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The In Ouzzal Terrane (IOT) located in the north-western part of the Tuareg Shield forms an elongated
N–S trending block, more than 400 km long and 80 km wide. It involves an Archaean crust remobilized
during a very high-temperature metamorphic event related to the Palaeoproterozoic orogeny. The IOT
largely crops out in the rocky and sandy desert of Western Hoggar. It corresponds mainly to a flat area
with some reliefs composed of Late Panafrican granites, dyke networks or Cambrian volcanic rocks. These
flat areas are generally covered by thin sand veneers. They are favorable for discriminating bedrock geo-
logical units using imaging radar, backscattering measurements, and field checking, because the stony
desert is particularly sensitive to the radar parameters such as wavelength or polarization. The main
radar data used are those obtained with the ALOS-PALSAR sensor (L-band), in ScanSAR mode (large
swath) and Fine Beam modes. The PALSAR sensor has been also compared to ENVISAT-ASAR and to opti-
cal imagery.

Detailed mapping of some key areas indicates extensive Archaean dome-and-basin patterns. In certain
parts, the supracrustal synforms and orthogneiss domes exhibit linear or circular features corresponding
to shear zones or rolling structures, respectively. The geological mapping of these dome-and-basin struc-
tures, and more generally of the Archaean and Proterozoic lithological units, is more accurate with the
SAR imagery, particularly when using the L-band, than with the optical imagery. A quantitative approach
is carried out in order to estimate the backscatter properties of the main rock types. Due to the large vari-
ety of configurations, radar satellite imagery such as ALOS PALSAR represents a key tool for geological
mapping in arid region at different scales from the largest (e.g., 1:500,000) to the smallest (e.g., 1:50,000).

� 2014 Published by Elsevier Ltd.
1. Introduction

In arid regions where only reconnaissance geological maps ex-
ist, remote sensing is known to represent the cheapest and efficient
way to compile geological maps. In these regions, morphologies
are particularly well expressed and it is relatively easy to follow
the geological boundaries on large distance. Typical morphologies
occur, especially in the Saharan desert. Rock surfaces are more or
less rough (reg surfaces) and frequently invaded by sand (serir sur-
faces). Radar can penetrate dry sand and image shallow sub-sur-
face features (Abdelsalam et al., 2000). Fig. 1 illustrates the
complementarity of radar and optical images in arid regions. The
main advantage of the radar for geological mapping is to be less
sensitive than optical data to sand cover (A is a dune clearly visible
on the optical image) and hydrographic network (B is a wadi too
flat and smooth to modulate the radar signal), and to be more sen-
sitive to surface roughness (see D). The radar generally emphasizes
dykes and prominent outcrops (see C), but incidence angle condi-
tions play an important role. Note that the incidence angle is de-
fined as the angle between the normal to the surface and the
incident ray. Experiments show that the SAR signal is attenuated
to about 40% at the air/sand interface and completely attenuated
Ouzzal
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Fig. 1. Comparison of optical and radar data in arid region. Example of the Abeleyel
area (see text for explanation).
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at depth more than 2 m at 1% moisture content (Elachi and Gran-
ger, 1982).

The Hoggar is composed of well preserved and largely reworked
Archaean (3200–2500 Ma) and Palaeoproterozoic terranes
(2000 Ma) and juvenile Pan-African terranes (750–550 Ma) (Caby,
2003; Ouzegane et al., 2003b). The In Ouzzal area is known as
one of the Archaean terranes. It is embedded between the West
African Craton and the Saharan Metacraton. The size, remoteness,
and inhospitable character of the area induce difficulties for field
work. In this context optical remote sensing has been successfully
tested by Djemai (2008). Now, the second step consists in evaluat-
ing radar data, particularly to focus on key areas in the heart of In
Ouzzal Terrane, particularly those representing hypothesized
dome-and-basin structures (Ouzegane et al., 2003b). The present
paper emphasizes the results obtained mainly with the ALOS PAL-
SAR data.
2. History of space borne imaging radar

The history of satellite imaging radar goes back to 1978 when
SEASAT, carrying the first Synthetic Aperture Radar (SAR)
Table 1
The SAR s/c systems and their main characteristics. ASI (Italian Space Agency), CSA (Canad
(Japanese Space Agency), NASA (US Space Agency), RSA (Russian Space Agency).

Satellite Sensor (agency) Mission Band

SEASAT SAR (NASA) 1978–1978 L
Shuttle SIR-A (NASA) 1981–1981 C

‘‘ L
Shuttle SIR-B (NASA) 1984–1984 C

‘‘ L
COSMOS-1870 EKOR (RSA) 1987–1989 S
ALMAZ-1 EKOR-A (RSA) 1991–1992 S
ERS 1 EMI (ESA) 1991–2000 C
JERS 1 SAR (JAXA) 1992–1998 L
Shuttle X-SAR (DLR) 1994–1994 X

SIR-C (NASA) ‘‘ C
SIR-C (NASA) ‘‘ L

ERS 2 EMI (ESA) 1995–2011 C
RADARSAT 1 SAR (CSA) 1995–2013 C
ENVISAT ASAR (ESA) 2002–2012 C
ALOS 1 PALSAR (JAXA) 2006–2011 L
TERRA SARX SAR (DLR) 2006-present X
COSMOSkyMed SAR2000 (ASI) 2007-present X
RADARSAT 2 SAR (CSA) 2007-present C
TanDEM-X SAR (DLR) 2010-present X
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instrument, was launched. SAR techniques have been widely used
for various applications, including geological mapping in arid re-
gions. With its 105 day-life the SEASAT mission provides seminal
geological radar studies (Elachi et al., 1985; Deroin et al., 1991;
Evans et al., 2005). The specific interest of radar remote sensing
in arid subsurface studies has been illustrated in the Eastern Sa-
hara, Egypt, from the SIR-A and SIR-B missions (McCauley et al.,
1982; Schaber et al., 1986). These studies particularly revealed pal-
aeodrainage channels along the Nile valley using the potential for
penetrating sand veneer (McCauley et al., 1986; Schaber and Breed,
1999). The potential for geological mapping has been less fre-
quently evaluated, but is known to be better when large wave-
lengths are used (Schaber et al., 1997). Radar bands used in
satellite SAR systems have wavelengths such as about 3 cm for
the X-band, about 6 cm for the C-band, about 10 cm for the S-band,
and 24 cm for the L-band (Table 1). Note that the longer wave-
lengths corresponding to the so-called P-band at about 60 cm are
only utilizable on board airborne vectors such as the AIRSAR
(Schaber, 1999; Daniels et al., 2003).

The interest of SAR remote sensing increased in the early 1990s.
After the seminal but limited SAR missions of the American SEASAT
in 1978 and the Soviet ALMAZ in 1987–1989, SAR imagery became
more common in geological studies with the successive launches
of ERS-1 in 1991, JERS-1 in 1992, and ERS-2 and RADARSAT-1 in
1995, all in single polarization (Chorowicz et al., 2005). In 1994
NASA twice launched the Shuttle Endeavour in the frame of the
SIR-C/X-SAR mission to collect multi-look angles and swaths data
(Evans et al., 1997). The SIR-C/X-SAR data were simultaneously col-
lected at three wavelengths (X, C, and L-band) and multiple polar-
izations. Geological applications show that the L-band is always
preferable to the C-band (Schaber and Breed, 1999; Abdelsalam
et al., 2000), and that a relatively high incident angle (35–50�) is
required to avoid geometric distortion and lay-over problems,
and to obtain deeper penetration (Rudant et al., 1994; Inzana
et al., 2003; Raharimahefa and Kusky, 2006). However, some stud-
ies indicated that the C-band is also suitable for identifying surface
roughness of relatively smooth surfaces in flat areas (Deroin et al.,
1997, 1998; Singhroy, 2001; Thurmond et al., 2006; Pal et al.,
2007). SARs on board ERS-2 and ENVISAT (ASAR) are similar to
the one on board ERS-1. ALOS launched in 2006 represents the ma-
jor advance in radar remote sensing for geological mapping. The
radar sensor, the so called PALSAR, is able to acquire data in differ-
ent modes (see also Section 3) and allows to develop interferomet-
ric applications (Chaussard et al., 2013).
ian Space Agency), DLR (German Space Agency), ESA (European Space Agency), JAXA

Incident angle Resolution (m) Polarization

20� 25 HH
45� 30 HH
‘‘ 30 HH
15–55� 30 HH
‘‘ 30 HH
30–60� 15 HH
30–60� 15 HH
23� 25 VV
35� 18 HH
20–65� 25 VV
‘‘ 25 All
‘‘ 25 All
23� 25 VV
17–50� 10–100 HH
23–45� 25 HH, VV
10–60� 10–100 HH, VV, HV, VH
60� max 1–18 HH, VV or HV-VH
60� max 1–100 HH, VV or HV-VH
17–59� 10–100 HH, VV, HV, VH
60� max 1–18 HH, VV, HV, VH
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Fig. 2. Location of In Ouzzal, southern Algeria, in northern Africa.
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Radar remote sensing is frequently combined with optical re-
mote sensing (Kusky and Ramadan, 2002; Gani and Abdelsalam,
2006; Brahmi et al., 2012). Remote sensing can be used together
with geophysical data, either when optical data (Chernicoff and
Nash, 2002) or radar data (Deroin and Delor, 2010) are concerned.
Data fusion is generally used. Both remote sensing and geophysical
data are then merged using a geographic information system (GIS).
Fig. 3. The In Ouzzal Terrane. Landsat TM data acquired on 3rd March 1987. Color com
range). EOSZ. East Ouzzalian Shear Zone. (For interpretation of the references to color in
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3. Study site

The remote In Ouzzal area is located in southern Algeria, about
300 km to the west of Tamanrasset (Fig. 2). The In Ouzzal Terrane
(IOT), also known as In Ouzzal Granulitic Unit (IOGU), forms an
elongated N–S trending block, 450 km long and 70–80 km wide.
The norther part of IOT (22�500-23�300N–2�200-3�200W) was inves-
tigated in the present study (Fig. 3). Main relief rising several hun-
dreds of meters above the In Ouzzal granulitic reg (average
elevation at about 500 m above sea level) is made of Cambrian
ignimbrite massifs, and Pan-African granites of In Hihaou and In
Eher in the West, Nahalet and Tihimatine in the centre, and
Ihouhaouene in the East (Fig. 3).

Denaeyer (1934) identified granulitic rocks in this part of the
north-western Tuareg Shield, which is composed of terranes welded
together during the Pan-African orogeny (Black et al., 1994). Then,
Lelubre (1952) described the petrological nature of the rocks and
compared them to the famous charnockites of India. Lelubre’s sem-
inal works lead to the first large-scale geological map of the area,
stressing steeply dipping foliations, the direction of which is modi-
fied in the neighbourhood of the Pharusian (Neoproterozoic) terr-
anes. In the 1960s, several field works conducted in the northern
part of the In Ouzzal area (Giraud, 1961; Gravelle, 1969) helped to
draw synthetical geological maps of the Hoggar (Reboul et al.,
1962; Caby and Bertrand, 1977). These authors also identified a
granulitic complex composed of charnockites, garnet–graphite
gneisses, nodular marbles, and different types of quartzites. The first
posite: red = band 7(SWIR range), green = band 3 (red range), blue = band 1 (blue
this figure legend, the reader is referred to the web version of this article.)
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Archaean age (2995 Ma total rock Rb/Sr date) is reported by Ferrara
and Gravelle (1966) and confirmed by others (Allègre and Caby,
1972; Lancelot et al., 1976; Ben Othman et al., 1984; Haddoum
et al., 1994; Peucat et al., 1996). It is now generally accepted that
two Archaean units are present in the IOT; a 3.2–2.7 Ga orthogneiss
Fig. 4. Examples of reg surfaces in the In Ouzzal area. Each photograph covers exactly 20 cm
broken quartz chips). (C) Dolerites. (D) Quartz with magnetite. (E) Banded iron formations.
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and charnockite unit (Haddoum et al., 1994) and a metasediment
unit composed of marbles, quartzite and Al–Mg and Al–Fe granu-
lites (Bernard-Griffiths et al., 1996; Djemai, 2008).

Single mineral datings (U-Pb zircon, Nd-Sr, etc.) show more re-
cent dates ranging from 2100 Ma to 1950 Ma, interpreted as the
� 20 cm. Nature of the substrate. (A) Water-borne deposits (fine). (B) Granite (note the
(F) Black quartzite with sand (serir). (G) Quartzite. (H) Water-borne deposits (rough).
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remobilization of the Archaean crust during a very high-tempera-
ture (61100 �C; 10–11 kbar) metamorphic event related to the Pal-
aeoproterozoic Eburnean orogeny dated to �2.1 Ga (Kienast and
Ouzegane, 1987; Black et al., 1994; Caby, 1996; Ganne et al.,
2014). Some mineral parageneses confirm these extreme tempera-
ture conditions, e.g. marbles with wollastonite–scapolite–calcite–
quartz, anorthite–grossularite (Ouzegane et al., 2003a) or the spi-
nel–quartz quartzites with or without corundum (Guiraud et al.,
1996). Two major syntheses were published in the form of special
issues on the In Ouzzal granulite unit (Kienast et al., 1996), and on
the Precambrian of the Hoggar massif (Ouzegane et al., 2003c),
respectively.

The Archaean IOT is composed of two units dated to 3.5–2.7 Ga
(Lancelot et al., 1976; Ben Othman et al., 1984; Peucat et al., 1996).
The lower crustal unit is made up essentially of charnockites and
enderbites. The supracrustal unit comprises quartzites, marbles,
banded iron formations (BIF), Al–Mg and Al–Fe granulites com-
monly associated with mafic and ultramafic lenses. Alumino–mag-
nesian granulites are generally rich in quartz but sometimes they
are quartz-free and then rich in sapphirine providing a typical blue
Table 2
ALOS scenes acquired over the In Ouzzal test site.

Sensor Mode Date of acq.

Radar images
PALSAR ScanSAR 2009 02 25
PALSAR QUAD-POL 2007 05 27
PALSAR FSB 2010 04 24

Optical images
AVNIR-2 (north) 2008 08 06
AVNIR-2 (south) 2008 08 06
PRISM (Tin Zebane) 2008 09 21
PRISM (Tan Ataram) 2009 10 23

Fig. 5. The Hoggar region as seen with ALOS PALSAR (ScanSAR mode) and position of the
Beam Single mode), C–D (AVNIR-2 mode), E–F (PRISM mode).
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color in the field. Al–Mg granulites are well developed in the north-
ern part of In Ouzzal, near Adrar In Hihaou and Oued Tekhamalt.
These granulites are also in contact with metaigneous rocks such
as charnockites, enderbites, metanorites or peridotites. The torsion
of orthopyroxene cleavage planes and garnet or orthopyroxene
porphyroblasts show a ductile behavior expressed by an elonga-
tion of the grains and provide evidence of high-temperature defor-
mation. All these rocks present the orthopyroxene–sillimanite
association along with a diverse mineralogy made up of cordierite,
biotite, spinel, corundum, plagioclase, potassic feldspar, ilmenite
and rutile (Ouzegane, 1987; Kienast and Ouzegane, 1987).

Boundaries between In Ouzzal Terrane and branches of the Pan-
African belt are represented by vertical wrench faults. The IOT has
been preserved during the Pan-African orogeny, during which it
behaved as a relatively rigid body. The East-In Ouzzal mylonitic
margin (or East Ouzzalian Shear Zone) was studied in detail in
the southern part of the IOT near Amesmessa, 200 km to the south
of Tin Zebane (Djemai, 1996), where it consists of a major vertical
fault with a dextral strike-slip component. On the contrary, the
West-Ouzzalian Shear Zone indicates a sinistral displacement
Resolution (m) Surface (km � km) Orbit

100 350 � 330 Descending
12.5 24 � 8 Ascending
6.25 70 � 70 Ascending

10 70 � 70 Descending
10 70 � 70 Descending
2.5 35 � 35 Descending
2.5 35 � 35 Descending

ALOS scenes acquired in the frame of the pilot project. A (Polarimetry mode), B (Fine
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(Caby, 1970), the last movements along the fault occurring simul-
taneously with the emplacement of the Tin Zebane alkaline–peral-
kaline dyke swarm (Hadj-Kaddour et al., 1998; Ait-Djafer et al.,
2003). A deeply rooted fault has been suggested by Bouzid et al.
(2008) using magnetotelluric measurements. It may be interpreted
as a major fault that separates IOT into two compartments.

Due to the climate conditions, the surface of the stony desert
corresponds to the reg, a typical gravel veneer, normally consisting
of small, round or flat pebbles, characterizing extensive desert
plain from which fine sand has been removed by the wind. Typical
pavements such as in the flat areas of the Adrar plateau, Mauritania
(Deroin et al., 1998) are relatively rare. The geological deposits are
alluviums, eolian sands, smooth or gravelly reg, veneer of mixed
sand and gravel (serir), and rock slabs. Fig. 4 illustrates typical sur-
faces observed in the field in the In Ouzzal Terrane.
4. Methods

4.1. Principle

Spaceborne imaging radar is unique in geological remote sens-
ing because it is an active system that uses electromagnetic signals
with centimetric microwaves and systems with side-looking
geometry. Basically, the radar impulse response or backscattering
is modulated by three geometrical and dielectric parameters, i.e.,
slope, humidity, and roughness of the land surface. When flat areas
are under investigation, soil roughness and soil moisture are main
factors, as shown individually by experimentation and modelling
studies (Evans et al., 1992; Archer and Wadge, 2001; Deroin
et al., 1997; Rémond and Deroin, 1997; Paillou et al., 2003). In an
arid test site, humidity can be considered as constant (and very
low). Furthermore, if flat areas are chosen, only surface roughness
significantly modulates the radar response.
Fig. 6. Comparison of ASAR imagery (C-band) and PALSAR imagery (L-band, FBS
mode) on the Tan Ataram area. (A) ASAR, (B) PALSAR, (C) geological sketch with
foliation trajectories (thin black lines), dykes (thick black lines), and main dunes
(thick gray lines).
4.2. SAR imagery

4.2.1. ALOS data
The ALOS satellite was launched from Tanegashima Space Cen-

ter, Japan, on 24 January 2006 (Rosenqvist et al., 2007). The satel-
lite was placed in a near-polar orbit at 691 km, with a local equator
pass time at about 10:30 (morning descending pass) and 22:30
(evening ascending pass), respectively. A short time after its 5th
anniversary, it was declared dead in orbit after abruptly powering
down on 22 April. ALOS 2 is expected to be launched in 2014. ALOS
carried three sensors: (i) the Panchromatic Remote-Sensing Instru-
ment for Stereo Mapping (PRISM), a panchromatic radiometer
working in the range 520–770 nm, with 2.5-m spatial resolution;
(ii) the Advanced Visible and Near-Infrared Radiometer type 2 (AV-
NIR-2), a multispectral radiometer with 10-m ground resolution
and four spectral bands in the visible and near infrared range,
and (iii) the Phased Array L-band Synthetic Aperture Radar
(PALSAR).

PALSAR is a fully polarimetric instrument, which operates in L-
band (k = 23.6 cm). It can be operated in different observation
modes including: Fine Beam Single polarization (FBS), Fine Beam
Dual polarization (FBD), Polarimetric mode (POL), and the scanning
mode (ScanSAR). Different ALOS data were obtained in the frame of
a pilot project of the Japanese Space Agency (JAXA) and the Euro-
pean Space Agency (ESA) (Table 2). The cover of each ALOS scene
is summarized in Fig. 5. In the present paper, the FBS and ScanSAR
modes were mainly evaluated.

Single polarization available with fine beam modes is horizon-
tally transmitted, horizontally received (HH). The pixel size is
6.25 m in FBS mode, corresponding to a nominal resolution of
Please cite this article in press as: Deroin, J.-P., et al. Integrating geologic and s
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10 m. ScanSAR mode is also horizontally transmitted horizontally
received (HH), but the pixel size is 100 m.

For PALSAR products (level 1.5) used in this study, the conver-
sion between the digital number (DN) of the amplitude image
and the backscattering expressed by the sigma-naught (r0) at
nominal incident angle is given by Eq. (1) (Shimada et al., 2009):

r0 ¼ 10:log10½DN2� þ CF ð1Þ

where CF is the conversion factor. CF = �83.4 for FBS data acquired
with an incident angle of 34.3�, and CF = �83 for ScanSAR data.

4.2.2. ASAR
ENVISAT was launched from Kourou Space Center, French

Guiana, on 28 February 2002 (Desnos et al., 2000). ESA formally an-
nounced the end of ENVISAT’s mission on 9 May 2012, one month
after losing contact. ENVISAT was placed in a near-polar orbit at
790 km altitude. It was designed to study many processes of the
atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
.1016/j.jafrearsci.2014.03.015
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Earth’s oceans and land with a suite of instruments, one of which
was the Advanced Synthetic Aperture Radar (ASAR). The SAR oper-
ated in C-band (k = 5.6 cm), with an off-nadir angle of 23�. Only the
VV polarization was available. The pixel size is 12.5 m correspond-
ing to a spatial resolution of 25 m.

4.2.3. Thematic Mapper
The Landsat system is the longest running programme for

acquisition of imagery of Earth from space. The Thematic Mapper
(TM) is a sensor carried on board Landsat 4- and Landsat 5 satellite
launched in 1982 and 1984, respectively. The approximate scene
size is 170 km north–south by 183 km east–west. Landsat TM im-
age data consist of seven spectral bands in the visible to the ther-
mal range. We used Landsat data acquired on 3rd March 1987 for
identifying the major geological units (Fig. 3).

4.3. Surface roughness and geology

The region under study has arid climate, meaning no soil mois-
ture and consequently no effects of the dielectric constant on
backscattering. Test sites used for the present study are located
in the In Ouzzal Terrane. It consists of flat morphologies locally in-
vaded by sand blown from the Sahara Desert. The different sur-
faces comprise (i) contiguous centimetre-size rock fragments
(pebbles) forming a relatively flat surface, (ii) scattered pebbles
forming a surface of medium roughness, and (iii) oversize pebbles
Fig. 7. The ScanSAR data process
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forming a very rough surface. Other surfaces correspond to water-
borne deposits or sandy eolian deposits. We determined the nat-
ure of the land surface by quantifying and qualifying parameters,
such as the maximum and mean heights, and the root-mean-
square (rms) height of the rough spots and the lithological nature
of each site, using at least one measure per m2 to define the max-
imum height and ten measures per m2 to calculate the mean and
rms heights. Basically, the roughness of the ‘reg’ is related, on the
one hand, to the lithological nature of the rocks, i.e. charnockite,
metasediment, volcanites, BIF, marbles, etc., and on the other
hand, to the geomorphological setting, i.e. substrate, piedmont
glacis, structural slope, wadis, etc. (see also Fig. 3). Vertical and
oblique photographs of the ground were taken, in order to identify
different parameters including the standard deviation of height
and the correlation length. Small effects of the profile length on
the backscattering coefficients at the medium range of incidence
angle have been verified by measurement of natural soil surface
(Oh and Hong, 2007). Only manual measurements using rulers
and measuring tapes were conducted and no laser profiler was
used. A discussion of the method of profile production is given
in Mattia et al. (2003). Each test site should cover at least one
hectare, i.e. 256 PALSAR pixels. The sigma naught is derived from
at least 100 pixels of the radar scenes. The positioning was carried
out by using a hand-held Global Positioning System (GPS) recei-
ver. Digital elevation models were used to check the horizontality
of the surfaces over large distance. Obvious contrasts in the field
ed with a Gaussian filtering.

atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
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Fig. 8. Interpretation of the ScanSAR data between the West Ouzzalian Shear Zone (WOSZ) and the East Ouzzalian Shear Zone (EOSZ).
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(for example when banded iron formation or dykes are con-
cerned) have been used to check the accuracy of the positioning.
Horizontal positioning is estimated at 5–10 m and corresponds
to less than 2 PALSAR pixels. The Saharan context is particularly
favorable to obtain a disperse set of satellites improving the accu-
racy of the GPS.

5. Results

5.1. Comparison of the L- and C-bands

In Section 1, radar has been shown as particularly relevant in
arid region when compared to optical data (Fig. 1). We now
briefly evaluate the potential for geological mapping of the C-
band of ASAR and the L-band of PALSAR, respectively. Fig. 6 illus-
trates one of the key points of the In Ouzzal Terrane in the Tan
Ataram area. The L-band of PALSAR is clearly more accurate for
determining the main foliation trajectories. This pattern allows
Please cite this article in press as: Deroin, J.-P., et al. Integrating geologic and s
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drawing large-scale folds. Some Proterozoic dykes, mainly
NNW–SSE oriented, can be recognized, whereas they are totally
unseen on the C-band. It should be mentioned that if the larger
wavelength is more favorable to the distinction of the roughness,
and thus the lithology, the incident angle is also more interesting
with PALSAR (about 34�) than with ASAR (about 23�). This is the
reason why the Tan Ataram massif suffers the lay-over phenom-
enon in the ASAR image. Reliefs are deformed and present a typ-
ical V-shape with the point of the V indicating the EW-oriented
beam. The pixel size also plays an important role: 6.25 m with
PALSAR and 12.5 m with ASAR. The narrow ridges corresponding
to the dykes are clear. Outstanding objects may cause preferential
backscattering from their edges and corners. This is known as
edge effect and corner reflectors (Abdelsalam et al., 2000). This al-
lows SAR to image dykes despite some of them are narrower than
the spatial resolution. Orientation of the dykes corresponds
approximately to that of the ascending orbit of the PALSAR acqui-
sition. Therefore, the side-looking signal is perpendicular to the
atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
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structure, a particularly favorable condition for detecting out-
standing objects.
5.2. Large scale mapping using the wide swath mode (ScanSAR)

Interpretation of the ScanSAR image (Fig. 7) put into light some
structural features such as the foliation trajectories, ductile faults,
large shear zones and corridors, rolling structures, lenses, and
sigmoids related to the multiphase tectonics. Most of these fea-
tures are difficult to distinguish in the field and on remote sensing
optical data as well.

The foliation trajectories (Fig. 8) are mainly NE–SW oriented.
Two major structural events interfere: on the one hand, the
dome-and-basin structures of the northern In Ouzzal Terrane al-
ready suggested by Haddoum et al. (1994) and on the other hand,
reorientation in the shear zones including the major West- and
East-Ouzzalian Shear Zones. Circular, sigmoid or ovoid structures
have been generated and large complex folds as well. The field
measurements indicate that the foliation is steeply dipping and
frequently vertical, except to the south near Tikachitine where
the dip is only 50–75�.

Shear zones are revealed by the typical aspect of the foliation
which is aligned on tens of kilometers and frequently followed
by the main wadis (for instance Oued Tekhamalt and Oued Ouan
Abeleyel). Laminated quartzites (mylonites) crop out along these
shear zones. Most of the NE–SW shear zones are characterized
by sinistral movement, whereas the ENE-WSW shear zones show
dextral strike-slip faulting. Bouzid et al. (2008) identified the shear
Fig. 9. Focus on the Tekhamalt structures. Green: greenstone basin; Gray: lenses (basic
direction of the compression. Red arrows: sinistral or dextral movement along the fault.
legend, the reader is referred to the web version of this article.)
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zone corresponding to Oued Ouan Abeleyel within a thickness of
20 km, as it causes a significant fall of resistivity.

A large rolling structure about 20 km long (E–W) and 12 km
width (N–S) is shown in the northern part of Oued Tekhamalt,
about 20 km to the north of Tan Ataram (Fig. 9). The quartzite
layers suffer pinch-and-swell structures, particularly in their
southern part. Following Haddoum et al. (1994) we consider this
structure as the evidence of former domes that were first folded
and subsequently affected by the NE–SW shear zones. Large syn-
forms with a NE–SW axis are recognized, for example near Alouki
(Fig. 8).

Field work allows attributing a basic nature to the rocks consti-
tuting lenses and a charnockitic origin to the ones forming sigm-
oids. The main sigmoid is close to Tan Afella (Fig. 9) and is about
25 km long from SW to NE. It is clearly related to the dextral
ENE–WSW shear zones previously mentioned.

A later deformation is also recognized owing to the ScanSAR
data. Some E–W or N–S faults have been mapped (not shown in
Figs. 8 and 9), some of them affecting the East-Ouzzalian Shear
Zone. These faults are probably Cretaceous in age.

From a quantitative viewpoint based on intensity of backscatter
radar signal (in dB), the smoother areas are the Cretaceous trans-
gression in the southern part of the image (�26.1 dB) and Oued
Tirahart (�24.2 dB). These zones appear dark in the image. The Ar-
chaean and Palaeoproterozoic In Ouzzal Terrane presents values
ranging from �21 to �23 dB. The other areas correspond to moun-
tains and reliefs and the elevated sigma-naught of these landscape-
units (white in the image) does not result from a simple scattering
but from complex volume, double-bounce, and edge effects. These
rocks of the basin) and sigmoids (charnockites); Yellow: Quartzites; Black arrows:
See also caption of Fig. 8. (For interpretation of the references to color in this figure
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Fig. 10. The Khanfous massif. (A) Palsar FBS. (B) ASAR. (C) Field photograph showing the metasediment (ms) in the foreground and the charnockites (ch) in the background.

Fig. 11. Basin of Abeleyel. Comparison of the optical Landsat TM and radar ALOS
PALSAR. Sites 1 to 6 correspond to photographs A to F (Fig. 12).
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results cannot be compared to the results obtained over flat sur-
faces corresponding to direct backscattering.

5.3. Roughness study: example of the Khanfous

In order to quantify the results in terms of backscattering (with
the Fine Beam Single mode of PALSAR), the next step involves ana-
lyzing an area where the lithological contrast is marked. The se-
lected place is the so called Khanfous (beetle) massif (Fig. 10).
Here, the limit between charnockite and basin formations is clear.
The small basin is made primarily of Archaean Al–Mg metasedi-
ments with rare basalts. The contrast is particularly obvious in
the field (Fig. 10, C). The metasediments are vertically layered with
a maximum elevation of about 30 cm high. The charnockites show
smaller boulders (maximum elevation above sand surface at about
5 cm) and the outcrops do not allow measuring structural direc-
tions. The radiometric calibration gives values ranging from
�20.1 dB for the Al–Mg metasediments (ms) to �24.7 dB for the
charnockites (ch). Fig. 10A and B show that the limit between
metasediments (ms) and charnockite (ch) is better expressed in
the PALSAR image (10A) than in the ASAR image (10B). This is
mainly due to the interest of the largest wavelength (L-band) al-
ready emphasized in Fig. 6.

5.4. Roughness study: example of Tekhamalt-Abeleyel basin

Test sites have been visited in the field of Tekhamalt-Abeleyel
Basin, in the heart of the In Ouzzal Terrane. Fig. 11 illustrates the
area with the Landsat TM color composite (A) and the PALSAR
FBS image (B). Test sites 1 and 2 are isolated in the eastern part
of the area and correspond to smooth surfaces (Fig. 12, A and B).
Test sites 3 to 6 form a N–S cross section about 1 km long. Note
that the structure is also clear in the optical image and character-
ized by a blue color corresponding to the basin formations spectral
signatures.

Note that the area located to the west of test site 1 presents
many white stripes in the PALSAR image corresponding to hard
rock layers. Fieldwork indicates a small cover above the bedrock,
generally less than 30 cm thick, made of mixed sand and gravels,
typical of the serir. Serir surfaces provide a homogeneous color in
the optical image. In this case the radar signal probably penetrates
the dry cover and is backscattered when it meets the hidden rocks.
This phenomenon illustrates the volume-scattering and is no more
comparable to the direct backscattering of the rough surfaces we
investigate in the present study.

The sigma-naught of each selected region of the Tekhamalt-
Abeleyel area is given in Table 3, as well as the mean, standard
deviation and ratio (mean/standard deviation) for the correspond-
ing digital numbers. The calculated values for other areas are also
reported, including the metasediments and charnockites of the
Khanfous (see Section 4.3.). The maximum height of the blocks
and the root-mean-square (rms) height estimated from direct field
measurement are also reported (see Fig. 12). The maximum height
of rocks corresponds to the maximum elevation of rocks or
Please cite this article in press as: Deroin, J.-P., et al. Integrating geologic and s
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boulders in a given area. It can be the absolute value measured
in site when the dispersion of values is large (high standard devi-
ation), or an average of many rocks of similar elevation. The value
of this parameter is between 0.5 and 30 cm. Statistical parameters
such as the standard deviation or correlation length are frequently
used to describe roughness quantitatively. Here, we use the root-
mean-square height, the value of which is between 0.05 and
2.10 cm.

Results indicate a good correlation between backscattering ex-
pressed by the calibrated sigma-naught and the maximum height
and the rms height, respectively (Fig. 13). The best relationship be-
tween the sigma-naught and the maximum height seems to be a
logarithmical relation with a correlation of 91% (R2 = 0.82). The
best relationship between the sigma-naught and the rms height
seems to be a linear relation with the same correlation.
6. Discussion-conclusion

6.1. Roughness parameter and rocks of the IOT

Most of desert rough surfaces of the In Ouzzal Terrane show a
sigma-naught comprised between – 20 dB for a very rough surface
and – 26 dB for a very smooth surface. The lower noise level
detectable on the PALSAR image is estimated at about – 34 dB
(Shimada et al., 2009). Note that when the surface is no more
horizontal but corresponds to a massif or a mountain, outstanding
objects cause preferential backscattering from their edges and
atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
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Fig. 12. Basin of Abeleyel. (A and B) Typical smooth surfaces ((A) on basin formations, (B) on charnockites). (C and D) Typical medium rough surfaces ((C) on quartzites with
clinopyroxene, (D) on unidentified basin formation). (E and F) Oblique view of landscapes showing rough surface due to gneiss with garnet and sillimanite (E) or gabbro-
norite (F). (A)–(D) correspond to vertical views 20 cm � 20 cm (see also Fig. 4).
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corners. Backscattering phenomenon is complicated by volume
scattering (double-bounce), edge effects and normal reflection.
This is the reason why we only use homogeneous flat surfaces
for estimating the backscattering.

A breakpoint between smooth and rough surfaces (and the cor-
responding dominant radar scattering mechanisms) is loosely im-
plied by the empirical Rayleigh criterion. The Rayleigh criterion R

modified by Peake and Oliver (1971) provides a good estimate of
the range to be considered to interpret the surface roughness influ-
ence. Considering k as the PALSAR wavelength (23.6 cm) and h, the
local incident angle (34.3�), the backscattering ranges between (1)
and (3):

(1) smooth surface if rms 6 k/25cosh, R34.3� = 1.14 cm,
(2) intermediate surface if rms = k/8cosh, R34.3� = 3.57 cm,
(3) rough surface if rms P k/4.4cosh, R34.3� = 6.49 cm.
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Therefore, the sensitivity of L-band PALSAR data to roughness
ranges theoretically from 1 to 6.5 cm. In our case, most places
show small rms values and the maximum elevation of height can
be used to roughly define smooth, intermediate, and rough sur-
faces. The smoother places correspond to deflation sands (without
ridges) and alluvial deposits (6�26 dB). They appear dark in the
image. Their maximum height is less than 0.5 cm. Most of the
reg formed on charnockites, quartzites, and gabbro-pyroxenites
present values between �23 and �25.5 dB (maximum height be-
tween 0.5 and 4 cm). The ratio mean/standard deviation (DN) is
in the range 4–7, characterizing relatively homogeneous areas.
Rougher reg formed on Al–Mg metasediments, alkaline granite,
banded iron formations, and quartz-rich rocks present values be-
tween �20 and �23 dB (maximum height between 2 and 7 cm),
with the ratio mean/standard deviation (DN) in the range 2–5
(the surfaces are relatively heterogeneous). These three categories
atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
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Table 3
Calculated DN value and sigma-naught for test sites of Tekhamalt-Abeleyel Basin and other areas. Maximum elevation and rms height are also added.

DN (mean) DN (std d) Mean/std d Sigma naught (dB) Maximum elevation Rms height

Tekhamalt-Abeleyel (Fig. 11)
1. Charnockite 818.67 ±224.59 3.65 �25.2 2 cm 0.15 cm
2. Reg on basin fms 703.11 ±313.49 2.24 �26.5 1.5 cm 0.10 cm
3. Qzte with gnt and sill 1120.89 ±211.84 5.29 �22.4 7 cm 1.30 cm
4. Qzte with opx 838.11 ±134.58 6.23 �24.9 3 cm 0.65 cm
5. Gneiss with gnt and sill 859.33 ±100.18 8.58 �24.7 3.5 cm 0.95 cm
6. Gabbro-norite 934.67 ±186.67 5.01 �24.2 3 cm 0.85 cm

Khanfous (Figure 10)
7. Metasediments Khanfous 1466.33 ±429.72 3.41 �20.1 30 cm 2.10 cm
8. Charnockites Khanfous 917.83 ±134.72 6.81 �24.7 4 cm 0.55 cm

Other areas
9. Reg with quartz boulders (1) 1009.55 ±417.10 2.42 �23.3 3 cm 1.05 cm
10. Banded Iron Formation 1110.00 ±298.10 3.72 �22.5 2 cm 0.80 cm
11. Charnockites 988.66 ±205.92 4.80 �23.5 1 cm 0.05 cm
12. Reg with quartz boulders (2) 1199.94 ±376.09 3.19 �21.8 5 cm 1.40 cm
13. Reg on basin fms 751.21 ±128.67 5.84 �25.9 0.5 cm 0.05 cm
14. Qzte with opx 838.21 ±118.92 7.05 �24.9 2 cm 0.08 cm

Abbreviations: fms: formations, gnt: garnet, opx: orthopyroxene, qzte: quartzite; sill: sillimanite.

Fig. 13. Relation between the calculated PALSAR FBS sigma-naught in dB and the maximum height of the blocks (left plot) and the root-mean-square (rms) height (right plot).
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correspond to direct backscattering of more or less rough surfaces.
Higher sigma-naught are given by very rough surfaces associated
with outstanding reliefs such as dolerite dykes or massive quartz-
ite (�13 to �14 dB).

The smoothest reg surface is composed of small juxtaposed rock
fragments (average height close to 0.5 cm) forming a pebble ‘mi-
cro-pavement’ at the surface. The roughest reg surface contains
larger pebbles (average height close to 5 cm). The surfaces of inter-
mediate roughness show that pebble size and distinction against
the sandy matrix increase with increasing roughness and greater
rms height.

6.2. The dome-and-basin pattern in the In Ouzzal Terrane

Archaean cratons are amongst the principal reservoirs of Earth’s
mineral resources. Archaean geodynamics is a debate of great
interest, particularly as it concerns the formation, differentiation
and reworking of continents (Nisbet and Fowler, 1983; Peschler
et al., 2004; Cagnard et al., 2011; Harris et al., 2012). The principal
question is whether large-scale vertical displacements were pre-
dominant tectonic processes, or the Archaean continents were ac-
creted and reworked by successive collisions at subduction zones
as in the present-day plate tectonic paradigm (Peschler et al.,
2004). In Early Archaean greenstone terranes, the typical dome-
and-basin structure has been cited as evidence of a major tecton-
o-magmatic process, the so called crustal diapirism (Choukroune
et al., 1995, 1997; Bouhallier et al., 1995). In this sketch, batholiths
composed of tonalite–trondhjemite–granodiorite (TTG) gneisses
form the cores of broad structural domes, which are surrounded
Please cite this article in press as: Deroin, J.-P., et al. Integrating geologic and s
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by narrow synformal belts of greenstone (ultramafic and mafic vol-
canics) and overlying sedimentary rocks. The dome-and-basin
structures are attributed to diapirism, rather than to regional fold
interference patterns, because the domes and basins affect rocks
of both high and low metamorphic grades as in the Kaapval craton,
South Africa, the Dharwar craton, India, and in the Pilbara terrane,
Australia. Geophysical models were proposed to further explain
dome-and-basin structures and batholith emplacement. Starting
from the dichotomy in batholith shapes at depth Peschler et al.
(2004) indicate a change, during Late Archaean time, in the pro-
cesses leading to batholith formation. The post-2.8 batholiths
would be akin to the tabular shapes known to be most typical of
large plutonic complexes emplaced in many Phanerozoic belts.
Other models have been proposed such as the ‘dome-and-syncline’
or ‘dome-and-keel’ structure.

The dome-and-basin architectural structure has been applied to
the In Ouzzal Terrane (Haddoum et al., 1994; Ouzegane et al.,
2003b). Djemai (2008) demonstrated that some lithologies, partic-
ularly those of the greenstone belts, can be distinguished using
Landsat imagery. In the present study, the PALSAR sensor has been
shown to be of great interest, either with high resolution mode
(FBS) or large-scale mode (ScanSAR), especially for identifying
the foliation trajectories and discriminating the hard-rock layers.
The foliation trajectories outline dome-and-basin structures in
which supracrustal rocks of greenstone belts occupy the basins.
The foliation trajectories are perturbed only by bands of later
transcurrent shearing. Variations in structural directions depend
on the geometry of plutonic bodies within which the foliation
has a domal form. Changes in the intensity of deformation are
atellite radar data for mapping dome-and-basin patterns in the In Ouzzal
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essentially limited to boundaries between granitoids and supracru-
stal series. Remote sensing is then highly complementary to field
work, whereas large-scale geophysical survey such as magnetotel-
luric prospection does not allow separating dome and basin struc-
tures (Bouzid et al., 2008).
7. Conclusions

The ALOS spacecraft system with its radar sensor (PALSAR) is
particularly relevant for studying arid areas such as the In Ouzzal
region. The characterization of most of the landscape units is pos-
sible, including mineral surfaces. The dome-and-basin structure is
clearly evidenced, whereas it was only suggested. The quantitative
approach indicates a good correlation between backscattering and
surface roughness parameters. The In Ouzzal Terrane is particu-
larly adapted to the study, because the area is flat, with rare out-
crops, and its remoteness hampers field missions to be easily
carried out. Therefore, the potential for synthetical geological map-
ping is large.

The most significant advantages of the synthetic aperture radar
(SAR) in geologic studies are the sensitivity to surface parameters
and the ability to penetrate dry sand and collect images of shallow
sub-surface features. When compared to the C-band of ENVISAT
ASAR, ALOS PALSAR perfectly illustrates the fact that longer wave-
length results in deeper radar penetration. More generally, ALOS
PALSAR illustrates the great potential of the SAR for mapping dif-
ferent rock weathering types differently and then producing differ-
ent roughness levels, although SAR is generally considered less
useful for lithological mapping than orbital visible and infrared
images.

Roughness is described by the autocorrelation function and the
standard deviation of the roughness height (rms). Thus, the rms
height relative to wavelength can be estimated from the inversion
of theoretical model. In the future, we envisage calculating these
parameters using the principle proposed by Fung et al. (1992)
and Shi et al. (1997), and developed by Gade et al. (2008) and Der-
oin (2012) in the specific case of tidal flats. The method is based on
the use of a set of radar data acquired in two different bands (for
example C-band and L-band) and allows extracting the field
parameters, particularly the rms height. Arid test sites can help
prevent moisture and salinity issues typical of the tidal-flat areas.
Note that field observation is necessary to properly decipher the
relation between backscattering and geophysical parameters.

A launch of ALOS 2 is scheduled for 2014. It will open up new
perspectives because it will provide a new class of high quality
L-band SAR products. ALOS 2 will have a spotlight mode (1–3 m)
and a high resolution mode (3–10 m), whilst PALSAR FBS has a
6.25 m resolution (Kankaku et al., 2009). Fortunately, the wide
swath mode of ScanSAR is also planned on board ALOS 2, the reso-
lution and swath being almost equal to PALSAR.
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