Estudios Geolégicos

Jjulio-diciembre 2016, 72(2), e051

ISSN-L: 0367-0449

doi: http://dx.doi.org/10.3989/egeol.42328.394

Mapping and analysis of geological fractures extracted
by remote sensing on Landsat TM images, example of the
Imilchil-Tounfite area (Central High Atlas, Morocco)

Analisis de fracturas geologicas extraidas por teledeteccion en
imagenes Landsat TM, ejemplo de la zona de Imilchil- Tounfite
(Alto Atlas central, Marruecos)

H El Alaoui EI Moujahid’, H. Ibouh™?, A. Bachnou', M. Ait Babram®, A. El Harti*

Cadi Ayyad University, Faculty of Sciences and Techniques, Marrakesh, Geosciences and Environment Laboratory, Bd A.
Khattabi, BO.549, 40000 Guéliz, Marrakesh, Morocco. Email: h.ibouh@uca.ma
2 LMI_TREMA_IRD, Cadi Ayyad University, Bd. My Abdellah, BO 2390, 40000 Marrakech, Morocco.
Mathematic and Population Dynamic Laboratory; Department of Mathematics, Faculty of Science and Techniques,
Marrakech, Bd A. Khattabi, BO 549, 40000 Guéliz, Marrakesh, Morocco.
Moulay Slimane University, Faculty of Sciences and Techniques, Lab. Remote Sensing and GIS applied to Geosciences and
Environment, BO: 523 Beni Mellal, Morocco.

ABSTRACT

The use of remote sensing, in this research, can be summarized in mapping and statistical studies of lineaments
on the satellites images of the Jurassic outcrops in the Imilchil-Tounfite area, Central High Atlas of Morocco. This is to
apply various manual techniques for extracting lineaments from Landsat TM image. Analytical techniques used in this
work are: the principal component analysis (PCA) applied to selective bands of the visible and infrared, which allows
creating new images with better visual interpretation. Directional filters NO°, N45°, N90°, and N135° with a 5x5 matrix
were used to enhance lineaments in the corresponding perpendicular directions, and therefore to obtain a good dis-
crimination of those structures. Preliminary results highlight a dominant geological fracturing trending ENE/WSW with
52% of the total lineaments, a second fracture trending is WNW/ESE at 23%, a third fracture series trending NE/SW
with 20% and finally, a minor series of fractures trending NW/SE with 5% of the total lineaments. Distribution and sta-
tistical relationship, between fractures and the affected surface on the one hand and the fracture length on the other
hand, shows a network of well-structured fractures. The final lineament map constitutes a contribution to complete the
geology and assisting the mining and hydrogeological prospection, in the Imilchil-Tounfite area.
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RESUMEN

En este trabajo se han aplicado metddos estadisticos de datos obtenidos por teledeteccion, para la cartografia
de lineamientos en afloramientos del Jurasico en la zona de Imilchil-Tounfite, Alto Atlas Central de Marruecos.
Las técnicas analiticas utilizadas incluyen el analisis de componentes principales (PCA) aplicado a las bandas
visible y infrarrojos, que permite crear nuevas imagenes con una mejor interpretacion visual, y filtros direccionales
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NO°, N45°, N90° y N135° con una matriz de 5x5 para mejorar rasgos en las direcciones perpendiculares corre-
spondientes y obtener una buena discriminacion de esas estructuras.

Los resultados preliminares ponen de manifiesto una fractura geolégica dominante de tendencia ENE-SW con
un 52% del total de lineamientos, una segunda tendencia ONO-S (23%), una tercera serie de fracturas orientada
NE-SW (20%) y, por ultimo, una serie de menor importancia de fracturas tendencia NW-SE (5%). Las relaciones
estadisticas entre las fracturas y la superficie afectada por un lado y la longitud de la fractura, por otra parte,
muestra una red de fracturacion bien estructurada. EI mapa final de lineamientos constituye una contribucion
para completar la geologia de la zona y como ayuda a las prospecciones mineras e hidrogeoldgicas en la zona

de Imilchil-Tounfite.

Palabras clave: Teledeteccion; Lineamientos; Fracturas; Imilchil-Tounfite; Alto Atlas; Marruecos.

Introduction

The use of satellite imagery in the Imilchil-Tounfite
area Central High Atlas is relatively recent. All the
anterior research done in this area is a structural,
sedimentary and petrography geology (Frizon de
Lamotte et al. 2008; Bougadir & Bouabdelli, 1994.
Ibouh et al., 1994, Fadile; 2003). Due to its semi-
arid climate which is marked by large variations in
temperature, severe summer drought and some areas
which are characterized by a high altitude (3200m)
with a very difficult accessibility, mapping linea-
ments by conventional methods is insufficient and
relatively expensive methods and also takes a lot of
time to browse all the field. Thus we use Geographic
Information System (GIS) and remote sensing for
the establishment and updating of structural maps.
Indeed, remote sensing is a discipline that focuses
on the analysis of the information carried by elec-
tromagnetic radiation reflected and emitted by the
Earth’s surface, then captured remotely by airborne
or space-based instruments. Remote sensing with its
synoptic view along with the improvement in spec-
tral and spatial resolution as sensors allows not only
the study of a large geographical area, but also accu-
racy in geological analysis. It permits also to com-
plete some geological contours or some faults not
observed previously in the field. The realization of
the fault network map and its statistical study gives
us a general idea of the spatial behavior of these frac-
tures in the area. Combining inventory lineaments
on satellite imagery, along with the auxiliary data
and field work allows to have the map fractures and
to understand the geological structures of the stud-
ied area (Pepe ef al., 1997; Kavak, 2005). The main
objective of this work is to complete the structural
mapping in the Imilchil-Tounfite region using remote
sensing, which will have a major interest in economic
geology (mineral and hydrogeological explorations).

Presentation of studied area

The Imilchil-Tounfite area is located in the Central
High Atlas of Morocco, between 5° and 6°W longitude
and between 32° and 32° 30°N latitude (Fig. 1). This
area shows a geological setting with a lateral succes-
sion of anticline ridges; trending N70 (Laville, 1988y
The main ridges are those of Tassent, Tasraft, Tirghist,
Anfgou, Amagmag and Ait Ali Ouikkou (Fig. 1). These
ridges are frequently cored by Jurassic magmatic rocks,
including gabbro and troctolites. The anticlines ridges
are a result of halokenitic evolution coupled to strike
slip structural context during Jurassic time and super-
posed by alpine deformations later (Michard et al.,
2011, Ibouh et al., 2014), All the anticline ridges are
trending between N60 to N90, their structural evolution
in the left strike slip context gives a distortion of ridges
periclinal ending. So this later confers at the most part
of ridges a sigmoid morphology (Fig. 1). (Ibouh, 1995;
Ibouh et al., 2001; Michard et al., 2011).

Materials and methods

Materials

The main material used in this study is the
Landsat TM (Thematic Mapper) satellite image
of L5201038 03820091111 scene, acquired on
12-31"™-2009 (path 201; row 38) Free Download from
http://glovis.usgs.gov. This satellite image shows
7 spectral bands (Fig. 2) with 30 m spatial resolution,
except the thermal band (band number 6) which has
a ground resolution of 120 m.The image can provide
to the interpreter, a multitude of structural informa-
tion’s (Semere & Woldai 2006; Kavac, 2005; Qari,
2011). The mapping lineaments needs, besides satel-
lite image, to take account of the topographical map
in order to eliminate lineaments related to the human
activities (road, railway...). Then geological map
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Fig. 1.—Geological and location map of the Imilchil-Tounfite area.
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Fig. 2.—Satellite image TM Landsat of the Imilchil-Tounfite area; A: false color composite in RGB (R =2, G =4, B = 6); B: false color
composite in RGB of the components principal analysis bands (R = PCA1, G = PCA2, B = PCA3).
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Table 1.—Correlation matrix of Landsat TM bands image
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Bands 1 2 3 4 5 6 7 Moyen Ecart
1 1.00 0.93 0.96 0.79 0.80 0.71 0.83 40.06 30.77
2 0.93 1.00 0.98 0.88 0.92 0.72 0.94 29.62 25.41
3 0.96 0.98 1.00 0.86 0.88 0.72 0.90 22.32 18.02
4 0.79 0.88 0.86 1.00 0.93 0.71 0.90 33.24 27.56
5 0.80 0.92 0.88 0.93 1.00 0.67 0.98 58.80 51.39
6 0.71 0.72 0.72 0.71 0.67 1.00 0.68 85.95 64.74
7 0.83 0.94 0.90 0.90 0.98 0.68 1.00 34.98 30.83

data will be confronted to the lineaments image to
give them geological significance.

Data processing methods

The more conventional and most used methods in
many studies for the lineaments extraction are the
principal component analysis (PCA) as well as the
enhancement by spatial filtering. (Amri et al., 2011;
Aouragh et al., 2012; Kassou et al., 2012).

Principal Component Analysis

Principal components analysis or Hotelling trans-
form is an image enhancement technique, based on
a mathematical transformation, which reduces the
dimensionality of data and segregates noise compo-
nents (Singh & Harrison 1985). The choice of channels
TM sensors was done in order to avoid redundancy and
to maximize the quantity of information on the image
bands. The analysis of the correlation matrix bands
(Table 1) shows high correlations between the visible
spectral bands (TM1, TM2 and TM3) and also between
the infrared bands (TM4, TM5 and TM7). So the first
three principal components analysis of the false color
composed images of these correlated bands (images
123 and 457) allows the condensation of High quality
information on the distribution of geological features in
the area of study. This process allows us to make fine
geological interpretations realizing a selective Principal
Component Analysis PCA (PCA ,; and PCA,s).

Spatial filters

In order to enhance fractures and faults on the
image, directional filters are used for lineaments
extracting. Different sizes of matrix filters are applied
(3%3; 5x5 and 7x7). The obtained results indicate that

Table 2.—Matrix of weighting coefficients of the 5x5
directional filter for N90

those of 5x5 filter size was giving the best and really
lineaments which most closely resembles the geo-
logical structures in the field. At the end, directional
filters (5%5) at 0°N, 45°N, 90°N and 135°N were
applied (on a new false color composed image from
CPA bands as : PCA ,;and PCA,s;) in this work. The
5x5 filter used in this processing image is an edge
detection filter. The 5%5 weights of the directional
filter for the direction 90°N is given in the table 2.

Results and analysis
Mapping discontinuities image

The application of directional filter with 5x5
matrix size on the first bands of PCA ,;and PCA,s7,
which were used as input images, allows highlight-
ing the lineaments in the study area. These filters
provide images in grayscale, where the lineaments
based on the selected direction appear brighter than
other entities. The maps of discontinuities images
were realized by manual extraction (Fig. 3 A, B and
Fig. 4 A, B) The lineaments are often enhanced per-
pendicular to the direction of the selected filter trend.

Lineaments analysis

When applying the directional filter, directional gra-
dients enhance all discontinuities images correspond-
ing to any lithological discontinuity (contact between
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Fig. 4.—A: Enlarged extract from NE directional filter image (see Fig. 3 B for location). B: interpreted fractures on the fig. 4 Aimage.

different lithological units) and/or structural
discontinuity (fault, fracture and joint). In order to give
significance to the structural lineaments extracted by
remote sensing, the map of discontinuities images is
confronted with auxiliary data (geological map, top-
ographic map and field’s observations) in order to
remove lithological discontinuities, the ridge and crest
lines and the anthropogenic lineaments (bitumen road,
railway...). The resulted map at the end of all those
operations shows a maximum of the fracture and struc-
tural lineaments in the study area (Fig. 5 A). Finally
some fractures mapped by remote sensing were vali-
dated in the field (Fig. 6).

The fractures mapped by conventional methods
on the geological map have been reproduced and
analyzed (Fig. 5 B). The comparison of the map
fractures resulting from remote sensing to those of

the geological map shows two main differences:
the first one concerns the density of fractures.
Those extracted by remote sensing are numerous
and denser than those of the conventional map-
ping in the geological map (sheets of Imilchil and
Tounfite 1/100000, Fadile 2003). The second dif-
ference concerns the trend of lineaments. Those
extracted from satellite image, show a major group
of fractures trending N70 to N80 (Fig. 5 A and C),
whereas the geological map shows NE-SW trend-
ing fractures as major trending lineaments (Fig. 5 B
and D). The Interpretation of lineaments extracted
by remote sensing on Landsat TM satellite image
has revealed the main major faults recognized on the
structural map of the Imilchil-Tounfite area and in
the field (Fig. 6). At the end, we may conclude that
remote sensing by its lineaments extraction methods
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Fig. 5.—A: Fracture map of Imilchil-Tounfite area extracted from Landsat TM image in this work; B: fault map of the Imilchil-Tounfite
area extracted from existing geological map. C: Directional rose of mapped faults in the existing geological map D: Directional rose

of extracted lineaments by remote sensing methods in this work.
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Fig. 6.—Some Fault field pictures corresponding to the lineaments detect by remote sensing. A: Fault NW-SE in the south of Ait Al
ou Ikkou ridge; B: Fault NS to NW-SE in the Bathonian red bed; C: Fault NW-SE in the north of Tassent ridge in the Upper Toarcian
marls; D: Normal fault trough the Bajocian limestones in the south east of the Imilchil village (See Fig. 5 for location).

on the TM Landsat image can contribute fully to
improve geological maps and complete the geologi-
cal structure of the study area.

Geostatistics

Geostatistics is used for estimation and prediction
of a spatially continuous phenomenon, using data
obtained at a limited number of spatial locations
(Diggle & Ribeiro, 2007). The geostatistical study of
lineaments has been used widely in many researches
(Katsuaki & Yuichi 2006; Chiles, 1998; Koike &
Komorida, 2001). It allows to understand and to esti-
mate the spatial variability of the phenomenon under
study (Gringarten & Deutsch 2001). This mathemat-
ical discipline developed from the recognition that
the elements studied are not always randomly dis-
tributed in space, but may have a degree of spatial
correlation known as “structure” (Castaing et al.,
1988).

The aim of geostatistical study, in this work, fits
into a general problematic of characterization, inter-
pretation and valuation of structural lineaments. We
used this technic to characterize the spatial disper-
sion of trend and lengths of fractures in the Imilchil-
Tounfite area, central high Atlas of Morocco.

Lineaments variogram analysis

The variograms of fractures distribution in
Imilchil-Tounfite region were calculated from cumu-
lative lengths by units of 200 km® for each directional
series of fractures and the regionalization parameters
are determined using spherical and exponential the-
oretical models. A first analysis of different vario-
grams shows that the fractures, of Imilchil-Tounfite
area, are not randomly distributed in space, but have
a degree of spatial correlation known as “structure”.
This structure has range of influence up to 65 km
(Fig. 7A, B and C).

Statistical study

Spatial arrangement

After extraction of the Imilchil-Tounfite frac-
tures on satellite images, the resulting network is
described by 10 properties (known as variables).
Only implementation of the PCA statistical method
will bring out the organization of the network in
space. The variables used in PCA study are: 1) the
latitude of the fractures and 2) longitude of fractures
(Lambert coordinates X and Y positioning in space);
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Fig. 7.—Resulting graph from lineament geostatistical
study on the Imilchil-Toufite area; A: Variogram fractures all
azimuths adjusted by a Spherical model B: Variogram WNW/
ESE trends lineaments adjusted by an exponential model.
C: Variogram ENE/WSW trends lineaments adjusted by
spherical model.
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3) the ENE / WSW trend; 4) the WNW / ESE; 5) the
NE / SW; 6) NW / SE; 7) the length of ENE / WSW
fractures; 8) the length of WNW / ESE fractures; 9)
the length of fractures trending NE / SW and 10) the
length of fractures trending NW / SE.

The result of the lineaments network study, by the
PCA, allowed to calculate 10 principal components
with a great percentage of the variance estimated at
56,319 within the three first principal components
(CPA,=21,39; CPA,=19,29; CPA;=15,63) (Table 3).

This study also allowed to extract the sum of the
square of the selected factors in tow first compo-
nents (CPA=21,397 and CPA,=40.627) (Table 4)
and calculating the sum of the square of the selected
factors for rotation for the same components
(CPA,=20,999 and CPA,=40,687) (Table 5).

The statistical principal component analysis study
improves information about the spatial relationships
between different lineaments groups trend. According
to the Figure 8A, on a grid of 20 km length and 10 km
width we find that the ENE-WSW (D1) and WNW-
ESE (D2) lineaments are scattered and not coexist in

Table 3.—Eigen values of the principal component analysis
of the lineaments network in the Imilchil-Tounfite area

Initial Eigen values

Component Sum % variance % cumulative
1 2,140 21,397

2 1,929 19,290

3 1,563 15,632 56,319
4 1,297 12,969 69,297
5 0,997 9,965 79,252
6 0,866 8,657 87,909
7 0,389 3,891 91,800
8 0,298 2,978 94,778
9 0,270 2,704 97,483
10 0,252 2,517 100,00

Table 4. —Extraction sum of the square of the selected factors
of the lineaments network in the Imilchil-Tounfite area

extraction sum of the square of
the selected factors

Eigenvalues
% % %
Component  cumulative Sum variance  cumulative
1 21,397 2,140 21,397 21,397
2 40,687 1,929 19,290 40,627
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Table 5.—Sum of the square of the selected factors for
rotation of the lineaments network in the Imilchil-Tounfite area

sum of the square of the selected
factors for rotation

Component % cumulative % variance % cumulative
1 2,100 20,999 20,999
2 1,969 19,688 40,687
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Fig. 8.—Diagram of the principal components distribution of
the Imilchil-Tounfite fractures in space after rotation; A: with
cumulated length (LCD) depending on the direction of fractures
(D1, D2, D3 and D4) B: Cumulated lengths (LCD) and percent
(PD) and fractures number (ND of each directions ((D1, D2, D3
and D4). With D1=ENE-WSW; D2=WNW-ESE; D3=NE-SW and
D4=NW-SE.

the space. However NE-SW (D3) and NW-SE (D4)
coexist within the same location. In order to confirm
this conclusion, another statistical study was done as
principal component, and taking account the cumu-
lated lengths and the number of fractures in each

Estudios Geoldgicos, 72(2), julio-diciembre 2016, e051

directions (Fig. 8 B). This study gives a distribution of
fractures group as seeing in the figure 8 A.

Lineaments length analysis

Analysis of the lineaments length shows a variation
from 500 m to 12 km. The lengths of 374 lineaments
mapped by Landsat remote sensing are distributed in
21 classes in steps of 500 m (Fig. 9). For simplicity,
they can be grouped into three classes: a main class
(75.66%) which includes lineaments whose lengths
are between 0.5 and 4 km, followed by a second class
(22.19%) of lineaments which have lengths between
5 km and 7 km and at the end a minority class (2.15%)
with lengths greater than 7 km.

Interpretation

The digital processing of Landsat TM satellite
image and the Geographic Information System (GIS)
were used to create a fracture map of the Imilchil-
Toufinte Area in the central High Atlas of Morocco.
The statistical analysis of faults network, frequency
diagram shows clearly that all trends are organized
into four main groups (Fig. 5 C): ENE/WSW, WNW/
ESE, NE/SW and NW/SE.

The principal component analysis study revealed
that the four trend groups of fractures have particu-
lar space distribution. Thus the two groups trend-
ing ENE/WSW and WNW/ESE cannot coexisting
in space of 200 Km square. The two other groups
trending NW/SE and NE/SW, are coexisting in the
field. This spatial relationship is also visible on the
geological map (Fig. 1 and Fig. 5 B), the dispersed
directions are the main faulted anticlinal ridges and
major faults of the Imilchil-Tounfite area (Interpreted
faults in fig. 5 A).They are dispersed because they are
separated by wide synclines (10 to 20 Km). However
coexisting directions are shown on the geological
map (Fig. 1) on the middle part of synclinal form as
a short and conjugate strike-slip fault.

The fracture length analysis shows three main
groups, the first one is between 0.5 and 4 km (75.66%),
the second is between 5 and 7 km (22.19%), and
finally a third group is with length greater than 7 km
(2.15%). The lineaments lengths distribution corre-
sponds perfectly to the geological map of the study

, ISSN-L: 0367-0449. doi: http://dx.doi.org/10.3989/egeol.42328.394
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Fig. 9.—Histogram showing the frequency by length of the
Imiclhil-Tounfite fractures extracted by remote sensing.

area (Fig. 1 and Fig. SA). We observed that the lon-
gest faults are the rarest (Fig. 1 and fig. 5 A)

The geostatistical study shows that the fracture
system plotted from satellite imagery is not ran-
domly distributed in the area, but it has a structured
occurrence. The fractures have a degree of spatial
correlation known as “structure” with ranges of
influence up to 65 km. That is to say that when the
separation distance between the fractures is upper
to 65 km, fracture length well be independent.

In order to compare our results with geological
field data, it is necessary to present a brief struc-
tural description of the Moroccan Atlas Mountain
followed by a discussion. The installation of the
Moroccan Atlas basin is controlled by the remobi-
lization faults inherited from the Hercynian orog-
eny. Jacobshagen (1992) described two principal
faults, the South Atlas Fault (SAF) NE-SW to E-W
and the Translaboran Fault (TAF) trending NE-SW.
Piqué & Laville (1993) describe two Paleozoic
faults responsible of the Atlasic basin installa-
tion, they are Transforming Paleozoic Zone of
Atlas (TPZA) trending E-W and Eastern Moroccan
Orogenic Belt (EMOB) trending NE-SW.

Those faults are reactivated during the open-
ing stage of the Atlasic basin from upper Permian
to Triassic age; this event is related to the opening
of the central Atlantic Ocean in one side and the
new Tethys in the other side. The tectonic inver-
sion of the Moroccan Atlas Mountain is related
to the Africa-Eurasia convergence, the uprising
stage of the Atlas is characterized by a structural
context controlled by multiple relay on left lateral
fault trending EW and NE-SW since the Bathonian
age (Laville & Fedan, 1989). The major stage of
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tightening and the uprising relief are beginning
from the Eocene-Paleocene age and continued dur-
ing Miocene (Frizon de Lamotte et al., 2008). The
main faults trending N70 to EW are described as
main thrust faults of the Atlas belt.

In The other hand, the opening of the Atlasic basin
by favoring an oblique extension on a major transfer
fault trending N120 to WNW-ESE since Triassic-
Jurassic age (E1 Kochri & Chorowics 1996). The
structural inversion begins with NS compression
since the Eocene. The NW-SE to N120 faults have
been described elsewhere in the High Atlas as paleo-
geographic fault, namely Demnat fault at the east part
of Atlas Mountain (Le Marec & Jenny 1980) and the
Berthat fault at the north part of Midelt-Errachidia
transect (Benammi & El Kochri 1998).

If we compare the direction lineaments to the
faults described in the Atlas, the main directions
of lineaments ENE-WSW and WNW-ESE are the
most dominant; they could correspond to the major
directions described in the paragraph above. They
correspond to the direction of the anticline ridges
as sinistral fault and probably inherited from the
Hercynian basement.

The lineaments of NE-SW direction, with 20% of
all the lineaments is an important direction, it would
correspond to the anticlinal ridges trending NE-SW
(Fig. 1). This direction was also described as the
main direction in the Middle Atlas (Laville & Fedan
1989) and secondary direction in the High Atlas.
The NW-SE linecaments, is the minor direction with
5% of the all lineaments.

Concerning the age of the fractures, the first three
principal directions NE-SW, ENE-WSW and WNW-
ESE, have been described in the literature as faults
that controlled the sedimentation during the Trias
and Lower Lias age (Bouchouata et al., 1995; Frizon
de Lamotte et al., 2008). Those faults are reactivated
during the different phases of the Atlas structuration
as reverse fault. However, the NW-SE direction, and
some minor fault trending NE-SW appear younger
than the others, they cut across the main structures
and provokes torsion of the anticline ridges ending.
They can considered in most cases as response of
Jurassic cover to the NW-SE and NE-SW faults in
the basement reactivated during the main phase of
tightening of the Atlas (Paleocene Eocene) (Ibouh
etal.,2001).
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Conclusions

The use of remote sensing on the visible and
infrared bands of Landsat TM image added to the
geographic information system (GIS) have con-
tributed widely to create the fractures map with
a fairly high number of fractures compared to the
existing geological and structural maps. Firstly,
the digital processing of satellite images has given
a significant contribution to complete structural
map of the Imilchil-Tounfite area. It can be use as
a guide for future filed company in this area.On
the other hand, statistical and geostatistical stud-
ies of the Imilchil-Tounfite area fractures, allows
explaining how the fault network is structured in
this region. The new fault network, mapped by
remote sensing, will help us to understand the
regional hydrological system (Chuma et al. 2013;
Masoud & Koike 2006).

Control and mapping fractures in the study area
can be used also in mining and hydrogeological
exploration in the Imilchil-Tounfite region. This
final cartographic document is a good starting point
for any work of rural engineering. It will serve in
a project study for the establishment of structures
engineering such as road, railway or inland water-
ways (bridges, tunnels), dam or any other project
and construction necessitating recognition charac-
teristic soil and subsurface.
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