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Statistical Lineament Analysis in South Greenland
Based on Landsat Imagery

KNUT CONRADSEN, GERT NILSSON, AND TAGE THYRSTED

Abstract-Linear features, mapped visually from MSS channel-7
photoprints (1:1 000 000) of Landsat images from South Greenland,
were digitized and analyzed statistically. A sinusoidal curve was fitted
to the frequency distribution which was then divided into ten signifi-
cant classes of azimuthal trends. Maps showing the density of linear
features for each of the ten classes indicate that many of the classes are
distributed in zones defined by elongate maxima or rows of maxima.
In cases where the elongate maxima and the linear feature direction of
the class in question are parallel, a zone of major crustal discontinuity
is inferred. In the area investigated, such zones coincide with geo-
chemical boundaries and graben structures, and the intersections of
some zones seem to control intrusion sites. In cases where there is no
parallelism between the elongate maxima and the linear feature direc-
tion, an en echelon pattern of the lineaments may be inferred.

Keywords-Remote sensing, linear features, statistical analysis, geo-
logical application, South Greenland.

I. INTRODUCTION
T HIS PAPER describes a method of statistical linea-

ment analysis and the geological significance of the
analytical results based on Landsat imagery. The analysis
was accomplished as part of a remote-sensing project in
South Greenland aiming at investigating the applicability
of remote-sensing techniques in uranium exploration in
crystalline arctic areas. Other subjects within the project
are analyses of multispectral, geological, geochemical,
and geophysical data which have been incorporated into
a data base. A mosaic, prepared from four Landsat scenes
(Fig. 1) constituted the geometrical basis for the data base.
The visual mapping of the linear features, however, was
based on black-and-white photoprints (MSS channel 7,
scale 1: 1 000 000) of individual Landsat scenes, and
subsequently the linear features were registered on the
mosaic. The project is fully described in [1].
The project work is done at the Institute of Mathemat-

ical Statistics and Operations Research (IMSOR), the
Technical University of Denmark, in cooperation with the
Geological Survey of Greenland, and financially the proj-
ect is supported by the Commision of the European Com-
munities.
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The target area, which constitutes the southern part of
Greenland (see inset on Fig. 2), is about 20 000 km2. The
climate is arctic and vegetation is found only in the lower
lying areas which appear red in the false color mosaic
(Fig. 1).
The statistical as well as the interpretational methods

used in this investigation are based on Sawatzky and
Raines [2]. However, in this paper we go a bit further by
including not only the most frequent classes of linear fea-
ture directions in the analysis but also the less frequent
ones, which may or may not have geological significance
depending upon their geographical distribution.

II. GEOLOGY
The South Greenland area is underlain by Archaean and

Early Proterozoic rocks of the Ketilidian orogenic belt and
by scattered, but significant occurrences of Middle Pro-
terozoic alkaline intrusions and platform sediments and
extrusives (Fig. 2). The geological description given be-
low is based mainly on Allaart [3], [4] and Emeleus and
Upton [5].
The Ketilidian fold belt is divided into three major zones

representing different geological environments. The bor-
der zone to the northwest comprises Archaean basement
rocks and Ketilidian supracrustal units. The Archaean
rocks include dioritic and granodioritic gneisses, a se-
quence of greenschists and swarms of basic dykes. The
Ketilidian supracrustals consist of a several-thousands-
meters-thick succession of sedimentary rocks and extru-
sives of mainly tholeiitic composition. Both the Archaean
and the Ketilidian rocks become increasingly deformed
and metamorphosed towards the southeast where medium
to high amphibolite facies is attained.
The central granite zone is characterized by widespread

occurrences of granites and gneissose granites, collec-
tively known as the Julianehab granite. The granites can
roughly be divided into two age groups: a synorogenic
group occurring mainly at the marginal parts of the zone
and a late orogenic group found mainly in the central part.
The early members include several granite generations and
the compositions range from adamellites to quartz-dio-
rites. Generally the rocks display a pronounced foliation.
The late orogenic granites occupy up to 80 percent of the
central part of the zone. The most widespread rock type
is a medium to coarse-grained granodiorite to adamellite.
Generally the late granites are slightly porphyritic and a
weak foliation is developed. In addition to the granites,
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Fig. 1. False color composite of south Greenland. The image is a mosaic of four scenes. The scene identifications are:

Path Row Date Landsat

251
001
001
003

17/18
17/18
17/18
17/18

810809 L3
790725 L2
790830 L2
790901 L2

several basic to intermediate intrusives are encountered in
the granite zone.
The southernmost zone, the migmatite complex zone,

includes important occurrences of supracrustal rocks, but
also synorogenic and late to postorogenic granites are
common. The supracrustals consist of pelitic to semipe-
litic gneisses, arkosic quartzites, and basic metavolcan-
ics. The metamorphic grade is generally amphibolite fa-
cies with regionally developed cordierite and migma-
tisation is widespread. The synorogenic granites are
mainly of granodioritic composition and are commonly
discordant. A late to postorogenic granitic suite, called
the rapakivi suite, ranges in composition from norites,
through monzonites to adamellites. The intrusions are
mushroom-shaped bodies which may outcrop over a few
thousand square kilometers.
The Middle Proterozoic rocks comprise platform cover

rocks and alkaline intrusives. The cover rocks consist of
sandstones alternating with layers of mainly basaltic la-
vas. The cover rocks are up to 3000 m in thickness and
are spatially confined to down-faulted blocks in the cen-
tral part of the granite zone. The intrusive rocks are found
as dykes and as intrusive centers. They are largely con-
fined to the granite zone. The dykes are mainly basic, but
locally felsic dykes occur. The intrusive centers, of which
there are about ten major ones, are predominantly com-

posed of alkaline rocks and the ensemble constitutes one
of the world's most remarkable alkaline igneous prov-
inces. Compositionally the complexes fall naturally into
two categories: those involving oversaturated rocks such
as quartz syenites and granites, and those involving un-
dersaturated foyaitic rocks. In only one case do these cat-
egories occur together in the same intrusive complex.

III. STATISTICAL ANALYSIS OF LINEAR FEATURES
Sawatzky and Raines [2] define a lineament as a

"through-going crustal weakness" which shows as
"elongate zones of high concentrations of linear fea-
tures" in linear feature concentration maps. However, we
have found the statistical treatment recommended by Sa-
watzky and Raines less adequate in our situation, and we
have therefore modified the analysis so that it is more gen-
erally applicable.
A total of 924 linear features with lengths less than 20

km were analyzed. In the area several rectilinear 30-70-
km-long fjords occur (see Fig. 1). The directions of the
fjords are undoubtedly structurally controlled, but on the
scale (1: 1 000 000) used here the fjords may be consid-
ered as composite features, or lineaments, rather than as
linear features. For this reason it was decided to exclude
the fjords, although they originally were mapped and dig-
itized, and to restrict the data to linear features observed
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Geological map modified from Allaart (1975) 1:500000. Printed 1982

Fig. 2. Geological map of south Greenland.

as "land features" or as straight portions of cost lines. In
the statistical treatment the exclusion of the fjords was

done by indicating a maximum length of 20 km for the
linear features to be treated. The histograms or rose dia-
grams, i.e., the frequency of lineaments as a function of
direction was determined with a resolution of 1°. In the
present paper we measure directions in the mathematical
way, i.e., counterclockwise from the x-axis of a normal
x-y coordinate system. This means that for instance the
E-direction is 0°, N is 90°, and W is 1800. A simple
three-term moving sum smoothing was performed be-
cause there were several cases where there were large dif-
ferences in the values of adjacent frequency classes. Fi-
nally the length-weighted rose diagrams were computed
using as weight the length measured in units of 500 m.

The total length was found to be approximately 6071 km.
The goal of the first analysis of the rose diagrams is to

find distinct modes, or "trends," in the distribution. The
null hypothesis model is that a sample of directions of
given size is randomly selected from a uniform distribu-
tion over 1°, 2°, * * * , 180°. Let us denote by n the total
number of observed linear features and by Ni, i = 1, -

180, the number of linear features in class i. The observed
values of Ni is denoted ni. Then (NI, - * * , N180) is dis-
tributed according to a multinomial distribution with pa-

rameters (n; P1, * * , P180), where in this case pi =

1/180, i = 1, * * *, 180. The marginal distribution of
each Ni is binomial with parameters (n, pi). For small
values of ni, Sawatzky and Raines define the significance
value si (not to be confused with the significance level)
by

si = 100P{ni < Ni < npi|Ni c npi}

P{ni < Ni ' np1}
= 100

P{Ni ' np1}

= ioo E (n pp(l _pi)n-

v=ni+l yj

E0 (;:) p'(l - pi)n -v

=0 V

and for big values

si = OOP{npi s Ni < nfNi 2 npi}

= 100 P{npi ' Ni < n}
P{npi '< Ni}

= 100 p(lN Pi)n-
-= npi P

n

E ()t\P/(1 _ pi)n -V
= npiPV
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In these formulas there are some obvious modifications
for npi not an integer.

Neglecting asymmetry in the distribution of Ni the def-
inition of the significance values si is approximately
equivalent to

Si 100P{getting less extreme observation than ni}

= ]OOP{INi- npi I ni - npi}.
Using the fact that N, is approximately normally distrib-
uted with mean npi and variance npi (1 - pi), we obtain

si =l00I -242( ni-npi

where 4 is the cumulative distribution function for the
standardized Gaussian distribution. If we fix the signifi-
cance value at say (1 - a) x 100 we invert the definition
given above and obtain the interval

npi ± Uo,/2 Anpi(-I p)
of nonextreme frequencies. Here ua/2 is the a/2 quantile
of the standardized Gaussian distribution. For -a = 0.05
and pi = 1/ 180, we obtained the interval

n
l8 + 0. 146v&[.
180 -

For the smoothed data, Sawatzky and Raines put pi equal
to the length of the smoothing window divided by 180,
i.e., in our case pi = 3/180. For this value we obtain the
interval

n
-+ 0.25V¾
60-

This choice, however, seems less reasonable. The
smoothed value in i is

Ni1I + Ni + Ni+1.
In the multinomial model we have

npipi + I

vnpj (I - Pi) Pi+(1-i+I
Cor (Ni,Ni+ ) =

which forpi = Pi + I = 1/180 is = -0.006, i.e., the cor-

relation is negligible. We therefore have that

N1 + Ni + Ni+Iapp. e Bin (3n, 1/180)

and not

Bin (n, 3/180).

However, the two distributions have the same mean,
namely 3n/180, and the ratio between their variances is
179/177 = 1.01, i.e., the difference between the two dis-
tributions is negligible.

For the length-weighted data the same types of formu-
las are suggested by Sawatzky and Raines [2], only they
replace all relevant observations with the equivalent
length-weighted number. In order to maintain the bino-
mial model the weights must be integers, but even with

Un-weighted analysis of lineaments. Weighted analysis of lineaments.
Sine trend added. Sine trend added.

30 e 0, , , , I ,, .0 120 15e ISO

Angle degrees. Angle degrees.
E N W E N W

Fig. 3. Definition of the main linear feature directions by means of devia-
tions from fitted sinusoidal trend.

integral weights it is not obvious that the binomial model
is still applicable because of the dependence between in-
crements in the rose diagram. On the other hand, there is
no dramatic difference between the results obtained for
length-weighted and nonweighted data so presumably the
binomial model is applicable.
The definition of trend is, in Sawatzky and Raines [2,

p. 93] own writing: ". . . if one or more contiguous sig-
nificant frequencies in a maximum or mode are separated
by one or more contiguous significant frequencies in min-
ima on either side, that maximum or mode determines a
trend at the chosen significant value." Furthermore a sig-
nificance value of 90-95 percent is recommended.
According to our experience the main drawback with

this definition is that it relates the trends to the average of
all observed frequencies. If therefore another area with a
predominance of linear features in a given direction is in-
cluded, it can drastically change the already defined
trends. This is illustrated with the data presented in Fig.
3. If the above given definition of Sawatzky and Raines
is used only one big trend, from approximately 160°
through 1800 to 600, will be chosen as significant. On the
other hand it is obvious that for instance the interval be-
tween 950 and 1230 also represents some interesting
"trend" or maybe, more precisely, an independent pop-
ulation of linear features. In order to detect such popula-
tions it is suggested that the original data are detrended
with a sinusoid as

flt) = a + ,B sin (27rt/180) + 02 COS (27rt/180),

t E [0, 180].

The curve was fitted by using least squares and the re-
sulting model is for the smoothed length-weighted data

f(tO) = 202.35 + 91.16 sin (2t0) + 119.36 cos (2t°)
= 202.35 + 150.20 cos (2t0 - 37.40).

This function has its maximum at 18.70 corresponding to
a major trend in that direction. It should be mentioned
that the sinusoid explains approximately 73 percent of the
variation present in the data. If several, very dominant
maxima were present, the recommended procedure is to
detrend by means of two sinusoids with maxima at the
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Fig. 4. Map showing the visually found linear features. The figures seen at each linear feature are connected with the digitization procedure and haveno significance in the present context. The grid is a Lambert grid with origo (marked in the north-western part) corresponding to 61 °30'N, 48°00'W.The grid size is 50 by 50 km. North is up.

respective maxima of the frequency distribution, and so
on.
The definition of the trend directions is now done sim-

ply by looking on runs above and below the trend curve.
One can of course relate this procedure to the distribution
of the length of runs above and below the median. In most
cases the run is longer than 5 corresponding to a proba-
bility of less than 3.2 percent. The result of the analysis
was to define the following intervals: (176°)-5°, 6°-21°,
220-280, 290-430, 440-690 70-940, 950-123°, 1240-
1430, 1440-1520, 1530-175°. It could be argued that one
or two of these could be subdivided into new classes, but
we found that 10 classes was an appropriate number of
subclasses. These are interpreted below. There is a bias
connected with the solar illumination direction whereby
linear features parallel to the sun azimuth will be under-
presented. In South Greenland the sun position is aprox-
imately SSE (corresponding to a trend of 1150 as used in
this paper) when Landsat passes. This direction is in-
cluded in the interval 95°-1230 (Fig. 3) which indeed is
one of the least frequent intervals. An advantage of fitting
the sinusoidal curve is that distinct populations even in
the "underrepresented" intervals may still be recognized.

IV. GEOLOGICAL SIGNIFICANCE

Some of the results of the lineament analysis are pre-
sented here by the original linear feature map (Fig. 4), by
rose diagrams from local areas (Fig. 5), and by a density
plot (Fig. 6) of one of the significant directions (29°-430).
The rose diagram (Fig. 5) shows the lineament orien-

tations for 50 x 50 km squares throughout the area.
Within each square, a semi-rose diagram is shown in the
upper half of the square. It is also emphasized that the
diagrams show the relative distribution and do not indi-
cate any absolute numbers of lineaments within the area.
A description of the variation throughout the area will be
based on the three major geological zones in the area as
described in the section on geology.

In the border zone to the northwest two directions are
prominent. The ENE to NNE direction shows a relatively
large spread. This direction is parallel with mainly doler-
itic dyke swarms in the Archaean basement and in the
Ketilidian supracrustals. The other prominent direction
trends W to WNW. The geologic features which corre-
spond to this direction are mainly faults and joints (see
Berthelsen and Henriksen, [6]).
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Fig. 5. Rose diagrams of linear features in 50 km x 50 km squares.
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Fig. 6. Density map for linear features with trends from 29° to 43°.
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Fig. 7. Interpreted major lineaments superimposed on a niobium geochemical map with red, green, and blue colors indicating respectively high, inter-
mediate, and low niobium content. Letters and roman numerals refer to localities mentioned in the text.

The granite zone is characterized by linear feature trends
of ENE to NE with some additional trends occurring lo-
cally. The ENE to NE trend coincides with topographic
features such as the fjords and with geologic features such
as dykes and to some extent faults. Additionally WNW
trends are found to the west at the transition to the border
zone. In the northeastern part of the granite zone, W to
NW oriented linear features are found as well. These lin-
ear features, which coincide mainly with faults and joints,
might possibly represent an eastern continuation of the
linear features of similar orientation in the border zone.
The migmatite zone shows a greater variation of linear

feature orientations. The western part, which borders on
the granite zone, is characteristically dominated by NW
to WNW directions. The NE to ENE directions, so char-
acteristic for the granite zone, are absent here. It should
be pointed our, however, that the amount of mapped lin-
ear features in this part of the area is small. The eastern
part of the migmatite zone shows different patterns in each
of the 50 x 50 km squares. It is emphasized that the fjords
in this area actually define lineaments of orientation
N 70°-80°W, but are not particularly well represented on
the rose diagrams. The reason for this is that the present
analysis considers only linear features shorter than 20 km
while the linear features associated with the fjords gen-
erally are longer than that.
On the basis of the statistical analysis, the frequency

histogram was divided into ten intervals. For each of these

intervals a linear feature density map has been prepared.
Fig. 6 shows an example for the directional sector be-
tween 29° and 43°. The general characteristic of a density
map is the presence of a certain number of maxima or
minima unless, of course, uniform distribution occurs
throughout. The shape and spatial arrangements of, in this
case, maxima are the basis for a two-fold approach in the
interpretation.
The first approach is similar to the one described by

Sawatzky and Raines [2]. For a certain direction, lines or
lineaments are drawn either along elongate maxima,
which extend in the given direction, or between maxima
lying in rows of the given direction. Such lineaments rep-
resent zones with an increased density of linear features
of the direction in question and may represent major zones
of crustal discontinuity.
Among the intervals interpreted in this way the direc-

tions 6°-21°, 29°-43°, and 153°-175° proved to be of
geological importance. In Fig. 7 the interpreted linea-
ments of these three directions are superimposed on an
image showing the geochemical distribution of niobium
in order to indicate some coinciding phenomena between
structural and geochemical features. It is emphasized that
the lineaments represent zones which are broader than the
lines shown on the figure.
The niobium distribution indicates the locations of some

of the major Gardar alkaline intrusions. Three of these
intrusions, situated at A, B, and C, are located at places
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where two or more lineaments intersect. The intersecting
sets of lineaments mostly have ENE-NE and W-WNW
directions that respectively represent dykes and faults as
mentioned above. This result is in accordance with Ste-
phenson [7] who states that the intrusive complexes are
located at the intersections of ENE striking regional dyke
swarms and WNW striking, sinistral wrench faults. It is
interpreted that the location of the three Gardar intrusive
complexes is, at least partly, controlled by the linea-
ments, or rather their geological counterparts, because
these features most probably pre-date the magmatic activ-
ity [4], 18]. On the other hand, some of the minor Gardar
intrusions (D and E) are apparently not related to the
lineaments shown here.
The NE-SW lineament I-F' is of major importance.

From Fig. 6 it is seen to be very well defined by an elon-
gate maximum. Fig. 7 shows that the lineament coincides
with a niobium geochemical boundary and also a uranium
geochemical boundary is found here [9]. The geochemi-
cal boundaries, the frequent linear features, which are seen
on both satellite images and aerial photos, and the ab-
sence of Gardar rocks to the southeast suggest that the
lineament I-I' forms the southeastern boundary of the
Gardar activities. These activities were most probably
connected with a rift system [10] where block subsidence,
deposition of continental sediments, and alkaline mag-
matism occurred.
At F (Fig. 7), occurrences of pitchblende have been

found. These occurrences are spatially, and possibly also
genetically, related with the WNW-ESE lineament
marked II-11'.
The approach described above covers the interpretation

of linear features that parallel the elongate maxima or rows
of maxima. The second approach considers linear features
that have azimuthal trends oblique to the elongate max-
ima. The interpreted geologic model for such a phenom-
enon is linear features arranged in an en echelon pattern.
One example is the group of linear features with azi-
muthal trends of 220 to 280. They define an elongate
maximum which coincides with lineament I-I' (see Fig.
7). This means that in this area we have, in addition to
the major lineament I-I', another lineament made up of a
series of en echelon linear features oblique to I-I'. As-
suming that the lineaments represent faults and that the en
echelon linear features are conjugate with lineament I-I',
then this suggests right-lateral movement along lineament
I-I'. Although this model at present is mainly speculative
and is difficult to incorporate into existing structural
models of the region, it is envisaged that the presence of
elongate zones with en echelon arranged linear features is
an important phenomenon that may contribute signifi-
cantly to a better understanding of the deformational his-
tory of the area.

V. CONCLUSIONS
The present study shows that an analysis of linear fea-

tures determined from Landsat imagery may be very use-
ful in the geological investigation of a target area. The
statistical analysis shows that by fitting sinusoidal curves

to the frequency distributions of the linear features, the
distributions can be divided into significant classes rep-
resenting specific directions. Density maps for each of the
classes show that the linear features of a particular direc-
tion are not uniformly distributed throughout the area, but
often occur in zones which may have some geological sig-
nificance. In the present study the intersections between
two or more of such zones seem to control the locations
of the alkaline intrusions in the area. Other lineaments
coincide with geochemical boundaries and possible gra-
ben systems or are spatially associated with pitchblende
occurrences.
The method described here also considers density maps

where the azimuthal trend of the linear features are oblique
to the extension direction of elongate maxima. The inter-
pretated geological model for such a phenomenon is linear
features arranged in an en echelon pattern.
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