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Quantitative topographic method of fault morphology recognition
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Abstract

A quantitative method for morphology recognition of topographically expressed faults is developed. The method is based
on the analysis of digital elevation models (DEMs). Lineaments revealed on horizontal landsurface curvature map indicate
faults formed mostly by horizontal tectonic motion (i.e., strike-slip faults). Lineaments recognized by vertical landsurface
curvature mapping correspond to faults formed mainly by vertical motion (i.e., dip-slip and reverse faults) and thrusting.
Lineaments recorded on both horizontal and vertical curvatures maps indicate, as a rule, oblique-slip and gaping faults.

The method is tested by processing the DEMs of an imaginary area with modeled faults and a DEM of a part of the
Crimean Peninsula and the adjacent sea bottom. For the imaginary area the results obtained mostly correlate with the
theoretical basis of the method. For the real area a comparative analysis of the results obtained and factual geological data
demonstrate that the method actually works to identify individual faults in regions where both topography and tectonic
structure are complicated.

Some aspects of the method precision, requirements for initial data and further development of the method are discussed.

1. Introduction

Faults can be revealed by several geological, geo-
physical, remote sensing and topographical tech-
niques (Slemmons and Depolo, 1986). As tectonic
motion can result in linear deformation of the land-
surface so topographically expressed lineaments are
often used as fault indicators (Hobbs, 1904; Peive,
1956; Phylosophov, 1960; Ollier, 1981). Properties
of linear relief dislocations formed by vertical tec-
tonic motions differ from properties of topographic
lineaments which are horizontal movement traces
(Trifonov, 1983; Keller, 1986). Qualitative and quan-
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titative signs of these differences can be used as a
basis for fault morphology recognition.

Qualitative approaches to revealing and morpho-
logical classification of faults by a relief analysis
were often exploited (see reviews in Trifonov, 1983;
Slemmons and Depolo, 1986). Of frequent use was a
visual analysis of topographic map contours (Hobbs,
1904; Phylosophov, 1960; Nezametdinova, 1970) and
remotely sensed images (Wilson, 1941; Lattman,
1958; Vinogradova and Yeremin, 1971; Trifonov et
al., 1983). Keller (1986) summed up data on qualita-
tive geomorphic indices of active faults. Stereopho-
togrammetric analytical techniques were applied for
revealing faults, morphological recognition, dip and
strike measurement (Vinogradova and Yeremin,
1971).

Indicated qualitative approaches are not free of
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subjectivity. So tectonic quantitative geomorphology
is one of the main research priorities in the field of
active tectonics (Wallace, 1986). However, due to

(a)

(b)

(c)

difficulties in formalization of fault geomorphic in-
dices there are a lot of quantitative computer meth-
ods for fault revealing by remotely sensed (Burdick
and Speirer, 1980; Zlatopolsky, 1988; Masuoka et
al., 1988) and topographic data processing, but there
is no quantitative method for fault morphological
classification by outlined data handling without an-
cillary geological information.

Digital elevation models (DEMs) and DEM anal-
ysis methods are used for fault recognition as about
90% of fault geomorphic indices can be defined
quantitatively (Schowengerdt and Glass, 1983). There
are techniques of perspective views (Campagna and
Levandowski, 1991; Morris, 1991), thalweg reveal-
ing (Eliason and Eliason, 1987; Thienssen et al.,
1994), landsurface gradient and aspect mapping
(Onorati et al., 1992). DEMs are applied for measur-
ing dip and strike of known faults (Chorowicz et al.,
1991; Morris, 1991). Of major use for fault revealing
is the reflectance mapping (Wise, 1969;
Schowengerdt and Glass, 1983; Moor and Simpson,
1983; Onorati et al., 1987, 1992; Morris, 1991). The
comparative analysis of reflectance maps, Landsat
and side-look aperture radar images has shown that
reflectance mapping is preferable for fault recogni-
tion (Schowengerdt and Glass, 1983). About 90% of
faults and folds recognized by geological and geo-
physical techniques can be revealed on reflectance
maps (Onorati et al., 1992). However, the use of
indicated methods of DEM analysis without ancillary
geological data does not permit us to determine a
fault morphology.

Reproducible recognition of lineaments can also
be obtained by calculation and mapping of the hori-
zontal (K, ) and vertical (X ) landsurface curvatures
with the use of DEMs (Florinsky, 1992). Statistical
properties of lineaments (i.e., orientation, length,
density) recorded on K, maps are rather different

Fig. 1. Block-diagrams illustrating K, and K, sign changes after
vertical and horizontal tectonic motions: (a) the idealized surface
kimp, Q is the vertical plane which includes the normal vector n
and the gravity acceleration vector g in the given point a, bac is
the intersection curve of the surface klmp and the plane Q, R is
the plane which is normal to the surface klmp and the plane Q,
dae is the intersection curve of the surface klmp and the plane R;
(b) the surface klmp after a dip-slip fault; (c) the surface kimp
after a strike-slip fault, x— x are fault lines.
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from statistical properties of linear structures re-
vealed by K, mapping (Florinsky, 1992). From a
geomorphological point of view, this is due to the
fact that K, mapping reveals predominantly valley
and watershed spurs, while K, mapping reveals
mainly terraces (Evans, 1980). This is an automated
separation of different relief elements. Taking into
account physical and mathematical senses of K, and
K, (Young, 1972; Evans, 1980; Shary, 1991) we can
reason that lineaments revealed by K, mapping
correspond mostly to structures like strike-slip faults,
while lineaments revealed by K, mapping indicate
mainly structures as dip-slip faults and thrusts.

In the present paper the quantitative method of
morphology recognition of topographically ex-
pressed faults is suggested. The method is based on
K, and K calculation and mapping.

2. Theoretical basis of the method

Let us consider a surface kimp (Fig. 1a). K, is
the curvature of a normal section bac of the surface
kimp. The section bac includes a gravity accelera-
tion vector g and a normal vector n in a given point
a. K, is the curvature of a normal section dae of the
surface kimp. The section dae is perpendicular to the
section bac and includes the normal vector n in the
given point a. K, and K, can be determined in any
point of the surface klmp. If indicated sections are
convex K, and K, have positive values, if sections
are concave these curvatures have negative values, if
sections are plane K, and K, have zero values
(Young, 1972; Evans, 1980; Shary, 1991).

Suppose a dip-slip (or reverse) fault is formed
within the surface k/mp (Fig. 1b), K, and K, val-
ues within the scarp zone will change and besides
K, will have negative values all along a fault line
x—x. Let us stratificate X, and K, values into two
levels with respect to the zero value and paint areas
with K, and K, positive values in white colour,
while areas with negative values of curvatures are
painted black. An indicator of the dip-slip (or re-
verse) fault that is a black lineament on a white
background will be recorded on the K, map. A
similar lineament will be recognized on the K, map
if before a vertical motion a surface was plane. If
before vertical motion K, values were negative the

K, sign will also change along the fault line. There-
fore a white lineament on a black background on the
K, map will indicate a dip-slip fault. A lineament
consisting of black and white lines and spots will be
recorded on the K, map after a vertical movement if

a surface has a complicated form. In a like manner, a

lineament indicating a thrust will be revealed on the

K, map since thrusting also brings into existence a

scarp, as a rule.

However, lineaments indicating dip-slip, reverse
and thrust faults will not be recorded on the K, map
because changes of the K, sign along lines of these
faults will be random rather than systematic. At the
same time, some non-lineament changes on the K,
map will arise.

Suppose a strike-slip fault is formed within the
surface kimp (Fig. 1c). K, and K, values will also
change in the deformation zone. The K, will take
negative values along all the fault line x—x, while
changes of the K, sign will be random rather than
systematic. Consequently, the following lineaments
indicating horizontal movement traces will be
recorded on the K, map: (a) a black lineament on a
white background for the given case (Fig. 1¢) and for
a plane surface, (b) a white lineament on a black
background for a surface with negative K, values,
and (c) a lineament consisting of white and black
lines and spots for a complex surface. Some non-lin-
eament traces of horizontal movements will be
recorded on the K, map.

After an oblique-slip and gaping fault formation
both the curvatures ought to change sign systemati-
cally along lines of these structures. Therefore, we
can anticipate that lineaments indicating these faults
will be recorded on both the maps.

The method proposed has the following limita-
tions:

1. It is impossible to determine and separate linea-
ments of non-tectonic (i.e., erosion, eolian) origin
without ancillary geological, geophysical and ge-
omorphic data.

2. Lineaments recorded on K and K, maps can be
connected with flexures and folds. To determine
and separate these lineaments ancillary non-topo-
graphic data have to be used too.

3. If a strike-slip fault is located along a surface
strike a lineament indicating this fault cannot be
recorded by K, mapping.
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4. We also have to use ancillary geological data to
separate: (a) a dip-slip, reverse and thrust faults
equally revealed on K, maps, and (b) an
oblique-slip and gaping faults equally revealed on
both K, and K, maps.

5. The method allows us to recognize neotectonic
faults and reactivated ancient ones.

3. The method precision and requirements to
initial data

K, and K, digital models are obtained by DEM
processing which includes measuring the second and
first derivatives of elevations. For example, this pro-
cedure can be realized by the algorithm of Evans
(1980).

As far as we know, a precision of K, and K,
calculation has not been properly studied so far. At
the same time, the precision of gradient and aspect
calculations (which include measuring only the first
elevation derivatives) is often discussed (Isaacson
and Ripple, 1990; Carter, 1992). Shary (1991) sup-
posed that the K, and K, calculation precision
cannot be determined at all. Really, a measuring
precision can be defined as a difference between a
measured value and a real value of a certain variable.
However, the real landsurface is not mathematically
smooth. Therefore, it cannot have derivatives and
curvatures. These variables are abstract and arise
only in the course of measuring. As there are no real
values of K, and K, their calculation precision
cannot be determined.

The cited opinion is controversial. However, the
K, and K calculation precision is a subject of an
individual investigation. At the same time, it is obvi-
ous, that the quality of K, and K, calculation
depends on the quality of initial data that are DEMs.

To reveal topographically expressed faults within
a certain scale range initial data should meet the
following main requirements:

1. A DEM has to be compiled by regular net.

2. A DEM resolution has to correspond to a typical
plan size of faults under study.

3. A DEM precision has to permit ‘‘feeling’’ of
fault traces.

Let us consider these requirements in detail
(Florinsky, 1993).

1. Compilation of a sufficiently precise DEM can
be realized by (a) a random irregular net, (b) an
irregular net with consideration of watersheds, thal-
wegs, edges, foots, and (c¢) a random regular (i.e.,
square, rectangular) net (Schut, 1976; Carter, 1988).
However, different typical fault sizes will correspond
to different matrix steps of an irregular DEM. It can
result in simultaneous revealing of faults belonging
to different scale ranges on one and the same map of
a given scale. So neighboring parts of this map will
have different resolutions. It is also desirable to use
rectangular nets because a DEM will have different
resolutions along X and Y axes of the Cartesian
coordinate system. Hence we have to use DEMs
compiled by a square net.

Because of some technical difficulties in realiza-
tion of this requirement a user often has to employ
an irregular DEM as initial data. Various interpola-
tion algorithms can be applied to generate a regular
DEM from an irregular one (Schut, 1976). However,
all these methods have one or another drawback.
There are no impartial criteria for an estimation of
the relief reconstruction precision (Schut, 1976). Ar-
tifacts could arise due to the Gibbs phenomenon
(Ulyanov, 1977).

2. A typical plan size S of faults under study
ought to be chosen by the user during the problem
formulation. S will determine a matrix step w of a
regular DEM and hence a DEM resolution. The latter
ought to conform with the resulting scale of K; and
K, maps. Otherwise the user may obtain unreadable
maps.

A DEM compilation is a discretization of the
landsurface elevation continuous function with re-
spect to two variables. In accordance with the Kotel-
nikov theorem a one-variable continuous function
with a finite spectrum (a limiting frequency is F) is
uniquely determined by its values with 1/(2F) step
(Korn and Korn, 1968). A discreting step of a two-
variable function must be equal to a half period of a
space harmonic corresponding to the smallest surface
details (Pratt, 1978). In practice, we have to insert a
reserve multiplicative coefficient 2—5 into a mea-
sured value of a limiting frequency. Suppose a size
of the smallest surface detail S with space frequen-
cies F, = F =1/S8. Consequently, w = S/n, where
n=2-5.

3. The item of a DEM precision as applied to the
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method developed is fairly complicated. On the one
hand, it is obvious that a DEM ought to have rather a
high precision to ‘‘feeling’’ fault traces. Moreover,
such a precision may be unrealistic. On the other
hand, utilization of DEMs with usual precision al-
lows us to recognize the most of topographically
expressed faults (Florinsky, 1992). This can be con-
nected with an erosion influence which may increase
topographic expression of faults, for instance, in
forms of fault-line valleys, gaps or scarps. Now we
cannot offer a quantitative criterion for a preliminary
estimation of whether a DEM precision is good for
fault revealing and morphological classification. This
item is to be investigated. Some general reasons are
given below.

There are three main approaches to a DEM com-
pilation: topographic surveys, stereoplotter tech-
niques and digitizing of topographic map contours
(Carter, 1988). From a DEM precision point of view,
it is worthwhile to use a topographic survey at a
local level. It is expedient to apply stereoplotter
techniques at a regional level. Contour digitizing is
not good at either scale. There are random errors of
contour interpolation and generalization. On occa-
sion a contour interval cannot provide an elevation
data completeness and precision which are necessary
for fault recognition.

The space frequency spectrum of the landsurface
is unlikely to be finite. Consequently, the Kotelnikov
theorem condition (see above) is not met. However,
as a rule, the user is interested in faults with S not
smaller than a certain threshold. Therefore, we can
consider that all the space harmonics with frequen-
cies more than 1/S5 are noise. A DEM can also
include a high frequency noise which is caused by
minor errors during a DEM compilation.

It is obvious, we must decrease the noise in a
DEM. Otherwise artifacts and unreadable K, and
K, maps may be obtained. Noise decreasing can be
realized by well-known methods of a surface low-
pass filtering or smoothing (Bassett, 1972; Pratt,
1978). The algorithm of Evans (1980) using for K,
and K, calculation also results in a slight elevation
smoothing and a noise filtering.

During a certain displacement of a net we can
compile different DEMs for one and the same area.
However, a matrix step w = S/n permits us to be-
lieve that a DEM includes information on all the

topographically expressed faults with typical size S.
So possible differences of such DEMs can be ig-
nored.

Probably, fractal dimension (Mandelbrot, 1967)
can influence K, and K, (Klinkenberg, 1992).
However, topographic fractal models (Clarke, 1988)
are not discussed here. We believe that topographi-
cally expressed faults are scale-dependent structures
(Clarke, 1988). Therefore, a fractal component of
topography can be considered as a noise.

4. Method testing

To test the method developed we used the DEMs
of an imaginary area with modeled faults and a DEM
of a part of the Crimean Peninsula and the adjacent
sea bottom.

4.1. The imaginary area

4.1.1. Study site

The imaginary area (Fig. 2a) has a size of 60 m
X 60 m. It includes a single near-cast oriented
valley and two adjacent watersheds. Elevation ampli-
tude is 7.5 m.

4.1.2. Initial data and methods

The irregular DEM of the imaginary area includ-
ing 129 points was compiled (Fig. 2a). The follow-
ing seven simple typical kinds of faults (Gzovsky,
1954) were modeled by deformation of the initial
irregular DEM: a vertical dip-slip fault with 1 m
displacement (Fig. 2d), a low-angle dip-slip fault
with 1 m displacement and 30° dip (Fig. 2g), a
left-lateral strike-slip fault with 3.5 m displacement
(Fig. 2j), an oblique-slip fault with 3.5 m left-lateral
horizontal and 1 m vertical displacement (Fig. 2m),
an overthrust with 5 m displacement (Fig. 2p), an
overthrust with 15 m displacement (Fig. 2s), a gap-
ing fault with a trench of 1 m width and 0.2 m depth
(Fig. 2v). Seven irregular DEMs with indicated mod-
eled faults were obtained.

Eight regular DEMs of initial and deformed sur-
faces were generated by the Delaunay triangulation
and piecewise polynomial smooth interpolation
(Schut, 1976) of corresponding irregular DEMs. A
matrix step of 2 m was used. K, and K, digital
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Fig. 3. Geographical location of the study site (between 44°21’ and
45°30'N and 33°13' and 35°55'E, hachured).

models (Fig. 2b, c, e, f, h,i,k, 1, n,0,g, 1, t, u, W, X)
for each regular DEM were calculated by the algo-
rithm of Evans (1980).

All modeled faults have a random 28° strike. It
was chosen to avoid a mathematically non-proved
but widespread speculation that K, and K, are
anisotropic operators, ‘‘feel’”” a square net of a DEM
and are able to reveal only north, west, northwest
and northeast oriented lineaments (A.M. Berlyant,
pers. commun., 1991).

4.2. The part of the Crimean Peninsula and the
adjacent sea bottom

4.2.1. Study site

The study site (Fig. 3) forms a part of the Crimean
Peninsula and the adjacent sea bottom and has a size
of 204 km X 132 km. We choose this region to test
the method developed for two reasons. First, it is one
of the best studied areas in the world (Muratov,
1969; Beloussov and Volvovsky, 1989). Although
the geological structure of the study site is very
complicated and several regional geological theories
exist there are a lot of factual geological, geophysical
and remotely sensed data to test fault revealing and
morphology recognition. Second, a diversity of relief

(Fig. 4a) and tectonic structures (Fig. 4b) within the
region allow us to test the method in different topo-
graphic and geological conditions.

4.2.2. Relief description

The following main relief elements are situated
within the study site: the Mountain and the Plane
Crimea, the Azov Sea shallow, the Black Sea shelf,
continental slope and floor (Muratov, 1969; Be-
loussov and Volvovsky, 1989). Elevation amplitude
is 3645 m (Fig. 4a).

The Mountain Crimea stretches along the Black
Sea. This territory includes three principal near-
parallel ridges, two strike valleys and the South
Coast of the Crimea. The highest (Main) ridge con-
sists of the chain of table massifs with steep south
slopes (elevations are 1000-1545 m) and the system
of ranges (elevations are 300-1100 m). Two cuesta
ridges with steep south slopes are situated north of
the Main Ridge (elevations are 200-600 m). The
second ridge includes some degraded mountains. The
South Coast of the Crimea stretches between the
Main Ridge and the Black Sea. Landslides, rockfall
slopes and gullies are widespread there.

North of the Mountain Crimea there is the Plane
Crimea. It is a gently sloping area with 50-150 m
elevations in its central part and 0-50 m ones in its
western and eastern parts. There is a peneplain be-
tween the Black Sea and the Azov Sea (elevations
80-150 m). On the northwest of the study site there
is a rolling dissected plain (elevations 50—170 m).

The Azov Sea shallow is an almost flat area with
0—8 m depths. In the western and the eastern parts of
the region the Black Sea shelf (depths 0-200 m)
includes two broad zones adjoined to the Plane
Crimea. A narrow long shelf zone stretches along the
Mountain Crimea. The continental slope (depths
200-1800 m) includes some submarine ridges and is
dissected by submarine valleys. Valleys stretch up to
the Black Sea floor (depths 1900-2100 m) which is
an extremely flat area.

Fig. 4. The part of the Crimean Peninsula and the adjacent sea bottom: (a) the elevation map obtained by the DEM processing (Florinsky,
1992), (b) the generalized tectonic scheme (Muratov, 1969; Beloussov and Volvovsky, 1989); (c) the summary scheme of main faults
compiled by some published geological data (Lebedev and Orovetsky, 1966; Shalimov, 1966; Muratov, 1969; Rozanov, 1970; Lvova, 1972;
Sollogub and Sollogub, 1977; Sidorenko, 1980; Kats et al., 1981; Abashin et al., 1982; Kozlovsky, 1984; Borisenko, 1986; Zaritsky, 1989),
1-1 is the Korsak—Feodosia fault, 2—2 is the Simferopol-Alushta fault, 3-3 is the South Coast fault.
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4.2.3. Geological and tectonic description

The following main tectonic elements can be
distinguished within the study area: the Mountain
Crimea meganticlinorium of the Mediterranean
Alpine geosynclinal belt, two adjacent foredeeps and
the Scythian Epipalaezoic plate (Fig. 4b) (Muratov,
1969; Beloussov and Volvovsky, 1989).

On land the meganticlinorium consists of the
South Coast, the Kacha and the Tuak anticlinoria,
the west Crimean, the east Crimean and the Sudak
synclinoria, the northwest and the north limbs and
the pericline. The anticlinoria comprise late Triassic
and middle Jurassic schists, sandstones and terrige-
nous flyschs. There are middle Jurassic basic intru-
sive massifs within the South Coast anticlinorium.
The South Coast and the Tuak anticlinoria have an
imbricate structure. Synclinoria are formed by late
Jurassic and early Cretaceous limestones, sandstones,
conglomerates, flyschs and clays. The Jurassic vol-
canic massif is located within the east Crimean
synclinorium. The northwest and the north limbs
comprise late Cretaceous, Eocene and Neogene lime-
stones, clays and marls. The pericline is mainly
formed by Oligocene—Miocene marine clays and
includes brachyanticlinal diapir folds and mud volca-
noes. The south part of the meganticlinorium is
located underwater of the Black Sea and comprises
late Triassic, Jurassic and Cretaceous rocks.

The Indol-Kuban foredeep is predominantly
formed by an Oligocene—Quaternary complex. The
Sorokin foredeep comprises dislocated Paleocene—
Eocene and Oligocene—Miocene complexes which
are covered by Pliocene—Quaternary marine sedi-
ments.

There are the Alma depression, the Simferopol,
the Novotsaritsino and the Novoselovskoye buried
elevated blocks of the folded basement within the
Scythian plate. Its basement is formed by Paleozoic
schists, sandstones, limestones, basic and acid intru-
sive and effusive rocks. The sedimentary cover con-
sists of early and middle Jurassic argillites, aleuro-
lites and conglomerates, early Cretaceous terrigenous
clays, sandstones and limestones, late Cretaceous
carbonate rocks, Paleocene and Eocene clays and
carbonate rocks, Oligocene, Miocene and Pliocene
limestones, clays, marls and sandstones (Muratov,
1969; Beloussov and Volvovsky, 1989).

The study site is a tectonically active region, with

many recorded seismic earthquakes foci (Muratov,

1969; Beloussov and Volvovsky, 1989; Borisenko,

1986).

The structure of the Crimean meganticlinorium
and adjacent areas is complicated by a lot of faults
(Fig. 4¢). The following main fault groups can be
distinguished (Muratov, 1937; Shalimov, 1966;
Lvova, 1972; Rastsvetaev, 1977; Borisenko, 1986):
1. Near-north-striking left-lateral strike-slip faults

with high-angle dips, 3-5 kilometer horizontal

displacements and tens of kilometer lengths. They
are most abundant in the eastern, central and
southwestern parts of the study site.

2. Near-northeast and east-striking dip-slip faults
with northwest dips and tens of metre displace-
ments. Some researchers consider that these faults
are thrusts with 30°-45° dips and several kilome-
tres displacements.

3. Near-northwest-striking dip-slip and oblique-slip
faults with high-angle dips. Oblique-slip faults
have right-lateral 10—-100 metres horizontal dis-
placements.

4. Near-north-striking dip-slip faults located in the
western part of the region.

4.2.4. Initial data and methods

To test the method the irregular DEM of the part
of the Crimean Peninsula and the adjacent sea bot-
tom was applied. This DEM was compiled by digi-
tizing 1:300,000 and 1:500,000 scaled topographic
maps (Florinsky, 1992). The irregular DEM includes
11,936 points. The regular DEM (Fig. 4a) was gen-
erated by the irregular DEM interpolation using the
weighted average method (Schut, 1976). A matrix
step of 500 m was used.

K, and K, digital models (Fig. 5a, b) were
obtained by the algorithm of Evans (1980) using a
matrix step of 3000 m. Utilization of this step allows
us to believe that revealed lineaments have mostly
tectonic origin.

The map of revealed and morphologically classi-
fied faults (Fig. 5¢) was obtained by a visual analysis
of the K, and K, maps (Fig. 5a, b). To estimate the
efficiency of the method we carried out a visual
comparative analysis of the fault map obtained (Fig.
5c) and some factual geological data (Moisejew,
1930, 1939; Muratov, 1937, 1969; Kovalevsky, 1965;
Lebedev and Orovetsky, 1966; Shalimov, 1966;
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Rozanov, 1970; Lvova, 1972; Rastsvetaev, 1977,
Sollogub and Sollogub, 1977; Sidorenko, 1980; Kats
et al., 1981; Abashin et al., 1982; Kozlovsky, 1984,
Borisenko, 1986; Zaritsky, 1989).

We did not perform a strong correlation analysis
of the fault map obtained (Fig. 5¢) and published
data, as the latter have dissimilar precision, scales,
and are rather different from one another. For in-
stance, some faults are revealed by all authors, others
are included only into a certain map. Sometimes one
and the same fault is presented with different lengths
or strikes on different maps. At the same time, we
cannot use a certain single published map because
the cited data complement each other.

Interpolations of irregular DEMs, K, and K,
calculation and mapping (Figs. 2, 4a, 5a, b) were
realized by the software LANDLORD 2.0 (Florinsky
et al., 1995) on an IBM PC AT 80286 computer.

5. Results and discussion

5.1. The imaginary area

Visual analysis of the maps obtained (Fig. 2)
confirms that the theoretical basis of the method is
mostly correct.

After dip-slip fault modeling (Fig. 2d, g) clear
lineaments passing strictly along fault axes are
recorded on K, maps (Fig. 2f, i). Some vertical
motion traces are also revealed by K, mapping (Fig.
2e, h) but there are no lineaments along fault axes.
The lineament corresponding to the vertical dip-slip
fault (Fig. 2f) does not differ mainly from the linea-
ment corresponding to the low-angle dip-slip fault
(Fig. 2i).

After the strike-slip fault modeling (Fig. 2j) only
K, mapping allows us to reveal a small lineament in
the lower part of the map (Fig. 2k). This lineament
passes strictly along the dislocation axis. The K,
map does not contain lineaments (Fig. 21) although
strike-slip fault traces are revealed, which are a break
of the valley and a displacement of its east part
northward.

After the oblique-slip fault modeling (Fig. 2m)
the clear expressed lineament, the break of the valley
and the displacement of its eastern part northward

are revealed on the K, map (Fig. 20). Vertical and
horizontal motion traces are recorded by K, map-
ping (Fig. 2n) but there is no theoretically presumed
lineament along the fault axis. This fact contradicts
the theoretical basis of the method and, in principle,
can be connected with drawbacks of the oblique-slip
fault modeling. Besides, we may probably suppose a
lesser ‘‘sensitivity’” of K, to horizontal tectonic
motions (Fig. 2k, n) as compared with K ‘‘sensitiv-
ity’’ to vertical movements (Fig. 2f, i, 0). However,
real DEMs processing demonstrates that both K,
and K, mapping allow us to reveal lineaments with
equal ‘‘sensitivity’” level (Florinsky, 1992; Florinsky
et al., 1995). Probably, this may be a result of
erosion influence which can increase the topographic
expression of faults, for instance, in forms of fault-
line valleys or scarps. K, and K, equal ‘‘sensitivi-
ties’”” to horizontal and vertical tectonic motions
correspondingly are demonstrated by testing the
method with the use of the DEM of the Crimean
Peninsula and the adjacent sea bottom (see below).

After thrust modeling (Fig. 2p, s) clear lineaments
passing along fault axes are revealed by K, mapping
(Fig. 2r, u). Some overthrust traces are also recorded
on K, maps (Fig. 2q, t) but there are no lineaments
along fault axes. The lineament of the overthrust
with 5 m displacement (Fig. 2r) is thinner than the
lineament of the overthrust with 15 m displacement
(Fig. 2u). It is natural, because the thrust scarp in the
second case (Fig. 2s) is larger than the thrust scarp in
the first case (Fig. 2p). This results in greater varia-
tions of K, values in the second case (Fig. 2u) than
in the first case (Fig. 2r).

After the gaping fault modeling (Fig. 2v) the clear
lineament is recorded on the K, map (Fig. 2w) as
well as the lineament broken by the valley is re-
vealed by K, mapping (Fig. 2x).

Modeled faults have constant displacements along
their lines. It is doubtful if a non-constant offset may
have any specific effect on K, or K, maps.

Apparently, if we change a strike of modeled
faults we shall get fairly different K, and K, maps
which, however, will not differ radically from the
results obtained (Fig. 2).

Modeled faults are not distinctly recognized on
elevation maps (Fig. 2d, g, j, m, p, s, v) because we
deformed the initial DEM but not the initial eleva-
tion map (Fig. 2a) and used the contour interval 1 m.
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Obviously, a DEM includes more elevation data than
an elevation map compiled by the DEM processing.
This fact emphasizes a need to use DEMs obtained
by stereoplotter techniques.

To test the method we applied a very simple
DEM and modeled single simple faults. Apparently,
an unambiguous character and impartiality of fault
revealing and morphology classification will de-
crease when we use complicated DEMs of real ter-
rains.

5.2. The part of the Crimean peninsula and the
adjacent sea bottom

K, calculation and mapping allow us to reveal (a)
a complex of near-north oriented lineaments in the
east and central parts of the study site, (b) a complex
of near-east oriented lineaments in the west part of
the region, (c) some near-northeast oriented linear
structures in the north part of the study site, and (d)
some near-northwest oriented lineaments in the south
part of the region (Fig. 5a). Lineaments revealed by
K, mapping correspond to convergence areas (K
negative values) and are connected with a valley
network. A strong dependence of the Crimean valley
network on the regional fault network was noted
even by Muratov (1937). Lineaments recorded on the
K, map (Fig. 5a) are mostly interpreted as strike-slip
faults (Fig. 5¢).

K, calculation and mapping allow us to reveal (a)
a complex of near-west oriented lineaments in the
east and central part of the study site, (b) a complex
of near-north oriented lineaments mainly in the west
part of the region, and (¢) some near-northwest
oriented linear structures mostly in the south and the
north part of the study site (Fig. 5b). Lineaments
revealed by K, mapping correspond to relative de-
celeration areas (K, negative values) and are con-
nected with terraces. These lineaments are mainly
interpreted as dip-slip faults and thrusts (Fig. 5¢).

Lineaments revealed on both K, and K, maps
(Fig. 5a, b) are interpreted as oblique-slip faults (Fig.
5¢).

The map of morphologically classified faults (Fig.
5c) displays a complicated spatial distribution of
faults. Dip-slip, thrust and strike-slip faults unite, as
a rule, into complexes. The complex of near-north-
striking strike-slip faults stretches through areas of

different geological origins which are the Scythian
plate and the Mountain Crimea meganticlinorium.
Dip-slip faults stretch, as a rule, across strike-slip
faults. There are some complicated faults which
include dip-slip, strike-slip, thrust and oblique-slip
offsets stretching along the same fault line one after
another (Fig. 5¢). These tendencies of fault distribu-
tion were also found out by the method developed
for the Kursk Region, Russia (Florinsky et al., 1995).

Obviously, the fault map obtained (Fig. 5 ¢) has a
preliminary and somewhat subjective nature. First, it
is a result of slightly ambiguous drawing of fault
lines. As a rule, we drew median lines of lineaments
recorded on the K, and K, maps (Fig. 5a, b).
Second, a visual analysis of these maps may result in
the loss of some lineaments. Probably, this problem
can be solved by a pattern recognition method (Pratt,
1978). Third, the fault map (Fig. 5¢) corresponds
only to the single matrix step 3000 m. Using a
smaller n}atrix step we can obtain a map which will
include more faults, while using a larger step we will
obtain a map with fewer faults.

A visual comparative analysis of the fault map
obtained (Fig. 5¢) and factual geological data
(Moisejew, 1930, 1939; Muratov, 1937, 1969; Ko-
valevsky, 1965; Lebedev and Orovetsky, 1966; Shal-
imov, 1966; Rozanov, 1970; Lvova, 1972; Rastsve-
tacv, 1977; Sollogub and Sollogub, 1977; Sidorenko,
1980; Kats et al., 1981; Abashin et al., 1982; Ko-
zlovsky, 1984; Borisenko, 1986; Zaritsky, 1989)
made it apparent that a portion of revealed faults
correlates with familiar ones. For instance, there are
the Korsak—Feodosia, the Simferopol-Alushta and
the South Coast faults (Figs. 4¢, 5¢). Another portion
of revealed faults does not correlate with known
structures. For the first time the complex of near-
ecast-striking strike-slip faults is recognized in the
western part of the region. Origin of these structures
and their relationships with the regional tectonics is
the subject of an individual study. It is very impor-
tant that the most of the faults revealed and morpho-
logically classified fit into the main regional fault
groups (see above).

However, familiar faults were not all revealed. On
the whole, this is the result of the use of the single
matrix step. To recognize all the topographically
expressed faults (and to range faults into trans-re-
gional, regional and local groups) we have to use a
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set of K, and K, maps correspond to several matrix
steps or extents of DEM low-pass filtering and
smoothing (Florinsky, 1992).

It is evident, that lineaments have different statis-
tical properties (i.e., orientation, density, length)
within different zones of the region (Fig. 5a, b). This
phenomenon can be connected with different geolog-
ical properties (rock age, mechanical characteristic,
soils, water regime, etc.) of these zones (Stepanov,
1989; Kuryakova and Florinsky, 1991). Conse-
quently, K, and K, data can be used for geological
and soil regionalization and mapping. However, this
problem lies beyond the subject of the present paper.

(a)

(b)

Iw

Fig. 6. Quantitative estimations of fault displacements: (a) the
estimation of vertical displacement (Fig, 2d, f), the lineament is
hachured, pointers are flow lines, big points are intersections of
flow lines with the lineament; (b) the estimation of horizontal
displacement (Fig. 21), valley parts are hachured, k is the horizon-
tal displacement.

The method developed can also be applied for the
recognition of faults in specific stratigraphic hori-
zons. The method has been used for mapping faults
in the basement, Cenomanian and Cretaceous com-
plex roofs of an area of the Kursk Nuclear Power-
Station, Russia (Florinsky et al., 1995). Initial data
were stratigraphic horizon DEMs. Maps of morpho-
logically classified faults of different roofs were
obtained. These maps essentially supplemented
known geological data and can be applied to seismic
regionalization and geological monitoring of the area.
Obviously, fault recognition by stratigraphic DEMs
processing is less impartial than with the use of
landsurface DEMs.

The following question arises: is it possible to
estimate quantitatively a fault displacement by a
DEM analysis? For a simple surface with a single
fault (Fig. 2) it can be realized easily. To determine
the direction of a vertical displacement we have to
compare elevations on one and the other sides of a
lineament revealed on a K, map. To estimate a
vertical displacement we can use an average value of
elevation amplitudes in points where flow lines
(Young, 1972) intersect a lineament recorded on a
K, map (Fig. 6a). Obviously, the estimation preci-
sion depends on the erosion intensity, the DEM
precision and resolution, and the number of measure-
ments. A horizontal displacement of a strike-slip
fault can be estimated by the analysis of relative
displacements of valley parts recorded on a K, map
along a fault line (Fig. 6b). However, in studies of
real territories with complicated topography and tec-
tonic displacement estimations will also be compli-
cated and subjective. Therefore, we did not estimate
fault displacements for the Crimean Peninsula and
the adjacent region.

The method requires further development. It is
necessary to develop procedures for determination
and separation of (a) tectonic and non-tectonic linea-
ments, (b) faults, folds and flexures, (c) dip-slip,
reverse and thrust faults, and (d) oblique-slip and
gaping faults. It is essential to improve the method
impartiality. This can be realized by software con-
sisting of (a) a geographical information system for
DEMs, geological, geophysical and remotely sensed
data processing and visualization, (b) a consulting
expert system based on the knowledge of geological
structure properties, and (c) a pattern recognition
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module for automated revealing lineaments on K,
and X, maps. The software can include other mod-
ules which may be of interest to the user (e.g., strike
and dip measuring -— Chorowicz et al., 1991; Mor-
ris, 1991).

6. Conclusions

For revealing and morphological recognition of
topographically expressed faults it is necessary (a) to
calculate K, and K, by a DEM processing (DEM
resolution has to correspond to a typical size of
faults under study), (b) to stratify K, and K, values
into two levels with respect to the zero value, and (¢)
to map K, and K,. Lineaments revealed on K,
maps indicate faults formed mostly by horizontal
tectonic motions (i.e., strike-slip faults). Lineaments
recognized by K, mapping correspond to faults
formed mainly by vertical motions (i.e., dip-slip and
reverse faults) and thrusting. Lineaments recorded on
both K, and K, maps indicate, as a rule, oblique-slip
and gaping faults.

The method was tested by processing the DEMs
of an imaginary arca with modeled faults and the
DEM of the part of the Crimean Peninsula and the
adjacent sea bottom. For the imaginary area the
results obtained mostly correlate with the theoretical
basis of the method. For the real area the compara-
tive analysis of the results obtained and factual geo-
logical data demonstrates that the method actually
works to identify individual faults in regions where
both topography and tectonic structure are compli-
cated.

The method developed is reproducible. It can
improve information completeness and impartiality
of laboratory geological work, contribute to their
automation.

The method requires further development. Prob-
lems of the DEM precision as applied to fault recog-
nition and the K, and K, calculation precision have
to be investigated.
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