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ABSTRACT: Various image processing techniques developed for enhancement and extraction of linear features, of interest 
to the structural geologist, from digital remote sensing, geologic, and gravity data, are presented. These techniques 
include (1) automatic detection of linear features and construction of rose diagrams from Landsat MSS data; (2) en- 
hancement of principal structural directions using selective filters on Landsat MSS, Spacelab panchromatic, and HCMM 
NIR data; (3) directional filtering of Spacelab panchromatic data using Fast Fourier Transform; (4) detection of linear/ 
elongated zones of high thermal gradient from thermal infrared data; and (5) extraction of strong gravimetric gradients 
from digitized Bouguer anomaly maps. Processing results can be compared to each other through the use of a geocoded 
database to evaluate the structural importance of each lineament according to its depth: superficial structures in the 
sedimentary cover, or deeper ones affecting the basement. 

These image processing techniques were successfully applied to achieve a better understanding of the transition 
between Provence and the Pyrenees structural blocks, in southeastern France, for an improved structural interpretation 
of the Mediterranean region. 

INTRODUCTION 

T HE PURPOSE OF THIS STUDY was to develop specific image 
processing techniques that integrate digital remotely sensed, 

geologic, and gravity data in order to extract structural infor- 
mation. Standard data used by a structural geologist for a study 
at a regional scale were gathered and coregistered in a geocoded 
database (Lambert 111 projection system). The creation of this 
geocoded database facilitates simultaneous analysis of data pro- 
vided by different sources. This database included a digital 
Landsat MSS mosaic, a Heat Capacity Mapping Mission (HCMM) 
night infrared image, and a digitized 1:1,000,000-scale gravity 
map. Spacelab panchromatic data were also used. Each data set 
was processed in order to enhance or extract linear features of 
geologic interest. An evaluation of the structural importance of 
each feature was done according to its depth: major faults play- 
ing a role in the geodynamic evolution of a region are usually 
old and deep, affecting the basement. Their movements during 
orogenies are transposed in the sedimentary cover at various 
depths depending on the amplitude of their reactivation and 
their orientation relative to strain patterns. I assumed that fea- 
tures appearing on Landsat MSS images only are controlled pri- 
marily by surface processes; those occurring on both Landsat 
MSS and HCMM are controlled by near surface structure; and 
those appearing on Mss, H C W ,  and the gravity map are con- 
sidered basement controlled, deep seated structures. Results 
were validated by field checking and comparison with pub- 
lished paleogeographic and geophysical information. 

Application of these techniques to the understanding of the 
transition from Provence to Pyrenees structural blocks in south- 
eastern France provided new information related to plate tec- 
tonics in the Mediterranean region. The Pyrenees and Provence 
blocks were both part of the Southeastern basin during Paleo- 
zoic and most of Mesozoic time. They were tectonically dis- 
rupted during the Pyreneo-Provencale orogeny (late Cretaceous 
- early Eocene) and during the Alpine orogeny (Eocene to Pres- 
ent). 

Sedimentation took place between the Triassic and late Cre- 
taceous, that is, between the end of the Hercynian orogeny 
(Permo-Carboniferous) and the beginning of the Alpine oro- 
geny. The Triassic structural framework will remain identical in 

its main features during the Mesozoic sedimentary period. The 
main role is played by the late-Hercynian NE-SW and EW faulting 
systems, both during the creation and the evolution of the basin. 

During the late-Cretaceous Pyreneo-Provencale orogeny, the 
southern part of the basin was subjected to NS compression 
associated with collision of the African and European plates. 
Important modifications in marine and continental environ- 
ments resulted from changes in the tectonic regime. EW trend- 
ing folds and the creation of en echelon trenches along the NE- 
sw main faults were the principal consequences of this NS com- 
pressive phase. Compression ceased during Paleogene time, 
followed by an EW extension phase beginning in Oligocene time 
and creating the Western European graben system (Tappon- 
nier, 1977). 

Neotectonic evolution of the area involved mainly vertical 
movements compatible with EW extension. NW-SE and NE-SW 
structures were reactivated as strike-slip faults (Philip, 1980). 

This paper describes the techniques developed and used dur- 
ing this study. Geologic results are detailed elsewhere (Carrere, 
1987; 1989a; 1989b). 

DATA UTILIZED - HOW DO LINEAR FEATURES APPEAR IN 
THESEDATA? 

LANDSAT MSS DIGITAL MOSAIC 

A Landsat mosaic was used as the base for this study because 
Landsat images are generally accepted as a reconnaissance-scale, 
photogeological mapping base (Figure 1). 

The mosaic of southeastern France consists of five Landsat 
MSS scenes: 212-30 (23 Sep 77), 212-29 (08 Oct 81), 211-30 (24 
Sep SO), 211-29 (12 Sep 79), and 210-30 (16 Jun 80). Bands 4, 5, 
and 6 were used. Mosaicking was done in three steps. In the 
first step, each scene was registered to the 1:25,000-scale 
topographic maps in Lambert conic projection. All points were 
converted to Lambert I11 coordinates: tie points were identified 
on the images using the IBM 7350 Image Processing terminal 
to determine pixel coordinates. Map coordinates were measured 
from the maps manually. A file was created to compute the 
deformation model. First-degree deformation models were 
calculated and poorly chosen tie points eliminated until the final 
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RMS error was less than 1 pixel. The images were then resampled 
using cubic convolution and a pixel size of 100m. In the second 
step, radiometric correction of each registered scene was 
performed. One frame was arbitrarily chosen as the reference 
and the adjacent scenes were adjusted radiometrically to match 
its mean and standard deviation by applying gain and offset 
factors. As shown on Figure 2, photogeologic analysis of Band 
6 clearly depicts the main structural directions affecting the test 
area (NE-SW and Ew) (Arthaud and Matte, 1975; Debrand-Passard 
et al., 1984). These trends were used to select appropriate 
processing techniques to enhance specific structural directions 
(Carrere, 1987; 1989a; 1989b). 

Digitized Spacelab photographs were used to test filtering 
techniques at a smaller scale (Chorowicz et al., 1985). The high 
spatial resolution (20m) of these data makes them comparable 

to aerial photographs with the advantage of a larger area covered 
on the ground (190 by 190km). Photographs were acquired only 
over a subarea, the Diois-Baronnies region, that included the 
main structural directions of interest (Figure 3). 

The Diois-Baronnies region is part of the subalpine ranges. It 
is a particularly interesting test-area for structural analysis because 
it can be divided into two contrasting subregions, each one of 
them having its own structural style. The northern part is 
composed of the thick Mesozoic series of the Vocontian trench. 
These series are mainly clays and give to this area a great 
plasticity, with the Tithonian limestones playing an important 
morphologic role, highlighting the main structures. The southern 
part, or Vaucluse plateau, is mainly composed of thick Urgonian 
limestones (Barremian-Aptian), initially separated from the 
Vocontian trench, during Mesozoic time, by an EW normal fault. 
The structural pattern of this area is the result of two main 
interfering tectonic directions, consequences of the Cenozoic 

FIG. 1. Digital Landsat MSS mosaic of southeastern France - Band 6; Lambert I l l  projection system. 
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FIG. 2. Structural map of southeastern France 
obtained from photointerpretation of band 6 of 
the Landsat MSS mosaic. 
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FIG. 3. Spacelab panchromatic photograph of the Diois-Baronnies region, southern France. 

Alpine orogeny: an Ew one, corresponding to broad synclines 
and narrow anticlines, some overthrusting, mainly restricted to 
the northern part of the area; and a NS or NNE-SSW one, 
corresponding to the major faults, intersecting the folds. Four 
principal phases of deformation (early Senonian, early Oligocene, 
early Miocene, and late Miocene) contributed to the building of 
the EW folds and thrusts. NS strike-slip faulting introduced torsion 
in the fold axis and creation of satellite faults during their multiple 
reactivations. 

Geomorphologic features were enhanced by low sun angle 
associated with these winter photographs taken on 5 December 
1983. Structural directions are clearly expressed in the morphology 
of this area (Figure 3). 

HCMM NIGHT INFRARED 

Numerous studies using HCMM data (Scanvic, 1980; Kahle et 
al., 1981) demonstrate that structural features can have a clear 
thermal expression (Figure 4). Two types of linear features have 
been reported: (1) elongated, linear regions of anomalously high 
or low temperature compared to their surroundings; and (2) 
linear temperature boundaries (see Figure 4). 

Bouguer gravity data provide information on subsurface 
structures that affect basement. These structures are important 
in geodynamic interpretation. Integration of the Bouguer anomaly 
map (Figure 5) in the database provides information for assessing 
the structural significance of Landsat and HCMM lineaments. 
Deep faults affecting the basement are expressed as strong linear 
gravity gradients, elongated inclusions, or sudden changes in 
isoline direction on Bouguer anomaly maps (see Figure 5). 
Algorithms enhancing these features in the gravity data were 
developed. Gravity results were compared with those from 
Landsat and HCMM data, providing a means to idenbfy basement 
controlled, deep seated structures. This is done by checking to 
see if linear features appearing on Landsat andlor HCMM data 
match any of the gravity anomalies extracted from the Bouguer 
anomaly map. 

TECHNIQUES DEVELOPED AND/OR APPLIED 

Processing techniques were developed to extract structural 
information from the data. Each procedure used takes into ac- 
count the specific way geological structures are expressed on 
each type of data, as described above. 

An automatic feature detection algorithm was applied to Band 
6 of the Landsat mosaic. In a second step, the principal NE-SW 
and EW structural directions were enhanced using both direc- 
tional filtering and Fast Fourier Transform techniques. The two 
methods were applied to the Spacelab data and compared. The 
most suitable for a structural study at a regional scale, direc- 
tional filtering, was applied to both Landsat MSS and HCMM 
data. A new algorithm was developed to extract elongated areas 
from HCMM data as well as a new procedure to extract strong 
gradients from the Bouguer gravity map. Processing results were 
then compared in order to evaluate the structural importance 
of each feature. 

Automatic Detection of Linear Features - Rose Diagram Production. 
The algorithm used for automated lineament detection was 
developed to extract high brightness gradients that are long and 
straight and might be related to faults. Two steps are involved: 

(1) The image is segmented using a contour extraction program 
based on gradient filtering (Nguyen et al., 1984). Gradient filters 
are used to enhance edges (abrupt changes in gray level from 
one pixel to another) in all directions. This is achieved by filtering 
the image in two orthogonal directions, e.g., horizontally and 
vertically, and combing the results in a vector calculation (Figure 
6). The magnitude of the local image gradient is given by the 
length of the composite vector; the direction of the local gradient 
is given by the angle between the composite vector and the 
coordinate axis. 

The two kernels used here, corresponding to a Sobel filter 
(Robinson, 1977), are shown on Figure 6d. 

The contours are then extracted from the gradient image by 
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Ro. 4. HCMM night irtfrawd image of %outheasM Frahee, regWred to the Landsat Mse digital m e ,  LemWrt 111 yw~jwioh eystem. Examples af 
fmtwes of interest tl) linear tempemre burrrtary; f2) eelongated linear regtom af memaiaus~ high or low temperature campared to th& w- 
roundin$s. 
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FIG. 5. Bouguer anomaly gravity map of southeastern France. Examples of features of interest: (1) strong linear gravity gradient; (2) elongated 
inclusion; (3) sudden change in isoline direction. 

keeping only the pixels where the gradient is a local maximum distance (D) between its end points (d/D=l corresponds to 
(edges); perfectly straight contours). By selecting an appropriate value 
determining where the nearest neighbor (successor and predecessor) depending on the "straightness" requested, straight contours, 
is located by attributing coefficients between 0 (no neighbor) and i- e., lineaments of interest for the geologist, are identified ( ~ i ~ ~  
8 to each pixel as a function of the direction of its location (Figure Q, 
7); and " I -  
linking pixels using the previous encoding. Application of this technique to Landsat MSS does not seem 

appropriate for regional analysis, at least in its present form. 
(2) A criterion of straightness (dlD) is then calculated by This is principally due to the fact that MSS resolution (80m) is 

comparing the total length of the contour (d )  to the euclidian 
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(d) EXAMPLES OF SOBEL 
FILTER 

(c) GRADIENT MAGNITUDE 
AND ORIENTATION 

FIG. 6. Vector calculation of image gradients. Examples of Sobel 
filters. 

FIG. 8. ~utomaticai~ extracted linear contours from band 6 of the Landsat 
MSS digital mosaic of southeastern France. 

FIG. 7. Determination of the 
nearest neighbor (0 = no neigh- 
bor). 

too coarse for that type of technique, including too much "noise" 
at the 1:500,000 scale of study. 

Rose diagrams can also be automatically obtained from this 
image (Figure 9). One interactively selects an area of interest 
on the screen, and rose diagrams are calculated for the subarea 
from the angular information contained in the gradient image. 
The same procedure as the one used by a photointerpreter is 
used: measure of the angle versus N (angle = 0) and length of 
each feature. Rose diagrams are obtained from the angle image 
masked by the thresholded contour image to eliminate the "noise" 
included in the raw gradient image. 

Enhancement of Principal Structural Directions. The main structural 
directions in the test area are NE-SW and EW. Two approaches 
were used to selectively enhance these directions and understand 

FIG. 9. Automatic extraction of rose diagrams from Landsat MSS digital 
mosaic using the gradient image of band 6. A, B, and C, subareas 
interactively defined on the screen for which rose diagrams are calcu- 
lated. 

what happens at their intersections (chronology and sense of 
movement). These two methods, directional filtering and Fast 
Fourier Transform, were first tested on a subarea using digitized 
Spacelab photographs. Digitization was done using a Perkin 
Elmer rnicrodensitometer that scans a positive film with adjustable 
sampling interval and resolution. A 50-micrometre spot size and 
sampling interval were used in this case. 

a. Directional filtering (Figure 10) 
The original data were filtered selectively along the two main 

structural directions, N45E and N90E. This is done by 
applying a 5 by 5 "Sobel" filter to enhance edges in the image 
data (see above). Filter size is chosen depending on the size of 
the features to be detected. With large filter size, more small objects 
are eliminated. 
applying a 5 by 5 directional filter to the Sobel-filtered image to 
enhance structural directions of interest: (1) 45 degrees; (2) 90 
degrees. 

Principal component analysis of both filtered images is 
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FIG. 10. Directional filtering of Spacelab panchromatic data. The main FIG. 11. Filtering using the Fast Fourier Transform technique. A: Original 
EW structural direction has been attenuated. Spacelab data; B: Spectrum of the Fourier transform; C: Directional fil- 

tering on the spectrum. Directions in the Fourier spectrum are rotated 90 
deqrees from the original directions on the image. To eliminate the main - - -  - -  
~~direction (here atabout 45 degrees on the image), one needs to apply 

performed combine both enhanced directions. The first a 135 degree filter to the spectrum; D: Restored image after FFT filtering. 
principal component image (Figure 10) contains this combined 
information. 

b. Fast Fourier Transform (Figure 11) 
Fourier transform allows decomposition of a signal into its We chose here to eliminate the most obvious direction, EW, 

fundamental frequencies. An image can be as the in order to detect weaker structural directions. As a result of 

sum of the functions of the dispersion of the amplitude of the this procedure, four directions were detected that could be related 

radiance of the scene. So, for an image, the Fourier transform events Occurring in this area: 
can be expressed as 

Because the Fourier transform is a linear operator, it is possible 
to retrieve f(a,b) from F(u,v): i.e., 

One can demonstrate that the convolution of two £unctions 
in the spatial domain is identical to the inverse Fourier transform 
(r-l) of the product of the two Fourier transforms obtained for 
the original image: i-e., 

f*h = r-I { F(U,U) H(u,u)). 
It is thought possible to operate easily in the frequency domain 

and return into the spatial domain after the operation has been 
performed. 

On an image, contours of objects are generally characterized 
by an abrupt variation of light intensity. They are thus represented 
by high frequency coefficients in the Fourier Transform. The 
technique used here consists of three steps: 

the Fourier Transform spectrum of the image is calculated (see 
above); this spectrum shows the most frequently occurring 
directions in the image (Figure 118). 
an angular mask (binary image zeroing portions of the Fourier 
spectrum corresponding to certain angles) is then applied to the 
spectrum to eliminate or preserve a specific direction (Figure 11C). 
the inverse transform is applied to the modified spectrum, providing 
an image where specific directions are either enhanced or eliminated 
(Figure 11D). 

NE-SW (N60-65), related by field observations to Apto-Albian open 
fractures, reactivated as left-lateral strike-slip faults during the NS 
Alpine compressive phases (Eocene, Aquitanian, and late Miocene); 
N-S, corresponding to the major intersecting faults; 
NIZO, which still needs to be related to field observations and though 
might be an artifact due to the technique; and 
N150, also related in the field to Apto-Albian open fractures, 
reactivated as right-lateral strike-slip faults during the NS Alpine 
compressive phases (Eocene, Aquitanian, and late Miocene). 

This method was useful for detecting subtle directions that were 
masked by more predominant ones (EW and NS). However, care 
must be taken to avoid including in the structural interpretation 
artifacts generated by this technique. This implies field checking 
to relate new directions to structures that exist in the area. 
Another constraint of this technique is that it is very time 
consuming, which might be a problem when dealing with larger 
areas. 

Detection of Linear/Elongated Zones on Thermal Infrared Data. 
Because the purpose was to look for elongated, linear, thermal 
anomalies, a segmentation procedure was applied to the data 
using the contour extraction program described previously (Asfar, 
1980). Here, all contours detected, and composed of at least 
nine pixels are kept. The next step consists in closing these 
contours and filling the regions limited by those contours with 
the average DN value. 

A measure of the elongation of a segment, corresponding to 
a linear and elongated thermal anomaly, is given by the parameter 
P/sqrt(A), where P is the perimeter of the segment (number of 
pixels composing the segment) and A the area of the segment 
(number of pixels included in the segment) (Figure 12). Elongated 
segments are identified by a high value of the P/sqrt(A) ratio. 
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FIG. 12. Detection of elongated 
segments (A: area; P:  perirne- 
ter); high Plsqrt(A) corresponds 
to elongated segments. 

The picture (Figure 13) shows the major structures such as the 
Cevennes fault, the Durance fault, etc. This technique allowed 
linking of discontinuous features or their extension. A constraint 
is that the thickness of the segments introduces uncertainty in 
the location of the alignments. One can notice that they 
correspond either to alignments of segments (Cevennes fault) 
or to an area without segments (Durance fault). Precision could 
be increased by "eroding" the segments but then, we would 
lose accuracy in the case of alignments corresponding to absence 
of segments. 

Extraction of Strong Gravity Gradient - Erosion and Expansion. In 
a contour map, regions with a high gradient display closely 
spaced parallel contour lines. These can be extracted from the 
raster image derived from the map by interpolation or use of 
the two-dimensional Fourier transform. We used a 
computationally simpler technique, based on "expansioderosion" 
of the contour lines. As shown on Figure 14, the first step consists 
of "thickening" the original contours using "circles" of various 
radii D. The resulting thickened contour map is "eroded" by 
the same amount. Finally, the original map is subtracted from 
the "expanded-eroded" one. By repeating this process with a 
range of values of D, a gradient map is obtained (Figure 15). 

CONCLUSIONS 

Specific image processing techniques integrating digital re- 
mote sensing, geologic, and gravity data have been applied or 
specifically developed (such as the "erosion-expansion" tech- 
nique, automatic extraction of linear features, and automatic 
rose diagram production) in order to help the geologist to ex- 
tract information for a better understanding of a structural prob- 
lem at a regional scale. This approach requLes precise defiiition 
of the selective criteria lvarameter characterizing the features of " 
interest on each type of data; threshold value; etc.) to be used 
to extract the information of interest and, specifically for re- 
gional analysis, to find general characteristics for the features 
of interest that are not varying with time and space, as de- 
scribed earlier. 

Application of these various techniques to the analysis of the 
transition between the Pyrenees and Provence structural blocks 
in southeastern France enhanced important structures and al- 
lowed these structures to be related, through gravity data and 
published geophysical maps, to deep faults affecting basement 
(Carrere, 1987). Some of the major structural features detected 
on the raw data alone have been extended and supposed li- 
neaments have been confirmed. These methods also allowed 
us to detect new structures that were confirmed in the field 
(Figure 16), such as the southern extension of the Cevennes 
fault, extension of the Nimes fault towards south, discovery of 
a major fault crossing southeastern France from west to east, 
etc. (Carrere, 1987; 1989b). 

FIG. 13. High thermal gradient, HCMM NIR. (1) Cevennes fault; (2) Durance 
fault; (3) ligurian lineament. 

FIG. 14. Strong gradient extraction from isoline map. Expansion 
and erosion technique. (1) Original contours; (2) Expansion of 
1 pixel, circle of radius D= 1; (3) Erosion of 1 pixel; (4) Final 
result, 3-1. 

FIG. 15. High gravity gradient (Bouguer anomaly map). (1) Cevennes 
fault; (2) Nimes fault. 

Use of a geocoded database allowed direct comparison be- 
tween processed data and interpretation, leading to the maps 
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FIG. 16. Final lineament selection and ranking according to structural 
importance over southeastern France after cross comparison between 
processed images. (A) Superficial structures, affecting the sedimentary 
cover only (Landsat MSS); (0) Near surface structures (Landsat MSS / 
HCMM NIR); (C) Deep structures affecting basement (Landsat MSS I HCMM 
NIR 1 Bouguer gravity map). 

presented on Figure 16, for example. Coregistration of data is 
a key element for a multisource data analysis. In the case pre- 
sented here, all data were registered in the same Lambert 111, 
100-m pixel geometry as the Landsat mosaic. Cartographic data 
such as geologic or geophysical maps, that were already in the 
Lambert 111 projection, were only corrected for scale difference 
and deformation introduced by digitization. Image data were 

resampled using control points taken directly from the Landsat 
mosaic and the image to be resampled. 

If automatic detection of linear features applied to Landsat 
MSS did not seem appropriate for regional analysis, it is very 
efficient to get a statistical idea of the main structural directions 
present in a study area by automatically producing rose dia- 
grams from the gradient image. This method could be improved 
by adding a function which could link together linear segments 
along the same direction. 

Directional filtering appears to be the most efficient and easy 
technique to apply to "standard remote sensing products. It 
is as efficient as Fast Fourier Transform and less time consum- 
ing. It is also flexible because the size of the filter can be chosen 
as a function of the scale of study and the size of the objects of 
interest. 

Detection of high thermal gradient is also a simple technique, 
and provides a good example of a procedure developed for a 
specific data type and the specific way features of interest are 
represented by these data. There are still some problems related 
to lack of accuracy in the location of features by comparison 
with other techniques, because of the two ways linear features 
appear on the processed data: alignment of linear segments and 
linear zone without segments. This is mainly a consequence of 
the 500-m spatial resolution of the original HCMM data. 

Detection of high gravity gradients is another example of a 
technique developed for a specific type of data and the specific 
way features of interest are represented by these data. It is a 
very simple and very efficient technique, its accuracy depend- 
ing only on the resolution of the original data. 

This study confirmed that selective processing of multisource 
data is well adapted for structural study at a regional scale. It 
is possible to detect major structures that play an important part 
in the tectonic history of a region. 
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