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Abstract—A method for the statistical processing of the input data on the stress state of the Earth’s lithos-
phere that takes the initial 3-D position of the principle stress axes into account is elaborated. This approach
is based on the calculation of the arithmetic mean value for every six independent tensor components during
determination of the average stress in any sampling. When determining the sampling for calculation of the
average stress for the current cell of the calculated grid, it is proposed to insert the measurements into the
sampling that are spatially located in such a manner where the distance from the measurement point to the
cell center is less than some value that is named as a search radius. The latter either was specified as a constant
for all cells of the calculated grid or was determined assuming that the dispersion of the average tensor was less
than some preset value. The results of the application of this approach are presented based on the example of
the processing of the measurements from the World Stress Map (Heidbach et al., 2008). The resultant set of
the mean stress-field maps reflects the generalized pattern of the stress distribution in the Earth’s lithosphere.
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INTRODUCTION

One of the main disadvantages of any stress-state
database in the Earth’s crust or lithosphere is the irreg-
ular distribution of measurements. When comparing
these data with the results of computational modeling,
which usually have a regular spatial distribution, this
problem is especially acute. Thus, an approach is
required that allows the averaging of the data of mea-
surements in areas where their density is relatively high
and extrapolation of the information on the regions is
characterized by the absence of data or few data.

The first works on averaging of the World Stress
Map data at global (Zoback, 1992) and regional
(Miiller et al., 1992) scales were exclusively qualitative.
However, too much subjectivism, which is typical of the
visual summarizing of information, does not allow one to
consider this method as being sufficiently reliable.

As a result of the statistical processing of the input
data, the global map of the stress distribution was
firstly presented by D. Coblentz and R.M. Richardson
(1995), who used the measurements from the World
Stress Map (1992) as input information of 4537 A—C
quality. The average orientation of the compression
axis for a cell 5° x 5° in size was determined as the
mean value of the orientations of the projections on
the horizontal plane of the principal compression axes
based on the data of measurements that fall into this
cell. Among 582 cells with identified orientations, 200
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cells contained only one measurement. Thus, the esti-
mation of the dispersion of the calculated mean value
made sense only for the remaining 382 cells with two
measurements and more. The authors faced a signifi-
cant problem of an excess of the dispersion of feasible
values in 196 of 382 cells (i.e., in more than in half of
the cases).

The determination of the average of any value for
the current cell of the calculated grid applied in
(Coblentz and Richardson, 1995) included only pro-
cessing of data that fall into this cell and may be con-
sidered as corresponding to the use of constant search
radius (about 250 km in the given case). Hereafter, the
search radius is some value that determines the maxi-
mum distance from the center of the current cell of the
calculated grid to the projection on the horizontal
plane of the point of the current measurement from
the applied database, the non-exceedance of which
allows the presence of this measurement in the sam-
pling for the determination of the mean stress value for
the reviewed cell.

The high dispersions for significant numbers of
cells with identified average orientations of the com-
pression axes are considered to be related to the use of
a constant search radius for all cells of the calculated
grid (Coblentz and Richardson, 1995). Thus, later
(Heidbach et al., 2007, 2010) it was suggested that one
should average different grid cells with different radii.
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The search radius of the current cell was consecutively
sorted with a 100-km step in a range from 1000 up to
100 km. The standard deviation of the mean value of
the orientation of the compression axis was deter-
mined for every radius (contribution of every measure-
ment into the mean value directly depended on its
quality and, inversely, on the distance between the
location of epicenter of the measurement and the cen-
ter of the current cell). If this deviation did not exceed
the given value, the sorting was stopped and the corre-
sponding search radius was registered for the current
cell. Thus, the output contained the distribution of the
orientation of the principle axes on a regular grid and
every element of this distribution was calculated as
averaging at a standard deviation that does not exceed
the given threshold. Such approach considers the
mean value as a measure of the degree of the irregular
stress state of any Earth region.

To reconstruct the stress-state parameters based on
the data on earthquake mechanisms, Yu.L. Rebetsky
(1999, 2003) suggested cataclastic analysis, which not
only determines the orientation of the principal stress
axes but estimates the value of maximum tangential
stresses and effective thorough pressure. Three stages
are distinguished in this method. The first stage is a
determination of the orientation of the principal axes
of the stress tensor and Lode—Nadai coefficients by
selection from all possible stress conditions of such a
condition that attains the maximum dissipation of
energy accumulated in the elastic deformations. The
stress values (to unknown value of the internal cohe-
sion of rocks) are estimated at the second stage of the
reconstruction using analysis of the distribution of
earthquake mechanisms on the Mohr’s circle. The
fluid pressure and internal cohesion are calculated at
the third stage. The elaborated algorithm was success-
fully applied to reconstruct the stress field within the
western flank of the Sunda subduction zone prior to
the Sumatra—Andaman earthquake of 2004 (Rebetsky
and Marinin, 2006).

The chief disadvantage of the offered approaches
(Coblents and Richardson, 1995; Heidbach et al.,
2010) is that the orientation of the projection on the
horizontal plane (principal compression axis) was a
value whose average was determined by different
methods. At the same time, the main information pre-
sented in the World Stress Map is a spatial location of
the principle axes of the identified stresses. Thus, the
selection of information for the statistical analysis lost
a significant part, i.e., only orientation of the horizon-
tal constituent of one of the tensor principle axes was
used instead of the complete 3-D stress tensor. As a
result, the resultant stress field is two-dimensional (it
is possible to characterize only the horizontal constit-
uent of the real distribution) and bears no information
about the tectonic regime (predominance of compres-
sion, tensile, or shear stresses) in either region. It
should be noted that determination of the average
stress state was given in (Coblentz and Richardson,
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1995). However, the procedure was as follows: some
numerical value (from zero for a thrust-fault regime up
to 1 for a normal-fault regime) was assigned to every
measurement depending on the identified stress state
and then these values were averaged for the events that
fell into the corresponding sampling. Such an
approach may not be considered quite correct.

We offer a statistical analysis of the input data on
the stress condition of the Earth’s lithosphere that take
the 3-D location of the principal stress axes into
account and we also present the results of the applica-
tion of the elaborated approach based on the example
of measurements of the World Stress Map (2008)
(Heidbach et al., 2008).

METHODS AND INITIAL DATA
FOR CALCULATIONS

The suggested method for the processing of the
input data is as follows.

The initial data in every measurement bears the
spatial location of the principal stress axes represented
as the dip azimuth and angle for every axis. Because
the stress value on the principal axes is unknown for
the majority of measurements in the database, it was
decided to use single values on the principal axes of
compression and extension stresses (—1 and +1,
respectively); the stresses on the intermediate princi-
ple axis are considered to be zero. In this case, in the
coordinate system where the X axis coincides with the
principal compression axis, the Y axis with the inter-
mediate axis, and the Z axis with the principal exten-
sion, the stress tensor of any measurement may be
written as follows:

100
000 | (1)
001

{
o =

The coordinate system that is common for all mea-
surement included an X axis directed to the north, a Y
axis directed to the east, and a Z axis that is radially
directed from the Earth’s center. In order to obtain the
tensor in this coordinate system, it is necessary to carry
out the following rearrangement:

303
Ox = Z z akralsc;ss (2)

r=1s=1
where o, is the current element of the calculated ten-
sor, ¢' is the initial tensor, and o, and oy are the cor-
responding elements of the rotation matrix (Kochin,
1965).

The rotation matrix for every tensor is a table of the
cosines of angles between the axes of the transformed
coordinate systems (Lurie, 1961). If the guide cosines
of this matrix are expressed as bedding elements of the
principal stress axes, it will appear as follows:
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cos(azP)cos(plP) cos(azB)cos(p/B) cos(azT)cos(plT)
@ =1 sin(azP)cos(plP) sin(azB)cos(plB) sin(azT)cos(plT) |- 3)

sin(p/P)

where azP and p/P are the dip azimuth and angle of the
principal compression axes, azB and p/B are the dip
azimuth and axes of the intermediate principle axis,
and azT and plP are the dip azimuth and angle of the
principal extension axis, respectively.

Thus, the suggested approach transforms informa-
tion about the spatial location of the principal stress
axes into the tensor state for all measurements.

Further, in order to determine the mean stress (G;;)
in any sampling, the mean arithmetic value is calcu-
lated for every six independent tensor components:

N
1 k
=1

where O'f;» is the value of the current element of the

stress tensor for the k-th measurement of the sampling
and N is the total amount of measurement in the given
sampling.

The weight of every measurement in the sampling is
the same during determination of the mean value (i.e.,
it is independent of the quality of the data, the distance
from the center of the current cell, and the magnitude
of an event).

The spatial orientation of the tensor principle axes
was calculated in a standard manner for the visualiza-
tion and analysis of the resultant mean stress tensor
(Mase, 1970).

The most substantial issue here is the identification
of the subset of events from a database that exist in the
sampling during determination of the mean stress ten-
sor for every cell of the calculated grid. It is suggested
that one should input the events into such a sampling
whose spatial location is such that the distance from
the epicenter (the projection of the measurement
point on the horizontal plane) to the cell center is less
than some value that was determined above as the
search radius.

Two methods for the determination of the search
radius value are suggested: in the first case, it was con-
sidered to be constant (the models were calculated for
radii of 100, 200, 300, 400, 500, and 600 km) and, in
the second case, the method was basically similar to
that suggested in (Heidbach et al., 2010), i.e., the
radius was separately identified for every cell within
the range from 2000 to 50 km (the sorting was con-
ducted with a 50-km step) in such a way that the mean
dispersion for six independent components of the ten-
sor would not exceed the given value in advance (this
value was 0.1, 0.5, or 0.2 in our work). The dispersion
s;of the stress-tensor component was calculated by the
following formula:
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The cell was considered to be complete if the num-
ber of measurements in the area determined by the
search radius was equal to or exceeded the given value
(it was assigned as 1 or 5 for our calculated models).
The stress regime identified by this method (thrust,
normal, thrust—shear, and normal—shear faults) for
every complete cell of the calculated grid was deter-
mined from the angle between the principle tensor
axes and horizontal plane according to the classifica-
tion accepted in the World Stress Map.

As input information, we used all the measure-
ments from the World Stress Map (2008) that have
data on the location of the principle stress axes with a
quality no less than category C. It should be empha-
sized that the release of the World Stress Map (2008)
contains 21750 measurements, which is almost three
times higher than of the World Stress Map of 1992.
Approximately 17000 measurements correspond to
the A to C quality category (i.e., the orientation of the
projection on the horizontal plane of the principle
compression axis was determined with an accuracy no
less than +25° for all these measurements). In contrast
to (Heidbach et al., 2010), data that are marked as
measurements that correspond to plate boundary
events (PBEs) were not excluded from consideration.
The cells of the calculated grid were 1° x 1° in size.

It should be noted that the initial data on focal
mechanisms are kinematic, i.e., during direct calcula-
tion, they allow us to obtain the parameters of the ten-
sor of the recoverable elastic deformations in areas of
the corresponding earthquake focuses. Thus, it should
be remembered that transition from these data to the
tensor of the recoverable stresses is possible only if the
media is characterized by elastic isotropic properties.

RESULTS AND DISCUSSION

Figure 1 shows the results of processing the World
Stress Map data that were obtained for a variable
search radius that was determined from the conditions
that the dispersion of the mean tensor does not exceed
0.15 (the minimum possible amount of events is 5).
Among all calculated model, precisely this one
obtained at such conditions most specifically reflects
the stress-state pattern of the Earth’s lithosphere. The
boundaries of lithospheric plates on Figure 1 and other
figures are based on the digital model of P. Bird (2003).

The following major peculiarities may be distin-
guished in the stress field:
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Fig. 1. The results of statistical processing of the World Stress Map data (the maximum permissible dispersion is 0.15 and the min-
imum number of events is 5). The averaged stress tensors are given as a “beachball plot” (nodal planes in a stereographic projec-

tion onto the lower semisphere).

(1) The normal-fault stress type dominates along
the spreading boundaries and adjacent intraplate oce-
anic areas, excluding the East-Pacific and Australia—
Antarctic mid-oceanic ridges, which are mostly char-
acterized by a shear fault regime;

(2) A normal fault regime is clearly observed in the
East-African, Red Sea, and Baikal rift systems. We
should note that the orientation of the principal exten-
sion axes both in oceanic and continental divergent
boundaries is nearly always transverse to their strike;

(3) The thrust style of the stress state is well
expressed in the subduction zones of the western part
of the Pacific ocean (Japan and Kuril—Kamchatka)
and the central part of the Andes subduction zone and
the principal compression zones are oriented trans-
versely to the convergent margins;

(4) Shear stresses prevail in the southwestern part of
the North America (the area of the San-Andreas
fault);

(5) Thrust stresses with mainly near-latitudinal
(locally, up to northwestern—southeastern) orienta-
tion of the principal compression axes are developed in
the northeastern part of North America and the cen-
tral part of Africa and South America;

(6) All of Australia is under the influence of thrust
stresses; the principal compression axes change the
near-latitudinal strike in the western part of the conti-
nent to the northeast in the east;

(7) Thrust stress that is characterized by a near-
longitudinal orientation of the principal compression
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axes is widespread in the northwestern part of North
America and the central part of Eurasia.

As was indicated above, the search radius value that
was identified for every complete calculated grid
determines the degree of homogeneity of the stress
state. Thus, the stress field of the regions that are char-
acterized by low values of the search radius is consid-
ered to be carried by forces that are related to local
density heterogeneities and active fault systems. The
areas of lithosphere with a large search radius that were
used during the calculation of the mean stresses are
believed to be regions where the stress state is mainly
controlled by so-called forces of plate boundaries that
are delivered at a large distance into intraplate areas.
However, such a contradiction between intralithos-
pheric and boundary forces is not quite correct
because, for example, the ridge-push forces (pre-
sented as an example of boundary forces), in fact, are
special case of forces of the difference of the gravita-
tion potential related to the density heterogeneities
inside the lithosphere (i.e., intralithospheric forces
(Heidbach et al., 2010)). During numerical modeling
of the stress field in the Earth’s lithosphere, the ridge-
push forces are not related to oceanic rift systems but
are distributed along the entire oceanic lithosphere
and are calculated by the same scheme as forces of
density heterogeneities on the continents (Koptev and
Ershov, 2010).

Using shades of gray, Fig. 2 shows the search radius
that is used during calculations of the mean stresses
that were discussed above and shown on Fig. 1. It is
Vol. 68
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Fig. 2. The search radius that was used during the calculation of the mean values of the stress tensors that are shown on Fig. 1.

seen from Fig. 2 that the largest heterogeneity of the
lithospheric stresses is located in the Alpine—Hima-
layan foldbelt, along the majority of subduction
boundaries (excluding the central part of the Andes
zone), and in some areas of the worldwide rift system.
A more homogeneous stress distribution is seen in
Australia, most of Africa, North and South America,
and a significant part of the World Ocean.

In discussing the dependences of stress distribu-
tions that resulted from statistical analysis on the
parameters of this processing (a constant or variable
search radius, the minimum possible amount of mea-
surements with determination of the mean values of
tensor components, and the maximum possible dis-
persion in the selection of the search radius), the fol-
lowing patterns may be distinguished.

For a constant search radius, those cells are found
to be complete that directly adjoin (i.e., are located at
a distance no larger than the given radius) to the areas
with a significant quantity of measurements. The mea-
surements from the World Stress Map are mainly con-
centrated along the plate boundaries but intraplate
areas exist that are characterized by a considerable
density of measurement (for example, Australia, the
western part of North America, Europe, etc.). An
increase in the search radius from 100 to 600 km pro-
duces a regular and gradual increase in the number of
complete cells. The results of calculations within one
search radius weakly depend on the given minimum
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possible amount of measurements (1 or 5). The differ-
ence is relatively notably manifested only for the inter-
nal part of the Pacific plate with single measurements
in areas of modern plume magmatism which allow us
to complete corresponding cells in one case, and do
not allow it in another case.

If the search radius for every cell was determined
when the dispersion of the mean tensor does not
exceed the assigned value (0.1, 0.15 or 0.2), a rather
high sensitivity of the final distribution is noted for this
parameter: the higher the value of the possible disper-
sion, the lower the incomplete cells in the calculated
grid are and the higher the degree of generalization is
upon averaging of the input data. The effect of the
minimum possible number of measurements is most
intensely manifested at the minimum value of the pos-
sible dispersion (0.1). First of all, this is reflected in a
significant decrease in the number of complete cells
upon an increase from 1 to 5.

Generally, the processing of measurements of the
stress state, assuming that the dispersion of the average
stress tensor in every complete cell of the calculated
grid does not exceed some value given in advance, is
preferable in comparison with the constant search-
radius method. This is related to the fact that during
determination of the work sampling using a constant
radius the mean values for different cells are character-
ized by different dispersions; consequently, they can-

No.1 2013
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Fig. 3. The results of the statistical processing of the World Stress Map data for the European region (the maximum permissible
dispersion is 0.15 and the minimum number of events is 1). The averaged stress tensors are given as a “beachball plot” (nodal

planes in a stereographic projection onto the lower semisphere).

not be considered as homogeneous information (this
information has different degrees of reliability).

The possibilities of the elaborated method are dem-
onstrated based on the example of the European
region (an area limited by meridians at 25° W and
25.5° Eand by parallels at 34.25° N and 71.5° N). The res-
olution of the calculations in this case was 0.25° x 0.25°.

The same set of models and parameters that were
used in the case of global calculations (see above) was
calculated for Europe, except that the search radius
varied from 2000 to 10 km (with a 10-km step) rather
than from 200 to 50 km (with a 50-km step) but in
regard to a decrease in the cell size of the calculated
grid, it was necessary to decrease the minimum possi-
ble radius and, respectively, the step of the selection.

In addition, the sensitivity of the results to the
range and the step of selection of the search radius
were calculated. In particular, we calculated the com-
plete set of models for a 25-km step of selection and
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the same minimum value of the range of selection. As
aresult, it was established that high sensitivity does not
occur for these parameters, i.e., their relative low vari-
ations do not lead to significant changes in the input
data.

Figure 3 shows the results that correspond to the
maximum permissible dispersion of 0.15 at the mini-
mum permissible number of events of 1.

The following peculiarities of the distribution were
revealed:

(1) Generally, shear stresses are dominant in the
continental part of Europe;

(2) The orientation of the axes of the minimum
stresses in the continental part of Western Europe is
northwestern—southeastern to north—northwestern to
south—southeastern;

(3) An extension is observed at the Western Anato-
lia and Balkan Peninsula where the principal axes have
mostly a near-longitudinal orientation, in Apennines
Vol. 68
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Fig. 4. The search radius that was used during calculation of the mean values of the stress tensors that are shown in Fig. 3.

and Karelia where the strike of the principal extension
axes is northwestern—southeastern, and in the Pyre-
nean Peninsula where the orientation of the axes of
maximum stresses varies from near-longitudinal to
near-latitudinal;

(4) Thrust stresses are widespread in the Pyrenees
and Alps where the principal compression axes vary
extremely in orientation (from near-latitudinal to
near-longitudinal) and in the northern part of North-
land and the North Sea where the minimum stress
axes have a northwestern—southeastern (to west-
northwestern—east-southeastern) strike;

(5) The compression is dominant in the western
part of the Mediterranean, Tyrrhenian, Adriatic, and
Ionic seas, whereas a near-longitudinal extension pre-
vails in the Aegean Sea.

The distribution of the search radius that is used for
statistical estimation of the average stresses in Europe
is shown in Fig. 4. Its major features are:

(1) The search radius is no higher than 800 km
within almost the entire continental part of the
reviewed area (excluding the very eastern area that
corresponds to the East-European platform);
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(2) Most of the European part of the Alpine—Her-
cynian foldbelt has low values (<200 km) of the search
radius, whereas it attains 500 km only in the very
northern part of the Pyrenean Peninsula and British
Isles;

(3) An search radius from 200 to 400 km is typical
of the eastern part of the Mediterranean, Ionic, and
North seas but in some areas it exceeds 400 km;

(4) The search radius in Northland varies quite
irregularly from 100 to 600 km;

(5) The zone of rapid transition is outlined from
areas with relatively low search radius (<200 km)
on the west to zones of comparatively high values
(>400 km) on the east. This zone extends approxi-
mately along the Tornquist—Teisseyre Line.

The general variations in the calculated results that
depend on the input parameters of the statistical pro-
cessing for Europe have the same major peculiarities
that were established and described for the global aver-
age stress field (see above).

The complete list of our results (both at the global
scale and for the European region) is available at

No.1 2013
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http://sbmg.geol.msu.ru/pp/akoptev (or http://www.
koptev.1gb.ru).

The results of statistical processing of the World
Stress Map data are used for the qualitative estimation
of the degree of correspondence between the input
data and numerical models of the stress state of the
Earth’s lithosphere. The method that was used for the
construction of these models and calculated results are
presented in (Koptev and Ershov, 2008, 2011; Koptev
et al., 2009, 2010). Usually, the degree of coincidence
of the deformation regime (the percentage portion of
the coincidences relative the total number of compar-
ative points) and/or mean-square difference of angles
between the principle axes of calculated and observed
stress tensors are used as a criterion of the coincidence
between the calculated and input data (Burbidge,
2004; Liu and Bird, 2002).

We suggest an alternative criterion. Three squares
of differences between the independent horizontal
components of the calculated and input tensor (aver-
aging tensor implied input one) were calculated for
every cell that was completed as a result of averaging of
the World Stress Map data. The mean value of these
squares determines the degree of correspondence
between the model calculations and those observed in
the current cell. Such an approach allows us to obtain
a more independent and objective measure of the cor-
respondence of model constructions and the observed
data that is extremely useful not only for the quality
estimation of the calculated model but for the correc-
tion of the input parameters of future models for
results that will more precisely reflect reality.

CONCLUSIONS

We propose a quantitative analysis of the input data
on the stress field observed in the Earth’s lithosphere
that calculates the average arithmetic value for every
six independent tensor components when determining
the average stress in any sampling. Such an approach
takes the initial 3-D position of the principle stress
axes into account and not just their horizontal constit-
uent, as was accepted in previous works (Coblentz and
Richardson, 1995; Heidbach et al., 2010).

The diversity of the models of the average field of
the lithosphere stress that was calculated by this
method was determined by different scenarios of dis-
tribution by the calculated grid of the search radius,
the value of the maximum permissible distance from
the center of the current cell to the epicentral point of
measurement that falls into the sampling for the cur-
rent cell. In one case, the search radius was considered
to be constant (several models that corresponded to
different values were calculated) and in another case it
was calculated for every cell when the dispersion of the
mean tensor does not exceed some given value (a series
of models corresponding to different values of maxi-
mum permissible dispersion were calculated).

MOSCOW UNIVERSITY GEOLOGY BULLETIN

The results of the processing of the World Stress
Map data (Heidbach et al., 2008) demonstrate the
abilities of our model during the construction of maps
of the generalized stress distribution at both the global
and regional scales.

Such a statistical processing method has the main
disadvantage of any database on the lithosphere stress
state, which is related to the irregular distribution of
measurements in the database. The comparison with
the results of such an analysis qualitatively estimates
the results of the numerical modeling of the stress
field, which is extremely useful for the selection of the
correct direction of further studies in this area.

This set of maps of the average stress field has inde-
pendent scientific value because the maps reflect the
generalized pattern of the stress distribution in the
lithosphere.
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