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SUMMARY 

The investigation of crustal stress state is an important scientific problem for the theoretical 
investigating of tectonic processes and solving many practical issues of mineral deposits searching and 
exploration, underground structures construction, disasters forecast, etc. The available measurement 
data of the modern stress field, summarized in the databases of the international project World Stress 
Map (WSM), are extremely unevenly distributed, which causes the need to search for approaches to 
gaps restoration. A method for assessing the crustal stress state regimes (normal faulting, thrust faulting, 
and strike-slip) on a regular satellite data grid is proposed based on the supervised classification in a 
multidimensional feature space. Features are generated by constructing and processing lineament 
networks and contrasting boundaries of satellite images. The projections of the measurement points 
from WSM database are used as references. The method was applied in the northern part of Turkey. 
Based on the lineament analysis of Terra MODIS and Aster satellite data, a 21-dimensional feature 
space was generated and used to classify the territory into three classes with the predominant stress state 
regimes. The forecast accuracy was estimated based on reference samples and on average is 82%. Ways 
of further method improvement are discussed. 
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Introduction 

The crustal stress state has been the subject of the serious attention of scientists in various fields of earth 

sciences in recent decades. All the tectonic crustal processes are connected by the stress field state in 

the past and present. Understanding how stresses are distributed in mountain ranges is important not 

only for the geological study of modern tectonic phenomena but also has great practical sense in the 

construction and operation of mining facilities, prospecting, and exploration of mineral deposits, 

forecasting disasters, etc.   

The problem is the complexity of measuring the stress vector and amplitude with sufficient accuracy. 

Geophysical and aerospace methods are indirect, theoretical, and provide very approximate results, GPS 

monitoring observations are of low depth penetration, and direct field methods (using observational 

data in boreholes and mine workings) are expensive and time-consuming, which restricts their use. 

In 1986-2016, a group of researchers analyzed all available results of the modern crustal stress field 

measurements under the World Stress Map (WSM) project and summarized them into a single public 

database (www.world-stress-map.org). All information regarding stresses was converted into a 

standardized format, and individual measurements were evaluated for reliability and global 

comparability. The current version of the 2016 WSM database contains 42,870 records for the 40 km 

thick upper strata (Heidbach et al., 2016; Heidbach et al., 2018). 

The major problem of this database (as well as the problem state of the crustal stress studying as a 

whole) is the extremely uneven distribution of measurement points on a plane. For example, there are 

more measurements in Italy alone than in Africa and South America together. Thus, the problem is to 

assess stresses in areas with few measurements by means of their interpolation and/or extrapolation. 

This problem was solved in different ways – by averaging values of available statistical indicators (such 

as orientations of compressions axes, compression and tensile axes, independent tensor components) in 

sliding windows of a fixed size (Bird and Li, 1996; Müller et al., 2003), using adaptive windows, etc. 

(Heidbach et al., 2010).  

A small number of stress field measurements cause the need to use sufficiently large windows (reaching 

sizes of several degrees) in missing data recovering by statistical interpolation/averaging methods. 

Taking into account the high variability of the stress field, such an approach is acceptable on a global 

scale, but at the regional or local level, it provides excessively smoothed, and therefore, low-value 

results from the practical point of view.  

In the paper, another method of data recovery is investigated. It partially eliminates the disadvantages 

of existing approaches and is based on supervised classification. 

Method 

Elementary rectangular cells 500  500 m in size that continuously cover the study area and form a 

finite set of n objects 𝑿 = {𝑋1, 𝑋2, … , 𝑋𝑛} are subject to classification.

A vector of p features – measured or calculated indicators of the geological environment, is assigned to 

cell centers 𝑋𝑖 = (𝑥𝑖1, 𝑥𝑖2, … , 𝑥𝑖𝑝), 𝑖 = 1, … , 𝑛. The features may include data from aerospace,

landscape, geophysical, geochemical, and other areal surveys and the results of their processing. The 

represented study is based only on satellite images. Investigating the possibility of using geodata of a 

different nature is beyond the scope of this study.  

Reference objects are cells covering separate measurements from the WSM database. If several 

measurements fall into the cell, the extra ones are discarded so that only one measurement with the highest 

accuracy remains. All reference objects are divided into three classes, depending on the tectonic stress 

regime: normal faulting (NF), thrust faulting (TF), and strike-slip (SS). In this case, 20% of reference objects 
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of each class are included in the test set and are used to calculate a posteriori error. The objects of the test 

set do not participate in the learning process but are used to assess the classification quality.  

The task is to assign cells of study area {𝑋1, 𝑋2, … , 𝑋𝑛} to one of the three classes 𝐾𝑗, 𝑗 = 1,2,3 based

on a similarity measure between cells and classes. A similarity measure is calculated in the 

multidimensional feature space between the vector of certain cell features and the generalized feature 

vector of each class. The feature vector is generated using lineament analysis methods. It is known that 

the crustal stresses could be detected by fault structures, which are clear indicators of faulting, strike-

slip, and, to a lesser extent, thrust faulting horizontal stresses. The connection between satellite image 

lineaments and fault structures seems to most researchers to be indisputable (although these concepts 

are not identical). For this reason, the method based on the selection and numerical description of 

lineament networks is quite reasonable and promising. 

At the first stage of the feature space formation in an interactive mode, lineaments of different directions 

are delineated on satellite images of the study area. Then they are divided into several groups depending 

on their azimuths, which are processed both together and separately. In a sliding window of a fixed size, 

the total length of lineaments of individual groups and their combinations is calculated; the results are 

attributed to the center cell. 

In addition, the second group of features is calculated, which is the result of automatic selection and 

processing of maps of linear fragments of satellite image contrasting boundaries. As it is shown in the 

previous studies of the authors, maps of the contrasting boundaries distribution are very informative 

and useful in solving a wide range of geological problems (Busygin et al., 2017). 

The contrast boundaries are delineated using the Kenny algorithm (optimal detector) (Nikulin and 

Korobko, 2015), after which the individual fragments of the boundaries are divided into groups 

depending on their orientation, and the length of the fragments is calculated in a sliding window, both 

for individual groups and for their combinations. The resulting set of N features forms an N-dimensional 

space, in which a set of hyperplanes is generated, optimally separating objects of different classes. To 

simplify the problem of constructing such hyperplanes and increase the stability of the solutions 

obtained, it is recommended to reduce the feature space dimension. This problem can be solved using 

multidimensional scaling, principal components, sequential feature attachment or discarding methods, 

etc.  

The result of classification is a map on which each cell is assigned to one of the classes – with the 

predominant faulting, strike-slip, or thrust faulting regime. 

Example 

The described method was applied in northern Turkey. The study site with an area of over 150,000 km2 

covers several large cities, including Ankara (Figure 1a). The study site was selected due to its tectonic 

activity and a sufficient number of measurements in the WSM database (Figure 1a), while their spatial 

distribution is very uneven. 

The input data are open assess Terra MODIS and Aster satellite images (2017), as well as Google 

images. These images were subjected to some simple operations – histogram equalization, contrast, and 

sharpness enhancement, after which linear elements were delineated on them in an interactive mode 

(Figure 1b). Then lineaments were divided into 8 groups depending on the azimuths – 0±11.25, 

22.5±11.25, 45±11.25, 67.5±11.25, 90±11.25, 112.5±11.25, 135±11.25, and 157.5±11.25. After 

that, in a sliding window of 10x10 km, the total length of representatives of all groups within the current 

window position was calculated. Since perpendicularly oriented lineaments form interconnected 

orthogonal systems, the same actions were performed for pairs of groups with azimuths 0/90±11.25, 

22.5/112.5±11.25, 45/135±11.25, 67.5/157.5±11.25, as well as for fours 0/45/90/135±11.25 and 

22.5/67.5/112.5/157.5±11.25.     
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Based on the results of contrasting boundaries automatic delineation, several features were also 

generated – the number of linear fragments of boundaries with azimuths of 0, 45, 90, and 135. 

Examples of the feature maps are shown in Figure 2.  

 

 

 

 

 

The resulting feature space was reduced from 21-dimensional to 12-dimensional using principal 

components so that the selected first components provided a 99% contribution to the total variance. 

The training and test sets are generated from the measurements contained in the WSM database. Most 

of them are in the C quality category (the third out of five). The set size of the NF class was 21 (16 

measurements in the training set, 5 in the test set), TF – 13 (10 in the training set, 3 in the test set), SS – 

45 (36 in the training set, 9 in the test set). 

34 36 
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40 

Figure 1 Location of measurements from WSM database in Google image (а) and lineaments 

of satellite images (b) 

a b 

Figure 2 Examples of feature maps visualizing 

the total length in a sliding window of lineaments 

with azimuths 45 (a), 22.5/67.5/112.5/157.5 (b), 

0/45/90/135 (c) and contrasting boundaries with 

azimuth 0 (d) 

Figure 3 The result of classification – map of 

the crustal stress regimes in Turkey. 
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The measure of similarity between objects (r) and classes (s) is correlation distance: 

𝑑𝑟𝑠 = 1 −
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′
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This measure of similarity provides the smallest a priori error of reference sample objects recognition 

– 9.42% – in comparison with other measures, and, also, previously it has been used successfully in

solving various geological problems based on aerospace data.

The resulting map of the cells belonging to one of the three classes is shown in Figure 3. The dots 

represent objects of the training and test sets. 

Conclusions 

The classification result is a map showing the crustal stress state in the northern part of Turkey. It 

provides low a priori (9.42%) and a posteriori (17.65%) classification errors, taking into account the 

uneven distribution and not high quality of the initial measurements. The configuration of the class 

boundaries partially correlates with the known geological boundaries, which indicates the rich 

geological content of the map. It should be noted that such a study, based on the principles of satellite 

image lineament analysis and supervised classification, with generating of a large-scale map of tectonic 

regimes, has not been conducted previously. 

Prospects for further research in this area are the use of additional measurements from databases of 

earthquake epicenters, the use of areal geophysical surveys (gravitational, magnetic, etc.). A limitation 

of the study is the ignorance of orientation and amplitude of the crustal stresses – the resulting map 

reflects only tectonic regimes, which is insufficient for its practical use. Improvement of the described 

method will allow obtaining practically more valuable and varied results. 
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