Remote sensing — a new tool in exploration geology
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Abstract

Remote sensing techniques have been applied to mineral exploration in areas of South
and East Greenland. The data consist of airborne and satellite-borne (Landsat) multi-
spectral scanner images and geochemical and geophysical measurements interpolated
into grid format and registered on the Landsat images. The main image processing
methods applied include ratioing, principal component transformation/factor analysis
and classification. In addition, visual and subsequent statistical analyses of lineaments
were carried out on images from South Greenland. The results of the work include map-
ping of several hundred spectral anomalies which represent oxidation zones on the
ground. The lineament analysis resulted in definition of major linear zones with in-
creased lineament intensities; some of these zones may have geological significance. Su-
pervised classification was carried out on an integrated data set consisting of images and
geochemical/geophysical data. The training areas mainly included uranium showings,
and the classified image depicts both previously known occurrences and a new area which
is statistically similar to the training areas.

Introduction

In 1979 the Geological Survey of Greenland launched a project on the use of remote sens-
ing in geology, with particular reference to exploration geology. The project was based on
airborne multispectral image data from central East Greenland. Simultaneously, the In-
stitute of Mathematical Statistics and Operations Research (IMSOR) at the Technical Uni-
versity of Denmark began research on multispectral images of the same area from the Amer-
ican satellite series ‘Landsat’. With these initiatives, IMSOR and the Survey were among the
first public organisations in Denmark to use remote sensing for thematic applications. After
completion of the initial projects, IMSOR and the Survey decided to work together and
have, so far, cooperated on two subsequent projects which have ensured continuous re-
search on geologically applied remote sensing.

The general purpose of the projects is to investigate the applicability of remote sensing
techniques in mineral exploration. In order to pursue this goal, the general progress of the
projects has been, first to investigate areas with known mineralisation in an attempt to de-
velop methods which may enhance or statistically characterise specific features connected
with the mineralisation, and subsequently to apply the methods to larger areas with potential
for similar mineralisation.

Remote sensing investigations involving high technology and advanced statistical com-
putations in addition to thematic applications, call for interdisciplinary cooperation. In addi-
tion to the cooperation with IMSOR, the Survey cooperated during its first project with the
French organisation ‘Groupement pour le Développement de la Télédétection Aérospatiale’
(GDTA), which was in charge of the acquisition and pre-processing of the airborne data and
also some of the data analysis (Favard ez al., 1982). All the projects described here have had
financial support from research and development programmes under the Commission of the
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European Communities. The project on airborne remote sensing in East Greenland was also
supported by the Danish Natural Science Research Council.

Data and projects

The remote sensing activities at the Survey have been, and are being, executed within the
framework of three projects.

The first project lasted from 1979 to the end of 1982 and was based on airborne multispec-
tral images from central East Greenland (Thyrsted, 1980). The data consisted of 7-channel
visible/near-infrared images acquired by a Daedalus® scanner and 2-channel thermal in-
frared images acquired by a French scanner Super Cyclope SAT. The ground resolution for
the images was 15 m and 9 m respectively. In total, approximately 12 500 km? were covered
(Thyrsted, 1980) corresponding to an amount of raw data of 3.4 Gbyte. However, so far pre-
processing has been accomplished only on data from areas of high priority (fig. 1) corre-
sponding to about 45% of the raw data. The thermal data were of generally low quality and
have been analysed only to a minor extent by the French group.

While the first project was based solely on remotely sensed data, the two subsequent pro-
jects incorporate geochemical analytical results and geophysical measurements in addition
to satellite imagery.

The second project dealt with the region of South Greenland (fig. 1). The remote sensing
data consisted of multispectral scanner (MSS) images of Landsat 2 and 3. The area investi-
gated was approximately 20 000 km?, for which a total of eight images were available. The
ground resolution of Landsat MSS images is 79 by 79 m, but data of the images were re-
sampled to a 50.8 by 50.8 m pixel size. Other data types included geochemical analyses from
approximately 2300 sites (Armour-Brown et al., 1982, 1983). The elements selected for this
project include U, K, Rb, Sr, Nb, Ga, Y and Fe from stream sediments and U from stream
waters. Airborne gamma-spectrometric measurements, including U, Th, K, and total radi-
ation, were also available; approximately 300 000 measurements from 14 000 line km were
acquired during helicopter contour flying with an average ground clearance of 50 m (Ar-
mour-Brown et al., 1982). Lastly, aeromagnetic data were incorporated in the total data set;
they show the total magnetic field as measured in 1968. The distance between the aeromag-
netic flight lines was two kilometres while the flight height above terrain was variable, but
was approximately 300 m above peaks. The various types of data were available either as
contour maps or were electronically stored on magnetic tapes, and conversion of the data
sets to a common raster format constituted a major part of the project.

In the third project, which is currently in progress, the target area is again central East
Greenland, principally the region between 70° and 74° N (fig. 1). It was hoped that Landsat 4
and 5 Thematic Mapper images, which have a ground resolution of 30 by 30 m, would be
available, but so far no acquisition by this scanner has taken place over Greenland*. As in
South Greenland, other data types will also be incorporated in the new East Greenland pro-
ject. The data available include acromagnetic and gravimetric measurements on a regional
scale and geochemical analyses from local areas.

*Images from summer 1985 are now available.
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Definitions and methods

The definition of remote sensing may apply at different levels. In a broad sense, remote
sensing literally means the collection of information about an object without being in phys-
ical contact with it (Sabins, 1978). This encompasses not only modern multispectral and/or
digital data acquisition but also conventional aerial photography and most geophysical meth-
ods. In order not to trespass into the area of e.g. the geophysicists, a more narrow definition
of remote sensing restricts the method to that employing electromagnetic energy as the
means of detecting and measuring target characteristics (Sabins, 1978).

An essential part of remote sensing investigation is image analysis. By an image is here
meant a two-dimensional gridded arrangement of data which may represent any kind of
measurement. Each ‘mesh’ in the grid of such an image is called a pixel (from picture el-
ement). An image may consist of one or more channels or bands. The data may be stored
electronically as digital values, e.g. on magnetic tapes or discs, or as pictorial representations
where the digital values are depicted as grey tones or colours. The two-fold aspect of the
storage medium is again reflected in a two-fold aspect of the analysis method. Visual analysis
is based on pictorial images and makes use of the ability of the human mind to qualitatively
evaluate spatial patterns in a scene and to make subjective judgments on the basis of se-
lective scene elements (see e.g. Lillesand & Kiefer, 1979), while numerical analysis is based
on digital values. The advantage of numerical analysis is its ability to enhance spectral char-
acteristics and to handle, simultaneously, numerous image bands, whereas it is still inferior
to visual analysis in the evaluation of spatial patterns. Thus the two techniques are com-
plementary and the combination of the two approaches is one of the innovations of image
analysis. :

Three main methods have been used in the investigations and are described below, fol-
lowed by a short review of other methods applied. The contribution of remote sensing in
geoscience can roughly be ascribed to two aspects, namely the multispectral information
and, for satellite images, the synoptic view of regional areas. These aspects form the basis
for the first two methods described.

The multispectral information is the basis for recognition of colour anomalies. These may
be enhanced by methods of ratioing or by factor analysis. During ratioing, the quotient be-
tween the digital values of corresponding pixels in two image bands is calculated. On the re-
sulting image, features with characteristic spectral responses in the two bands in question
will be enhanced. During factor analysis, correlated image data are ‘de-correlated’. By cor-
relation is meant that features which in one band appear e.g. bright relative to the surround-
ings, will also appear bright in other bands; for instance snow in any band within the visible
part of the spectrum will always appear as bright areas relative to soil and rocks. It is beyond
the scope of this paper to explain the statistical calculations behind factor analysis, but in
summary it can be stated that features with anomalous spectral characteristics may become
apparent on images resulting from factor analysis. The two methods for enhancement of col-
our anomalies have been used in the Greenland projects in the search for oxidation zones.

The synoptic view of regional areas, provided by satellite imagery, has been used for lin-
eament analysis. In contrast to the above-mentioned ratioing and factor analysis techniques,
where numerical computations precede a visual survey of enhanced colour anomalies, lin-
eament analysis began with visual mapping of linear features as seen on photographic prints
of Landsat images. This mapping was followed by digitisation and statistical analysis of the
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lineaments. On the basis of this analysis, histograms showing the relative frequency of lin-
eaments of a given direction and maps showing the geographical density of lincaments of a
given direction could be produced. The density maps formed the basis for locating major
zones of high lineament densities which may be interpreted as zones of crustal weakness.
A third major method applied in the investigations is classification. During classification
pixels are assigned to various categories on the basis of similarities of digital values. The cat-
egories can be defined by training areas (supervised classification) which are known to rep-
resent specific types of features (e.g. water, land or snow/ice) or by the statistical properties
of the image data (unsupervised classification). Clustering of the data may be a typical statis-
tical property. In the investigations reported here, supervised classification was carried out
on the airborne remote sensing data and on integrated data sets, including remotely sensed
imagery, geochemical analytical results, and aeromagnetic and radiometric measurements.
In addition to the methods described above, the work included presentation of images
using intensity-hue-saturation (IHS) colour coordinates and development of methods for au-
tomatic lineament analysis. The ITHS presentation may be particularly useful where the reso-
lutions between the various image bands are very different, which might arise when one inte-
grates e.g. Landsat images with aeromagnetic measurements. The automatic lineament
mapping, which is in its initial phase, includes filtering to enhance high-frequency features.

Results

The description of the analyses and interpretations which follows is divided on the basis of
the methods applied during the investigations rather than on the basis of the single projects.
This is because some of the methods are common to the investigations in South and East
Greenland and could, with minor adjustments, be applied in both areas. This applicability in
various areas indicates that some of the methods developed may be at least semi-operational
and may find application in other parts of Greenland or elsewhere.

Mapping of oxidation zones

The best results from the investigations were obtained on enhancement of oxidation
zones. Part of the airborne data covered a region in East Greenland with Tertiary alkaline
intrusions, including a molybdenite-mineralised porphyritic granite. A pronounced oxida-
tion zone is associated with this mineralisation giving the granite and the surrounding host
rocks a rusty colour. Manipulation of the multispectral airborne image data from this granite
area showed that it was possible to considerably enhance the oxidation zone by use of ratio-
ing techniques (fig. 2). The most appropriate image channels for the ratioing appeared to be
channel 4 (0.50-0.55 um) divided by channel 5 (0.55-0.60 um), channel 6 (0.60-0.65 xm)
and channel 7 (0.65-0.70 #m). Once the method was established it was applied to the whole
region surrounding the Tertiary intrusions and resulted in enhancement and localisation of
several hundred oxidation zones (Thyrsted & Friedman, 1982).

The investigations undertaken by IMSOR on Landsat imagery from the same area re-
sulted in similar enhancement of oxidation zones (Conradsen et al., 1982). The methods they
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Fig. 2. Airborne, digital image of Malmbjerg (above). The image is created by the quotient between a
band in the green and a band in the red part of the spectrum. The oxidation zone is seen as a dark zone
(central left). The side length of the picture is approximately 7 km. For comparison, a conventional ae-
rial photograph of the same area is reproduced below. Note the difference in distortion in the two pic-
tures, in particular the shortening in the scanning direction of the digital image.

used included ratioing, factor analysis and classification. The latter was based on a total data
set consisting of the original images, and ratio and factor plots, each of which enhances the
oxidation zones. This technique could, with minor adjustment of the stretching parameters,
be applied on Landsat images from South Greenland. It must be emphasised, however, that
the adjustments must be based on data from at least one known oxidation zone in the new
area. The survey of the South Greenland region resulted in delineation of several oxidation
zones. particularly in the area around the Igaliko intrusive complex (A on fig. 3, Emeleus &
Upten. 1976). It should be noted that the method is applicable only to areas devoid of veg-
ctation. As the area around the Igaliko complex is of high altitude with sparse vegetation
any oxidation zones are more likely to be detected than at other places in South Greenland
which have a fairly continuous vegetation cover.

Ground control ficld work in both East and South Greenland has shown an almost 100%
correlation between colour anomalies and the presence of oxidation zones. Despite all mod-
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ern exploration and prospecting techniques, oxidation zones are still important target arcas
in exploration. Hence mapping of such zones, which can be accomplished during early stages
of exploration. may be very valuable, particularly in areas which are unexplored or difficult
of access.

Lineaments

A lineament analysis was carried out during the South Greenland project (Conradsen er
al., 1984). The analysis was cxecuted on the basis of photographic prints of Landsat images
al a scale of 1:1 000 000, In total 924 lineaments were mapped and digitised. A statistical
treatment of the digitised lineaments, which was developed from that of Sawatzky & Raines
(1981), showed that three directions (N75°E. N35°E, and N75°W) were very common and
may have geological significance. For each of the three directions a lineament density map
was produced on the basis of which zones of high lineament concentrations could be inter-
preted (fig. 3). Examples of the geological significance of the lineament zoncs are given be-
low.

Fig. 3. Map of South Greenland showing zones ol high lincament concentrations as interpreted from
density maps for lineament directions N75°E. N5353°E and N75°W. The width of the zones may be
broader than the actual lines shown here. Gardar intrusive complexes: A — lgaliko. B - limaussaq. C -
Nunarssuit, [J — Grennedal-Ika, E - Kingnat. lg.: lgaliko peninsula; Vv.: Vatnahverfi: La.: Laksenas
fault.
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Some of the major Gardar intrusions (Emeleus & Upton, 1976), Igaliko, Ilimaussaq and
Nunarssuit (fig. 3, A, B and C, respectively) are situated at the intersections between two or
more lineaments, suggesting a possible control by the lineaments on the sites of these intru-
sions. The Grgnnedal-Ika and Kingnat intrusions (fig. 3, D and E) do not seem to be asso-
ciated with any lineament intersections, although the Grgnnedal-Ika intrusion does lie close
to an ENE-WSW linecament.

The lineament marked I-I’ on fig. 3 coincides with a notable geochemical boundary (Ar-
mour-Brown et al., 1983) where elements such as niobium and uranium show distinctly
higher concentrations on the north-west side of the lineament than on the south-east side.
The lineament is also believed to delimit the south-east boundary of a major NE-SW trend-
ing graben system which was active during the Gardar period.

Armour-Brown et al. (1984) and Nyegaard et al. (in press) report on uranium occurrences
in association with fractures and faults within the ‘Julianehab granite’ (Allaart, 1976). A
comparison of these uranium occurrences with the lineament zones on fig. 3 shows that some
of the occurrences are, at least spatially, associated with some of the lineaments, particularly
on the Igaliko peninsula and in the Vatnahverfi area. Other uranium occurrences cannot be
related to any of the lineaments.

In an evaluation of the contribution of this type of lineament analysis to the geological
knowledge of the area it is necessary to determine, on the one hand, where new information
has been obtained and, on the other, where existing knowledge from other sources has not
been revealed by the analysis. Thus, the three main lineament directions, N75°E, N55°E,
and N75°W, are the same as those reported in the geological literature to have major geolog-
ical significance (e.g. Armour-Brown et al., 1984; Berthelsen & Henriksen, 1975; Nyegaard
et al., in press; Stephenson, 1976). The lincament zones in the migmatite zone (Allaart,
1976) are new information, the geological significance of which has still to be assessed by fu-
ture investigation.

Among the linear features shown on existing geological maps (e.g. Allaart, 1975), but not
appearing on fig. 3, are the ESE-WNW striking faults at Laksenas (Henriksen, 1960) and
on central Tugtutéq. Two remarks can be made in this connection. Firstly, the lineaments on
fig. 3 represent zones where linear features, trending parallel with the zones, are particularly
common, but this does not mean that linear features of the direction in question are not
present in arcas between the zones; in fact, the two faults mentioned above have been
mapped from the satellite images. Secondly, the visual mapping of the linear features could
be improved in several ways. For example, the photographic prints which were used for the
mapping were based on raw data and were not specially treated for lineament determina-
tion, and only one image scale (1:1 000 000) was used; it is envisaged that by applying differ-
ent scales, ranging from 1:2 500 000 to 1:250 000, or even up to the scale of aerial photo-
graphs, many more lineaments could be distinguished simply because what may appear as a
lineament at one scale may be completely invisible at another.

The lineament analysis carried out in South Greenland indicates the potential of the
method in exploration geology, but it is recognised that a more careful and comprehensive
analysis is necessary in order to obtain full appreciation of the method.
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Classification

Classification was carried out at several stages of the project, and two attempts, aimed di-
rectly at exploration methods, will be mentioned here.

The first was based on airborne multispectral data from East Greenland. The purpose was
to make an automatic classification of the various rock formations which here consist of flat-
lying, easily distinguishable sedimentary rocks, some of which contain strata-bound base
metal mineralisation. However, the procedure of classification of rock types proved very dif-
ficult and only poor results were obtained. While it was possible locally to make a partly cor-
rect classification of the rock types, the method could not be extended to larger areas and
further work was not carried out.

The other classification was carried out on the compiled data base from South Greenland.
Part of the South Greenland project was to incorporate the different types of data sets from
the area into a data base on a common raster image format. The data base comprised the
original Landsat images, the manipulated images such as ratio and factor plots, lineament
densities, and the geophysical and geochemical variables. In total about 40 variables were
available which meant that the data base could be considered as an image with 40 channels
on which classification could take place. In order to reduce the amount of data, a degrada-
tion of the image from a pixel size of 50.8 m to a 5 km pixel size was made (Conradsen et al.,
1984).

The classification made was supervised on the basis of training sets, including mineralised
areas (mainly uranium showings) and areas which our present knowledge suggests are bar-
ren. The statistics of the two types of training sets grouped nicely into two well-defined, sep-
arate clusters, indicating that the training sets were significantly different, statistically, and
that the classification could be expected to be meaningful.

The results of the classification are shown on fig. 4 where the circled dots indicate the min-
eralised training areas and the black squares indicate the 5 by 5 km pixels which were attri-
buted to the mineralised class by the classification. From the statistics it is known that the
uranium values contribute most to the total variation. This is reflected in the classified image
(fig. 4) where the black squares to a large extent coincide with known uranium occurrences.
This demonstrates that the classification can be considered as a success and is geologically
meaningful. In addition to the depiction of known occurrences, the classification result
points to a new potential exploration area at the mouth of Bredefjord. In the extreme east,
the classification of several squares north of Lindenows Fjord may be fortuitous as the data
set is not complete in that area.

Conclusions

The remote sensing technique has proved its value within certain aspects of exploration
geology. The multispectral information, which is the basis for the ratio and factor analysis
methods, can be used for enhancement and mapping of oxidation zones which are important
features for exploration geologists. The large areas covered by satellite images are appropri-
ate for lineament analysis, partly because the images are acquired almost instantaneously
and hence form a uniform basis for the analysis, which is important because of the subse-
quent statistical treatment, and partly because the synoptic view may reveal new and un-
known relationships between structures. The lineament analysis method described here is of
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great value because it is fairly straightforward and can, at the present stage, be considered as
an operational technique applicable to other areas in and outside Greenland.

Classification of rocks, based on the airborne, remotely sensed data alone, proved very
difficult and operational methods for this technique will probably not be developed in the
near future. On the other hand, it is envisaged that the results of multivariate analysis of sev-
eral data sets, including classification, will prove to be a potentially forceful tool in future in-
vestigations, because the many data sets can be easily handled by modern computer tech-
niques. In South Greenland at least one new area of potential exploration value has been de-
fined by classification of multivariate data sets. However, the methods of analysis should be
carefully selected in order to give meaningful and useful results.

Owing to its remoteness and difficulty of access, Greenland is a country where remote
sensing methods can be of great value for future investigations. However, as a paradox, poor
logistic facilities in much of the country make it difficult to control in the field the analytical
results and interpretations. Despite this drawback, it is significant that the Survey has suc-
ceeded in introducing the remote sensing technique at a relatively early stage and has been
able to influence the development of thematic application methods.
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