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Abstract Satellite remote sensing is shown to provide crit-
ical support for geological and structural mapping in semi-
arid and arid areas. In this work, Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) data
were used to clarify the geological framework of the
Precambrian basement of the Iguerda Proterozoic inlier in
the Moroccan Central Anti-Atlas. In this study, the interpreta-
tion of the processed digital data has been ground truthed with
geological field data collected during a reconnaissance-
mapping program in the Central Anti-Atlas. The Iguerda inlier
offers a deeply eroded Precambrian massif dominated by a
Paleoproterozoic basement composed of supracrustal
metasedimentary units intruded by various Eburnian granit-
oids. Impressive mafic dyke swarms mainly of Proterozoic
age crosscut this basement. Eburnian basement rocks are un-
conformably overlain by Lower Ediacaran volcanosedimentary
rocks of the Ouarzazate Group and Upper Ediacaran–Lower
Cambrian carbonates. The applied ASTER analyses are partic-
ularly effective in the lithological differentiation and discrimi-
nation of geological units of the Iguerda inlier. The spectral

information divergence (SID) classification algorithm coupled
with spectral angle mapper and maximum likelihood classifi-
cation effectively discriminates between metamorphic rocks,
granitoid bodies, and carbonate cover. SID classification im-
proves geologic map accuracy with respect to the spatial dis-
tribution of plutonic bodies and metamorphic units. In addition,
Paleoproterozoic granitoids have been well discriminated into
separate distinct suites of porphyritic granites, granodiorites,
and peraluminous leucogranite suites. This discrimination was
initially identified via remote sensing analysis and later ground
truthed in the field. This methodology enhances geological
mapping and illustrates the potential of ASTER data to serve
as a vital tool in detailed geologic mapping and exploration of
well-exposed basement of arid regions, such as the
Proterozoic of the Anti-Atlas Mountains of Morocco.

Keywords Anti-Atlas . Remote sensing . Geological
mapping . ASTER data

Introduction

Satellite remote sensing has become a common application
in geological mapping and mineral discrimination. This
technology is particularly useful in areas where convention-
al methods of geological mapping require large source time
investment and high-risk fieldwork. Analysis of the spectral
behavior of rocks using reflectance spectroscopy is therefore
a valuable tool in remote sensing analysis that complements
traditional field mapping methods.

Remote sensing analysis is widely used for geological
and structural mapping in semiarid and arid areas. While
significant results have been obtained for remote sensing of
sedimentary domains (Lang 1999 and references therein),
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enhanced imagery has been less effective in mapping meta-
morphic and igneous terrains. Recently however, interesting
analytical results were obtained in crystalline basement
using Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) and hyperspectral data
(Rowan et al. 2011), in the Jbel Saghro at the eastern part
of the Anti-Atlas (Massironi et al. 2008).

Multispectral remote sensing is an approach for enhanc-
ing digital thematic mapping by using training pixels
(Schowengerdt 2007). Digital satellite images in the visible
and infrared wavelength spectral range provide critical de-
tail to the identification of lithological units and their spatial
distribution. Advances in digital data and algorithm process-
ing in remote sensing allow for advanced visualization and
imagery interpretation.

The spectrometry imagery is particularly well received by
geologist and cartographers, due to its sensitivity to physical
and chemical properties, which allow identification of min-
eral assemblages in rock and soil (Chabrillat et al. 2000).
Hyperspectral data are particularly useful due to their ability
to achieve a very fine spatial resolution. Hyperspectral data
contain at least ten spectral bands with relatively narrow
spectral bandwidths extending continuously from visible to
near infrared (VNIR) spectral regions (Baltsavia 2002).

During the last decade, ASTER multispectral imagery
has offered improved spectral resolution and spatial detail
compared to LANDSAT and has been shown to be effective
in mapping earth surfaces. ASTER data provide improve-
ments in the quality and quantity of information that can be
gathered about geological survey and mapping due to the
number of spectral bands and high resolution. ASTER im-
agery can be used to facilitate efficient field mapping.

Our study tests various processing algorithms based on
spectral cluster statistics of ASTER images. This study
examines the spatial accuracy pattern of thematic maps
using several classification algorithms as applied to the
geology of the Iguerda inlier in the Central Anti-Atlas
Mountains of Morocco.

The Anti-Atlas belt is an arid, mountainous area of
Morocco, south of the High Atlas range. It is largely devoid
of soil and vegetation and is used here as a case study for
testing remote sensing techniques to improve rock discrim-
ination in the geologic mapping of a basement massif.

The Iguerda Proterozoic inlier has been the subject of a
recent reconnaissance field mapping and prospecting pro-
gram (Agadir Melloul Project 19/2008), part of the National
Program of Geological Mapping (PNCG) launched by the
Moroccan Ministry of Energy and Mines. The 1/50,000
scale geological maps generated during this project, in
which the present authors participated as field geologists
(Admou et al. 2013; Hafid et al. 2013; Chèvremont et al.
2013; Ouanaimi et al. 2003), provide ground truth data to
test the spectral imagery results.

Geological framework

General geology of the Anti-Atlas

TheAnti-Atlas belt (Fig. 1) corresponds to a broad ENE–WSW
trending anticlinorium some 800 km long and 200 km wide,
extending south of the High Atlas chain and north of the West
African Craton (WAC) (Choubert 1963). Most of the Anti-
Atlas basement was assembled during the final stage of the
Eburnian orogeny at ca. 2 Ga (Rocci et al. 1991) forming the
WAC itself. The Anti-Atlas region was subsequently affected
by the Neoproterozoic Pan-African Orogeny and the Variscan
thick-skinned tectonics (Soulaimani 1998; Caritg et al. 2004;
Soulaimani and Burkhard 2008; Michard et al. 2011). Variscan
orogeny has been responsible for the exhumation of
Precambrian antiformal massifs, which have been exposed at
the surface during the Jurassic–Early Cretaceous erosional
interval (Ruiz et al. 2011) and now crop out in discrete inliers
or “boutonnières” (Choubert 1943, 1963).

Precambrian basement rocks encompass several meta-
morphic and magmatic units of Paleoproterozoic to
Neoproterozoic ages, unconformably overlain by Upper
Ediacaran–Cambrian rocks, followed by thick sedimentary
Paleozoic units. Two main Proterozoic tectono-magmatic
events have been recognized in the Anti-Atlas: (a) At ca.
2 Ga, granitoid bodies and intruded metasedimentary and
metavolcanic rocks are transformed during the Eburnian
orogeny producing Paleoproterozoic gneisses and migmatites
that outcrop exclusively southwest of the Anti-Atlas Major
Fault (Choubert 1947). These rocks correspond to the
Eburnian basement of the Anti-Atlas (Aït Malek et al. 1998;
Walsh et al. 2002; Thomas et al. 2002; Gasquet et al. 2005). A
long quiescence interval followed during Mesoproterozoic
times, only interrupted by dyke emplacement at ~1,700 Ma
(Gasquet et al. 2004) and 1,350 Ma (El Bahat et al. 2013);
(b) In Neoproterozoic time, the Pan-African cycle (900–
550 Ma) documents the breakup of the northern margin of
the (WAC) and the onset of oceanic domain and volcanic arc
development, followed by complex transpressive collage
processes (Leblanc 1976; Leblanc and Moussine-Pouchkine
1994; Saquaque et al. 1989; Thomas et al. 2004; Gasquet
et al. 2008). Indeed, in the Central Anti-Atlas region,
Neoproterozoic siliciclastic-dominated platform units
(Taghdout-Lkest Group) (Hassenforder 1987; Bouougri and
Porada 2002), arc-related volcanosedimentary rocks (Thomas
et al. 2002), and remnants of Neoproterozoic oceanic crust
(Bou Azzer Group) (Saquaque et al. 1989; Admou and Juteau
1998) were assembled. All these units were deformed and
accreted to the northern edge of the WAC as tectonic slices
along the Bou Azzer–Siroua suture (Saquaque et al. 1989;
Hefferan et al. 2000; Thomas et al. 2002) during two main
Pan-African events at 760 and 650 Ma (D'Lemos et al. 2006;
Inglis et al. 2005; Walsh et al. 2012). Above, Tiddiline and
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Bou Salda Groups unconformably overlie these assem-
blages and were only affected by late stages of the Pan-
African shortening (Hefferan et al. 1992; Thomas et al.
2002; El Hadi et al. 2010).

All these Proterozoic rocks are unconformably covered
by the post-Pan-African continental volcanoclastic series of
Ouarzazate Group and overlain by transgressive Paleozoic
passive margin sedimentary sequence ~6- to 10-km thick,
ranging from the Cambrian to Lower Carboniferous and
outcropping mainly to the south of the Anti-Atlas.

During Late Carboniferous, basement fractures of the
Anti-Atlas were remobilized and Precambrian blocks were
compressed and affected by low-grade metamorphic condi-
tions, inducing uneven folding in the overlying Paleozoic
cover. At this time, the Anti-Atlas constituted the south-
ern foreland area of the Alleghanian–Variscan belt
(Soulaimani 1998; Burkhard et al. 2006; Soulaimani
and Burkhard 2008).

Lastly, numerous Triassic–Liassic dykes and sills of
the Central Atlantic Magmatic Provinces (CAMP) cross-
cut the Precambrian basement and Variscan folds of the
Anti-Atlas (Youbi et al. 2003). Mesozoic deposits are
not preserved on the mountain belt, except very locally
(Cretaceous relicts on top of the Ifni and Siroua inliers).
After burial during Cretaceous–Eocene times, the Anti-
Atlas experienced its final exhumation during the
Neogene, contemporaneously with the High Atlas itself
(Ruiz et al. 2011).

Geology of Iguerda inlier

The Iguerda inlier, the subject area of this work (Fig. 2), is
located in the central part of Anti-Atlas between the Agadir
Melloul inlier to the west and Zenaga to the NE. Due to limited
accessibility, little work has been devoted to the Iguerda inlier
such that this study provides new significant petrographic,
geochronologic, and geodynamic data. The Iguerda inlier cor-
responds to a large NE–SW depression (15 km2) 30 km long
and 10 km wide, surrounded by 1,900-m-high Cambrian pla-
teaus. Unlike other inliers of the Anti-Atlas, where bedrock
usually forms large flat expanses, the Iguerda inlier contains
highly variable relief due to highly variable rock types
exhibiting differential weathering characteristics, numer-
ous multidirectional mafic ridge-forming dyke swarms,
and possibly differential vertical movements during the
Cenozoic Alpine uplift (Ruiz et al. 2011).

The Iguerda inlier consists of metasedimentary country
rocks, crosscutting Paleoproterozoic granitoids (historically
referred to as “PI”) and associated contact metamorphic
aureoles (Agard 1954; Bilal and Derre 1989). Metasedimentary
country rocks are derived from sandstone–pelitic sediments
sourced from erosion of older undetermined basement.
During Eburnian orogeny, this protolithe experienced var-
iable greenschist to amphibolite regional metamorphism
which is locally superimposed by a local thermal metamor-
phism. Micaschists are locally anatectic and intruded by
granites, granite pegmatites, and associated migmatites

Fig. 1 Location of the Iguerda inlier in the geological map of the Anti-Atlas (drawn from the geological map of Morocco 1/1,000,000)
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(Fig. 3a). The precise ages of the metamorphic events are
poorly constrained within Iguerda inlier. However, SW of
Iguerda, in the Tagragra of Tata inlier, metasediments
have been directly dated at 2,072±8 Ma (Walsh et al.
2002). Further to the west in the Kerdous inlier, similar
micaschists are crosscut by intrusions dated at 2,110±17
Ma (Roger et al. 2006) and 2,187±33 Ma (O'Connor
et al. 2010).

Radiometric U-Pb SHRIMP zircon dates from Iguerda
granitoids confirm their Paleoproterozoic age, ranging be-
tween 2,038 and 2,034 Ma (Admou et al. 2013; Chèvremont
et al. 2013). Paleoproterozoic granitoids of Iguerda are
divided into two magmatic suites: (a) a calc–alkaline medi-
um potassic suite, composed of quartz monzodiorite, orbic-
ular diorite, quartz diorite–tonalite, and mesocratic to sub-
leucocratic porphyritic granites, and (b) a potassium alumi-
num suite which comprise mainly sub-leucocratic to
leucocratic granites (Fig. 3b). The term “suite” herein used
follows the lithodemic nomenclature of the North American
Stratigraphic Code. Suites comprise two or more lithodemes,
as they are lithodemic units next higher in rank to lithodemes.
Lithodemes are bodies of predominantly intrusive, highly
deformed, and/or metamorphosed rocks. Lithodemes general-
ly are non-tabular, lack primary depositional structures, and
are characterized by lithic homogeneity (North American
Stratigraphic Code 2005). The first suite is derived from the
differentiation of a mantle-derived magma, probably associat-
ed with a former Eburnian arc, while the second suite reflects
the melting of supracrustal materials in a collisional environ-
ment. These two magma suites are well documented in other

inliers of the Anti-Atlas (Mortaji et al. 2000; Thomas et al.
2002; Gasquet et al. 2004; Roger et al. 2006). These
Paleoproterozoic granitic intrusions produced contact meta-
morphic aureoles, resulting in the growth of andalusite
and/or cordierite blasts, particularly well developed
around the large intrusive bodies.

The Paleoproterozoic basement of Iguerda area is cross-
cut by impressive mafic dyke swarm, some of which exceed
several kilometers in length (Fig. 3c). Mainly of doleritic to
microgabbroic nature, their trends occur in two major fam-
ilies: NW–SE and NE–SW. Most of the basic dykes have
continental tholeiitic geochemical similarities (Hafid et al.
1998, 1999); El Aouli et al. 2001, 2004, 2010). However,
several discrete pulses of dyke emplacement extend from
the Paleoproterozoic to the Mesozoic. We can distinguish:
(a) Paleoproterozoic veins similar to those dated in the in-
liers of Tagragra of Tata (Walsh et al. 2002) and Taznakht
(Kouyaté et al. 2013); (b) Mesoproterozoic dykes (1.65 Ga)
in the Agadir Melloul inlier (Kouyaté et al. 2013) and
further west in the Tagragra of Akka (Gasquet et al. 2004);
(c) Lower Neoproterozoic dykes of Ifzwane suite (Thomas
et al. 2002) have been dated at 885 Ma (historically referred
to as the beginning of “PII” events) in the Iguerda inlier
(Kouyaté et al. 2013); (d) Ediacaran rifting dykes intrude the
Ouarzazate Group; and finally (e), CAMP province dykes
which crosscut the Cambrian cover are associated with the
Triassic–Liassic opening of the Central Atlantic (Youbi et al.
2003).

The Paleoproterozoic basement of Iguerda inlier is
unconformably overlain by rhyolite and volcanoclastic
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rocks attributed to the Lower Ediacaran Ouarzazate
Group (historically referred to as “PIII”) (Fig. 3d).
The Ouarzazate Group outcrops exclusively along the
perimeter of the inlier and is deposited in tilted blocks
of a Neoproterozoic–Cambrian rift system (Piqué et al.
1999, Soulaimani et al. 2003). The Ouarzazate Group
is conformably or disconformably overlain (Fig. 3e) by
the Upper Ediacaran–Lower Cambrian carbonate de-
posits (Taroudant and Tata Groups, respectively).
During the Variscan orogeny, basement fractures of
the Iguerda inlier were reactivated and the entire mas-
sif has been uplifted, inducing upright folds in the
Adoudou Group limestones above remobilized faults.

ASTER preprocessing and classification process

Preprocessing is an essential procedure to acquire spatially
and radiometrically corrected images in order to analyze and

interpret spectral data. Digital images require the application
of different types of systematic corrections. Errors can be
generated from the raw data or from noise corrections,
effects of geometric distortion, and radiometric calibration
(Liu and Mason 2009).

Preprocessing used in this study includes:

– Geometric corrections applied by transformation of the
image into standard system coordinate through rectifi-
cation. The rectified ASTER image is in a curved irreg-
ular shape indicating nonlinear distortion of the image
in the reference map projection.

– Calibration of reflectance data was achieved by internal
average relative (IAR) reflectance algorithm for each
band of ASTER data. IAR reflectance correction has
been used with considerable success in arid regions
(Kruse 1988; Ben-Dor et al. 1994). IAR reflectance is
calculated by determining an average spectrum for an

Fig. 3 a Metasedimentary
country rock of Iguerda inlier
consisting of mica schist,
locally anatectic. b Photograph
of Paleoproterozoic granite. c
Eastward view of the western
part of Iguerda inlier showing
the importance of mafic dyke
swarms (NPə) crosscutting the
Paleoproterozoic basement. d
Volcanoclastic series of
Ouarzazate Group (NP3)
unconformably overlying the
Paleoproterozoic granite (PP) at
the western entrance of the
inlier. The Adoudou Group
limestones (Add) are
transgressive over all of the
Precambrian series. e E–W
cross section along the northern
side of the Aguinane Valley
showing basement blocks tilted
during the Ouarzazate Group
rifting (PIII) which occur
before the transgressive
Adoudou Group limestones
were deposited

Arab J Geosci



entire imaging spectrometer data set and dividing each
spectrum in the data set by the average spectrum. The
resulting spectra represent reflectance relative to the
average spectrum and resemble laboratory spectra ac-
quired from the same materials (Kruse 1988).

– The result can be used afterwards for selective enhance-
ment and effective target discrimination. This last point
may not cover all aspects of image processing, but
obtained results constitute a useful guide to enhance a
workable processing strategy, depending on the nature
of the application.

– The specific area of interest was extracted in a sub-
scene by deleting redundant parts using minimum noise
fraction transform (MNF) algorithm to reduce spectral
and spatial complexity of the data. The MNF processing
reduces the spectral dimensionality of data by locating
linear combinations of bands that match the inherent
dimensionality of the data.

– Spectral image enhancement was utilized for advanced
visualization and mapping and for testing different al-
gorithms. This computational method, coupled with
purity pixel index (PPI) and spatial spectral endmember
extraction, can be used for classification and for the
subsequent computational processing. PPI reduces the
spatial dimensionality by finding key endmembers.
Once endmember spectra are determined, automated
identification procedures match endmember results
with a spectral library. These identified image
endmembers are applied to the full spatial dataset
to create image maps showing the location and
abundance of specific materials.

ASTER data

The ASTER instrument has been built in Japan by a consor-
tium of government, industry, and research groups. Every
image obtained is in a gray scale from black to white based
on the brightness of radiation at a precise wavelength (be-
tween 0.52 and 11.65 μm) (Table 1). ASTER data include
radiation reflected in the VNIR spectral range. Three record-
ing channels occur at wavelengths between 0.52 and 0.86 μm,
with a spatial resolution of 15 m. Band “B3” is divided to B3b
and B3n, using algorithms developed by an ASTER scientist
team to generate a digital elevation model. The shortwave
length infrared (SWIR) has six recording channels at wave-
length between 1.6 and 2.43 μm, with a spatial resolution of
30 m. The thermal infrared subsystem (TIR) has five record-
ing channels, with wavelengths between 8.125 and 11.65 μm
and with a spatial resolution of 90 m.

VNIR wavelengths have been used widely for mineraliza-
tionmapping (Knipling 1970) due to sensitivity to the presence
of iron oxide minerals (Hunt 1979; Rowan et al. 1977). This
FeO sensitivity helps in the study of sulfide ore deposits, such

as gossans, massive sulfide, and hydrothermal deposits from
Australia and Saudi Arabia (Raines et al. 1985). The near
infrared wavelengths have been employed in classifica-
tion mapping of regolith groups in Yilgarn Craton of
Australia (McPherson and Halls 2007; Townsend 1987).

SWIR spectral ranges allow for discrimination of clays,
phyllosilicates, alunite, and limestone (Hunt 1979). SWIR
are useful for mapping chlorite-metamorphic alteration
halos and white mica associated with porphyry hydro-
thermal Cu–Au mineralization (Marsh and McKeon
1983; Rowan et al. 1991). TIR data are sensitive to
the abundance of silica and have been used in discrim-
inating albitic granites in the Central Eastern Desert of
Egypt (Aboelkhair et al. 2010).

ASTER data processing

In this study, ASTER digital image processing has been ap-
plied to raw data. Processing data frommultidimensional space
to multispectral data is widely used for thematic extraction to
produce very detailed mineral and lithological maps. While
image processing can never increase the performance provided
by the raw data, the use of appropriate image processing can
improve visualization comprehension and analysis of the im-
age information. The interpretation of the processed digital
data has been ground truthed with geological field data col-
lected during the reconnaissance-mapping program in the
Iguerda area.

In this paper, several remote sensing approaches are used,
including algorithms to: (a) convert the raw data to appropriate
reflectance forms and select varied targets matched to enhance
information visualization using the IAR reflectance algorithm
(the internal average reflectance). IAR reflectance algorithm
has been used with considerable success in arid regions (Ben-
Dor and Kruse 1994). IAR algorithm determines an average
spectrum for an entire image and divides each spectrum in the
data set by the average spectrum; (b) Spectral endmember
extraction and labeling of sample training targets define an
efficient sampling selection and establish algorithms for the
most informative training samples, thus optimizing assessment
accuracy when coupled with ground truth knowledge. Other
technical processing includes “minimum noise fraction meth-
od” (MNF) methods, PPI, and endmember selection, which
allow us to select pure pixels in the scene as the first
endmember.

Minimum noise fraction method

Adapted by Green et al. (1988), MNFmethod is applied to our
data in order to obtain reasonable segregation of coherent
signals while reducing noise. MNF transform reduces the
spectral dimensionality of data by locating linear combinations
of bands that match the inherent dimensionality of the data
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(Fig. 4). This two-part process involves component correlation
which maximizes variance between noise and spectral signa-
ture. The second part involves standard transformation to
principal components, which creates 14 MNF bands, called
“eigen-images.”

Results (Fig. 3) show that the first set of MNF bands (B1 to
B4) contains the most spectral information. Conversely, bands
(B5 to B14) provide the minimum information, which allow us
to reduce dimensionality and increase signal-to-noise ratio in
bands with less spectral resolution.

Purity pixel index and endmember extraction

Spectral endmember extractions are highly dependent on
automatic or semiautomatic processing used to generate

reasonable separation of spectral data. The PPI procedure
(Boardman et al. 1995) permits an endmember identification
for high-dimensional images. Likewise, it targets pure pixels
while reducing space. Thus, PPI process, created from 14
eigen-images, reduces the number of pixels to be ana-
lyzed from the 14 MNF eigen-images. Each pixel value
corresponds to a pure spectral pixel. A final number of
classes are chosen from pixel combinations in conjunc-
tion with n-dimensional scatter, which we can use in
any transformed space.

The visual review of pure pixels selected in n-dimension-
al scatter plot is conducted for all appropriate eigen-images.
This automatic identification procedure is useful for the
analysis of spectral data (Rogge et al. 2007). These
spectral data components are used in n-dimensional

Table 1 Wavelength and spatial
range of ASTER data (Abrams
2000; Yamaguchi et al. 1998)

ASTER Advanced Spaceborne
Thermal Emission and Reflec-
tion Radiometer, VNIR visible
and near infrared, SWIR short-
wave infrared, TIR thermal
infrared

Subsystems VNIR SWIR TIR

B1 0.52–0.60 B4 1.6–1.7 B10 8.125–8.475

Nadir looking

B2 0.63–0.69 B5 2.145–2.185 B11 8.475–8.825

Nadir looking

B3n 0.76–0.86 B6 2.185–2.225 B12 8.925–9.275

Bands Nadir looking

B3b 0.76–0.86 B7 2.235–2.285 B13 10.25–10.95

Spectral range (μm) Nadir looking

B8 2.295–2.365 B14 10.95–11.65

B9 2.36–2.43

Spatial Resolution (m) 15 30 90

Signal Quantization (bits) 8 8 12

Fig. 4 MNF eigenvalues plot
with 14 MNF bands
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scatter plots (n=number of bands) and displayed as
distinct spectral endmembers.

In order to discriminate lithologic units constituting the
Proterozoic basement of Iguerda inlier, 11 main classes of
spectral components have been identified (Fig. 5) using the
PPI algorithms, including: porphyritic granites, granodio-
rites, peraluminous leucogranites, micaschists, migmatites,
mafic rocks, metasediments, massive rhyolite, volcanoclastic
sediments, carbonates, and travertines.

In general, the global trends of these spectral signatures
allow for effective discrimination of rock classes based on
reflectance magnitude and angle distributed within 14
bands. These spectral components are extracted by n-dimen-
sional visualization and then used as reference spectres for
advanced visualization and mapping using the following
classification algorithms.

Classification algorithms, processing, and lithological
mapping of Iguerda Proterozoic basement

In order to reduce the number of redundant pixels, each
pixel is assigned to a predefined pixel class based on spec-
tral components and statistical data of each class target.
Classification algorithms distribute each pixel to the class
target which contains the most similar characteristics.

Consequently, the process was automatically optimized
according to cluster statistics suited to images of targets.
Even for a well-mapped area, this may provide more accu-
racy by using spectral features. The results of thematic
classifications are dependent upon algorithm classifications
such as spectral angle mapper (SAM), spectral information
divergence (SID), and maximum likelihood.

Spectral angle mapper

Spectral angle mapper is a supervised classification al-
gorithm based on statistical techniques and is dependent
on the cluster identification of the image. This method
computes spectral similarity between different spectral
angles and their corresponding vectors (Yuhas et al.
1992; Kruse et al. 1993). The classification is carried
out by minimizing the angle between a target and ideal
position of the class in space.

The spectral distance is independent of the magnitude of
spectral vectors, and therefore, this classification is insensi-
tive to topography variations (De Carvalho and Meneses
2000). In this section, the SAM procedure is tested using
ASTER data set, including varied lithological classes out-
cropping in the study area (Fig. 6a). Table 2 shows the
results of SAM, which effectively discriminate porphyritic
granites and metasediments. The threshold of levels
mapped is generally used to empirically determine the
regions corresponding to reference spectrum range,

while maintaining their spatial coherence. Although
SAM is limited to a partial screening of ASTER data,
these algorithms are coupled to classification results of
SID and maximum likelihood classification (MLC).

Spectral information divergence

In order to refine classification of information already
obtained with SAM, SID is applied to improve the accuracy
of the estimate of endmember abundance used in optimal
classification (Xu and Zhao 2008). The fraction of spectral
components image resulting from this procedure displays a
perfect correlation between the different lithological classes.
In fact, SID appears most successful in distinguishing be-
tween major geological units. Good agreement is found
between different classes derived by image quantifica-
tion, which demonstrates the effectiveness of spectral
components (Fig. 6b). In all instances, the current SID
image provides consistent results (Table 2) for mapping
granodiorite suites and shows correlation percentage at
93 %, peraluminous leucogranites at 99 %, and carbon-
ate sediments at 81.29 %. The results of granite distri-
bution indicate the closest match, and SID procedure
provides the most detail of this survey.

Maximum likelihood classification

The MLC is based on the probability that a pixel with
the maximum likelihood, determined by measuring
mean spectral vectors involved in the signature file, is
classified into the corresponding class (Richards et al.
2006; Richards 1993; Jia et al. 1994). The extraction
of common information is executed for the pure spec-
tral components derived from reflectance spectral se-
lection (Chen and Landgrebe 1989; Henderson et al.
1992). The classes are selected from ASTER bands to
effect simple separation of lithological classes. Each
class relates to a pure endmember pixel. The results
are based on the accuracy of this classification and the
available spectral components (Fig. 5). Ultimately, only
a few classes were considered at this stage (Fig. 6c).

Summary of algorithm results

In this study, SID is most successful in distinguishing between
major geological units, particularly in the discrimination of
granodiorites (93 % accuracy), peraluminous leucogranites
(99 % accuracy), and carbonate sediments (81.29 % accura-
cy). Utilizing SAM and SID, intrusive granitoids are clearly
identified and subdivided into three categories, which, ground
truthed by our field observations, correspond to: (a) porphy-
ritic granites; (b) granodiorites, and (c) peraluminous
leucogranites. Previously, these three bodies were mapped as
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Fig. 5 a–c Endmember reflection spectral features: (1) metasediments; (2) migmatites; (3) porphyritic granite suite; (4) micashists; (5) mafic rocks;
(6) volcanoclastic sediment; (7) carbonates; (8) granodiorite suite; (9) massive rhyolitic; (10) peraluminous leucogranites; and (11) travertine
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one plutonic suite. Both SAM and SID are also very useful for
discriminating metasedimentary rocks. SAM and SID provide
excellent mapping tools to define spectra similarity of image
by computing the angle between test reflectance spectrum and
reference reflectance spectrum.

MLC algorithms effectively discriminate Proterozoic
basement structures and contacts between metamorphic
rocks, granitoid bodies, and carbonate cover surrounding
the inlier. MLC algorithm improves rock discrimination in
the basement of this area, demonstrating the existence of a

number of metamorphic units and granitoid bodies that
were not discriminated previously in field mapping
(Faure-Muret et al. 1992).

Based onMLC algorithm interpretation, the Paleoproterozoic
Zenaga metamorphic complex rocks are subdivided into three
units corresponding to: (a) supracrustal metasediments; (b)
micaschists; and (c) migmatites. MLC algorithm reveals the
most informative training targets in high spectral data set and,
with SID, can add more accuracy of distribution and the extent
of metamorphic units. For example, the metasediments and

Fig. 6 Output classification with color indicating the closest matches in the spectral similarity and derived from classification algorithms using: a
spectral angle mapper algorithm; b spectral information divergence algorithm; and c maximum likelihood algorithm
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micaschists are clearly distinguished in the eastern Tinoussem
and Aguinane Valleys (Fig. 6b) using MLC analysis (Fig. 6c);
however, in the field they, have been collectively mapped as
Neoproterozoic volcanoclastic sediments.

Additionally, the mafic dykes that range in age from
Paleoproterozoic to Mesozoic are distributed in numerous
interlinked networks crosscutting the Proterozoic basement
in varied directions. The mafic dykes are clearly visible on
the images although discrimination of age and origin re-
lations is not possible from the digital classification process-
ing. Also, the Lower Ediacaran Ouarzazate Group and
contacts with crystalline basement are clearly visible in the
synthetic map (Fig. 6). The Lower Ediacaran Ouarzazate
Group unconformably overlies the crystalline basement and
consists of volcanoclastic formations outcropping along the
borders of the inlier. Further west in the Taïfast depression,
the Ouarzazate Group is composed of massive rhyolite
(Faure-Muret et al. 1992; Admou et al. 2013). Surrounding
the inlier, the Upper Ediacaran–Lowermost Cambrian

Adoudou Group carbonates are easily distinguished from
the underlying Proterozoic rocks and are covered by the
Lower Cambrian carbonates at the northwest and south parts
of the area.

The synthetic lithologic classification results are derived
from transformation of the numerical image data into de-
scriptive classes that categorize different geological outcrops.
By virtue of digital image processing, we have transformed
the raw data into an improved classification form that has
more informational value. A large reduction in data quantity
occurred during systematic preprocessing achievement and
also during processing and classification.

The extracted synthetic maps (Fig. 6) employ the
most useful spectral components defined in the images,
based on optimized techniques that provide a reason-
able segregation to predefined outcrops in the Iguerda
inlier. Combining elements of the synthetic map
(Fig. 6), recent ground truth geologic mapping, and
the previously existing geologic map (Fig. 2), we have

Table 2 Confusion matrix and classification accuracies of the object oriented supervised classification

Classes 1 2 3 4 5 6 7 8 9 10 11 Total (%)
(a) Contingency matrix of classification algorithm (SAM), applied to the training lithological classes
Classes 1 2 3 4 5 6 7 8 9 10 11 Total (%)
Unclassified 12.50 60.34 78.40 38.99 69.33 69.06 24.38 94.63 96.13 64.51 100.00 64.88
1 87.50 0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.82
2 0.00 27.68 0.00 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.00 5.02
3 0.00 0.00 21.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75
4 0.00 0.00 0.00 49.54 0.00 11.75 0.00 0.00 0.00 0.00 0.00 4.38
5 0.00 11.51 0.00 0.00 30.00 0.00 0.00 0.00 0.00 0.00 0.00 4.57
6 0.00 0.00 0.00 11.47 0.00 19.18 0.00 0.00 0.00 0.00 0.00 2.93
7 0.00 0.00 0.00 0.00 0.00 0.00 49.38 0.00 0.00 0.00 0.00 4.41
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.37 0.00 0.00 0.00 0.22
9 0.00 0.00 0.00 0.00 0.00 0.00 26.25 0.00 3.87 0.00 0.00 2.51
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.49 0.00 7.50
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Unclassified 7.14 7.00 68.00 24.77 1.00 42.21 0.00 41.61 18.71 21.37 85.82 26.69
1 91.07 11.98 0.00 0.00 23.33 0.48 0.00 0.00 0.00 0.00 0.00 7.00
2 0.89 57.54 0.00 1.38 41.33 0.00 0.00 0.00 0.00 0.53 0.00 14.00
3 0.00 0.00 32.00 2.75 0.00 0.00 0.00 1.34 16.77 0.00 1.80 2.26
4 0.00 0.00 0.00 52.75 0.00 9.11 0.00 0.67 0.00 0.00 1.80 4.49
5 0.89 19.28 0.00 0.00 28.67 0.00 0.00 0.00 0.00 0.00 0.00 5.89
6 0 00 0 00 0 00 8 72 0 00 28 06 0 00 6 04 0 00 0 00 0 00 4 04

(b) Contingency matrix of classification algorithm (SID), applied to the training lithological classes

6 0.00 0.00 0.00 8.72 0.00 28.06 0.00 6.04 0.00 0.00 0.00 4.04
7 0.00 0.00 0.00 4.59 0.00 8.87 88.44 0.00 24.52 0.00 0.77 10.35
8 0.00 0.00 0.00 1.83 0.00 8.39 0.00 50.34 0.00 0.00 0.00 3.18
9 0.00 0.00 0.00 0.92 0.00 1.44 11.56 0.00 40.00 0.00 0.00 2.98
10 0.00 4.20 0.00 2.29 5.67 1.44 0.00 0.00 0.00 78.10 0.00 18.05
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.79 1.06
Total (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Unclassified 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.12
2 0.00 99.69 0.00 0.00 1.33 0.00 0.00 0.00 0.00 0.00 0.00 17.99

(b) Contingency matrix of classification algorithm (MLC), applied to the training lithological classes

3 0.00 0.00 99.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.46
4 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.08
5 0.00 0.31 0.00 0.00 98.67 0.00 0.00 0.00 0.00 0.00 0.00 8.31
6 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 11.63
7 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 8.93
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 4.16
9 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 4.35
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 21.14
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 10.82
Total (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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developed a new and improved geologic map combin-
ing these data (Fig. 7).

To sum up, the geologic remote sensing is based on
statistical distribution assumptions included in ASTER im-
agery, image processing employed, and the inherent geolog-
ic character of the earth surface studied. As such, we do not
claim that one classifier algorithm is better than another;
algorithm performance is largely dependent on data type and
the geologic region under investigation. However, in this
specific study, our ability to discriminate lithological classes
has been greatly facilitated through the use of SID, SAM,

and MLC. At this point, this entire classifier algorithm
set has been tested in this study through ground truth
mapping in the Iguerda inlier. Ground truth mapping
supports the remote sensing analysis whereby we are
now able to discriminate basement rocks that hitherto
were considered one unit. Improved rock discrimination
is clearly evident in comparing earlier geologic maps of
the Iguerda inlier (Fig. 2) with the digitally enhanced
geologic map generated in this study (Fig. 7).
Ultimately, the use of appropriate algorithms has greatly
enhanced geological mapping in this arid area.
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Fig. 7 Geological map of the Iguerda area resulting from remote sensing interpretation of ASTER data
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Conclusions

The ASTER visualization is strategically designed to com-
plement the objectives of structural study and geological
mapping of the Iguerda inlier. Each algorithm used in this
study can distinguish a limited number of lithological clas-
ses derived from the Iguerda inlier basement. The SID
algorithm is most effective in distinguishing the majority
of geological data. SAM and MLC algorithms also provide
useful results, which can enhance the geological map agree-
ment with the Agadir Melloul sheet, scale 1/100,000 with
lithological evident classification. These algorithms im-
prove rock discrimination in the metamorphic basement of
this area, demonstrating the existence of a number of gran-
itoid bodies and metamorphic units that were not discrimi-
nated previously in field mapping (Faure-Muret et al. 1992).
Based on digital data algorithm interpretation, the
Paleoproterozoic Zenaga metamorphic complex rocks are
subdivided into three units corresponding to: (a)
supracrustal metasediments; (b) micaschists; and (c)
migmatites. Intrusive granitoids, which are subdivided into
three categories ground truthed by our field observations,
correspond to: (a) porphyritic granites; (b) granodiorites;
and (c) peraluminous leucogranites. Given that ASTER data
are sufficiently sensitive to detect differences in mineral
associations in our study area, a porphyritic granite suite,
granodiorite suite, and peraluminous leucogranites have
been effectively discriminated.

In this study, the potential accuracy mapping of
ASTER data has been tested on Iguerda Proterozoic
outcrop discrimination, and the main results are illus-
trated in the new, digitally improved geologic map
(Fig. 7) and summarized below:

1. Digital remote sensing enhances the geologic field map-
ping and laboratory analysis and helps in the petro-
graphic and geochemical rock characterization and
classification. These benefits are most pronounced in
the discrimination of granitoid plutons. MLC algorithms
effectively discriminate Proterozoic basement structures
and contacts between metamorphic rocks, granitoid
bodies, and carbonate cover surrounding the inlier.
This algorithm improves rock discrimination in the
metamorphic basement of this area, demonstrating the
existence of a number of granitoid bodies and metamor-
phic units that were not discriminated previously in field
mapping (Faure-Muret et al. 1992).

2. SAM and SID are useful for discriminating granitoids
based on differences in silica content. These options
provide excellent mapping tools to define spectra simi-
larity of image by computing the angle between test
reflectance spectrum and reference reflectance spec-
trum. Given that ASTER data are sufficiently sensitive

to detect differences in mineral associations in our study
area, a porphyritic granite suite, granodiorite suite, and
peraluminous leucogranites have been effectively dis-
criminated. MLC algorithm reveals the most informa-
tive training targets in high spectral data set and, with
SID, can add more accuracy of distribution of plutonic
bodies and the extent of metamorphic units.

3. Coupled with field observations and petrographic anal-
yses, the remote sensing approaches applied in this
study clearly demonstrate that hyperspectral analysis
of ASTER data provides detailed lithologic discrimina-
tion that enhances significantly field mapping of meta-
morphic basement, such as the arid regions of the Anti-
Atlas Mountains of Morocco.

4. In the case study of the Iguerda area, hyperspectral
analyses of ASTER data allow to easily distinguish
between the Precambrian basement and the overlying
Ediacaran–Lowermost Cambrian cover. This applica-
tion is especially useful for determining the main geo-
logical features of the Proterozoic basement, both
between the different intrusive granitoids facies and
diverse lithological units of the surrounding metamor-
phic rocks, as well as the crosscutting dyke swarms.
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