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Abstract

Analysis of lineaments from satellite images normally includes the determination of their orientation and density.
The spatial variation in the orientation and/or number of lineaments must be obtained by means of a network of
cells, the lineaments included in each cell being analysed separately. The program presented in this work,
LINDENS, allows the density of lineaments (number of lineaments per km? and length of lineaments per km?) to
be estimated. It also provides a tool for classifying the lineaments contained in different cells, so that their
orientation can be represented in frequency histograms and/or rose diagrams. The input file must contain the planar
coordinates of the beginning and end of each lineament. The density analysis is done by creating a network of
square cells, and counting the number of lineaments that are contained within each cell, that have one of their ends
within the cell or that cross-cut the cell boundary. The lengths of lineaments are then calculated. To obtain a
representative density map the cell size must be fixed according to: (1) the average lineament length; (2) the distance
between the lineaments; and (3) the boundaries of zones with low densities due to lithology or outcrop features. An
example from the Neogene Duero Basin (Northern Spain) is provided to test the reliability of the density maps
obtained with different cell sizes. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction phenomena. In areas of gently folded or horizontal
strata, lineaments are related to fractures and faults,
and their orientation and number give an idea of
the fracture pattern of rocks (Arlegui and Soriano,
1998; Cortés et al.,, 1998). Because satellite images
can be obtained using varying wavelength intervals
of the electromagnetic spectrum, they have the abil-

Satellite lineaments are linear features on the
Earth’s surface, usually related to the sub-surface
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ity of producing better information than convention-
al aerial photographs. The tracing of lineaments can
be done (1) on a print copy or (2) directly on the
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computer screen by means of standard graphics pro-
grams. In the first approach, lines must be digitised
for creating a data file, preferably in a vectorial for-
mat. In the second approach, computer programs
directly provide the coordinates of the beginning
and end of each straight line.

Analysis of lineaments from satellite images is
usually accomplished by automatic programs able to
obtain the coordinates of the beginning and end of
each lineament, and in some instances their orien-
tation and length. A simple determination of density
of lineaments can be made from a file with such
data by creating a network of square cells (usually
bounded by vertical and horizontal lines) and select-
ing lineaments that begin or end within the horizon-
tal and vertical lines bounding each cell (Cortés et
al., 1998). Analysis of lineament density consists of
either counting the number of lineaments contained
in each cell or calculating the lengths of the lines
contained within the cell limits. The result is then

divided by the area of the cell, taking into account
that some areas within the cell may not be con-
sidered (for example, an outcrop of rocks of differ-
ent age).

The second method (calculating lengths of lines)
more accurately gives the image of lineament den-
sity, since the total length per unit of area then
only depends on the lines or segments of lines com-
pletely contained within the cell. If a lineament
begins within the cell, but only a few points are
within it, then it will be added as a significant
quantity when considering the number of linea-
ments, whereas its influence on the total will be
negligible when considering the length of lines.
Finally, the results can be presented by a contour
map of density of lineaments or by colouring cells
according to the density in each one (Cortés et al.,
1998; Arlegui and Soriano, 1998).

Although the calculation of the number of linea-
ments beginning or ending within each cell can be

A

Fig. 1. Example showing influence of cell size in density map. In grids shown in 4 and B, no barren cells appear in space between
lineaments. In grid C, closely spaced lineaments are separated by barren cells and density map will not be representative. Minimum
cell size can be calculated by means of Delauney triangulation (D). Each lineament is represented by its central point, used for cal-
culating spacing between lineaments. Mean distance is defined as arithmetic mean of length of sides of each triangle ([a+ b+ c]/3).
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accomplished with a simple calculation sheet (or pro-
gram), from the data file, an automatic program is
necessary to count the number of lineaments traversing
each cell or the lengths of the lines within the cell. The
program presented here (designed in FORTRAN 77
for Macintosh and PC) allows this kind of calculation
by means of a simple geometrical algorithm. A discus-
sion about the best-fit cell size is also presented, with
an example of directional and density analysis of
recent fracturing in the horizontal strata of the Neo-
gene Duero Basin (Northern Spain). The methods
described and the program presented in this work are
not only applicable to satellite lineaments, but also to
faults and fractures obtained from the analysis of
aerial photographs in conventional or electronic for-
mat.

2. The problem of lineament analysis

In structural geology, satellite images help to identify
materials and their structure, independent of their age
and kind of deformation (Jutz and Chorowicz, 1993;
Drury and Berhe, 1993; Nash et al.,, 1996). These
images are especially useful for recognising linear
structures and lineaments, defined by Sabins (1987) as
straight linear features, presumably expressing a sub-
surface phenomenon, that differ distinctly from the
patterns of adjacent features. The surface features
showing a lineament may be geomorphic (caused by
relief) or tonal (caused by contrast differences). The
genetic meaning of lineaments could be widely dis-
cussed although these discontinuities include both
landscape morphologic elements and several tectonic
processes (Scanvic, 1975; Chukwu and Norwan, 1977).
In folded and/or thrusted areas, lineaments can corre-
spond to several kinds of structures or bed contours
(Sanderson and Chinn, 1989; Heddi and Eastaff,
1995), whereas in flat-lying beds, linear features are
usually linked to fracturing (Arlegui and Soriano,
1996, 1998).

Identification of lineaments is conditioned by the
outcrop conditions of studied rocks. The presence of
both a dense vegetation canopy and recent non-conso-
lidated deposits (fluvial terraces, pediments or alluvial
sediments) prevents the identification of lineaments
(Cortés et al., 1998). Determination of linear patterns
is also difficult in zones with intensive-farming use and
human landscape transformations. Existence of large
zones with information voids due to vegetation or
lithology complicates the calculation of density values.
These data uncertainties can make it useless to perform
the automatic drawing of density contours.

A network with square cells must be designed to cal-
culate the number of lineaments and lineament lengths
within each cell. Density values can be spatially distrib-

uted as points on a map. The graphical display of
equal-density areas can be done either with grey-level
coding of grid squares or with contour maps. Contour
maps show spatial variations in the parameter ana-
lysed. However, when the grid spacing is small several
problems may arise: (1) the difference between the
values of adjacent squares may be very high, so that a
large number of lines must be used, many of them cor-
responding to non-existing values; (2) the number of
contour lines may be large, and visual interpretation of
maps is more difficult than with coloured squares.
Another problem is the determination of the most
representative square size for the creation of density
maps. Distances between lineaments must condition
the critical size of the appropriate grid (Fig. 1). To
determine this distance, we used the Delauney triangu-
lation method (Preparata and Shamos, 1985). We com-
puted a Delauney triangulation for the set of
midpoints of the lineaments and then the mean dis-
tance for each triangle in the triangulation. The mean
distance for a triangle is the arithmetic mean of the
lengths of its three sides (Fig. 1). The best grid size,
the one that produces the most accuracy, is then the
smallest mean distance possible. It should be noted
here that barren cells (zero density values) between clo-
sely spaced lineaments are artifacts that should be
avoided. Since the mean distances may change in
different zones of the studied area, and the same grid
must be used throughout the area, an intermediate
grid size may produce the best global results (see next).

3. Program design

3.1. Geometric algorithm

Once a network of square cells is defined, five types
of relationship between the straight lines representing
the lineaments and the cell contours can be identified
(Fig. 2A). Let x;, y; and x;, y, be the beginning and
end of the lineament, respectively; xir and X, the x-
coordinates of the left and right vertical lines limiting
the cell; yu, and yioy the y-coordinates of the upper
and lower limits of the cell (Fig. 2B). The five kinds of
relationships are the following:

1. Lines outside the square cell (marked as /7 in
Fig. 2A), with their x- and/or y-coordinates of both
their endpoints larger or smaller than the upper and
lower bounds of the cell, respectively (see conditions
in Table 1).

2. Lines completely contained within the cell (marked
as 2 in Fig. 2A).

3. Lines beginning and ending outside of the cell, but
intersecting the interior of the cell (marked as 3 in
Fig. 2A).
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Fig. 2. A. Types of lineaments according to geometric relationship with cell walls (see text and Table 1 for explanation). B. Defi-
nition of in-plane coordinates of lineaments and lines bounding each cell used in this work.
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4. Lines outside the cell, but with either the x- or the
y-coordinate of each of its endpoints within the cell
bounds (marked as 4 in Fig. 2A); these lines are not
comprised within type 1.

5. Lines with exactly one of their endpoints within
the cell (marked as 5 in Fig. 2A).

The conditions for lineaments to be counted within the
cell are then expressed as a function of the type of
lineament (Table 1). Types / and 2 are the first to be
classified, then avoiding the rest of the calculations
and this requires no line intersection calculations. For
the other three types, the intersections of the linea-
ments with the four lines delimiting the square cell (4,
B, C, D) must be calculated (see Fig. 2B).

The measured length of each lineament also varies

Table 1

1015

according to the types defined. For type 2, all the
lineament length is considered. For type 3, the
measured length is the one between the two intersec-
tions of the lineament with the cell boundary. For type
5, the measured length goes from the extremity of the
lineament contained in the cell to the intersection of
the lineament with the cell boundary.

The program first computes each cell through two
nested loops, and then opens the data file, reading the
coordinates of each lineament and classifying it accord-
ing to the types described above, with two matrix vari-
ables counting the length and number of lineaments in
each cell. Once the whole data file has been read and
the data file is closed, the next cell takes on the pro-
cess. Filter corrections are applied for near vertical or

Analytical expressions showing conditions for classification of geometrical relationships between lines and cells®

Type 1

or
or
or
Line length 0

Type 2

Xief < X1 > Xrig and Xper < X3 > Xiig
Ylow < N1 > Yup and Yiow < Y2 > Yup
Xlef > X1 < Xrig and Xier > Xy < Xiig
Ylow > N1 < Yup and Yiow > Y2 < Yup

Xlef < X1 < Xrig and Viow < N1 < Yup and Xief < X2 < Xrig and Yiow < Y2 < Yup

Line length [(x;—x2)>+ (y1—y2)7]'""?

Type 3

Ya < Viow and Ye > Yup
Ye < Yiow and y, > Yup
Xp < Xief and Xq > Xrig
Xg < Xier and xy, > Xrig
Ya < Viow and X4 > Xrig
Ya > Yup and Xp > xrig

Ye < Viow and Xd < Xier
Xp < Xier and y > Yup

Type 4

or
or
or
Line length 0

Type 5

or (excluding)

for Xief < X1 < Xxrig and Ylow > N1 > Yup

[x2 > x, > xp 00 x1 > X, > xo] and [ 2 > pa > py 01 p1 > ya > 1]
[x2 > xp > xpor Xy > xp > xo] and [y2 > yp > p1 01 y1 > pp > ol
[x2 > xc > xj0r x1 > x> xo] and [y2 > ye > yy or y1 > ye > yo
[x2 > xq4 > xj or x; > x4 > xp] and [y > yq > yy or y; > yq > yal
Analogous conditions for Xier < X2 < Xyrig and Yigw > V2 > Vup

Line length BD
Line length BD
Line length AC
Line length AC
Line length BC
Line length CD
Line length AB
Line length AC

Va < Yiow > Ye
Ya > Yup < Ye
Xb < Xier = Xd
Xb > Xpig < Xd

Xief < X1 < Xy rig and Yiow = V1 = Yup
Xief < X2 < Xyrig and Yiow > 12 > Yup

Line length [(x;—x.)> + (y1—y.)1">
Line length [(x;—xp)” + (y1—1p)7]">
Line length [(x;—x)* + (31—
Line length [(x;—xa)*+ (y1—ya)]'?

# For graphic expression of different types, see Fig. 2A.
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Fig. 3. A. Satellite lineament map of example presented, at Eastern Duero Basin. B. Orientation frequency for all data summarized
by rose diagram.
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horizontal lineaments, since their intersections with the
two sub-parallel cell boundary lines may be out of
range, and only their intersections with the two near-
perpendicular cell boundary lines are considered. The
program works whatever the order of the beginning
and end of the lineament, that is the x- and y-coordi-
nates of the beginning may be larger or smaller than
the corresponding coordinates of the end of the line.
The computing time may be long when a large number
of data and a large area are involved.

3.2. Input data format

The standard input must contain the coordinates of
the initial and final point of each lineament (four num-
bers, with a maximum of six digits each, including
points), separated by tabs or spaces. The data corre-
sponding to different lineaments are arranged in differ-
ent lines. The program presented here creates files for
directional analysis of lineaments passing through each
cell (e.g. rose diagrams, etc.). The azimuth of each line
is obtained from the variable ALFATAN in the pro-
gram, since the angle with the north (when the vertical
lines bounding the cells coincide with the north—south
direction) is 90-ALFATAN. Directional analysis of
these data can be carried out either by means of stan-
dard statistics programs (frequency histograms) or pro-
grams for geological data (rose diagrams).

The user must introduce, during the running of the
program, the rest of the parameters corresponding to
the analysis performed: (i) the names of files for data
input and output; (ii) the initials (maximum three char-
acters) of the files for directional analysis of lineaments
within the cell (the rest of the characters are the row
and column of the corresponding cell); (iii) the number
of rows and columns; (iv) the width of each cell; (v)
the coordinates of the origin (not necessarily 0, 0); and
(vi) the conversion (scale) factor, in its present form
metres/pixel.

3.3. Output data format

The output file indicates in the first place the par-
ameters used to analyse the data and the names of the
input and output files. Following these lines the results
are written in seven column, each row corresponding
to the data contained within one cell. The first and sec-
ond columns indicate the position of the cell; the third
and fourth columns correspond to the (x, y) coordi-
nates of the centre of the cell; the fifth column indi-
cates the number of lineaments contained within the
cell; finally, the sixth and seventh columns indicate the
length of lineaments (in pixels and metres, if the con-
version factor has been entered) contained within the
cell. Directional data (ALFATAN) do not appear in

the general output file. The format of the output file
allows one to quickly obtain the density of lineaments
(in terms of the number or length of the lineaments
per square unit in each cell) and also an easy conver-
sion to programs for tracing contours indicating this
density of lineaments.

4. Case study

In the eastern part of the Duero Basin (Northern
Spain), 6631 lineaments have been identified from the
study of satellite images (Fig. 3A). Most of the out-
cropping rocks are sandstones, shales, and limestones
of Neogene age and are sub-horizontal throughout the
area. Lineaments present a heterogeneous spatial dis-
tribution. Their number is very high west of Sierra de
Lerma, the Burgo de Osma-Ayllon sector, and close to
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Fig. 4. A. Histogram and statistics of lineaments drawn from
satellite image in Eastern Duero Basin. B. Histogram and
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method shown in Fig. 1D.
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the southern border of the Cantabrian Mountains. In
the proximity of major rivers, the number of linea-
ments is low, probably due to the presence of quatern-
ary terraces in which lineaments cannot be identified.
Similar conditions occur near Aranda de Duero and
Cuéllar, where the presence of important landscape
transformations associated with intensive-farming pre-
cludes the identification of lineaments.

A quantitative analysis of lineaments was carried
out to determine the size and orientation patterns of

A.M. Casas et al. | Computers & Geosciences 26 (2000) 1011-1022

lineament sets at the regional scale. The results of the
directional analysis do not show significant differences
in the distribution of orientations (Fig. 3B): the main
lineament direction is NE-SW. The minimum and
maximum recorded lengths are 105 and 24,335 m, re-
spectively. The histogram of lineament lengths shows a
log-normal distribution, with a mode about 600—650 m
(Fig. 4A). The mean distance between neighbouring
lineaments was calculated by means of Delauney tri-
angulation, as discussed above. The mean distances for
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Fig. 5. Density map of lineament length per km? using 250 x 250 pixels (7.5 x 7.5 km) grid.
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all the triangles show a log-normal distribution with a
mode of 1000 m, Pyr=2963 m and Pys=3927 m
(Fig. 4B).

The spatial variation in the number (and length) of
lineaments was done represented by a network of
square cells, taking into account the lengths of linea-
ments (per km?) included in each cell. Lineament den-
sity rates were obtained by the LINDENS program
described previously. According to the criteria
described before and the distance histogram (Fig. 4B)
the best results should have been obtained for grids
with cell sizes comprised between 3 x 3 and 4 x 4 km.
Besides these theoretical values, higher and lower

grey level code:

Carridn
River

values (Figs. 5-7) were used to determine the best pic-
ture of lineament density.

The best results were obtained for grids of 250 x
250 pixels (7.5 x 7.5 km, Fig. 5) and 125 x 125 pixels
(3.7 x 3.7 km, Fig. 6). Grids larger than 7.5 x 7.5 km
did not allow for the determination of the locations
of the maxima with geological meaning, mainly located
west of the Cameros-Demanda Massif, along the
prolongation of the main anticlines below the Neo-
gene of the Duero Basin, and at the southern bor-
der of the Cantabrian Mountains. For the 3.7 x
3.7 km grid representation of values, a grey-level code
was chosen, because neighbour cells show strongly

Fig. 6. Density map of lineament length per km? using 125 x 125 pixels (3.7 x 3.7 km) grid.
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Fig. 7. A. Density map of lineament length per km? using 75 x 75 pixels (2.3 x 2.3 km) grid. B. Density map of lineament length

per km? using 50 x 50 pixels (1.5 x 1.5 km) grid.

contrasting values. Smaller grids (2.3 x 2.3 and 1.5 x
1.5 km) were applied to a portion of the studied
area (Fig. 7). With the 2.3 x 2.3 km grid, the deter-
mination of maxima was possible, but cells with zero
values were present over large portions of the rep-
resented area. This effect was stronger for the 1.5 x
1.5 km grid.

5. Conclusions

Satellite linecaments are morphological features,
usually related with fractures at a scale ranging from
hundreds of metres to tens of kilometres. The spatial
variation of density of lineaments can be calculated by
the program LINDENS, presented here. This program
generates a grid that divides the area under consider-
ation into square cells, and calculates, for each cell, the

lengths of the lineaments contained in the cell. The cell
size is determined taking into consideration the dis-
tance between neighbouring lineaments. In this work,
the distance between lineaments was calculated by
means of the Delauney triangulation. The best-fit cell
size was approximately the Pgs of the lineament dis-
tance. For larger grids, variations in density were not
significant. For smaller cell sizes, artifacts as barren
cells without a geological meaning may appear
throughout the net.
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