) S GED AN N IR G N T GE T o

s Gen @

[

-

' DEPARTMENT OF

&£ .

o

Record
1974/150
c.3

MINERALS AND ENERGY

Record 1974/150

003987

by

C. MAFFI

' BUREAU OF MINERAL RESOURCES,
 GEOLOGY AND GEOPHYSICS

SIDE-LOOKING ATRBORNE RADAR FOR GEOLOGY:

General principles, interpretation methods and 'evaluatioxi at Mt Isa

The information contained in this report has been obtained by the Department of Minerals and Energy
as part of the policy of the Australian Government to assist in the exploration and -development of
mineral resources. It may not be published in any form or used in a company prospectus or statement -
BMR without the permission in writing of the Director, Bureau of Mineral Resources, Geology and Geophysics.

J

-~



Bur. Min. Resour. Aust. Rec. 1974/150

CORRECTIONS

Page Line
4 100

8 31

21 2k

27 36

30 20

33 19

34 . 23"

3k 35

35 - S5 and 7

36 last

39 - 23

39 24

4 last-1
b3 3

43 A

43 last

Wy 7

" Fig. 25 (between pages

33 and 34)-last line
of legend

The words
Pe 11“'9\,-
(page 31)

swamps are

 and an

Mt Isa was

driection

© coul

dimensions
Ultrapham
trace

me
omi ;
rainage
contrast.i
ther
woul

defecting

(Figs 26, 27, 28)

Should read

(page 30)

"swamps (S) are

and on

AMtAIsa area was

direction
could

"directions

Ultraphan
traced
€me '

. fmi.

drainage

~ constant

the
would
detecting

(Plate 1)



Record 1974/150

SIDE-LOOKING AIRBORNE RADAR FOR GEOLOGY:

General principles, interpretation methods and evaluation at Mt Isa

C. MAFFI



CONTENTS
SUMMARY
1. INTRODUCTION
2. GENERAL INFORMATION ON SIDE-LOOKING RADAR

BASIC GEOMETRY
ACROSS-TRACK RESOLUTION
ALONG-TRACK RESOLUTION

Real-aperture systems
Synthetic-aperture systems

RECORDING
PROCESSING

Real-aperture systems
Synthetic-aperture systems

POLARIZATION
WAVELENGTH
GEOMETRICAL ACCURACY
SLAR MOSAICS

3. RELATIONS BETWEEN SLAR IMAGERY AND
TERRAIN FEATURES

PARAMETERS AFFECTING SLAR IMAGERY

Surface roughness
Incidence angle
Dielectric constant
Frequency
Polarization

Look Direction

GEOMETRICAL DEFORMATIONS

Effects of poor resolution
Effects of radar shadow
Effects of beam obliquity (layover)

4. SLAR INTERPRETATION

PROCEDURES
EXAMPLES

Papua New Guinea examples
Mt Isa examples

- et

g
%

QO M® O3 g0, U b w -

[y
-

=t ek ek b ek e
D DWW

e el e e N
O ~JJOH O

e
©O

DN
w ©



(ii)

5. MT ISA SLAR PROJECT

The area
The airborne mission
The equipment

INTERPRE TATION ME THOD
RESULTS

Preliminary interpretation

Final interpretation ‘

Comparison of SLAR imagery with simultaneous
photography

CONCLUSIONS
6. REFERENCES

WORKS CITED IN TEXT
OTHER WORKS

PLATE 1 - Mt Isa test Area - in back pocket

Page

30

30
33
34

35
36

36
38
41
42
44

44
45



SUMMARY

Side Looking Airborne Radar (SLAR) systems are described in
simple terms. Interpretation methods are given using examples of imagery
from Papua New Guinea and from the Mt Isa area. The detailed inter-
pretation of experimental SLAR imagery from the Mt Isa area has:

a) confirmed the well known SLAR properties such as all-weather
capability, uniformity of illumination direction, emphasis on effect of relief,
synoptic view of terrain, and suitability for reconnaissance geological

mapping;

b) shown that generally sandstones, quartzites, intrusive rocks,
and volcanic rocks can easily be interpreted; shales, siltstones, and
schists are difficult to separate; ‘

¢) shown that SLAR imagery is particularly suitable for
structural interpretation. Some previously unmapped faults and
lineaments are visible in the imagery; copper mineralization may
be associated with one of them;

The cost effectiveness of SLAR in Australian semi-arid environ-
ments depends on the importance that some of its properties - the com-
bination of relief enhancement with synoptic view of the terrain, and the
capability of detecting linear features that would be difficult or impossible
to detect on aerial photographs or on satellite images - may have for the
solution of the particular problem being considered.

A comprehensive list of publications on SLAR theory and on its
applications to geology and related sciences is given.
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1. INTRODUCTION

Remote sensing has become an important tool for the earth
scientist. During the last 30 years, a large range of equipment has become
available, which operates in the invisible as well as in the visible bands of
the electromagnetic spectrum. In addition to aerial cameras this equip-
ment includes infrared scanners, multi-spectral scanners, laser profilers,
and side-looking radar. These sensors can be broadly grouped into two
types: active and passive. The active sensors provide their own source
of energy; the passive sensors use energy emitted from natural sources.

Side Looking Airborne Radar (SLAR) is an active system, operating
in the millimetre and centimetre bands of the electromagnetic spectrum.
Being an active system, it is not affected by diurnal and seasonal changes
in the radiation emitted or reflected from the Earth's surface. As it
operates at microwave frequencies, it is little susceptible to atmospheric
conditions.

Because of these properties, SLAR has proved extremely useful
for mapping tropical regions. For example, in 1967 the Darien Province
of Panama was imaged from four different look directions in six days
of operation; in the 15 years before the radar mission, continuous effort
had resulted in spotty airphoto coverage of only 30 percent of the province,
because of cloud cover (Rouse et al., 1969).

For the same reasons, SLAR is useful for mapping polar regions,
where not only weather but also sun elevation may constrain aerial photo-
graphy (Anderson, 1966; Leighty, 1966).

To assess the usefulness of SLAR in an arid region, BMR and the
Division of National Mapping (DNM) launched in 1972 a joint project. An
area of about 10 000 km“ in the Mt Isa/Cloncurry region was flown in June
of that year by Canadian Aero Services; the aircraft was a twin-jet Caravelle,
equipped with a Goodyear radar system model GEMS 1000. BMR carried out
the geological evaluation of the imagery.

The main purpose of this report is to describe how the investigation
was carried out and its results. A description of the basic principles of SLAR
and a discussion of SLAR interpretation methods is also given to gather
information scattered in several books and publications.

2. GENERAL INFORMATION ON SIDE-LOOKING
' RADAR

The name RADAR comes from RAdio Detection And Ranging. Radar
detection of an object is achieved by transmitting a beam of radio-frequency
energy and detecting the energy reflected by the object. Radar-ranging is

g
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accomplished by measuring the time required for the radio-frequency energy
to make the round trip.

Side Looking Airborne Radar (SLAR) is a particular application of the
general radar principle. A SLAR system is essentially composed of a trans-
mitter, an aerial, and a receiver. The transmitter produces electromagnetic
(em) radiation which is directed by the aerial sideways from the aircraft
towards the ground (Fig. 1). The echoes from objects on the ground return to the
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Fig 1 - Basic geometry

aerial and are conveyed to the receiver. The time elapsed between trans-
mission and reception, and the intensity of the received signals are
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processed to obtain a map-like display of the objects.

BASIC GEOMETRY

The emission of electromagnetic radiation is not continuous, but is
done in short pulses. The length of a pulse is about 1 microsecond, and the
pulse repetition frequency (prf) is about 1000 per second. Each pulse travels
away from the aircraft at a velocity very close to the velocity of light. The
shaded area in Figure 1a indicates the position of such a pulse at a given
instant. At this instant the ground element from which the energy is returned
to the radar is the shaded area in Figure 1b. During the interval between
two consecutive transmission pulses, the small reflecting zone travels from
N (near range) to F (far range), thus covering a swath of width W and
length L. Because of this scanning action, echoes .f.rom objects at different
ranges from the aircraft reach the aerial at different times and can be
recorded separately.

The scanning action is a result of the obliquity of the beam. If the
beam was vertical, the echoes from all the objects equidistant from the
nadir point of the aircraft would reach the aerial at the same time and
the system would not be able to separate them.

As the aircraft moves forward, successive pulses are released and
a continuous strip of terrain of width L is covered. Obviously L depends on the
flight altitude above the ground, H, and the depression angles at near and far
ranges, o(,, and cLF For example the Mt Isa/Cloncurry imagery was flown
with H = 9000 m,oly = 45° and L = 15° thus each strip covers an area 24 km

wide.

When a large area has to be covered, it may be necessary to fly
parallel runs. In this case it is important to use a SLAR system in which
the radar beam can be emitted from either side of the aircraft, so that the
same 'look’ direction can be maintained when the aircraft reverses its

course after completing a run.

Stereoscopic SLAR coverage can be obtained by flying partly over-
lapping strips.

Two principal directions can be defined as shown in Figure 1: the
along-track direction is parallel to the aircraft flight track, and the across-
track (or range) direction is at right angles to it. The distance from the
aerial to a ground object A is defined as the slant range of the object. The
distance from the ground track of the aircraft to a ground object is called the
ground range of that object.

1
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The ground resolution of a SLAR system can be defined as the
minimum spacing between ground reflectors which can cause independent
echoes. The smallest area that can be resolved is called a resolution
cell; its sides are the across-track resolution and the along-track
resolution.

ACROSS-TRACK RESOLUTION

In the across-track direction, returns start to come back from a
reflector when the front of the pulse reaches it, and cannot be distinguished
from any other return until the back of the pulse passes the reflector. There-
fore the shorter the pulse, the finer is the across-track resolution. But
the pulse duration cannot be reduced beyond certain limits: short pulses
carry less energy than long pulses, thus their range is shorter. For ranges
of about 20 km, pulses of about 10 microseconds would be required: with
such a pulse, the across-track resolution would be about 2 km.

To obtain fine resolution without reducing the transmitted power, a
method has been devised, called artificial pulse compression: the radar wave
is modulated and only the high energy part of the modulated wave is used. In
this way maximum slant ranges of over 50 km and across-track resolutions
of about 15 m can be obtained.

ALONG-TRACK RESOLUTION

Resolution in the along-track direction depends on the size of the
aerial and on the method of recording and processing the radar returns. Two
classes of SLAR systems can be identified: real-aperture or brute-force
radars (e.g. Westinghouse AN/APQ-97) and synthetic- aperture or coherent
radars (e.g. Goodyear GEMS 1000).

Real-aperture systems

The real-aperture radar is very simple: the echoes from ground
objects are received and processed into images without manipulations.
Objects in the along-track direction produce separate echoes when they
are spaced farther apart than the width of the radar beam. Thus narrow
beams are required to produce a fine resolution.

Two factors play a role in controlling the beam width: wavelength
and length of the aerial (aperture). The shorter the wavelength and the longer
the aerial, the narrower is the beam. But if wavelengths shorter than several
millimetres are used, the system starts losing one of its most important
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characteristics, that of penetrating clouds and rain. And there is a limit to
the size of aerial that can be carried by an aircraft. For these reasons,
real-aperture radars generally have relatively poor resolution. A com-
parison between resolutions of different SLAR systems is shown in Table 1,
page 6. '

Synthetic-aperture systems

Synthetic-aperture radars are those in which a Doppler shift in
the frequency of the received signal is used to obtain improved resolution:
the actual aperture can be only a few metres, but the effective length that
is achieved electronically is many times the actual aperture; hence the term
'synthetic’'. The operation of these systems is outlined below. A complete
description is given by Brown & Porcello (1969), and Grant et al., (1973).

As the SLAR-carrying aircraft moves forward, each reflecting
target on the ground moves, relative to the aerial, across the beam in the
along-track direction. During this movement the target is 'illuminated’
several times by successive pulses, and each time it sends an echo back
to the aerial. The relative movement of the target produces a change in
the frequency of the reflected signals (Doppler shift), exactly in the same
way as the note of the engine whistle changes when a train passes.

At a given instant, different targets at the same range, but separated
in the along-track direction, have different and unique velocities with respect
to the aerial. The history of frequency changes at that range contains the
information needed to separate different targets.

The along-track resolution therefore depends on the possibility of
detecting small frequency changes. This possibility is directly related to
the quality of reception, in particular to the signal-to-noise ratio. Assuming
no losses, the improvement of the signal-to-noise ratio is directly related to
the number of returns from each target, that is, to the number of pulses
transmitted while the target is in the area of the beam.

This number can be increased either by increasing the pulse re-
petition frequency (prf), or by increasing the beam width, or by decreasing
the aircraft velocity. However: if more than one pulse is in flight across the
imaged area at one time, the range determination will be ambiguous, hence
the maximum prf is constrained by the pulse duration and by the range;
increasing the beam width increases the 'illuminated' area and decreases the
power per unit area; the velocity of the aircraft can be varied only within
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certain limits and any decrease increases the mission cost. Therefore there
are limits to the maximum along-track resolution obtainable by increasing
the number of pulses.

However the resolution can be further improved by conveniently
manipulating the reflected signals. As the wave returned by a reflector
is spherical, whereas the aircraft path is nominally a straight line, there
are small phase differences between the various echoes received from the
same target. During the signal processing stage an allowance can be made
for these phase differences, thus improving the capability of detecting
small frequency changes due to the Doppler effect. Radars having this capab-
ility are called focused synthetic-aperture radars.

The calculated along-track resolutions for focused and unfocused
systems are presented in Table 1, which is reproduced from Grant et al.,
1973; the authors warn readers to 'treat the values with caution because
the instability of the aircraft flight may prevent the realization of the
full theoretical capability'.

TABLE 1 - ALONG-TRACK RESOLUTION OF SYSTEMS WITH 5 m
APERTURE AT 10 km RANGE

Wavelength Along-track resolution
. | Real aperture Unfocused synthetic Focused
(mm) aperture synthetic aperture
(m) (m) (m)
8 16 9 4.5
30 60 18 4.5
300 600 54 4.5
RECORDING

In real-aperture radars, generally no recording is required: as
they are received on board, the signals returned to the aerial from ground
objects can be processed into radar images which are recorded on film

(page 7).

In synthetic-aperture and in some real-aperture systems, the signals
are recorded on film (called film record or data film), or stored in computer
core stores, for later processing. These records are two-dimensional plots
of return data. The scale in the along-track direction is generally much

10
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larger than that in the across-track direction. For example in the Goodyear
system the scales are respectively 1:5550 and 1:400 000. This scale difference
is then eliminated during processing.

PROCESSING

Real-aperture systems

In real-aperture radars the energy reflected from ground objects
and returned to the aerial is converted by the receiver into a video signal
(Fig. 2).

—_
o8

| |
| |
| }

___ AMPLITUDE

TIME
Pulse Echoes from Echoes from
" emission near range far range .

Fig. 2 - Amplitude of echoes from a single pulse

This signal is a function of the energy returned: the amplitude of the signal

is directly proportional to the intensity of each echo; the time delay between
the emission of a pulse and the reception of each echo is proportional to the
distance between the aerial and the target which produced that echo.

This video signal is used to intensity modulate a cathode-ray tube
(CRT); a sweep of the CRT beam across the display screen corresponds with
the movement of a radar pulse from near to far range. The resulting line
on the screen is a display of the radar image of the area 'illuminated' by
that pulse. By means of an optical system the line display on the CRT is
projected onto photographic film.

Returns from subsequent pulses are displayed on the same line of
the CRT. By moving the photographic film in front of the CRT at a velocity
proportional to the velocity of the aircraft, the radar image of the terrain is
built up along the film. In the positive copy of the image, light tones correspond
with high energy returns.

(l
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Synthetic-aperture systems

In synthetic-aperture systems, processing can be done in several
ways; generally, the recorded signal is compared with the signal from an
internal oscillator which produces a replica of the echo expected from a
single ground reflector. In this way the system analyses the history of
frequency changes at each range and separates the echoes of each target
from those of the other targets.. Then the echoes of each target are integrated
to produce a video signal, similar to that produced by a real-aperture radar.

The display and recording of the radar image is done in the same
way as for real-aperture radars.

POLARIZATION

In most SLAR systems produced so far (e.g. Goodyear GEMS 1000)
the aerial transmits and receives an horizontally polarized beam. Some
instruments (e.g. Westinghouse AN/APQ-97) transmit a horizontally
polarized beam and can receive both horizontally and vertically polarized
beams (respectively called like-polarized and cross-polarized return).

Only a few experimental models (e.g. that of the University of
Michigan) can both transmit and receive either type of beam.

WAVELENGTH

The radar partﬁf the em %)ectrum spans from 3 to 1000 mm in
wavelength, or from 10"~ to 3 x 10" Hz in frequency. This span has been
divided into bands, designated by letters. ’ :

Table 2 shows the USA band designation and the wavelengths/
frequencies at which some SLAR systems operate. A different band designation
is used in the UK and a still different one has been approved by NATO
(Grant et al., 1973).
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TABLE 2 - RADAR BANDS AND SLAR SYSTEMS

WAVELENGTH FREQUENCY BANDS SLAR SYSTEMS
mm Hz (US.A)
1000 - 3-10°
900
800
- 4
700 +-————- e R.C.A.
60045 l
i
500 1 6 {
L 7 I
400 - |
= |
L 9 }
300 4 1110° I _
-
------ <
l
D —— b - -
| |
I |
- 2. | —_
| |
| |
| [
| |
| s |
100 43 [ !
90 1 | |
801 , : - Michigan University
70 - ' '
______ d [
6045 I |
[ & |
50 + 6 - {
| | |
wl? | |
RA !
F9 T t___}__ Goodyear and
30 1 110" X General Dynamics
————————————— phality -L—-—' Motorola
20 - Ku
—————————————— d——m- Philco — Ford
-2 }
K
1
1043 t
o4 ke Westinghouse and
8 ) Texas Instruments
- 4 —_—
7 -
]
Q-w
546
B [
4 —
- 8 P S—
9 t
3 —[ 110" ?D

(re-drawn from GRANT et al. I973)
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GEOMETRICAL ACCURACY

A common belief about SLAR is that, since the beam is oblique
with respect to the horizon, the image produced is an oblique view of the
terrain. This is wrong: distances between objects in the along-track
direction are measured by means of the forward movement of the aircraft,
which is constant; distances in the across-track direction are obtained
during data processing by converting slant ranges into ground ranges,
by means of an accurate knowledge of the height of the platform above the
terrain. The resulting imagery is an orthogonal projection of terrain
features. '

Goodyear claim that the maximum inconsistency between scale
along-track and scale across-track in their SLAR imagery is 1 percent.
Staff members of the Radam Project (Brazil) tested the Goodyear imagery
of the Amazon region and found it well within that specification
(Van Roessel & De Godoy, 1974).

National Mapping personnel tested the planimetric accuracy of
the Mt Isa SLAR mosaic by comparing it with 1:100 000 scale topographic
maps (DNM, 1973). The co-ordinates of 28 identifiable points were derived
from the mosaic and compared with those derived from the maps. The

result was:

East North
Largest difference 300 m - 160 m
Least difference : 40 m . 20 m
Mean difference 130 m ' 90 m

SLAR MOSAICS

The geometrical accuracy of SLAR imagery assures good matching
between contiguous strips having the same 'look' direction. Thus the strips
can be easily joined together to make excellent mosaics. It is impossible to
match strips that have been flown with opposite 'look’ directions over hilly
terrain.

The preparation of SLAR mosaics is often cheaper than that of
good quality airphoto mosaics: the airphotos are conical proj ections and,
unless the terrain is flat, it is often necessary to rectify them to obtain
good matching. ‘
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From stereoscopic SLAR imagery, mosaics can be prepared by
using every second strip. The remaining strips will then give stereo when
viewed in combination with the mosaic.

3. RELATIONS BETWEEN SLAR IMAGERY AND TERRAIN
FEATURES

The tonal variations on SLAR imagery represent changes in the
amplitude of the radar terrain return. To interpret the imagery it is
therefore important to know which parameters affect radar return, and
what are their effects and interactions.

MacDonald & Waite (1973) list five parameters:

1) Surface roughness
2) Incidence angle

3) Dielectric contant
4) Frequen:y

5) Polarization

In the author's opinion, another parameter should be added to the
list:

6) Look direction.
In addition it is very important for the interpreter to know the
geometrical relationship between SLAR image and terrain, because this

knowledge allows him to identify morphological features in the radar image.

The effects of each parameter and the possible geometrical defor-
mations are summarized in the following discussion.

PARAMETERS AFFECTING SLAR IMAGERY

Surface roughness

A surface is considered smooth in the radar sense when
h % --)\cosol , h_ being the mean height of the irregularities of the surface,
Nthe avelength of e beam and « the angle of incidence (Macdonald & Waite,
1973, page 148). T h > 2 A cos oL , the surface is considered rough.

(5
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Surfaces with intermediate values of hm are considered moderately rough.

For example, if A = 3.12 cm (Goodyear GEMS 1000), a surface
at near range ({ = 45°) is smooth whenh__ < 0.1 cm and rough when
h_ 2> 1.6 cm; a surface at far range (X = n}5°) is smooth when hms 1.1 cm
and rough when hm = 4.4 cm.

It can be seen from the above that the roughness is a function of
wavelength and incidence angle: the same surface is smooth to long wave-
length beams and rough to shorter wavelength beams; also a given surface
appears smoother at large incidence angles (near grazing) than at small
incidence angles.

When em energy is incident on a smooth surface, some of it may
penetrate beyond the surface and be absorbed, but any that is not absorbed

is reflected at an angle of reflection equal to the angle of incidence (Fig. 3a).
If the surface is rough (Fig. 3c¢) the energy which is not absorbed is scattered

a)

o€ = Angle of incidence

B = Angle of reflection

A = Incident wave

B = Back scattered
component

C = Specularly reflected
component

b) (re~drawn from GRANT et al. 1973)

c) B/

ROUGH SURFACE

MiaNz |
Fig. 3 - Scattering and reflection of radar energy (qualitative)

in all directions. Surfaces with intermediate roughnesses (Fig. 3b) scatter

b
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a small amount of energy in all directions and more in the specular direction:
the specularly reflected amount is inversely related to the degree of roughness.
The energy that is scattered back in the direction of the aerial is
called the backscatter. Figure 3 indicates qualitatively, but not quantitatively,

how the backscatter depends on the surface roughness.

Incidence angle

When the reflecting surface is smooth or slightly rough, the amount
of energy returned to the aerial decreases with increasing angle of incidence
(Fig. 4): if the beam is perpendicular to the surface ( < = 0), the specularly
reflected component coincides with the backscatter and the amount of energy
returned to the aerial is maximum; at near-grazing angle ( ¥ = 90°), a
maximum amount of energy is reflected away from the aerial. Therefore the

slopes facing towards the aerial give stronger echoes than those facing away
from it. ‘ .

N i N 45|
|
ooy | S
TERRAIN | d  SURFACE
1 |
- — +I<— — —— P e — e — e
MAX

|
|
MIN | INTERMEDIATE
| RETURN
|

=RETURN| RETURN
i

oC = angle of incidence
M(A)I4 ;

Fig. 4 - Radar return as a function of incidence angle

When the reflecting surface is very rough, energy is uniformly
scattered in all directions, and the backscattered component is virtually
independent of the angle of incidence.

If the surface forms a 90° corner reflector (Fig. 5), a specular

reflection takes place regardless of the angle of incidence, provided that
the beam lies in a plane perpendicular to the surface; this restriction

+
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M(A}IS
Fig. 5 Fig. 6
Two-faced corner reflectors Three-faced corner reflectors

does not exist if the surface forms a 3-faced corner reflector (Fig. 6).
Natural corner reflectors are common on rocks with rectangular fracture

patterns.

Dielectric constant

The higher the dielectric constant of the terrain surface, the higher
is its microwave reflectivity. On natural surfaces the changes in dielectric
properties are primarily due to changes in the water content. For example,
wet soils are better reflectors than dry soils. Differences in the radar
return from dense vegetation have been attributed to differences in the
moisture content of the foliage (Macdonald & Waite, 1973, p.149V. Water
bodies are very good reflectors but, at the angles of incidence used with
SLAR, they are likely to reflect most or all of the energy away from the

aerial.

The effect of the dielectric constant on radar returns is much
weaker than that of surface roughness and of incidence angle; it can be
observed and used as a diagnostic criterion only on fairly flat, smooth

surfaces.

The dielectric constant is a function of the beam frequency; this
relationship is discussed below.

Frguencx

Roughness, diélectric constant, and penetration, hence the type and
amount of information obtainable by means of SLAR, are related to the

frequency of the beam.

A given surface appears rougher at high frequency (short wave-
length) than at low frequency. Therefore high-frequency SLAR systems are
likely to produce diffuse returns; low-frequency systems are more likely
to produce specular reflections.

(%
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All materials have different dielectric constants at different
frequencies. For example, the dielectric constant of water is zero at 10
Hz, it rises to about 80 at frequencies 151 the X, Ku, K, and Ka bands, then
it drops and becomes zero again at 101 Hz. Since reflectivity is related
to dielectric constant, which is related to frequency, then reflectivity is
related to frequency. The best conditions for discriminating between targets
are obtained when using the frequency at which those targets show the
greatest possible differences in reflectivity. For example, both the Goodyear
system (X-band) and the Westinghouse system (Ka-band) are suitable for the
study of differences in the water content of natural materials.

The loss or attenuation of energy when a beam passes through a
material controls the penetration of the beam. This loss is a function of
the dielectric constant of the material, therefore a function of the frequency
used. In general, the higher the frequency, the greater is the attenuation,
hence the penetration is less. Experiments carried out at the Ohio State
University (Macdonald & Waite, 1973, p. 149) show that X-band energy can
penetrate a thin (13 mm) cover of vegetation, while Ka-band energy cannot.
Vegetation penetration appears feasible with L-band radars (Waite & Macdonald,
1971). In sand or soil the water content controls the dielectric constant, hence
the penetration of a given frequency. A table in Grant et al. (1973, p. 46) shows
that the X-band penetration, calculated from dielectric constant measurements,
is about 5 m for dry sand and about 10 mm for a soil containing 10 to 20 per-
cent water.

To study the effects of frequency changes on radar imagery, experi-
mental multi-frequency SLAR systems have been designed (Table 2). In the
University of Michigan model the frequency cannot be changed automatically.

In the RCA model the four frequencies can be changed automatically in sequence.

Polarization

If the terrain is very rough, the intensity of radar returns depends
very little on the polarization planes of the beam. In fairly flat terrain there
is a definite polarization dependency of radar returns. Several examples of
this dependency are shown in Westinghouse (undated).

In general, images produced by means of cross-polarized beams
(horizontal transmit, vertical receive) show good tonal contrasts between
targets having different textures, such as alluvial materials having different
grain sizes, or lava flows having different ages (hence, probably, different
weathering and vegetation); forest non-forest boundaries and agricultural
patterns can be better distinguished in images produced with like-polarized
beams (horizontal transmit, horizontal receive). Like polarized beams are

19
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little affected by target texture; hence they are best suited for the study of
tonal contrasts which depend on other causes, such as incidence angle or
dielectric properties of the terrain.

Look direction

The amount of backscattered energy is generally greatest when the
beam is perpendicular to the reflecting surface (Fig. 5). An obvious con-
sequence is that SLAR imagery is directionally biased: structures (geo-
logical, agricultural, urban, etc.) perpendicular to the beam direction are
imaged with good contrast; those parallel (in vertical view) to the beam
direction may not be imaged at all. The interpreter who analyses structural
features from SLAR imagery should take this bias into account. The problem
can be avoided by flying perpendicular runs, but this would double the cost
of the coverage, and increase the cost of the interpretation.

The look direction also controls the interpretability of relief in the
imagery. SLAR imagery reproduces terrain relief as a succession of light
and dark tones. The interpreter uses these tone differences to identify
landforms. Therefore the interpretation of SLAR mosaics made from strips
having the same look direction is easier than that of mosaics made from
strips having different look directions. I the strips have opposite look
directions, apparent relief inversions may occur (Fig. 8).

GEOMETRICAL DEFORMATIONS

SLAR imagery is an orthogonal projection of the terrain, and its
scale is fairly accurate. Nevertheless, it is not a perfect reproduction of
terrain features. The main factors which limit the fidelity of the image are:
poor resolution, radar shadow, and beam obliquity. Their effects are
described below.

Effects of poor resolution

Ground reflectors whose separation is smaller than the resolution
are imaged as one reflector. Reflectors capable of originating strong returns
can be imaged even if they are smaller than the resolution cell, but in the
image they appear much bigger (for example, see the comment to Fig. 18).
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Effects of radar shadow

The em radiation (Fig. 7) travels in straight lines and only objects
which are visible from the aerial can be imaged. Behind these objects radar
shadows, or areas of no energy return, are formed; these areas appear black
in the imagery.

The length of radar shadow is a function of range: the longer the
range, the longer the shadow. In Figure 7, object A produces an image A';
objects B and C are in shadow and cannot be imaged. The loss of information
owing to radar shadow can be reduced by flying higher and increasing the
depression angle. But to entirely cover very rugged terrain it is necessary
to fly runs with various 'look' directions.

Even though radar shadows eliminate some terrain information, they
are a valuable feature of SLAR imagery. They make small terrain undulations
appear conspicuous and are the reason why SLAR emphasises the impression
of relief. McAnerney (1966) describes a method for measuring terrain relief from
radar shadow. Lewis & Waite (1973) have acquired quantitative geomorphic
data by statistically analysing radar shadow frequencies.

Effects of beam obliquity (layover)

Figure 7 shows the types of geometrical deformations that occur when
objects standing on an horizontal surface (datum plane) are imaged. Flight
altitude and depression angles are the same as those used for the Mt Isa
imagery; pyramids 1, 2 and 3 are 1500 m high.

Pyramid 1 is at near range, where the beam has a steep depression
angle. The first echo from the pyramid is produced when a pulse reaches the
top D. That echo could equally have come from point E, where the pulse inter-
sects the datum plane; it is recorded on the data film as coming from a
distance PD = PE, and the image of D, D', is closer to the near range than in
reality. The same type of displacement affects all the points above the datum
plane; the amount of displacement decreases with increasing range. The base
line of the pyramid, FG, which is on the datum plane, does not appear to move
and can be correctly positioned in the imagery. Face F'G'D’, image of FGD,
appears upside down: this phenomenon is called layover and occurs whenever
the time sequence of the echoes is inverted because of terrain relief. Object H
on the datum plane is imaged as if it was on face FGD. Echoes from faces
DFI and DGL start arriving when face DFG is still reflecting, thus their images
D'F'T' and D'G'L' will be partly superimposed on D'F'G'.
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As the pulse travels farther away from the aerial, the wavefront
becomes steeper and layover is less likely to occur. Pyramid 2 is imaged
as if leaning towards the near range, but no face appears overturned and
the image of point M, M', appears in its correct position with respect to
the pyramid. Pyramid 3, at far range, is the least deformed.

4. SLAR INTERPRETATION

PROCEDURES

A systematic SLAR interpretation procedure is described by Barr
& Miles (1970). The method was devised for the delineation of soil types
by means of the identification of the parent material, and is applicable as
well to other geological problems.

Very briefly it consists of:

a) Identification and delineation of 'pattern elements', by means of
tone and texture observations (e.g. 'element with medium average areal tone,
smooth texture'). '

b) Evaluation of 'patterns' formed by associations of pattern elements:
the patterns are : patterns of drainage (e.g. 'dendritic, locally rectangular,
very dense'); patterns of topography (e.g. 'hilly topography, moderate relief');
and patterns of land use (e.g. 'no evidence of agricultural activity; tone and
texture indicative of brush and grass’).

c¢) Inference of landform type (e.g.: 'bedrock hills').

d) Inference of geology (e.g.: 'consolidated sedimentary rock,
possibly shale').

In Brazil, the Radam Project teams use a different method for the
SLAR interpretation of the Amazon region. The imagery is interpreted for
geology (lithology and structure), geomorphology, soil, and vegetation, with
the purpose of preparing a map of the potential land uses. The lithological
interpretation is based mainly on the analysis of drainage patterns; the
structural interpretation mainly on the study of landform. The whole inter-
pretation procedure is described in Maffi (1974).

Chapter 5 (page 31) contains a description of the procedure developed
for the interpretation of the Mt Isa imagery.

Whatever method is used, the interpretation of SLAR imagery (as
that of any other type of imagery) rests on the following basic principles:

15
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a) Any two areas with the same rock type and geological
history, under similar environmental and climatic conditions, should
appear similar in the imagery.

b) Any two areas with dissimilar appearance, under similar
environmental and climatic conditions, should have dissimilar rock type
and/or geological history.

c) The interpreter is familiar with the imagery-terrain relations.

When these principles do not prevail, the interpretation is doubtful
or impossible.

Some factors, such as fire, flood, and human actions tend to alter
the appearance of natural objects, but a careful interpreter generally can
identify these factors by means of their characteristic patterns.

The interpretation of SLAR imagery (as that of any other imagery)
should be followed by a field check; a revision of the interpretation is generally
necessary after the field check.

EXAMPLES

This section contains the SLAR images of various geological and of
some non-geological features, accompanied by brief comments. Half-tone
printing has eliminated a considerable amount of fine detail: even so, these
examples demonstrate the radar response of many different terrain features.

Some of the examples are of Papua New Guinea, and some of the
Mt Isa area.

Papua New Guinea examples

The imagery was flown in 1970 with Westinghouse equipment at a flight
altitude of 6000 m above mean ground level. Figure 8. is a detail of the SLAR
mosaic at 1:250 000 scale; the other examples are parts of SLAR strips at
1:220 000 scale. Unless otherwise indicated, north is towards the top of the

pages.

Figure 8 - To some observers, the southern half may appear to have
an inverted relief owing to 'illumination' from the south: to ehmmate this
effect, the interpreter should turn the page upside down.
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A meander of the Sepik River appears in the northwestern corner.
The dark area in the northeastern corner is Chambri Lake; calm water
specularly reflects em energy away from the aerial and is imaged black;
the dark grey areas with white patches are swamps. All other areas are
covered by thick tropical forest. The flat, uniform, light to medium grey
areas correspond to alluvium (A). Near the centre top, the low-relief area
with a finely-speckled texture is occupied by intrusive rocks (I); two or
possibly three sets of closely spaced fractures can be distinguished on L
The massive round-topped smooth hill at centre left is formed by ultramafic
rocks (U) which, to the northeast, are faulted against volcanic rocks (V). All
the other areas are underlain by metamorphic rocks (M).

Figure 9 - Layover is visible along the north side (Near Range).
The Frieda Fault (FF) crosses the centre of the area roughly in an east-west
direction. North of the fault, ultramafic rocks (U) form round-topped smooth

-hills and can be distinguished from metamorphic rocks (M).

Figure 10 - North is towards the bottom of the page. Oxbows and
abandoned meanders fringe the Sepik River. A lake is visible near the centre
top of the figure. The outcrops are formed by volcanic rocks. Though most
of the region was cloud-covered during the SLAR mission, only a few heavy
rainstorms, such as that near the top right corner, obscure the imagery.

Figure 11 - North is towards the bottom of the page. In this area
near the estuary of the Fly River, tone differences allow the interpreter to
separate blocked-valley swamps (as defined by Blake & Ollier, 191) from
a dissected plateau (P). The swamps are imaged in light grey tones where
they are covered by broad-leaf grasses, which reflect a fairly large amount
of energy back to the aerial; and in dark tones where water predominantes. The
plateau is imaged in medium to dark grey tones: the rainforest in this area
behaves as a poor reflector. Note the corner reflector effect (bright
reflections) along the slopes facing towards the top:of the image (Near Range).

Figure 12 - North is towards the bottom of the page. The Lagaip
River (lower left) and the Om River (lower centre) join together to form the
Strickland River (centre) 1, 2, 3, and 4 are thrust sheets (as defined by
A.G.L, 1962) of Tertiary limestone. The upper sheets form boat-like synclines,
with Miocene siltstone in their cores. The thrust sheets partly overlie Mesozoic
marine clastic sedimentary rocks. The correct interpretation of features like
these would be impossible on imagery alone; but a limited amount of field
information is generally sufficient to put the interpreter on the right track.
Trend lines are clearly visible in many places in the Mesozoic rocks. Karst
topography appears in some places on sheet 3 (centre left).

U
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Figure 13 - Before reaching the alluvial plains (lower left corner),
the Strickland River crosses a series of synclines (S) and anticlines (A). The
last crossed is the Cecilia Anticline, which is extremely well displayed in
this image. In the northeastern corner of the figure Oligo-Miocene limestone
crops out. Miocene and Pliocene marine and terrestial clastic rocks form well
displayed dip-slopes.

Figure 14 - Eruptive products from a quarternary volcano, Mt
Murray, overlie a sequence of thrust sheets formed by Tertiary limestone. The
undulating, striped pattern of the lava flows is easily distinguishable from the
spotted pattern of the karst topography, but the thrust-fault structure cannot
be detected from the imagery alone.

Figure 15 - The narrow ridge across the centre of the image in a
roughly east-west direction is the Victor Emanuel Range and the river in the
southeastern corner is the Strickland. South of the centre, the massive-
looking hills with a rectangular fracture pattern are formed by Upper
Cainozoic diorite (I) intruding Mesozoic marine clastic sedimentary rocks (S).
The northern half of the figure is occupied by Tertiary limestone (L).
Limestone 1 is autochthonous: 2, 3, 4 and 5 are thrust sheets. Cretaceous
shale and sandstone are visible between sheets 1 and 4. Folds and faults are
visible in the limestone.

Mt Isa Examples

All the examples are part of SLAR mosaics of 1:100 000 scale.
Information on the flight parameters is included in Chapter 5.

Figure 16 - The river crossing this area in a southwesterly direction
is the Templeton River. A fault appears to have displaced its course; the
river itself runs along a lineament, probably a fault. The interpretation is in
Plate 1.

Figure 17 - This area is located a few kilometres north of Mt Isa.
The medium grey, flat area marked Cz is occupied by Cainozoic deposits;
isolated granite outcrops (G,) are clearly visible. Granite occupies the
fairly flat, dissected, fractured area G,. The ranges to the east are
formed mainly by quartzite and sandstone; the depressions between them
mainly by shale and siltstone.

The Mt Isa Fault is difficult to map on SLAR particularly where it is
parallel both to the bedding trend and to the radar beam: from A to B it
follows the eastern side of a ridge; south of B most interpreters would probably
trace it along the same side, to C; instead it crosses the ridge (BMR, 1973)
and runs along its western side (B-D). The resulting inflexion is clearly

visible on airphotos.
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Fault EF is un-mapped. On the SLAR mosaic it appears as a

continuous, curved feature; on airphotos it appears formed by short

straight faults. :

Figure 18 - Near the northwestern corner, the dark, irregularly
shaped patch is the vegetation clearing of Mt Isa airport: its flat smooth
(in radar sense) surface reflects most of the em energy away from the
aerial. The sealed north-south runway is not distinguishable in the clearing.
The airport buildings are good corner reflectors and appear white. North of
them, the metallic poles of a power line are perfectly visible, because of
their high dielectric constant, even though their size is much smaller than
the resolution; in the image they appear as if they were elliptically-shaped
objects measuring 40 m in the along-track direction and 20 m in the across-
track direction. Mt Isa town and several tailings dams are in the southwestern
quarter.

| The Mt Isa Fault (arrows) is visible with difficulty where it is parallel
to the beam direction. Light-toned areas in relief are formed by quartzite
and sandstone (Q). Among the flat areas, those imaged in dark tones are
formed by siltstone and shale (S); those with a striped pattern are formed
by predominantly volcanic rocks (V). Trend lines and light-toned quartzite
lenses are visible in V. ff is a fault and jj a mosaic join.

Figure 19 - The white pateh near the northwestern corner is Mary
Kathleen town. G1, G2 and G3 are granite. G1 probably is weathered and
soil-covered. Within G1, dark-toned linear features (aa, bb) are dolerite
dykes, light-toned rounded hills (¢) are remnants of dolerite dykes.
Sedimentary rocks (mainly calcareous sandstone and quartzite), and slate
and schist are marked S. A syncline is visible south of the centre of the
figure. The linear feature dd has been mapped (BMR, 1972b) as a dolerite
dyke; it is possible that similar features ee and ff are also dolerite dykes,
though they have not been mapped. The Fountain Range Fault is indicated
by arrows; its southern part, where it appears darker, coincides with the
Northwestern Highway.

Figure 20 - The Cloncurry-Dobbyn railway (white line) and the
Cloncurry-Quamby road (dark line) cross the Corella River. The tone difference
is due to the difference in dielectric constants. The detectability of both
railway and road depends on orientation relative to the beam direction,
and an amount and height of flanking vegetation.

The flat areas with poor reflectivity are formed by Cainozoic deposits.
The elongated outcrop with a transverse fault is formed by clastic sedimentary
rocks (S); the irregularly shaped outcrops are formed by granite (G). In this
and in other examples, most river beds are imaged in light tones; this means

that their surfaces are rough in the radar sense (page 11).
2T
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Figure 21 - Fountain Range is a steep ridge formed by the quartzitic
filling of the Fountain Range Fault. Maximum relief is about 200 m. On
vertical aerial photographs this feature appears much less conspicuous.

Figure 22 - Ten km west of Malbon town, the corner-reflector
effect reveals thin, low-dipping limestone beds of Middle Cambrian age.
In the northwestern corner, the Camel Fault brings these beds into contact
with Lower Proterozoic volcanic rocks.

Figure 23 - Along the Cloncurry River, about 40 km southwest of
Cloncurry, tightly folded Proterozoic rocks crop out through Cainozoic
deposits. By using tone and relief these rocks can be divided into quartzite
(light-toned ridges) and interbedded volcanic rocks (dark-toned depressions).

Figure 24 - This area is about 65 km east of Duchess. The
curving lineament ABCD is described on page 37.

Well displayed in the figure is also a syncline with north-northeast
trending axis, formed by quartzite, slate, and schist. The fairly flat, fractured
area in the northwestern corner is underlain by granite. .

5. MT ISA SLAR PROJECT

In June 1972, the Division of National Mapping and BMR undertook
a joint project for the evaluation of the mapping capabilities of SLAR in arid
regions. The Mt Isa was selected because of the high economic interest and
the availability of detailed ground information.

" The area

The region has an arid tropical climate; the annual rainfall ranges
from 380 to 500 mm and is mostly limited to the four summer months
December-March. The mean monthly temperature ranges from 31 °C in
January to 18°C in July.
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Except for a few flat tracts, the area is highly dissected; however,
local relief exceeds 300 m in few places. The altitude above m.s.l. ranges
from 200 m in the northeastern corner to about 650 m in the centre.

Large eucalypts thrive along the main watercourses. The plains
are generally grassy and sparsely timbered. The hilly country supports
light grasses, scrub, and low trees.

The airborne mission

The timing of the mission was chosen to take advantage of the
movement from Indonesia to America of a SLAR-equipped aircraft; no such
equipment is permanently available in Australia and mobilization costs
from the USA would be prohibitive for a small project.

The cost of the coverage was $40 700, of which $20 700 were for
flying and data collection, and $20 000 for mobilization to re-route the
aircraft to Australia from the direct Indonesia-Brazil route.

Coverage of two areas was planned: area A (Fig. 25) is 100 x 30 km
and was to be flown in east-west strips with radar looking south; area B is
30 x 15 km and was to be flown in north-south strips with radar looking west.
On the day of flying, 17 June 1972, very strong high-level westerly winds were
blowing. When flying in a driection perpendicular to the wind, the aircraft drift
was greater than the antenna compensation capability, so the pilot decided to
postpone the north-south runs to the next day. On 18 June the drift was still
too great; the pilot abandoned the north-south runs and added ajnumber of east-
west runs to area A. A coverage much bigger than the 3450 km~ stipulated
in the contract was obtained an% delivered to DNM/BMR at no extra cost: the
mosaic covers about 15 000 km"; the stereoscopic coverage is about 10 000 km .

o

Weather permitting, Super Wide Angle (SWA) and multi-spectral
photographs were to be taken. On 1 June some colour IR photography was
obtained before the weather deteriorated, but it is not usable because a blue
filter had been left on the camera lens. On 18 June panchromatic photographs
were taken soon after sunrise: the small sun-elevation angle produced shadows
comparable with those of SLAR imagery. No multi-spectral photography was
acquired because of the breakdown of the camera. -

The flight parameters for the mission were:
Flight altitude: 9000 m a.g.l.

Near-range depression: 45°
Far-range depression: 15°
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Distance from aircraft ground track to near range: 9000 m
Distance from aircraft ground track to far range: 33 300 m
Maximum slant range: 34 500 m

Strip width: 24 300 m

The material supplied by the contractor (Canadian Aero Service Ltd)
was:

A negative film at 1:400 000 scale of each SLAR strip

A negative film and a positive print of each SLAR mosaic at 1:100 000
scale (4 sheets)

A positive print of each 'stereo' strip at 1:100 000 scale
(stereoscopic effect is obtained when viewing pairs formed by a
'stereo’ strip and the mosaic)

Negatives and positives of all photography.

The equipment

The aircraft was a twin-jet Caravelle equipped with a Go%'dyear SLAR
system model GEMS-1000, a Zeiss RMKA 8.5/23 camera and an IS multi-
spectral camera.

The specifications for the SLAR system were:

Type: focused synthetic aperture

Wavelength: 3.12 cm (X-Band)

Frequency: 9600 mHz

Antenna: one array on port side, one on starboard side, stabilized
in roll, pitch and yaw. Either array coul be selected in
flight

Polarization: horizontal transmit, horizontal receive

Beamwidth: horizontal 1.4°, vertical 45°

Resolution: 16 m along and across track at all distances

Pulse length: actual 0.9 microsecond; effective (after pulse
compression) 0.06 microsecond.

Pulse repetition frequency: 1000 to 1600 pulses per secorid

Motion compensation of antenna: yaw - 6°; pitch and roll = 3°;
drift - 6° (this has been increased to 15° in recent models);

look angle adjustment < 17°.
Image scale: data film 1:400 000 in range, 1:5555 in azimuth; image
film: 1:400 000 both dimensions

Nominal maximum slant range: 57.5 km

Maximum width of imageable swath: 37 km

Minimum far range depression: 10°

Maximum near range depression: 45°

Geometric fidelity achievable: 1% maximum inconsistency between

scale along track and scale across track.
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INTERPRETATION METHOD

The interpretation was carried out entirely on 1:100 000 scale paper
prints of the imagery, alternatively in monoscopic and in stereoscopic vision.
The annotation, was made by means of colour pencils, on 0.075-mm thick
Ultrapham sheets fixed to the northern edge of the mosaics in such a way
that they could be easily lifted. This was necessary because both pencil
marks and Ultrapham sheets tended to mask fine details in the mosaics.

The monoscopic study was made both with the naked eye and with
a 1.5x self-supporting magnifying glass incorporated in an illuminator
(Maggylamp, manufactured by Newbound & Co. Ltd).

For the stereoscopic study, a Toko mirror stereoscope equipped
with a 3x binocular attachment was used; when the attachment is lifted off, a
pair of 1.8x lenses can be inserted in the optical path to bring the image near
the interpreter, so that the model appears to form at a distance of about 25 cm.

The following is a description of the interpretation procedure:

1. Preliminary interpretation:

Annotation of linear features
Annotation of drainage
Identification and isolation of 'SLAR units', i.e. areas having
uniform relief, drainage, tone, and texture
Association of linear features and SLAR units with possible
~ geological equivalents.

2. Check of preliminary interpre{tat?on ‘a'gainst field information:

Recently mapped 1:100 000 scale geological maps (BMR 1972 a, b;:
BMR, 1973; BMR, in prep.), which are the result of numerous traverses
coupled with the interpretation of 1:25 000-scale colour aerial photo-
graphs, provided excellent field information. Therefore a direct
field-check of the interpretation was unnecessary.

3. Final interpretation:

Under normal circumstances, a SLAR survey would presumably be
carried out where little or no geological information is available

and the field check would be limited to a few traverses. To evaluate
the Mt [sa imagery under similar circumstances, a test area of about
800 km~ was selected on the mosaic and two hypothetical 'traverses'
were traced across the test area; then, along these traverses, 'field’
information from the geological maps was plotted; finally the test
area was re-interpreted extrapolating from the 'traverses’.

1l
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To keep the evaluation of SLAR as objective as possible, the pre-
liminary interpretation was carried out without reference to available
ground data; however at that stage the interpreter already had some
familiarity with the general geology of the area.

Plate 1 shows the preliminary interpretation (A), a lithological map
produced from the 1:100 000 scale geological maps (B) and the final interpre-
tation (C) of the test area." :

RESULTS

Preliminary interpretation

a) Comparison of SLAR interpretation (Plate 1,A) with lithological
map (Plate 1, B):

¢

(SU = SLAR Unit; LT = Lithological Type).

SU1 generally corresponds with Cainozoic deposits (LT 1); in some
places also with other hthologlcal types (LT 2, 4, 6) where they crop out on
flat terrain.

The boundary of SU2 matches very well with that of LT4 in the western
part of the area. Because of the mesa-like relief associated with SU2 this
unit was interpreted as formed by recent, poorly consolidated rocks: instead it
is formed by Cambrian conglomerate, chert, and siliceous shale.

SU3 corresponds fairly well with LT3, both in rock type and in areal
distribution.

SU4 in some places corresponds with LT3, in others with LT4. In
others it has no analogy with any LT. It is formed by different rock types
which produce similar radar signatures.

SU5 matches very well with LT5. Only one outcrop interpreted as
SU5 is LT2. The geological equivalent of this unit, interpreted as soft
sedimentary or low-grade metamorphic, is in fact metabasalt with minor
interbedded tuff, quartzite, and sandstone.

SU6 is formed by intrusive rocks, as interpreted. Its distribution
corresponds very well with that of LT6 where the rock forms large outcrops
and shows characteristic fracture patterns, as in the northwestern part of
Figure 17. Where the rock crops out from Cainozoic deposits (southwestern
corner of Fig. 17) the boundaries can be readily trace even if the outcrops

Y1
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are small and relief is low, because of the sharp tone contrast in the radar
display; but rock type identification is uncertain and can only be estimated
by analogy with large outcrops nearby. Where relief is low and fractures
are not visible (e.g. western quarter of the area) or where small intrusive
bodies occur among other rocks (e.g. northeastern corner), the corres-
pondence between SU6 and LT6 is poor or nil.

- SU7 has a distinct radar signature, but its composition and its
air-photo signature are similar to that of SU3. A difference in surface
roughness beyond the limit of airphoto resolution may be the reason.

b) Other features of the preliminary interpretation:

The main drainage can be easily delineated and matches fairly well
with that of topographic maps at 1:100 000 scale; the differences are within
the tolerance of the mosaic. The minor drainage channels can be easily
mapped in fairly flat areas, but on rough terrain they can be mapped with
confidence only under stereoscopic vision. The outline of several lakes on
SLAR imagery is different from that on the topographic map (e.g. Lake
Moondarra), owing to differences in water-levels in the reservoirs.

Many faults, lineaments, and sets of weathered joints have distinct
radar signatures. Some, particularly those parallel to the beam direction
(Fig. 18) are best detected under stereoscopic vision. The number of faults
longer than 1 km in the preliminary interpretation is about the same as in
BMR (1973) and BMR (in prep.). But faults shorter than 1 km are much
more abundant in the geological maps than in the SLAR interpretation.

A fault and a lineament that have not been previously mapped are
shown in Figure 16.

Several other lineaments are present in the area covered by the
SLAR mosaic. One of the most interesting, because of its possible relation
with copper mineralization, is the curving lineament ABCD in Figure 24,
which has not been previously mapped in its full extent; part BC coincides
with a dolerite dyke (Carter & .D pik, 1963). Because of its large size, the
lineament is difficult to detect on aerial photographs: once detected, it can
be followed fairly easily on RC9 photos at 1:85 000 scale, but with difficulty on
K17 photos at 1:50 000 scale. On ERTS-1 imagery at 1:1 000 000 scale, it is
visible where it is formed by large tone-contrasting elements not parallel to
scan lines; the image in which it is best displayed is 1296-00081-5.

¢
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The lineament extends to the south and southeast beyond the limits
of the SLAR coverage and is elliptically shaped, with a long axis of almost
35 km in the east-west direction and a short axis of about 27 km. The part
of the lineament included in the SLAR coverage passes through two copper
mines (Young Australia and Hidden Treasure) and very close to a third
(Kuridala). To the south and southeast the lineament is less pronounced
in areas of Mesozoic rocks, but there are several clues suggesting that it
passes through Mt Elliott copper mine, south of Selwyn. If so, this lineament
may be part of a structural feature related to copper mineralization in the area.

Bedding trends are generally easy to detect, particularly where they
are not parallel to the beam direction. Where dip-slopes are present (Fig. 22)
dips can be estimated under stereoscopic vision.

¢) Comparison of preliminary interpretation (Plate 1,A) with
1:100 000 scale geological maps (BMR, 1973; BMR, in prep.):

The boundaries of the interpretation show much less detail than
those of the geological maps.

Each SLAR unit includes several rock units (generally grouped
by rock type).

Most of the major faults, many of the minor faults, and some un-
mapped lineaments are present in the interpretation.

In general, the preliminary interpretation is a much simpler
(reconnaissance type) map than the 1:100 000 geological maps.

Final interpretation (Plate 1, C)

The final map shows known rock units instead of SLAR units; and
more detail than the preliminary map.

There are many points of interest which deserve a comment. The
following numbers correspond to the circled numbers in Plate 1,C. SI meéans
SLAR interpretation (Plate 1,C). GM means geological map (either BMR, 1973;
or BMR, in prep.). RC9 means Mt Isa/Cloncurry aerial photographs 4/96-110
and 5/64-76 at 1:85 000 scale, flown in October, 1966. Oc(s) means outcrop(s).
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1 - Large oc of granite in GM, small scattered ocs of granite
in SL. Probable reason for difference: granite is weathered
and partly soil-covered.

2 - Small granite oc, not detected by radar.

3 - Previously unmapped lineaments, not visible on RC9 but
clearly visible as tone alignments on SLAR.

4 -~ Previously unmapped lineament, clearly visible both on
RC9 and SLAR.

5 - Oc of granite in GM, not visible on SLAR. Oc 5a, interpreted
as granite, is instead Mesozoic capping.

6 - Previously unmapped lineament clearly visible on SLAR,
partly on RC9.

7 - Fault in GM, not visible on SLAR nor on RC9.

8 - Previously unmapped fault, in RC9 appears formed by
sequence of straight faults.

9 - ST and GM boundaries match very well. :

10,11 - GM boundaries not visible on SLAR. SI is completely
different from GM in this area. Possible reason :
peneplanation has cancelled the effect of lithology on
landform.

12 - Previously unmapped fault and lineament, both visible on
SLAR and RC9.

13 - SI and GM boundaries match very well. North of 13, me
and mi cannot be distinguished on SLAR.

Area between boundaries 13 and 9 - Granite ocs much smaller
on ST than on GM. Probably same reason as at point 1.

14 -~ Previously unmapped fault well visible on SLAR and RC9.

15 - Fault on GM, perfectly visible on RC9, slightly on SLAR
because parallel to beam direction.

16 - Boundaries not visible on SLAR, vigible on RC9.

Area between 17 and 18 - Most GM boundaries can be recognised
on SLAR, but not followed beyond 'traverse' zone. Shape and
distribution of ocs in ST is very different from that in GM.

Area comprised within 18, 19, 20, 21 - all boundaries can be
easily followed. SI agrees very well with GM. Exception :
inflexion of Mt Isa Fault (see comment to Figure 17, page 25).
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Area between fault 20-21 and boundary 22-23 - Bib is
characterized by hilly landform, its boundary in GM agrees
with that in SI. West of Pib, GM shows metabasalt (Bhc, Ehe),
giltstone (Bin, Pik), and shale (Riu, Pig); they crop out in "
uniform, flat country and cannot be separated on SLAR.

Between 24 and 25 - No analogy between GM and SL

Between 26 and 27 - Some analogy between GM and SI; better
agreement can be observed between SI and BMR, 1972c.
Southward, analogy decreases rapidly with increasing
distance from 'traverse'.

Between 27 and 28 - Most boundaries and faults of GM
match well with those of SI. Rock type differences
are reflected by landform. Exceptions: dolerite 29 and
dykes 31 and 32 cannot be detected on SLAR.

30 - Large oc interpreted as Phl for analogy with ocs along
traverse A, is instead Phm, Bhg1 and Bhgz, whose rock
type is similar to that of Bhl.

33,34 - Faults, also visible on RC9, partly coincide and partly
are aligned with faults mapped in GM.

Between 35 and 36 - Faults, boundaries and rock units of SI
correspond with those of GM near 'traverse' zone; but
starting from a distance of about 2 km north of 'traverse’,
similarity decreases rapidly. Beyond 3 km, only general
shape of GM ocs is identifiable in SL

The remarks on faults, lineaments, sets of joints and bedding trends
made for the preliminary interpretation are valid also for the final interpre-
tation. A quantitative comparision between faults in SI and in GM is shown
in Table 3. The faults shorter than 1 km are difficult to detect on SLAR
imagery; but if this class is excluded from the computation, the number of
faults in SI is the same as the number of faults in GM. In the 5-10 km
class, several GM faults are parallel to the direction of the radar beam and
others are curvilinear: this resulted in poor detectability on SLAR imagery.
In the class over 10 km, the number of SI faults is almost twice that of
GM faults, a direct result of the synoptic view of the terrain offered by
SLAR.

4
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TABLE 3 - NUMBER OF SLAR-INTERPRETED VERSUS
FIELD-MAPPED AND PHOTOINTERPRETED FAULTS IN TEST AREA

Length classes Faults on SLAR Faults on 1:100 000

(km) interpretation map

(No.) (No.)
Less than 1.0 . 16 102
1.0 - 2.5 90 89
2.5 - 5.0 38 30
5.0 - 10.0 9 21
More than 10.0 ' 7 . 4
All faults 160 246
~ Faults>1 km long 144 144

Compzirison of SLAR imagery with simultaneous photography.

The colour IR photography taken on 17 June is not usable as such
because of the blue hue. However two important facts emerge : a) few frames
are cloud-free, and b) the coverage had to be abandoned when the weather
deteriorated, while the SLAR mission continued unaffected.

The five runs of panchromatic photography taken on 18 June are
practically cloud-free.

Run 1 and part of run 2 were flown too early in the morning and
are affected by mist and long shadows.

Half of run 2, run 3, and about half of run 4 show no mist and the
shadows are comparable with those produced by SLAR. As does SLAR
imagery, these photographs emphasize the effect of relief, and therefore
improve the interpretability of landforms. Their grey tones seem to be
more closely related to lithology than those of SLAR imagery. Their
resolution is much higher than that of SLAR imagery, thus they contain more
information than SLAR imagery on rainage, vegetation, and man-made
features.

Kz
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Starting from about the middle of run 4, the low sun-angle effect
begins to fade out. From the flight log prepared by the pilot, it can be seen
that, on 18 June, photography with satisfactory low sun-angle effect was
taken between 0730 and 0830 hours.

CONC LUSIONS

The following remarks are valid for X-band SLAR imagery, when
scale, flight parameters, and area are similar to those described at the
beginning of Chapter 5.

The study confirmed for the Mt Isa area the well known properties
of SLAR, described by many authors for other areas : all-weather capability,
uniformity of illumination direction, emphasis on effect of relief, synoptic
view of terrain, and suitability for reconnaissance geological mapping.

In several places different lithological types give similar radar
signatures (e.g. SLAR Unit 4 is formed by lithological types 3, 4, and, to
a lesser extent, 5 and 6). In some places similar lithological types give
different radar signatures (e.g. lithological type 3 corresponds with SLAR units
3, 4, and 7). Some rock units can be easily outlined but their lithological type
is difficult or impossible to ascertain (e.g. € me-€mi, Plate 1, C). However,
in general, there is a fairly good agreement between SLAR interpretation and
the lithological map at 1:100 000 scale : quartzite and sandstone can be
identified mainly by landform, volcanic rocks by pattern, and intrusive rocks
by fracture traces, where they are not deeply weathered and soil-covered.
Calcareous rocks, shale, and siltstone are the most difficult to interpret.

The main mterpretatmn tools are: the study of landform on hilly
terrain; and the study of tone differences on flat terrain.

Structural features such as bedding trends, faults longer than 1 km,

" lineaments, and joint sets are well displayed. However there is a bias against

linear features parallel to the radar beam direction; this should be taken
into account particularly when carrying out statistical analyses of such
features.

In structural interpretation SLAR imagery is particularly suitable :

a) For the detection of features ranging in size between 20 and 50 km,
that is too large to be perceived on aerial photographs at usual
scales (1:50 000 and 1:85 000), and too small to be readily
identified on satellite images. After detection on SLAR these
features can generally be recognized on aerial photographs or
satellite images.

Y
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b) For the detection of features that are not displayed by aerial
photography, such as some tone alignments in flat areas,
probably produced by differences in dielectric contrast or
in roughness (in radar sense) of ther terrain.

Of several new lineaments discovered on SLAR imagery, one may
be connected with the presence of copper mineralization and should be
further investigated.

The main drainage channels can be easily mapped from SLAR mosaics.
Minor watercourses can be traced monoscopically with confidence only in

flat areas.

Stereoscopic vision is not as necessary to SLAR interpretation as
to photo interpretation. It helps in the annotation of minor drainage (particularly
in hilly areas), in the annotation of linear features, and in the study of
landforms; it allows the interpreter to estimate dips and to distinguish tonal
differences due to relief from those due to other causes, such as dielectric

constant or roughness of the terrain.

Where different rock types are accompanied by different morph-
ological features and structure is very simple, such as in the ranges west
of Mt Isa, traverses separated by as much as 10 to 15 km should be
sufficient to check the preliminary SLAR interpretation. Where the geology
is complex, closer traverses should be made. Traverses 2 to 3 km apart
should be made to check the preliminary interpretation of areas as com-
plicated as that to the southeast of Lake Moondarra. After such a field
check, the final interpretation should provide valuable information for the
planning and execution of detailed geological field mapping.

SLAR imagery should be considered as a complement, not as a
substitute, for aerial photography.

Shadow effects similar to those of SLAR imagery can be obtained
with low sun-angle photography, but owing to the rapid change in sun elevation,
the useful flying time is about one hour a day; if illumination from opposite
directions is not a problem, that time can be extended to one hour in the
morning and one hour after noon. Therefore low sun-angle photography
costs much more than normal photography.

: The cost of S coverage in Australia is very high. In 1972 it
ranged between,$6/km" for an area of a few thouiand square kilometres,
to about $3/km” for areas bigger than 50 000 km"~, in addition to aircraft
mobilization expenses. A comparison between the cost of SLAR imagery
and that of other types of coverage woul be misleading because other

P4
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remote sensors do not possess some of the SLAR properties mentioned
above. Therefore the question whether SLAR is cost-effective in Australian
semi-arid environments cannot be answered absolutely: the answer depends
on the importance that some properties of SLAR may have for the solution
of the particular problem being considered. These properties are: the
combination of relief enhancement with synoptic view of the terrain, and
the capability of defecting linear features that would be difficult or
impossible to detect on aerial photographs or on satellite images.
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A— PRELMINARY SLAR
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INTERPRETATION
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Dark to very dark tone. Mottled texture.

2. Mesa-like relief, dissected in places.
Fractured in places. Scarce, dendritic
drainage. Medium tone. Mottled texture.

3. High relief. Distinctly bedded, formed
by alternating hard and soft layers.
Abundant, mainly consequent drainage.
Moderately fractured. Very high

corner reflectors. Coarse texture.

4. Similar to 3, but less distinctly bedded

5. Low to very low relief. Bedding or
lineation clearly shown by tone variations.
Some fractures. Moderately abundant
drainage, generally dendritic but in some
places structurally controlled. Average
tone is dark. Texture is generally
streaked, but mottled in places

6. Low to very low relief, massive. Very
fractured. Very scarce, dendritic
drainage. Medium grey tone. Mottled
texture.

7. High relief. Smooth, rounded hills
separated by deep narrow valleys. Very
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few fractures. Dense drainage. Light
tone. Smooth, uniform texture.

8. Small outcrops lacking distinctive

20 30

20 30

'TRAVERSE’ A

'TRAVERSE' B

- —reflectivity probably-due-to-abundanceof ———

REFERENCE
— Main drainage
v

—_— Boundary
———— Fault

Li t

EEr W T Joint sets
- Dips
——— Dyke

-_— Trend line
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SLAR units Possible Equivalent
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