresses have had a significant impact on the na-
ture of mining-induced tremors (Teper & Sagan
1995, Jura 1999). Although there are significant
faults in the area under study, their impact on the
earth’s surface in terms of displacements has not
yet been documented.

Geodetic data, despite the significant advances
in geodesy that have been made in recent years,
are still relatively underused in the structural ge-
ology community. The author of this research has
undertaken a study on the geodetic strain rates
determining them by GPS/GNSS measurements
carried out over years in the area. So, basing these
results on the time series depicting changes of the
positions of the GPS/GNSS stations, strain param-
eters were evaluated. The geodetic characteristics
were compared with the geological data in order
to arrive at an evaluation of the manifestation
of the tectonic stress on the terrain surface. The
presented GPS/GNSS data are dense enough to
consider the continuous nature of the surface de-
formation in the area and are the results of long-
time observations. The problem of the influence of
non-tectonic factors on the measurement data is
also discussed.

In this study, the horizontal strain regime in
triangular arrays that are formed by a network
of GPS/GNSS stations in the USCB area is deter-
mined. The determined pattern of geodetic strain
in the USCB area can explain the formation of
high-energy seismic tremors that are not related
to mining operations.

TECTONIC SETTING
AND SEISMICITY

In strict geological terms, the Upper Silesian Coal
Basin (USCB) is not a tectonic unit but this term
is commonly used in the geological literature and

hence also here. The boundary of the USCB is in

fact an intersectional line that delimits the range

of the Carboniferous deposits on the sub-Permo-

Mesozoic and sub-Cenozoic surfaces in the area

of the Upper Silesian Block (Fig. 1). Therefore, the

USCB should be considered rather as a deposit and

as an economic unit (Bula et al. 2008, Zelazniewicz

et al. 2011), as well as a complex group of geolog-
ical units that comprise a foreland basin system
connected with the Carboniferous Variscan orog-
eny (Kusiak et al. 2006). The tectonic position of
the USCB area placed between the major tectonic
units in this part of Europe and its geological sig-
nificance in the geodynamic evolution of this re-

gion has been the subject of numerous papers (e.g.

Doktorowicz-Hrebnicki 1963, Znosko 1965, Jura

1995, 2001, Botor et al. 2017).

This triangular shaped basin is placed with-
in two main structural units of the Alpine com-
plex: the Carpathian Foredeep in the south and
the Silesian-Cracow Monocline in the north (Le-
wandowski 2007). The Upper Silesian Coal Ba-
sin is located in the Upper Silesian Block, and is
a part of a larger tectonic unit — the Brunovistulia
Terrane, an external part of the Bohemian Mas-
sif. In turn, the Bohemian Massif represents the
easternmost Variscan unit of the European Plat-
form evolved between the colliding Laurasia and
Gondwana from the Devonian to Carboniferous.
Many authors provided geophysical and GNSS
data indicating a modern activity of this tecton-
ic unit (Schenkova et al. 2009, Pospisil et al. 2019,
Rostinsky et al. 2020, 2024).

In general, three structural zones are distin-
guished in productive Carboniferous structures
(Idziak et al. 1999):

1) the folded tectonic zone, located in the western
part of the basin and shaped as a narrow belt;

2) the block tectonic zone, situated to the east of
the folded zone, where Carboniferous forma-
tions lie flat, but fault tectonics is particularly
developed;

3) the fold-block tectonic zone, adjoining the
block tectonics zone to the north and north-
east directions.

The tectonic pattern in the USCB has mostly
resulted from horizontal compression or from the
presence of predominantly horizontal component
of stress in the Variscan.
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Fig. 1. Geological and tectonic settings: A) main basement units surrounding the Upper Silesian Coal Basin (after Kusiak et al.
2006, Kroner et al. 2008); B) tectonic sketch of the USCB (after Buta & Kotas 1994, Mendecki et al. 2020)

It was seen that the strike-slip movements oc-
curred during the process of compressing (as
movements in the Upper Silesian Trough) and re-
lated to the formation of longitudinal inversion
structures (Doktorowicz-Hrebnicki 1963, Znosko
1965, Goszcz 1999, Dubinski et al. 2019). Numer-
ous folds and depressions, thrusts and faults were
superimposed on this structural arrangement. The
following sub-units can be distinguished within
the Upper Silesian Block: Upper Silesian Trough
(UST), Upper Silesian Fold Zone, Moravo-Silesian
Fold-and-Thrust Belt, Bielsko-Biala Dome, Rze-
szotary Horst and Liplas Graben (Zelazniewicz

et al. 2011). The USCB developed on the rocks of
the pre-Cambrian consolidation, and it is mostly
located in the Upper Silesian Trough. The north-
ern part of the USCB is already within the Upper
Silesian Fold Zone and the western part belongs to
the Moravo-Silesian Fold-and-Thrust Belt (Buta &
Kotas 1994, Bula et al. 2008).

While all research on the subject has indi-
cated a significant role of Variscan tectonics in
the structural development of the basin (see
for example Ptacek et al. 2012), the influence of
Alpine-Neogene tectonic movements is contro-
versial.
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One group of authors has considered these fac-
tors to be insignificant (Jureczka & Kotas 1995),
while another author has set out proof to show the
importance of the intensive faulting and strong
tectonic disturbances in the Miocene sediments
in the southern part of the area (Aleksandrowicz
1964), while some others have found analogous
phenomena in Quaternary sediments and land-
forms (Dyjor et al. 1978, Herbich 1981, Kotlicka
1981, Lewandowski 1995). Other investigations,
based on the in situ measurements, have shown
that the recent stress state in the southern part of
the USCB (in Karvind Sub-basin) is influenced by
the stress fields of the Outer Western Carpathian
nappes front (Ptacek et al. 2012).

Recent tectonic movements were also detected
by some authors through investigations of seismic
events (Teper et al. 1992, Teper 1998, Idziak et al.
1999). The phenomena have been caused by the
interaction of the tectonic stresses existing in the
area under study with the mining-induced stress
(Zuberek et al. 1996). According to Teper (1998)
the present-day seismicity in the area can be gov-
erned by tectonic stress in the zones of large active
dislocations (as found in the Ktodnica Fault, the
central part of the basin). The source of this stress
is derived either from the Carpathians orogenic
pressure or from the active fractures in the Car-
boniferous bedrock.

Analysis of the seismic activity of the USCB
area shows that it is a variable regardless of min-
ing activity and, paradoxically, an increase in
activity is noticeable despite the decline in coal
extraction (Patynska & Stec 2017, Szczerbowski
2019). The specificity of the area is the occurrence
of numerous tremors with energy E > 10° ], which
are difficult to explain by mining operations. It is
commonly assumed that tectonic stresses, current
or residual, may contribute to the generation of
such phenomena (Teisseyre 1983, Gibowicz 1990,
Zuberek et al. 1996, Patynska & Stec 2017). The
high energy tremors have not occurred uniformly
throughout the whole area of the Upper Silesian
Coal Basin but were concentrated in several areas
belonging to different structural unit (Patynska
& Stec 2017): The Main Saddle (the northern part
of the USCB), the Main Trough (the central
part of the USCB), the Jejkowice and Chwalowice
Trough (the western part of the area), the Bytom

Trough (the northern part of the area) and the
Kazimierz Trough (the northern part of the area).
Detailed analyses of epicentres provided sur-
prising results which may be evidence that the
seismicity of the basin is of a regional nature

(Idziak et al. 1999):

— Ithasbeen shown that the epicentres of succes-
sive shocks are not randomly distributed, but
are arranged in accordance with certain direc-
tional trends. Analysing the time sequences of
strong shocks in the area of the Main Saddle
and the Bytom Basin, it was found that the oc-
currence of foci alternates, i.e. the occurrence
of a strong shock, e.g. in the Main Saddle, will
with high probability cause a strong shock in
the Bytom Trough.

— The distribution of the shock epicentres is
self-similar in the statistical sense and creates
a random fractal set with a diverse fractal di-
mension in the individual structural sub-units
of the USCB.

Since it is assumed that these high-energy
tremors are caused by the interaction of mining-
induced stresses and tectonic stresses, the ques-
tion arises as to how these stresses might affect
the ground surface. The use of geodetic data to
determine the regime of horizontal deformation
in the USCB is a matter that has not been anal-
ysed so far.

THE MATHEMATICAL EXPRESSION
OF THE DEFORMATION FIELD

Taking into consideration that the data are
a GPS/GNSS measured velocity of the station,
the present analysis is dealing here with the two-
dimensional velocity gradient tensor. Collection
of the velocities allows us to calculate with the
two-dimensional velocity. So, alocal displacement
field around a given point P(x, y):

a(x,y){u(x’y)} )

v(x,y)

The consider tensor which is defined as (Mi-
chel & Person 2003, Allmendinger et al. 2012, Sig-
bjornsson et al. 2018):

_ 0,04 9
U =u; +6u Xj = tex; )
J
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u, — the GPS/GNSS velocity determined for

the station,

u’, — aconstant of integration that corresponds
to the displacement at the coordinate sys-
tem origin,

— the position of the station,

- the displacement rate (velocity) gradient
tensor.

There are six unknowns in two dimensions: two
components of the translation vector (f, t,), and
four components of the displacement gradient ten-
sor or deformation gradient tensor (e, €,,, €, €,,)
so the solution of the constructed system of equa-
tions requires data from at least three non-colinear
stations (n > 3). Solving these equations starts
with the effects and then calculates the causes
and a standard least squares solution to the over-
constrained problem is usually used. One gets rid
of the reference to the relative change in the dis-
placement field that was used to calculate it. The in-
terpretation of such a tensor can be ambiguous, but
its decomposition can help to reveal certain char-
acteristics. The approach presented here is valid for
small displacements and velocities — the general
formulas for strain rate reduce to the above-given
equation for € So, for infinitesimal strains, ten-
sor € can be decomposed into symmetrical and
antisymmetrical parts, into a strain rate and a ro-
tation rate respectively (Cronin et al. 2012):

X
i

€.+¢€.. E€.—€..
e, +e;to, =| — |+| L—L|=
i i ) 2 2
euy e, e“}’ “
€,y > €x B
- n = (3)
e“}" +eVX _(euy _evx)
2 vy 2 evy
| Pux suy " 0 —0,
_SVX 81/)/ (DZ O B
where:
&; — the infinitesimal strain rate tensor,
w; - the rotation rate (vorticity) tensor.

Hence, considering the previously mentioned
formulas and using Einstein’s summation con-
vention, the formula, the velocity field can be ex-
pressed as follows:

_.0 U; _ .0
U, =u; +_8u Xj = teux; 4)
J

The stated terms on the right-hand side of the
formula refer respectively to: translation, rotation
(the antisymmetric deformation tensor), the rate
of strain (symmetric tensor of deformation, also
called Cauchy’s tensor). The first two relate to rigid-
body motion and the last term describes the rate
of strain due to the relative velocity of the points.

The antisymmetric tensor can be understood
as a rotation w . This rotation is composed by
arigid rotation Q which affects the whole area and
a differential rotation or twist dw,, (Michel & Per-
son 2003). Differential rotation values grow with
the deformation amplitude:

e, e
Swzooz—Q:—%—Q )

The complete matrix equation expressing the
deformation at an individual site given its initial
location {x,, y,}, translation velocity vector (¢, f,),
the corresponding X (v,) and Y velocity compo-
nent (v), the magnitude of the angular veloci-
ty vector (2) and the elements of the strain rate
tensor to be computed (g, € g,) is as below
(Cronin et al. 2012):

Vel | 8 gy —Q | x t,
v, - sxy+Q g, Yo - ty ©)

So, after unpacking there are two equations
with six unknowns: ¢, t, Qe , €, and €, for each
station:

v, = (xosxx)+(y08xy)—(y0£2)+(tx)
v, = (xosxy)+(xOQ) +(y08yy)—(ty)

Entering the horizontal velocities (v, and v,) for
three stations there will be six equations (two for
each site) and the solving of these six equations is
all that is necessary to solve this system of equa-
tions with six unknowns and such constraints to
yielding an exact solution.

The six equations can then be expressed in
a single matrix equation:

d=Gm (8)

xy> Syx’

7)

where:
d - the matrix of the known velocity compo-
nents for the three stations,
m - the matrix of the six unknowns,
G - the matrix of coeflicients that relates d
to m using the aforementioned equations.
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To derive the model parameters in matrix
m, there is an inverse problem to be solved and
the known quantities should be collected on one
side and the unknowns on the other side of the
equation:

m=G'd )

Calculation of the matrix m provides six
components which include the coordinates of
the translational velocity vector (in meters per
year), the rotational velocity (in radians per year),
and the three dimensionless elements of the
strain matrix.

The symmetric tensor is a symmetric ma-
trix and is usually represented by an ellipse with
the following parameters. There are the follow-
ing primitive quantities defined by the defor-
mation tensor which represent and characterize
the deformation (Michel & Person 2003, Cronin
et al. 2012):

— the eigenvectors determining the direction of
the principal axes,

— the eigenvalues determining the length of the
semi-axes:

(sm +8yy)i\/48xy8yx +(8xx +8W)2 (10)

eigenvalues = >

The eigenvalues of ¢, are the principal exten-
sions in the principal directions. The larger eigen-
value e, corresponds to the greater principal ex-
tension along the greater horizontal strain axis
S,y = e, + 1. The smaller eigenvalue e, is the less-
er principal extension along the lesser horizontal
strain axis S,;; =e, + 1.

An eigenvector corresponding to e, is:

{1’m} (11)
€12
An eigenvector corresponding to e, is:
{Lﬁ} (12)
12

The unit eigenvectors can then be determined
by dividing each of the components of these vec-
tors by their length or norm. For example, the unit
eigenvector associated with eigenvalue e, is as fol-
lows (Cronin et al. 2012):

(7‘1 _811)
o 1 €p

2’ 2

1+(M_8Hj 1+(M—%j
€12 €12

The azimuth of the §,;, axis is related to the

angle between the unit north vector and the unit
vector that coincides with this axis is:

G)[rad] =(cos_1(ﬂ-§1))

If the value of the x coordinate of the S, eigen-
vector is a negative number, then the absolute val-
ues of O is subtracted from 360° to yield the azi-
muth. If it is not a negative number, the azimuth
equals to ©.

Based on the quantities more meaningful pa-
rameters can be evaluated and their values can be
estimated using geodetic data of three different
GPS/GNSS stations: maximum horizontal exten-
sion, minimum horizontal extension, total veloc-
ity, maximum shear strain, area strain and rota-
tion (Lazos et al. 2018, 2020). So, the parameters
commonly used in the interpreting of geodetic
data within deformation study are as follows:

— The maximum (e,;;) and minimum (e,;) hor-
izontal extensions, they are measured along
the longest and shortest axes of the strain el-
lipse, respectively. An extension is dimension-
less (usually expressed in nanostrains, ne) and
for the maximum horizontal extension it is de-
fined as (I, - 1,)/l,, where [, is the final length
and [ is the original length along the major axe
of the strain ellipse. The minimum horizontal
is defined correspondingly: (I, - I'))/I';, where I,
is the final length and [; is the original length
along the minor axe of the strain ellipse.

— The maximum shear strain (y,, ) which is
measured at 45° from the maximum horizon-

(13)

(14)

tal strain axis is equal to the difference be-
tween the extension (e,;,) along the major axis
(S,;) and the extension (e,,) along the minor
axis (S,;,) of the ellipse: e ;, - e,,,. It is expressed
in nanostrains, and the magnitude of the in-
finitesimal shear strain as well can be given by
the following:
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E..—&
_ XX yy 2
Yy = 2\/— +(g,) (15)

2

— The area strain depicts the change in area size
as a result of distortion (if any), so it is a pa-
rameter characterizing the type of tecton-
ic regime of an area. The area strain is equal
to the sum of the aforementioned extensions:
A = e, + e,, and is expressed in nanostrains.
In particular, the types of area strain are dila-
tation and compaction.

— Rotation is a parameter which mathematically
is defined as being the angle between the ma-
jor (or minor) axis of the undeformed figure
which is assumed to be deformed (circle, trian-
gle) and the major (or minor) axis of that figure
after its deformation. It is expressed in nanora-
dians per year.

The quantitative property of the deformed area
can be expressed in the above-mentioned param-
eters which should be considered as a product of
the measurement process. So analysis of the re-
sults requires the determination of one more pa-
rameter — that of measurement uncertainty which
is “associated with the result of a measurement
that characterizes the dispersion of the values that
could reasonably be attributed to the measurand”
(JCGM 2008). Therefore, we can see that the un-
certainty of strain estimate is a function of the
individual uncertainties in the velocity estimates
(usually attributed to the GPS/GNSS data) and the
propagation of these uncertainties affecting the
model space (Cronin et al. 2012).

Data uncertainty can be expressed as a covari-
ance matrix cov(d) with diagonal values equal to
individual variances (c°), assuming that the error
in estimating the velocity of each station is inde-
pendent of the other stations (Cronin et al. 2012).
So, for the equation m = G™'d the covariance of
the model cov(m) can be expressed as (Cronin
et al. 2012):
cov(m) = (G” cov(d)” G)™ (16)
where the inverse of the data covariance matrix
cov(d)™ is simply a diagonal matrix whose only
non-zero terms are along the diagonal of the ma-
trix with values equal to 1/c” for each estimate of

the station velocity (uncertainties in the site veloc-
ities). The product of the formula is a covariance
matrix cov(m) with the diagonal elements which
are the variances (¢°) for each of the model pa-
rameters that were to be estimated. Taking the
square root of each of the variances (the diagonal
values) in successive rows of the matrix, the esti-
mated uncertainty for the parameters as follows:
for the east-west and north-south components of
translation vector (respectively), for the angular
velocity vector, ¢,,, ¢, and & ,.

xx” “xy

ESSENTIALS OF
THE TRIANGULATION METHOD

Strain-rate studies using GPS/GNSS data are
characterized by some specific features. The first
feature of strain rate based on GPS/GNSS data is
the source of the data on which the strain is based.
The basis of the measurement is the velocity of
GPS/GNSS stations, and more precisely the diver-
sity of their distribution. So, the velocities mea-
sured at the three GPS/GNSS sites which are locat-
ed in a tectonic active area provide a deformation
of the triangle which they form and the deforma-
tion is the result of three components: translation,
rotation, and distortion of the crust - deforma-
tion rate = translation rate + rotation rate + dis-
tortion rate.

The second specific aspect is the expression of
geodetic data as a physical property of a geosys-
tem that can be quantified by measurement. How-
ever, strain being a dimensionless quantity, the
GPS/GNSS results (initially velocities) after pro-
cessing actually express strain velocity as a “per
year” number. The units used in infinitesimal
strain-rate studies using GPS/GNSS data are usu-
ally nanostrains per year, even though the element
“strain” itself has no dimension.

The third feature is related to the sometimes
overlooked aspect of the certainty that movements
caused by tectonic process are actually reflected
by the geodetic data. GPS/GNSS measurements
do not always reflect pure tectonic activity but
they may be affected by a variety of non-tectonic
processes including ground movements result-
ing from changes in the hydrogeological regime,
displacements caused by anthropogenic sources
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or by artificial effects resulting from this satellite
technique (e.g., Segall & Davis 1997, Szczerbowski
& Jura 2015, Krawczyk & Grzybek 2018, Witkow-
ski et al. 2021, Overacker et al. 2022).

Ground displacements induced by the season-
al variations of subsurface water reservoirs usual-
ly follow a seasonal pattern but these may vary in
amplitude from year to year and do not usually fol-
low a simple sinusoidal characteristic with respect
to frequency. This is often called a quasi-seasonal
pattern and is often removed from continuous
GPS/GNSS observations in deformation studies
(Bawden et al. 2001, Blewitt et al. 2001, Heki 2001,
Schmidt & Biirgmann 2003, Argus et al. 2005, Bo-
gusz et al. 2013).

Hence the environmental conditions should be
considered as an individual characteristic of a giv-
en area in geodetic studies devoted to strain field.
In this paper the problem is discussed with the use
of individual sets of data obtained from particular
stations.

The above-mentioned symbolic solutions to
strain problem can be depicted geometrically and
the triangulation method is an approach which
perfectly combines both of the aspects of tectonic
strain. We can see why it is a common method ap-
plied in geodetic studies on tectonic strain that is
a common method applied in geodetic studies on
tectonic strain. As the name suggests, triangula-
tion consists of creating a system of triangles cov-
ering the area under consideration and in this case
the vertices of the triangles represent the perma-
nent GPS/GNSS stations. Sets of three stations in
the study area are combined, forming a triangle,
while the velocities of the three stations are taken
into account in order to calculate the deformation
parameters. Reliability of the results depends on
the aforementioned uncertainty of strain estimate
and also on the correct alignment and positioning
of the network of GPS/GNSS stations.

The procedure starts from the determination
position of the centroid (C) of the triangle. The
vector from the centroid of the undeformed tri-
angle (C) to the centroid of the deformed trian-
gle (C') is the same as the translation vector. The
translation vector can be outlined by the East
and the North components or the azimuth of the
translation which is the average direction in which
the GPS/GNSS sites are moving. Also taken into

consideration is the velocity of the translation vec-
tor which is the length or magnitude of the vector,
expressed in meters per year.

The translation vector has the same magnitude
and direction at all the three stations and the cen-
troid of the triangle which they formed is the in-
tersection of three triangle medians. This point is
considered as the starting point (x,, ¥,) of a new
coordinate system and the triangle of the stations
simply moves in space relative to the reference
frame. The triangle deforms as it moves. Subse-
quently, an inner circle with the centre in the cen-
troid is contained in the original and undeformed
triangle. It is transformed into an ellipse when po-
sitions of the triangle vertices (stations) change
due to the relocation of each vertex from the start-
ing to the finishing point of each total horizontal
velocity vector (Fig. 2).

The strain ellipse and its axes (a major and
a minor axis), perpendicular to each other, de-
scribe the magnitude and orientation of the max-
imum and minimum principal strain.

Subtracting the translation vector from the ve-
locities of the triangle vertices brings the two tri-
angle centroids together. The site velocities minus
the translation vector makes the site vectors asso-
ciated with the change into the shape of a triangle.
The reversal of the deformed triangle into its orig-
inal position leads to the transformation of the
ellipse into a circle, while the ellipse axes remain
perpendicular to each other, however slightly they
may have changed. So, as mentioned before, the
rotational component of deformation is indicated
by the angular change in orientation per year and
the direction of the rotation is calculated from the
original orientation of the given axis and its orien-
tation after deformation (Fig. 2). A positive rota-
tion is a counter-clockwise rotation (Cronin et al.
2012, Lazos et al. 2018, 2020).

The rotational velocity vector (an axial vector,
angular velocity vector) is a vertical vector extend-
ing from the centre of the triangle. It can be giv-
en in degrees per year or in billionths of a radi-
an per year (nrad/yr). In the case of a rigid body
its rotating is possible but there is no presence of
any distorting component. Distortion is the next
quantity that appeared in the previously presented
formula and it includes a change in shape (strain)
as well as some change in volume/area (dilation).
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— & I @ angle
/

Fig. 2. Defining deformation: a forward deformation deforms a unit circle to a strain ellipse. Successive figures from the top to the
bottom: initial configuration of GNSS triangle with circle around the centroid of the triangle, rotation of the triangle, deformed
triangle with circle and ellipse as a product of the changed circle with the major axis with clockwise rotation and which trends
105° (minor axis is red perpendicular). For irrotational deformation, the axes which transform to become the principal strain

axes (dashed) are not rotated

The implementation of this process, using dif-
ferent mathematical equations including the orig-
inal and final lengths of the ellipse axes, leads to
the estimation of the parameters discussed in the
previous chapter. In the present paper, the tri-
angulation method as algorithms applied in the
computation process are based on the GPS/GNSS
triangular calculator software, developed by
EarthScope and presented among others in many
publications (see: Cronin et al. 2012). All strain
parameters which can be determined on the men-
tioned formulas with the use of the software are
examined here to detect tectonic trace in geodetic
signals recorded in the stations to identify tectonic
regime in the area of the USCB.

ESTIMATION OF

INFINITESIMAL STRAIN

USING GPS/GNSS VELOCITY DATA
GATHERED FROM SITES

IN A TRIANGULAR ARRAY

To achieve a full understanding of the extent of
present-day crustal strain in a given area not only
requires the relevant geological/geophysical data,
but also information gathered from many locally
available GPS/GNSS sites. In the case under dis-
cussion, the geological structure of the area is well
recognized, but the geophysical research of the
tectonic stress has been insufficient and has been
limited only to seismic research.

Unlike campaign (occasional) measurements,
continuous measurements performed at perma-
nent GNSS stations provide unique data sets for rig-
orously assessing ground deformation, especially

valuable in regions of low displacement rates. The
permanent stations which are in operation in the
area of Poland are developed and managed by var-
ious companies or institutions belonging either to
public or commercial networks (ASG-EUPOS,
TPI NETpro, VRSNet HXGN SmartNet and local
networks covering the southern part of Poland:
NadowskiNET, RtkNet). Some of these networks
are operating in the area under study, howev-
er most stations belong to the ASG-EUPOS net-
work, which was established in 2008 according to
the guidelines set down by the Polish Head Office
of Geodesy and Cartography (Bosy et al. 2007).
There are three stations operating in the area of
the Czech Republic (one of them - the CFRM sta-
tion belongs to the ASG-EUPOS network) and
one in the Slovak Republic.

In the case under discussion here most of the
operating GNSS stations are placed in urbanized
locations of the region, where mining has not been
conducted for many years. But while the influence
of mining on the displacement field revealed by
the geodetic data can be ruled out due to the end-
ing of coal mining operations there, the influence
of other man-made sources cannot be excluded.

The geodetic data were obtained from the Ne-
vada Geodetic Laboratory (NGL) which takes
raw GPS data from more than 17,000 stations
around the globe and makes data products that
are multi-purpose (Blewitt et al. 2018). The pro-
cessed data available from the NGL site give the
daily averages of displacements relative to the ini-
tial position of the station and these have been
resolved in a particular reference frame and are
relative to a particular datum. The data obtained
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from the stations operating in the study area with-
in the various Polish and Czech networks were
calculated by the Geodesy Lab at the University
of Nevada (NGL) to provide coordinates comput-
ed from a time series which comprised of many
of these daily displacements and hence provided
the mean velocities in the north and the east di-
rections in time intervals for the analysed stations
(more useful pieces of information are available at
http://geodesy.unr.edu). The GPS/GNSS site loca-
tions and velocity data relative to a fixed Eurasian
plate presented here, which were obtained from
NGL (Blewitt et al. 2018), encompass the veloci-
ty rates which were calculated with respect to the
stable Eurasia plate. Each analysed station is char-
acterized by an East and a North velocity compo-
nent and their errors, respectively (Table 1).

The input data give positions of GNNS sites
and their velocities, expressed in units of length
per time, i.e. per one year. The GNSS data acqui-
sition in the USCB and adjacent areas and the
analysis process, according to infinitesimal strain
theory, deals with very small displacements (in-
deed, infinitesimally smaller than any relevant

Table 1

dimension of the examined area). However, as is
shown, the velocities in the study area are much
lower than those usually found in regions of active
faulting, for example in the area of the North Ana-
tolian fault, where the Arabian plate moves north-
ward about 20 mm/yr with respect to Eurasia
(Allmendinger et al. 2007). The values of the ve-
locity vectors vary from 0.5 to 2.7 mm/yr. There-
fore, the values should be considered as being sig-
nificant and useful for further analysis despite the
small values which they depict. What is more, the
values of the uncertainties as well are much diver-
sified. The stations of the ASG-EUPOS network
have provided data of a very good quality since
2004: they are the result of a long period of time
of observations (almost two decades) coupled with
a very low set of values of the uncertainties rang-
ing up to £0.2 mm (with the exception of TAR4
which started to operate several years later than
the other stations of the network). These are the
stations as follows: CFRM, KATO, KRAW, TAR4,
WODZ, ZYWI. Some of the stations’ names are
different in the NGL service than the name used
in the ASG-EUPOS nomenclature.

Locations and velocities for GNSS/GPS stations used in this study

] ] . . o E velocity E veloc.i ty N velocity N veloc‘:ity
Station ID Latitude [°] Longitude [°] [mm/yr] uncertainty [mm/yr] uncertainty
[mm/yr] [mm/yr]
ANDY 49.858 19.373 0.64 0.26 0.11 0.30
BEDZ 50.345 19.159 0.59 0.58 -1.54 0.72
CAD2 49.435 18.785 0.18 0.46 0.90 0.40
CFRM 49.685 18.353 -0.07 0.12 0.96 0.13
JASZ 49.916 18.495 0.48 0.26 -0.02 0.27
KATO 50.253 19.036 0.73 0.13 -2.60 0.15
KEDZ 50.375 18.331 0.24 0.25 0.72 0.30
KRAW 50.066 19.920 0.18 0.12 0.61 0.14
LYSH 49.546 18.448 0.11 0.17 0.86 0.18
OLKU 50.331 19.550 0.77 0.26 1.29 0.28
RACZ 50.078 18.215 0.92 0.32 0.54 0.37
TAR4 50.452 18.858 0.16 0.43 1.15 0.47
TYCH 50.119 19.009 0.04 0.37 2.57 0.57
VSBO 49.834 18.164 0.53 0.13 0.61 0.14
WODZ 50.000 18.458 0.00 0.35 2.04 0.30
ZYWI 49.687 19.206 0.06 0.14 1.01 0.15
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The VSBO, a publicstation in the Czech Repub-
lic, has also provided high quality data (details are
available on the website: http://czepos.cuzk.cz).
The other stations are usually characterized by
higher values of uncertainties and by a shorter
time interval of observations. The NGL provides
data from the other station networks placed in
the area, but their published data are character-
ized by values of uncertainty which are sever-
al times higher than estimations of the velocity
components and the published interval time of
their operation is over a time period of sever-
al months, too short a time to be regarded as
reliable.

Nearly half of the stations located in the USCB
and adjacent zones demonstrate significant values
of velocity rates of over 1 mm/yr: ZYWI, RACZ,
TAR4, OLKU, BEDZ, WODZ, TYCH, KATO. The
first four stations are located nearby, but still out-
side the boundaries of the area of the USCB, and
the velocity rates of the last three stations exceed
even 2 mm/yr. Detailed discussion on the charac-
teristics of the spatial distribution of velocity vec-
tors is presented further.

The calculation of the deformation parame-
ters is based on the triangulation methodology
described previously. Triples of the neighbouring
stations formed triangles. As can be seen, their
distribution is not perfect and differences in the
density of station locations caused significant ir-
regularity in the geometry and area size of the
triangles. Despite this, however, their positions
match the geological situation quite well. Table 2
shows the results obtained from the calculations
for each of the triangles, including values of un-
certainty evaluated for elements of the strain
rate tensor, and for components of the transla-
tion vector.

Although the triangles were formed according
to the principle of nearest position, triangles be-
ing formed by neighbouring stations, some trian-
gles were established in which geometry set aside
this standard to reveal additional insight into
a very diverse picture of strain distribution within
the USCB area. The results should be considered
as being assigned to the centroid of the triangle.
Thus, deformation parameters were determined
for each centroid of the triangle, the most consid-
erable of them being as follows:

Maximum horizontal extension. The values
range from —10 to 330 ne but most of the tri-
angles manifest values in the range from 5 to
70 ne which is approximately the mean value of
the data set. One triangle (T4) shows a negative
value (-10 ng).

Azimuth of maximum horizontal extension.
The values of the data almost evenly fill the full
range of the circular angle and in terms of fre-
quency no preferred direction can be seen.
Minimum horizontal extension. The values for
the majority of the triangles amounted to the
range from —40 to —10 ne. The mean value of
the data set is —80 ng, so the values of the mod-
ulus of the means of maximum and minimum
horizontal extensions are nearly identical.
Velocity of the centroids. The values corre-
spond to those obtained for the stations form-
ing a particular triangle and the rates are rang-
ing between 0.4 and 1.8 mm/yr.

Maximum shear strain. The values range from
-10 to 790 ne but most of the triangles mani-
fest values in the range of 10 to 80 ne. That re-
sembles the range obtained for maximum hor-
izontal extension. For three triangles (T6, T11,
T12) obtained values are remarkable as they
exceed 400 ne.

Rotation. The meanand themedianareboth close
to zero and that reflects a dominant tendency in
the data set. Three triangles provide outstanding
values: T6 (ca. 32 mas/yr), T11 (ca. —80 mas/yr),
T12 (ca. 57 mas/yr). So only T11 demonstrates
a clockwise rotation, while the other two demon-
strate an anti-clockwise rotation. Although the
determined values are characterized by high
uncertainty values, they reflect anomalies in
the velocity field. Nothing prevents these re-
sults from being analyzed as being qualitative.
Area strain. The values vary in the range of
—-500 to 451 ne. Again, T11 and T12 provide
outstanding values (respectively —525 and
—-128 ng). The mean and the median of the
modulus values are close to zero. However, de-
spite the fact that the absolute values of neg-
ative area strain rates are much higher than
positive ones the latter are dominant, and the
highest positive value is demonstrated by T21.
Opverall, it reflects an extensional nature of the
USCB area if it is viewed as a whole.
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RESULTS, ANALYSIS
AND DISCUSSION

Once we obtain the requisite information from
each of the GNSS sites, we know the horizontal co-
ordinates of the initial site location (x,, y,) as well
as the east-west instantaneous velocity (v,) and
the north-south velocity (v,) for each site within
a time interval which is not equal for all of the an-
alysed stations. As mentioned previously, the ve-
locity vectors which were obtained for the stations
in the USCB, expressed in an EU plate-fixed ref-
erence frame, are rather small in comparison to
areas with active fault tectonics and the strong ef-
fects of the movements they produce. The velocity
field determined on the basis of the data present-
ed in Table 1 outlines a complex characteristic of
the vectors’ distribution shown in Figure 3. Dis-
tribution of both the vectors’ magnitudes and ori-
entations within the USCB area are much diversi-
fied: neighbouring stations show velocity vectors
of inverted orientation. It closely resembles mi-
croplate models of continental deformation where
the deformation analysis is based on elastic block
modelling which assumes that deformation is
not continuous but occurs primarily in networks
of interconnected faults separating quasi-rigid
blocks (e.g., Avouac & Tapponnier 1993, Thatcher
2007, Allmendinger et al. 2007, 2009). The distri-
bution of the velocity rates is outlined on the map
in the form of arrows, with an orientation which
determines the angle of the azimuth of the mov-
ing stations Figure 3A.

The distortion in the velocity vector field is far
more easily perceptible on the map of the gradi-
ents (Fig. 3B). As is shown there are two distinc-
tive zones: the first between WODZ and JASZ
(the western part of the USCB), and the second
between KATO and BEDZ stations (the central
part of the USCB). The first shows much higher
values of the gradient field. The areas with in-
creased gradient values coincide with the loca-
tions of high-energy seismic events, which are
shown in Figure 3C. A disturbance in the dis-
tribution of the velocity vectors in those zones
results in a strong variability of the vectors and
of the other deformation parameters obtained
in the USCB area. These variabilities will be

discussed further. It can be seen that the expect-
ed smooth and similar velocities of GNSS do
not appear as such in the USCB. The lack of in-
formation on the velocities in some parts of the
area does not preclude the formulation of cer-
tain remarks that in the western and the central
parts extreme changes in the orientation of the
vectors are observed. Even when ignoring the
strong disturbance of the characteristics caused
by the stations located in the mentioned zones,
a change in the distribution of the vectors is al-
ready visible at the border of the USCB. However,
the changes along the boundary of the area are
much smoother and exhibit a certain regulari-
ty. The vectors of the CFRM, ZYWI, and KRAW
stations - which surround the USCB area from
the west, south, and east, respectively - show
slight directional changes. These changes prog-
ress successively from SE-NW, through N, to
SW-NE, in accordance with the curvature of
the Carpathian arc, an adjacent tectonic unit.
S-N orientation of the vectors is the dominating
one in the surroundings of the area of the USCB,
although this slight difference is noticeable: sta-
tions which are located at the western boundary
of the region demonstrate SW-NE orientation. It
suggests that this disturbance was originally cre-
ated by the occurrence of the Basin. The direc-
tions of the vectors turn back to the S-N trend
behind the northern boundary of the USCB and
this orientation corresponds to the N-S orienta-
tion of the tectonic stress in the area of Poland,
a phenomenon which has been discussed in nu-
merous papers (e.g., Jarosinski 1998, 2005, 2006,
Zuchiewicz et al. 2007, Jarosinski et al. 2011,
Araszkiewicz et al. 2016).

The distribution of the maximum horizontal
extension is analogous to the distribution of the
values of the velocity. The maximal values of this
parameter occur in the regions of the greatest dis-
turbances caused by the velocity characteristics of
the WODZ, KATO and TYCH stations (Fig. 4).
The high values obtained for T14 and T21, which
are the triangles covering zones not related to
mining operations, are noticeable. Both occur at
the northern boundary of the area, where the sta-
tions located beyond it (e.g., OLKU) show a north-
ern direction of movement.
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Fig. 4. The Upper Silesian Coal Basin: the distribution of the maximum horizontal extension [ne]

Those placed just in front of this boundary,
however, demonstrate a diametrically opposite
southward movement. Such a setting of the de-
formation causes extensional characteristics with
large values of strain. This analogous tendency is
also observed at the western boundary where the
WODZ station located at the western boundary
of the USCB demonstrates the northward dis-
placements. The stations, however, located on
its western side, on the Moravo-Silesian Fold-
and-Thrust Belt, show movements from the west
towards the centre of the USCB. A fairly even
distribution of azimuths of maximum horizon-
tal extension and the lack of the preferred direc-
tions in terms of frequency of the occurrence
suggests the existence of forces acting in various
directions. These directions seem to depend on
the position of the particular triangle on the tec-
tonic map of the USCB area. Taking into account
the triangles which demonstrate the values of

the maximum horizontal extension that exceed
100 nanostrains, it can be seen that these exten-
sions represent the azimuths of orientation be-
tween NW and NE (frequently N).

So, as is shown in Figure 5 the azimuths of the
large maximum horizontal extensions, placed in
various zones of the area, represent, for the most
part, a S-N direction. Less often SW-NE di-
rections and only once a SE direction, which is
demonstrated only by the T11 triangle.

The values of the minimum horizontal exten-
sion are negative and almost all of them are be-
low 50 ne. Only three triangles demonstrated
noteworthy values of the parameter: T6 (112 ne),
T11 (—458 ne) and T12 (642 ne). These are very
large negative values, the modulus of which ex-
ceeds the corresponding values of the maximum
horizontal extension several times. It suggests an
extreme compressional regime in zones represent-
ed by the triangles, especially T11 and T12 (Fig. 6).
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Another important parameter to be analysed
is shear strain. It is the result of shear forces which
push parts of the body in different directions and
this is different to compression, which occurs
when the two opposing forces are pushing into
each other at the same point (i.e. they are not off-
set), resulting in compressive stress. So, it reflects
the changes in stress regime, particularly in the
direction of the forces acting in the deformation
process. In the area of the USCB there are several
triangles with large values of shear strain, show-
ing large values of maximum and minimum hor-
izontal extension: T11, T12, T6 and T21 (Fig. 7).
Although rotation is a parameter within which
the obtained values are rather small and which
is characterized by high uncertainty values, their
distribution is internally consistent and there is no
apparent randomness.

In the triangles T6, T11, T12 and T21 the esti-
mated values of rotation were found to be mean-
ingful. Of all the triangles only the T11 demon-
strates a clockwise rotation (Fig. 7). As has been
shown, the central part of the USCB rotates in the

opposite way to its surroundings and in gener-
al the clockwise rotation is demonstrated by the
triangles located in the southern part of the area,
and also in the western and the eastern (with some
exceptions). Most of the northern triangles rotate
in a counterclockwise direction. The most mean-
ingful of the rotations are those found in the T11
and T12 triangles. They are neighbouring trian-
gles and demonstrate high values of rotation and
an opposite to each other direction of the rotation.
This change of direction is observed in the north
from them, but the rotation values of the triangles
neighbouring T11 and T12 are smaller (Fig. 7).
The result of the distribution of the mentioned
parameters reveals the characteristics of area
strain. In our case only T12 and T11 demonstrat-
ed the noteworthy negative values of the param-
eter (respectively —525 and —128 ne), depicting
a compressional regime which expresses a de-
crease of the area size (Fig. 8). There are as well
zones demonstrating positive values of area strain.
These are associated with an extensional regime
which expresses the increase of an area size.
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Notable zones represented by the triangles for
which the values of area strain exceed 100 ne occur
mainly at the northern boundary and in the west-
ern part of the USCB (Fig. 8). So, it is the outlined
area strain distribution which reflects all aforemen-
tioned spatial characteristics of the other strain pa-
rameters. This is an interesting feature: it is the pos-
itive value of the area strain which is evident in the
total balance and which should be regarded as be-
ing the most distinctive attribute of the USCB area.

All of these detailed comments on the ob-
tained results depicting the strain characteris-
tics lead to some general remarks. Among them,
the one of most fundamental importance is that
there are two outstanding zones in the area of the
USCB. One of them is located in the western part
of the USCB and this zone represents an exten-
sional regime with significant values of maximum
horizontal extension and the azimuth of this pa-
rameter is NNE-SSW.

The other zone represents a large compres-
sion-extensional regime. It is covered by the

triangles related to the stations TYCH, KATO and
BEDZ. Although there are values of maximum
horizontal extensions, minimum horizontal ex-
tensions are high and a compressional regime is
definitely dominant there, seeing as how there is
a change in the characteristics of the minimum
extensions in the area of the BEDZ station and
positive values of area strain occur (extensional
regime). These subzones rotate in opposite direc-
tions. However, these are different characteristics
when it comes to the area strain values or rota-
tions, but taking into account the distribution of
the maximum horizontal extensions value, there
is no clear border. The third zone is related to the
area of the OLKU stations. However, it is not re-
vealed as clearly as the others but there is a sig-
nificant increase of the maximum horizontal ex-
tensions of the SW-NE orientation and a clear
extensional regime.

It is noteworthy that the centres of these three
zones are almost collinear and the line containing
them is SW-NE oriented.
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Generalized characteristics of deformation
in the USCB can be outlined by the strain ellips-
es, each of which describes the deformation of the
corresponding triangle. Each of the selected ellips-
es can be regarded as being representative in their
deformation characteristics for the part of the area
under study (Fig. 9). Despite the fact that the distri-
bution of the velocity vectors seems to be lacking
any pattern to a large extent, as well as the fact that
the uncertainty values of the strain ellipse param-
eters determined for some triangles amounted to
high values, the distribution of the particular types
of strain ellipses is completely non-accidental.

A clear pattern in the arrangement of the
strain ellipses is visible at first sight: the eastern,
the southern and the northwest parts of the area
demonstrate no strains, whereas the western part
shows both positive and negative extension and at
the northern boundary of the area there are lon-
gitudinally oriented extensions. These extensions
are transformed into positive and negative values

with a SE-NW orientation of the maximum ex-
tensions. They again are transformed at the lon-
gitudinal axe of the area into longitudinally ori-
ented extensions, and then are again transformed
into positive and negative extensions but with
a SW-NE orientation of the maximum extension.
All of this finally leads to a SW-NE orientated ex-
tension at the NE part of the area.

This distribution suggests the northward dis-
placement of the region with a change in the
stress regime in the central part of the USCB.
This is a zone where the orientation of the rotation
is changed as the orientation of elongations of the
strain ellipses.

CONCLUSIONS

The USCB is one of the most tectonically compli-
cated Palaeozoic molasse basins of the European
Variscides, being characterized by a zonal tectonic
pattern that includes both complicated thrust-fold
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deformations and relatively simpler normal fault

and transtensional tectonics (Dopita & Kumpera

1993, Grygar & Wacllawik 2011). Geodetic satel-

lite data from a moderately dense network enable

the application of triangulation to construct sev-
eral dozen different triangles for strain analysis,
where all the deformation parameters were cal-
culated for different triangle centroids. No matter
how small the displacement rates of the stations,
a strong variation in deformation parameters is
noticeable. Strain characteristics show that the
deformation parameters in the region are unusu-
al, such that the area is not homogeneously de-
formed. A more detailed analysis also enables the
identification of several separate zones in which,
in contrast, strain characteristics are homoge—
neous, the most important of which are maximum
and minimum horizontal extension, maximum
shear, and the area strain. Further, compression
and extension, which dominate in the USCB area,
occur in particular zones: in general compression
occurs in the central part of the area and exten-
sion occurs in the western and northern parts and
in part of the eastern area. In general, the central
part undergoing compression (the Upper Silesian

Trough) is surrounded by extensional zones. Such

spatial characteristics of strain suggest compres-

sional collapse of the UST and inward compres-
sion to produce extension in the outer parts. The
lack of extension in the southern part of the area

could indicate a tectonic push from a southerly di-

rection. It seems that the distributions of the de-

termined strain parameters reveal a discontinu-
ous nature of surface deformations and that strain
zones are probably separated by tectonic disconti-
nuities. Strain distribution follows a zonal tecton-
ic pattern within the USCB: a block zone of com-
pression, a folded zone with extension, and a fold
and block zone with extension, all of these zones
suggesting the impact of networks of intercon-
nected faults separating quasi-rigid blocks.

There are two main regions characterized by
high levels of seismic activity (Fig. 3C):

1) the Jejkowice and Chwalowice troughs;

2) Bytom Trough, Upper Silesian Fold Zone and
Upper Silesian Trough - particularlythe area
at the contact of these units.

Both regions are characterized by the highest
values of: maximal horizontal strain, rotations

and area strain. However, there are some dif-
ferences. As mentioned earlier, only the Upper
Silesian Trough area is subject to compression,
whereas the other region shows extensional de-
formations. There seems to be an interconnected-
ness between the tectonic setting of the area, the
geokinematics and the tectonic strain fields in the
USCB area, and also a connection with the min-
ing activity operating in unsustainable geome-
chanical conditions. Their combination produces
a result which is a phenomenon of the seismici-
ty in the USCB. Tectonics is the basic factor and
the one which determines the formation of high-
energy seismic tremors.

One should perceive the slow accumulation of
stresses, and the formation of seismogenic struc-
tures (especially in faulted zones), which has led to
precipitous releases of seismic energy triggered by
mining operations.

The research results on the strain character-
istics in the USCB which are presented here in-
dicate the fundamental (primary) source of this
phenomenon. Although the general results are
unambiguous, a strict quantitative approach to
the strain parameters in some cases should be
handled with a certain degree of caution. It may
be seen, for example, that the obtained values
of the strain parameters should be regarded as
rough estimates which reflect the compressional-
extensional setting of the USCB area and should
be clarified by more intensive future research. It
requires specially designed micro-networks or at
least an increase in the number of stations, espe-
cially in the areas of the USCB where they are ab-
sent (mainly in the southern part).

Taking into account some limitations of the
GNSS technique, the results presented here should
be regarded being as evidence. There are howev-
er some undeniable facts, as for example the pres-
ence of a general pattern of strain in the USCB.
These facts and insights may benefit researchers
from other disciplines engaged in the geological
and geophysical analysis of the USCB area.
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