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ABSTRACT: A method of computing dips and strikes of geological contacts from a coregistered digital terrain model 
(DTM) and geological map data is developed and assessed. Examination of perspective views of the three-dimensional 
geological map were used to assess registration quality. The dips and strikes were systematically computed on an entire 
map at all the geological contact/thalweg crossing points using a three-point method. On the whole, the computed 
values are close to the ground truth, but they are generally steeper. Quality of map digitization and superimposition 
have then to be improved. 

INTRODUCTION 

T HE MEASUREMENT OF DIPS AND STRIKES of features such as 
lithological surfaces, foliation, or faults is a necessarv part 

of mapping and provides essential data to extrapdate 
surficial observations at depth. The number of measurements 
made in the field by the geblogist using a compass-clinometer 
is limited because he cannot go everywhere. Geological contacts 
are usually plotted on the topographic base map, i-e., in a three- 
dimensional space. It is useful to determine systematically dips 
and strikes from digitized data and provide automatically a great 
number of measurements, opening the way to statistical analy- 
sis. It will be particularly helpful on a geologic interpretation of 
satellite data coregistered on a digital terrain model (DTM) com- 
piled from stereoscopic SPOT data in the case where there are 
no available field measurements. 

A DTM is now relatively easy to generate from stereoscopic 
data (Ungar et al., 1983; Konecny ef al, 1987; Maitre and Bardi- 
net, 1988; Renouard, 1988) in every part of the world, and it is 
worthwhile developing geologic applications. The computa- 
tions of dips and strikes presented in this paper have been made 
on a DTM generated by digitizing contour lines. All the com- 
putations are applicable to any DTM. 

The aim of this work is to develop an automatic method for 
the systematic measurement of dips and strikes of geological 
contacts that are superimposed on the DTM. Measurement is 
made at every crossing points with thalwegs. Several steps are 
necessary: digitization of the data, superimposition, computa- 
tion of dips and strikes, and evaluation of the results. This work 
represents another, independently developed application of 
procedures first reported by Adam de Villiers and Leymarie 
(1984), Adam de Villiers (1985), Lang et al. (1987), and McGuffie 
et al. (1989). 

This research has been carried out in the Sainte Victoire test- 
zone, in southeastern France (Figure 1) where we have recently 
completed a new 1:50,000-scale geological map (Chorowicz and 
Ruiz, 1985). Our technique was developed on a Domain net- 
work of Apollo computers, using Eagis software. 

DlGlTlZATlON OF THE DATA 

Digitization of the 1:50,000-scale geological map was carried 
out using an opto-electronic scanner method. The geological 
contacts were redrawn, photographically reduced, and digi- 
tized by scanner, resulting in an image whose pixel values range 
between 0 and 255. The file comprises 2,000 lines and 4,000 
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columns; each pixel represents a 5- by 5-m surface on the ground, 
which is consistent with the original map scale. 

Because resulting map shows geological contacts only, it was 
necessary to color areas between contacts. The image was first 
transformed into a binary image and various oriented or uno- 
riented dilatations and erosions were applied in order to obtain 
continuous contacts. Skeletonization processes gave thin reg- 
ular lines. Colors corresponding to the stratigraphy were cho- 
sen from color tables and displayed on the screen using the 
accepted conventions in geology. Every surface on the map was 
then colored accordingly (Plate 1A). 

The DTM was generated by digitizing 20-m contour lines ob- 
tained from 1:60,000-scale stereoscopic aerial photographs uti- 
lizing analog photogrammetry. The contour lines were 
extrapolated in 50-m steps using the "elastic grid" method (de 
Masson D'Autume, 1978). This value, being inconsistent with 
the 5- by 5-m pixel size of the digitized geological map, the DTM 
was afterwards resampled during the superimposition process. 
The elevations, ranging in the test area from 245 to 1011 m, are 
coded in 8 bits, resulting in a sampling interval of about 3 m in 
elevation. 

SUPERIMPOSITION DTM/GEOLOGICAL MAP 

Because the digital geological map and the D m  do not have 
consistent sampling, projection, orientation, and covered ground 
surface, it was necessary to relate them to the same geometry. 
The choice of tie points on the geological map is relatively easy. 
However, several types of images had to be formed from the 
D m ,  including contour lines, elevations displayed at grey lev- 
els, and shaded relief images. The latter images efficiently high- 
light subtle topographic features when computed with different 
low-angle azimuths. Most of the tie points are located on the 
DRyf with an error interval of one pixel, i.e., 50 m. We used 36 
pairs of tie points. The D m  map was then transformed to fit 
the geological map because it is easier to resample large pixels. 
We used a second-order polynomial transformation that takes 
into account not only rotations and translations but also defor- 
mations of greater magnitude. Resampling was accomplished 
using a bicubic process. 

Reliability in matching the digital geological map to the re- 
sampled DTM may be assessed by observation of perspective 
views (e.g., Plate 1A). These expose the color geological map 
superimposed onto the shaded relief D m  and give a detailed 
three-dimensional view of the test area. The best views are ob- 
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FIG. 1. (A) Location of the Sainte Victoire test area, in Provence (south- 
eastern France). (B) Schematic structural pattern of the Sainte Victoire 
test area. (I) ,  (2), and (3): location of the zones used to assess the validity 
of the computed dips and strikes. Line with triangles: thrust lines. Line 
with teeth: normal fault (teeth away from the uplifted compartment). Plc: 
Paleocene. 

tained when the illumination and observation azimuths are at 
right angles. When the geological and geomorphological fea- 
tures seem visually well correlated, the result of the matching 
process may be considered as correct. In this case, the geological 
map is easier to interpret than the usual printed map sheets 
because it is possible to change the points of view in azimuth 
and in elevation. 

On Plate lA, it can be seen that the crest line of the Sainte 
Victoire ridge is formed by a thick lithologic unit consisting of 
overturned Late Jurassic reef limestones, colored in yel- 
low,which in the east lie upon Early Cretaceous marls (green). 
The Late Jurassic reef limestones (Figure 1B) are thrust south- 
wards over the autochtonous Cengle Plateau consisting of sub- 
horizontal continental units (orange, light yellow, brown, and 
white colors) which are conformably lying on Late Cretaceous 
continental rocks (blue-green). The main thrust is separated from 
the autochton by normal faults in the western segment but it 
passes alongstrike eastwards into a stratigraphic contact. The 
northern slope of the ridge consists of a normal succession of 
Jurassic marine rocks ranging from the Liassic (light green) to 
the Dogger (red) and the Malm (dark and light blue) which is 
thrust over the overturned Late Jurassic reef unit. 

COMPUTATION OF DIPS AND STRIKES 

The geological contacts are now in three-dimensional space 
with each pixel representing a 5- by 5-m square on the ground. 
Elevation value spacing is 3 m (see supra). Assuming locally 
planar contact, three different points belonging to the same 
contact segment define a plane which represents the local ap- 
proximation of the surface separating two lithologic units. The 
following dip and strike characteristics (Figure 2) are computed 
from the coordinates of this plane: the azimuth (a) of the inter- 
section of this plane with a horizontal plane is the strike, the 
azimuth of the main downgrading slope line (e) gives the dip 
direction, and the angle (d) between this main downgrading 
slope line and a horizontal plane is the dip. 

We chose to seek the intersections of the geological contacts 
with thalwegs to find three unaligned points for calculating dip. 
Flat irons or any three points at the contact would do equally 
as well, but we find points not associated with thalwegs less 
precise for giving reliable results by systematic automatic com- 
puting and they are not taken into account in this paper. 

Our method for automated dip determination involves three 
steps: (1) extraction of the thalwegs from the DTM; (2) location 
of the crossing points between thalwegs and geological contacts 
and positioning of three-point groups; and (3) computation of 
the dip and strike characteristics for each three-point set, as- 
suming coplanarity. 

EXTRACTION OF THALWEGS FROM THE DTM 

Several methods for the extraction of thalwegs from DTM are 
described in the literature (O'Callaghan and Mark, 1974; Collins, 
1975; Chorowicz, 1984; Papo and Gelbman, 1984; Douglas, 1986; 
Martz and De Jong, 1988; Morris and Meerdegen, 1988; Riazanoff 
et al., 1988); here we used the simple "local minima" method. 

Analysis of the DTM was made automatically along profiles 
following the lines and the columns, searching for flat or sharp 
valleys (Figure 3A). Five elementary topographic features, defined 
as "types" on Figure 3B, may exist along the profiles. Type 3 
or a succession of types 1 and 2, with or without type 4 in 
between, satisfy our requirements. To find precise crossing 
points, only the narrow thalwegs can be used: we have deleted 
all the flat valleys having more than six pixels in width. 

Extraction of the thalwegs was successful, as can be appreciated 
from Plate lB, which represents skeletonized thalwegs 
superimposed onto the shadowed DTM. All the thalwegs are 
selected except for those located in the nearly flat areas (i-e., 
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PLATE 1. (A) Perspective view of the digital geological map of the Sainte Victoire ridge, superimposed on the shaded relief DTM. The area 
covered by the map corresponds to Figure 1 B. See explanation of the colors in text. (B) Superimposition of the skeletonized thalwegs onto 
the shaded relief DTM. (C) Screen image permitting access to the dip and strike files. When pointing the cursor on a red cross, the dip and 
strike computed at this location is automatically displayed. Yellow lines: geologic contacts; blue: thalwegs. 

valleys more than six pixels in width). Starting from the shaded 
relief DTM, it is possible to improve the result in flat areas by 
manually drawing thalwegs with the cursor. 

POSITIONING OF THE GROUPS OF THREE POINTS 

.we 
North &'/ 

The lowest of the three points (A) to be positioned is located 
right at the contact-thalweg intersection. B and C will be located 
in a 15- by 15-pixel window centered on A (Figure 4). 

It is first necessary to determine the thalweg trend with respect 
to the directions of the lines and columns and the oblique 
directions of the window grid. These directions are successively 
considered at each contact-thalweg crossing intersection. For 
each direction, the pixels belonging to the thalweg are counted: 
the direction of the thalweg fits with the direction having the 
highest number of thalweg-pixels counted. 

To determine the position of points B and C (Figure 4), it 
would be possible to follow the contact on each side of point 
A, but the lines are not always thin and they may sometimes 
be discontinuous. In addition, it is important to take several B 
and C points along the contact to form several three-point groups We chose to define seven zones on each side of the thalweg 
in order to minimize the effects of aberrant A points (Figure 5). (Figure 6),  select the zones one by one, and find the points 

FIG. 2. Scheme defining the characteristics of the dip and 
strike taken into account in the computations: strike (in 
azimuth, a), sense of dip (e), and amount of dip (d). 
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FIG. 3. Principle of the extraction of the thalwegs from the 
DTM. (A) elementary features, read from left to right; element 
0: part of a summit or of an upgrading step; element 1: down- 
grading step; element 2: upgrading step; element 3: narrow 
thalweg (1 pixel); element 4: part of a large thalweg or of a 
downgrading step. (6) succession of schematic elementary 
features. (C), (D), and (E): example of detection of thalwegs 
from consideration of the elementary features along profile 6. 
(C) profile across the DTM; (D) succession of elements along 
the profile; (E) thalwegs (in black). 

FIG. 4. Definition of the three points used for dip and strike 
computation. 

FIG. 5. Positioning of a point (A) used for dip and strike computation, at 
the crossing point between a geological contact and a thalweg. C: correct 
positioning; I: incorrect positioning. 

belonging to geological contact included in each zone. There is 
a maximum of seven points B and 7 points C possible. In each 
half-zone having several contact points, we selected the center 
of the cluster of contact points. If the number of contact points 
is more than three, the dispersion is too important and the point 
B or C is rejected. When no point B or C is found, the point A 

FIG. 6. Principle of determination of points 
B and C on each sides of a thalweg which 
is represented by dashed lines (comments 
in the text). 

is rejected; otherwise, the three-point set formed by point A 
and on both sides by points B and C located in the same labeled 
area (from 1 to 7) is selected. 

Each set of points A, B, and C (Figure 4) defines a plane (P). 
Dips and strikes were determined using three-point problem 
solutions (Compton, 1962; Ragan, 1973). 

The computation is made at each point A for all the possible 
planes ABC. The file of the results includes, for each point A, 

the image coordinates of point A; 
a character string presenting clearly the result, e.g., 27 SE 55 
(azimuth, direction of dip, amount of dip); 
the mean and variance of the amount of dip; 
the mean and variance of the strike; 
the number of ABC point sets used; 

r the senses of dip for each group; and 
the strikes for each group. 

This file can be used to consult the statistics concerning each 
dip and strike and eventually eliminate aberrations. The screen 
displays in superimposition the shaded relief DTM, thalwegs, 
geological contacts, and small crosses showing the emplacements 
of points A where dip and strike were computed (Plate 1C). 
Placing the cursor on a cross, access is gained to the file of 
results concerning this point. It is then possible to delete an 
aberrant measurement or to enter a measurement of dip and 
strike made in the field. 

VALIDITY OF THE COMPUTED DIPS AND STRIKES 

To assess the validity of the computed dips and strikes, we 
have compared a part of the 167 measurements obtained in the 
test area with the 18 illustrated on our geological map and the 
previous 1:50,000-scale regular geological map and with esti- 
mates from the published cross-sections. Three differently con- 
figured typical zones of the test area have been selected (Figure 
1B): northern back-slope of the Sainte Victoire ridge (zone I), 
Cengle Plateau (zone 2), and flat country southeast of the Cen- 
gle Plateau (zone 3). These zones expose stratigraphic contacts 
that are supposedly parallel to the layers, and their dips and 
strikes (computed) may be compared with field measurements. 
The dips and strikes of these zones vary from east to west. 
Computed results are compared with the nearest field mea- 
surement in Table l. 

Zone 1 exposes steep slopes, deep thalwegs, well defined flat- 
irons, and steep dips. The computed and the field values are 
more or less close. Zone 2 is a plateau area, while the flat-irons 
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TABLE 1. COMPARISON BETWEEN THE COMPUTED DIPS AND STRIKES in steeper dips than in reality. The smoothing of the V may also 
AND THE FIELD MEASUREMENTS OR ESTIMATIONS. result from the erosion-dilatation-skeletonization vrocesses. 

Computed dip and strike 
Azimuth Div 

Nearest field dip and strike 
Azimuth D ~ D  

Zone 1 
N 83 
N 81 
NW 61 
N 78 
N 74 
NW 84 
NW 22 
NW 47 
N 90 
N 69 
N 65 
NE 63 
NE 59 
N 65 
NE 81 

N 69 
N 64 
N 67 
N 58 
NW 60 
NW 73 
NW 69 
N 59 
N 83 
N 73 
NW 76 

Zone 2 
ENE 59 
SW 66 
SW 59 
NE 29 

135 SW 23 
Zone 3 

174 W 12 
179 W 34 

E-W 
E-W 
E-W 

E-W 
E- W 
E-W 

E-W 
E-W 
E-W 
E-W 
E-W 
E-W 
E-W 
E-W 
E-W 
E-W 
E- W 
E-W 
E-W 

E-W 

ENE 
ENE 

NNW 15 
NNW 13 

Our method could be improved, for instance, i% having the 
possibility to adapt the dimensions of the grid defining the points 
B and C on each side of the point A with regard to the topo- 
graphic characteristics of the region concerned. In flat areas, a 
larger grid would be more efficient. In an area with sharp top- 
ographic features, a large grid would, however, include in the 
computation pixels belonging to more than one thalweg, re- 
sulting in an incorrect measurement. The size of the grid we 
have chosen here seems to fit with the configuration of the 
Sainte Victoire area. A different size may be necessary in other 
areas. 

If we eliminate measurements having too large a standard 
deviation, indicating a local problem (e.g., a small fold), our 
dip and strike measurements would still be on the whole close 
enough to ground observations to be of value in structural 
analysis. They are much more numerous than those plotted on 
the maps, rapidly and systematically computed at each thalwegf 
contact intersection, and they provide a consistent geological 
information which will be used for the automatic drawing of 
geologic cross sections or for statistical analysis. 

CONCLUSION 

On coregistered geologic contacts and DM data, our method 
systematically computes dips and strikes of geological contacts 
at every crossing point with thalwegs. It then provides very 
rapidly a great number of measurements. 

Differences occur between automatically computed dips and 
strikes and field measurements, the computed dip values being 
generally exaggerated, more particularly in flat areas. The actual 
accuracy of the result is dependent upon the quality of digiti- 
zation and superimposition of the data. 
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