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ABSTRACT
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the assessment of the geologic hazard and the exploration and exploitation of energy and mineral resources. Volcanic map-
ping in Puna plateau is a challenging task due to inaccessibility, extreme climatic conditions, high altitude above sea level and 
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color combinations, band ratios and principal component analysis) were used to multispectral data (Landsat 7, Landsat 8 and 
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with ground truth data extracted from the geological map by means of a confusion matrix and related statistics. Since the va-
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tispectral data was the best methodology for lithological mapping in volcanic areas. Comparing the three multispectral sen-
sors used in this work, we achieve better results and more accuracy with ASTER images. Low costs, data availability and broad 
swath of the multispectral data make these images valuable for lithological mapping in arid volcanic regions. This time- and 
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RESUMEN 
 

Mapeo litológico de volcanes compuestos en el plateau de la Puna usando datos satelitales ópticos: caso de estudio volcán Tuzgle
El mapeo de zonas volcánicas es importante para revelar la evolución del volcanismo con importantes implicancias en la 
evaluación del riesgo geológico y en la exploración y explotación de recursos minerales y energéticos. El mapeo volcánico 
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extremas, la elevada altitud sobre el nivel del mar y problemas peligrosos como los campos minados. Por estas razones una 
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fundamentales para validar los resultados. Se obtuvieron imágenes utilizando técnicas de procesamiento (combinaciones falso 
color, cocientes de bandas, análisis de componentes principales) comunes y conocidas sobre imágenes ópticas multiespectrales 
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la mayor exactitud se obtuvo con los datos ASTER. El bajo costo, la disponibilidad de datos y la amplia cobertura de los 
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Palabras clave: Mapeo volcánico, Sensores remotos ópticos, Volcán Tuzgle, Plateau de la Puna, Mapa geológico 
 

INTRODUCTION

Detailed geological mapping of volca-

nic areas is relevant to determine the rock 
types that have been erupted, their spatial 
distribution and stratigraphic relation-

ships. These determinations may enable 
to unravel the characteristics and evolu-
tion of the volcanism in an area, with im-
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canic Zone (Deruelle 1982) in two well-
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ra magmatic arc and the Altiplano-Puna 
Plateau back-arc region. The volcanic 
activity in the Puna Plateau compris-
es composite volcanoes, calderas and 
monogenetic centers, which has been as-
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and N-S orogen-parallel thrust faults 
(e.g. Allmendinger et al. 1983, Viramon-
te et al. 1984, Viramonte and Petrinovic 
1990, Yuan et al. 2000, Riller et al. 2001, 
Matteini et al.
 \]]\�
 �X�^'/
 Q���-
ing Group 2003, Petrinovic et al. 2006, 
Trumbull et al. 2006, Kay and Coira 2009, 
Acocella et al. 2011, Norini et al. 2013).
One of the youngest and best exposed 
polygenetic volcanic centers of the Puna 
Plateau is the Cerro Tuzgle volcano. This 
stratovolcano has been associated, to-
gether with numerous Miocene to Recent 
volcanoes, to the active left-lateral strike-
slip Calama-Olacapato-El Toro fault sys-
tem  (Fig. 1) (e.g. Allmendinger et al. 1983, 
$	����
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et al. 1984, Mat-
teini et al. 2002, Petrinovic et al. 2006, Ra-
melow et al. 2006, Mazzuoli et al. 2008, 
Acocella et al. 2011, Norini et al. 2013).
Cerro Tuzgle stratovolcano (0.65 My- 
Holocene?, Schwab and Lippolt 1976, de 
Silva and Francis 1991, González-Fer-
rán 1995) is the largest and largely geo-
chemical varying Quaternary center in 
the back-arc region of the Central Volca-
nic Zone (Coira and Kay 1993). Petrolog-
ic and geochemical data show that Cerro 
Tuzgle is a high-K calcalkaline andesit-
ic-rhyodacitic volcanic center with com-
plex mixtures of crustal and mantle-de-
rived components (Coira and Kay 1993). 
This volcanic center is positioned about 
280 km behind the active magmatic arc 
and is situated in an N-S-trending, thrust 
fault-bounded, intramontane depression. 
This tectonic depression is closed south-
ward by the Calama-Olacapato-El Toro 
fault scarps and has a northward gently 
������
�����
Norini et al. (2014) present a detailed 
1:25,000 geological map of the Tuzgle 
Volcano and its stratigraphic reconstruc-
tion, based on the main unconformities 
(synthemic units) (Fig. 2). These uncon-

sibility, extreme climatic conditions, high 
altitude above sea level and dangerous is-
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this region has appropriate conditions for 
the application of remote sensing map-
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m a.s.l.), allowing few atmosphere errors; 
arid climate, making the vegetal cover al-
most null; and extensive outcropping ar-
eas, exposing a wide range of different 
volcanic and non-volcanic rock types.
In this paper we present a practical map-
ping methodology for arid volcanic re-
gions using optical imagery data, that 
has been tested in the area of the Cer-
ro Tuzgle, a Quaternary composite vol-
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tral Puna Plateau, in the Jujuy Province, 
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between multispectral (Landsat ETM+-
Enhanced Thematic Mapper Plus, Land-
sat 8 and ASTER- Advanced Space-
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Radiometer) data is proposed, in order 
to evaluate their advantages for litho-
logical mapping in volcanic areas. This 
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cient method using optical images in ar-
id regions for the preliminary mapping 
of volcanic areas. The principal objec-
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accuracy and reproducibility among the 
remote sensing analysis results in com-
parison with the ground truth data. The 
Cerro Tuzgle volcano was used as a pi-
lot area since it is one of the few volcanic 
centers of the Puna region with a well-
known ground-truth stratigraphic data 
(Coira and Kay 1993, Cogliati 2011, Nori-
ni et al. 2014). Moreover, cerroTuzgle has 
a huge compositional/textural and spec-
tral variation, from riodacites to basaltic 
andesites, and from effusive to explosive 
and epiclastic products.

GEOLOGICAL SETTING

Volcanism in the Cenozoic Andean Cor-
dillera is generated by the subduction of 
the Nazca and Antarctica plates beneath 
the South American plate. In the Central 
Andes, Miocene-Quaternary volcanic 
activity occurred within the Central Vol-

portant implication for the assessment of 
the geologic hazard and the exploration 
and exploitation of energy and mineral 
resources.
The use of remote sensing data for geo-
logical mapping has been recently in-
creased due to the high spatial and spec-
tral resolution of current satellite images. 
Moreover, the improvement of method-
�������
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ing and data analysis, and the worldwide 
availability of these data – often as open 
access data- make the use of satellite im-
ages for geological mapping feasible. Vis-
ible and near/shortwave-infrared optical 
remote sensing is a primary tool for geo-
logical mapping, providing a wealth of 
information on the composition, miner-
alogy and morphology of Earth ś surface 
(e.g. van der Meer et al. 2012). Also, lith-
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can be performed using multispectral 
thermal infrared data (e.g. Ninomiya and 
��
 \]]\�
 Q	�		#�
 	�
 �	����
 \]]��

Moghtaderi et al. 2007, Aboelkhair et al. 
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mal characterization and geological map-
ping on multispectral data are, for exam-
ple, color band compositions (e.g. Assiri et 
al. 2008, Qary et al. 2008), band ratios (e.g. 
Abrams et al. 1983, Abdelsalam and Stern 
1996, Rowan and Mars 2003, Rowan et 
al. 2003, Di Tommaso and Rubinstein, 
2007) and principal component analysis 
(e.g. Crosta and Moore 1989, Gomez et al. 
2005, Tangestani 2006, Amer et al. 2010).
Remote sensing data are particularly suit-
able for the geological mapping of dif-
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non-vegetated areas. In these cases an 
effective and validated methodology is 
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One of the most suitable volcanic areas 
for geological mapping with remote sens-
ing data is the Altiplano-Puna plateau 
of the Central Andes, the second high-
est plateau in the world, associated with 
abundant arc magmatism related to sub-
duction (de Silva and Francis 1991, All-
mendinger et al. 1997, Trumbull et al. 
2006). Field geological mapping of this 
area is a challenging task due to inacces-
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launched on February 2014 and it has two 
Earth observing sensors, the Operation-
al Land Imager (OLI) and the Thermal 
Infrared Sensor (TIRS) (Roy et al. 2014). 
The sensors include nine spectral bands 
with a spatial resolution of 30 meters 
(Band 1 to 7 and 9, Fig. 3). Landsat 7 and 
8 scenes cover a 170 km x 185 km land 
area. ASTER (Yamaguchi et al. 1998) 
was launched in 1999 collects data in 14 
bands, three in the visible and near-infra-
red (VNIR, 15 m spatial resolution), six 
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infrared (TIR, 90 m spatial resolution) 
(Fig. 3). An additional capability offered 
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in a VNIR band. The ASTER imagery 
provides scene coverage of 60 x 60 km. 
VNIR bands are useful for identify-
ing vegetation, iron-oxide minerals and 
mapping gossans (Papp and Cudahy 

geological mapping of Cerro Tuzgle vol-
cano (Fig. 3). These images were chosen 
because of their wide diffusion, availabil-
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ed from the Global Land Cover Facility 
	�������
�
�	���
{{�
\]]]
	�
{�K{}K\}

�!��
;	��	�
=
��	��
�	�
	�������
�

February 19, 2014 at 14:25:54 UTC. AS-
TER data correspond to February 17, 
2007, at 14:27:02 UTC. The scenes corre-
spond to the path 232 and row 077. The 
Landsat 8 and ASTER data are courtesy 
of the US Geological Survey. 
Landsat 7 was launched in 1999. It is 
��������
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wavelength bands: 3 visible, 1 near-in-
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bands (30 m spatial resolution), 1 ther-
mal IR (TIR) band (60 m spatial reso-
lution) and 1 panchromatic band (15 m 
spatial resolution) (Fig. 3). Landsat 8 was 

formity surfaces at the volcano scale are 
related to angular and/or erosional un-
������������
 ������	�
��	���
 �
 ���

eruptive style, shiftings in the feeding 
system and/or volcano tectonic events. 
The Quaternary volcanic activity in the 
area of Cerro Tuzgle started with an ig-
nimbritic eruption (Tuzgle Ignimbrite 
synthem), followed by the emplacement 
of scattered lava domes (Basal Dome 
Complex synthem) and the construction 
of a central volcano (San Antonio, Azu-
fre and Tuzgle synthems), which generat-
ed at least one northward sector collapse. 
The evolution of the Cerro Tuzgle strato-
volcano and the resulting volcanic prod-
ucts are described in the Table 1.

SATELLITARYDATA

Landsat 7 ETM+, Landsat 8 and ASTER 
multispectral imagery were used for the 

Figure  1:  Regional geological map of the back-arc Puna Plateau in the Cerro Tuzgle area on a SRTM shadow relief. TU:  Tul Tul; ME: Del Medio; PO:  Pocitos; CB:  
Cerro Bola; AZ: El Azufre; Q: Quevar; PU: Pucara; RU: Rupasca; AC: Aguas Calientes; OR: Organullo; NCH: Negro del Chorrillo; SG: San Geronimo; TO:  Tocomar; 
TZ:  Tuzgle; CON: Concordia; RA: Ramada; EM: El Morro; NM: Negra Muerta; ACY: Nevado de Acay; CH: Chimpa; RUM: Rumio; COT: Calama–Olacapato–El Toro 
FaultSystem. After Norini et al.
%\]{�*�
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\
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METHODOLOGY
The purpose of this study was to devel-
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mapping method for volcanic areas using 
optical satellite data with simple and fast 
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Landsat 7, 8 and ASTER data are used as 
input, in order to evaluate their advan-
tages for lithological mapping in Tuzgle 
����	��
	��	�
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ing cloud free images, and then, prepro-
cessing was applied (for pre-process-
ing details see: Fernandes et al. 2004 for 
Landsat 7, Bhatti and Tripathi 2014 for 
Landsat 8, and Son et al. 2014 for AS-
TER data). Optical data pre-processing 
included radiometric and geometric cor-
rections. Pre-processing of ASTER data 
also incorporated Crosstalk correction. 
The atmospheric correction was not per-
formed because the atmosphere of the 
study area is dry and clean and because 
it is beyond the scope of this work. Over 
these data the most common and well 
���
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 ���������
 %������
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false color composite images, band ratio 
images and Principal Component Anal-
ysis.Color composite images are visual-
ized by assigning three bands to a color 
��	��
�����
#�
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ues. Band Ratios were applied since they 
enhance compositional variation reduc-
ing differences due to the effects of albe-
do and topographic slope. This method-
ology is effective in emphasizing spectral 
characteristics of certain rocks and min-
erals (e.g. Abdeen et al. 2001, Velosky et 
al. 2003, Rowan and Mars 2003, Rowan 
et al. 2003).Principal component analy-
sis is used to produce uncorrelated output 
bands, to segregate noise components, 
and to reduce the dimensionality of da-
ta sets (e.g. Gomez et al. 2005, Tangestani 
2006, Amer et al. 2010). Several images 
were generated and here the images with 
best results were shown. 
Over each processing product (listed in 
!	#��
 \*�
 ���	�
 ����������
 	�
 ���-
resentative surfaces named training re-
gions (training data or end-members) 

of octahedrally coordinated cations 
(typically, Al, Fe, Mg) bonded with OH 
groups (Hunt and Vincent 1968). Min-
eral spectral features in the TIR wave-
length region are related to vibrations 
of Si-O bonds (Lyon 1965). TIR data al-
low characterizing features exhibited by 
rock-forming mineral groups such as sil-
icates and carbonates, therefore is useful 
for mapping lithologies and rock-form-
ing minerals (e.g. Jensen 2002, Papp and 
Cudahy 2002, Gutpa 2003).

2002), since mineral spectral features in 
this wavelength region are related to the 
charge transfer effect of electrons be-
tween energy levels of constituent ele-
ments especially the transitional metals, 
Fe, Mn, and Cr (Hunt et al. 1971). On the 
�����
 �	��
 ���
 $Q�'
 #	��
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 ���-
tional for alteration mineral mapping (e.g. 
Hubbard et al. 2003, Rowan et al. 2003). 
The mineral spectral features in the 
$Q�'
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�	�����
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and combination tones of vibrationals 

Figure 2: Geological map of the Cerro Tuzgle volcano. After Norini et al. (2014).
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TABLE 1: Description of Tuzgle Volcano synthems.

TABLE 2: /��������
����������
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after joint Tuzgle Ignimbrite and Basal Dome.

Synthem Boundary Unconformity Eruptive Style/ Products Composition

Image Processing Reference Overallaccuracy Kappa Overallaccuracy*
 RGB  (%) coefficient (%)

Tuzgle Ignimbrite

Basal Dome 
Complex

San Antonio

Azufre

Tuzgle

Landsat 7

Landsat 8

ASTER

Lower Upper

Upper

Upper

Upper

Upper

5/3 5/1 7/5
7/5 5/4 3/1
5/7, 5/1, 5/4*3/4
PC3 PC2 PC1
753
4/6 4/2 6/7
2/3 4/5 6/7
PC3 PC2 PC1
3/2 4/1 4/6
4/2 4/5 5/6
4/6 4/7 3/1
PC3 PC2 PC1

Non conformity with Faja Eruptiva 
and Pastos Chicos Formation.                                            
Angular unconformity with the overlying 
lithostratigraphic units associated with an 
eruptive style change
Angular unconformity with the overlying 
lithostratigraphic units associated with an 
eruptive style change.

Sharp angular unconformity due to a 
volcano-tectonic event (lateral collapse)

Angular unconformity due to the NE-SW 
elongated rim crater, called platform, 
probably linked to a volcano-tectonic 
event.

Present topography.

Gad and Kusky (2006)
Gad and Kusky (2006)
Sultan et al. (1986)
e.g. Chavez et al. (1991); Yesou et al. (1993)
742 ETM+, Gad and Kusky (2006)
3/5 3/1 7/5 TM, Sabbins (1999)
This work
e.g. Chavez et al. (1991); Yesou et al. (1993)
Xu et al. (2004)
Velosky et al. (2003)
Di Tomasso and Rubinstein (2007)
e.g. Yujun et al. (2007), Gabr et al. (2010), 
Pour and Hashim (2011)

Ignimbritic deposits, associated with the 
formation of a caldera depression, not 
identified during field work; it represents 
the first deposit associated with the 
beginning of a new eruptive cycle.
Medium grained crystal rich lavas which 
form high, circular and flat-topped hills 
with steep flanks, interpreted as dacitic 
domes. They represent the first magmatic 
constructive event of the volcanic edifice.
Crystal rich lava flows that form rounded  
and elongated humps. Dacitic-andesitic 
lavas represent the second constructive 
event of the volcanic edifice.

Crystal rich lava flows. Effusive volcanic 
activity occurred after the volcano-
tectonic event (lateral collapse). 
HydrothermalAltered.

Lava flows reaching the base of the 
volcano forming steep flanks and linear 
or lobate fronts. Andesitic blocky lavas 
represent the last phase of the eruptive 
history of the Tuzgle Volcano.

42.38
47.94
40.26
52.41
42.13
47.8
46.97
50.99
41.34
32.87
35.08
56.27

0.2987
0.35
0.2815
0.4095
0.2885
0.348
0.34
0.38
0.2805
0.1727
0.1956
0.4399

Porphyritic texture. P.I. 10% (pumice) 
Phenocrystals of plagioclase, quartz, 
biotite, sanidine, orthopiroxene, zircon and 
oxides. Rhyodacitic.
Porphyritic texture. P.I. 25-35%. 
Phenocrystals of plagioclase, biotite, 
quartz, clinopyroxene, orthopyroxene, 
zircon and oxides. Dacitic.

Porphyritic texture. P.I. 15-35%. 
Phenocrystals of plagioclase, biotite, 
quartz, orthopyroxene, clinopyroxene, 
Ti-amphibole, zircon and oxides. Dacitic-
andesitic.
Porphyritic texture. P.I. 25-35%. 
Phenocrystals of plagioclase, biotite, 
quartz, Ti-amphibole, orthopyroxene, 
clinopyroxene, zircon and oxides. 
Andesitic-dacitic.
Porphyritic texture. P.I. 25-35%. 
Phenocrystals of plagioclase, quartz, 
Ti-amphibole, orthopyroxene, 
clinopyroxene and olivine.                                                               
Andesitic.

54.86
59.37
52.47
66.28
55.15
63.16
55.18
59.62
54.83
45.94
41.36
64.8

  

  

Figure 3:  Bandpasses of  Landsat 7 ETM+, Landsat  8 and ASTER multispectral sensors.
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corresponding to the lithological units 
�����
#�
X����
et al. (2014) (Fig. 2) (Ta-
ble 1) were extracted for visual compari-
son. These training regions were used as 
inputs to perform the supervised classi-
��	����
%������
����	��*
�
���
���-
ferent images (results can be seen in Figs. 
}
	�
�*
�#�	���
	
��	�����	���
�	��
!���
��	�����	���
����
���
��	
������

for each class and calculates the Euclide-
an distance from each unknown pixel to 
the mean for each class; so the pixels are 
��	������
��
���
�	����
��	���
!���
	
	��������
��
���
��	�����	���

�	�
��������
���
�����
��	���
�
��	-
titative comparison between the geologi-
cal map (ground truth) and the results of 
�	��
 ��	�����	���
 �	�
 #��
 ���������

to evaluate the capability of these stan-
�	��
���������
���������
��
����	#��
��-
pict the geology of the volcano (Fig. 4). 
There are a number of ways to investi-
gate the accuracy/error in spatial data: vi-
��	�
���������
������
�������
		������

difference image creation; error budget-
���
	�
��	���	����
	����	��
	��������

%���	���
\]]{*�
!��
��	���	����
	���-
�	��
��
���
��	�����	����
	������
��
���

different data sets was assessed by com-
�	���
 ���
 ��	�����	���
 ����
 �����

truth data (reference data) extracted from 
the geological map (Norini et al. 2014). A 
confusion matrix (Congalton 1991), and 
related statistics, was used as accuracy as-
sessing paradigm (Fig. 4). An error ma-
trix is a very effective way to represent 
accuracy in that the accuracies of each 
category are plainly described along with 
both the errors of inclusion (commission 
errors) and errors of exclusion (omis-
���
������*
������
 �
 ���
��	�����	���

(Congalton 2001). Quantitative accura-
cy assessment provides a very powerful 

mechanism for descriptive and analytical 
evaluation of the spatial data (Congalton 
\]]{*�
!��
	����	��
��
	
��	�����	���
��

�����	���
 #�
 ����	���
 	
 ��	�����	���

outcome with ground truth information 
by means of a confusion matrix. On the 
base of the error matrix overall, related 
��	�������
����������
%	����	��
	�
�	�-
�	*
���
�	��
��	�����	���
��	��
����
�	�-
culated (Table 2).

RESULTS

����
�	��
���������
��	��
	
��	�����	-
tion map was generated by means of su-
��������
 ��	�����	���
 %������
 ���-
tance) (Fig. 4). Ground truth ROIs were 
extracted from the geological map in or-
���
��
��	��	��
���
��	�����	���
��������

It’s worthy to distinguish that Tuzgle syn-
them was separated in two units: Old 
Tuzgle and New Tuzgle since its differ-
ent spectral response in all the processing 
����������
!��
����
 �����
 �	�	
 %X��

Tuzgle) has not alteration, so it looks dif-
ferent in remote sensing data (Fig. 5).
���
�	��
��	������
��	���
	
�����
�	���>

was generated to examine and display er-
rors (Annex 1). The related statistics show 
that principal component analysis have 
the better results for Landsat 7 (52.41% 
����	��
	����	���
]��{
�	��	
���������*�

Landsat 8 (50.99% overall accuracy, 0.38 
�	��	
���������*
	�
�$!&'
%}��\<�

����	��
	����	���
]���
�	��	
���������*

��	�����	����
 ����
 ���
 #	�
 �	����
 	�

false color composite images (Table 2). 
������
}
�������	���
���
��	�����	���
���-
�����
���
	��
���
���������
���������

����
 �$!&'
 �	�	�
 ��	�����	���
 �	��

derived from band ratios performed over 
ASTER data (Fig. 5a, b, c) show lower 
values of overall accuracy than those ob-

tained from principal component anal-
����
 %����
 }�*
 #��	���
 ���
 ��	�����	���

is not very effective identifying the dif-
�����
 ��	�����
 !��
 ��	�����	���
 ������

from principal component analysis im-
ages most closely resembles to the geo-
logical map (Fig. 2) and the bar diagram 
which compares the ground truth and 
��	������
	��	
%����
}�*
������
�����	�-
ities between both. Figure 6 shows the 
comparison between principal compo-
nent analysis for the three sensors uti-
lized, since principal component analy-
���
�������
��	�����	���
�	��
����
���

highest overall accuracy values (>50 %) 
	�
�	��	
����������
X��
!�"���
��
����

��	������
�
���
�����
��	���
#��	���
��

is the most recent, while the older Bas-
al Dome Complex and Azufre Synthems 
	��
�����	������
%���
#	�
��	��	��
�
����

6). Among the different principal com-
ponent analysis, ASTER data have the 
best results by enable the better accurate 
��	�����	����

From confusion matrix different errors 
�
 ���
 ��	�����	���
 �	��
 ����
 �>��	��-
ed. Error of commission shows incor-
������
 ��	������
 �	������
 �����
 �����
 ��

omission refers to the relation between 
���
��	�����	���
��	����
����
���
�����

truth (Fig. 7). Azufre and Basal Dome 
������>
	��
���
��	����
�����
��	������

with the highest values of both errors. 
New Tuzgle and San Antonio classes 
have the lowest values of error of omis-
sion, while all other classes have rela-
tively high values. Noteworthy, Tuzgle 
Ignimbrite, Basal Dome Complex and 
Azufre classes have high values of omis-
sion, due to part of the area correspond-
��
��
�����
��	����
�	�
��	������
	�
���-
er category. 
In addition, an average of omission and 

Figure 4:  Flow diagram of the research procedure.
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Figure 5:  Example 
of processing tech-
�����
 �
 �$!&'

data. a) RGB 3/2, 4/1, 
4/6 over ASTER data 
(left). Resulting clas-
����	���
�	�
%�����*�

Bar diagram showing 
the comparison be-
tween ground truth 
	��	
 	�
 ��	������

area for each synthem 
(right); b) RGB 4/2 4/5 
5/6 over ASTER data 
(left). Resulting clas-
����	���
�	�
%�����*�

Bar diagram showing 
the comparison be-
tween ground truth 
	��	
 	�
 ��	������

area for each synthem 
(right); c) RGB 4/6 
4/7 3/1 over ASTER 
data (left). Resulting 
��	�����	���
 �	�

(centre). Bar diagram 
showing the compari-
son between ground 
truth area and classi-
���
	��	
���
�	��
��-
them (right); d) RGB 
PC3 PC2 PC1 over 
ASTER data (left). 
'�������
 ��	�����	-
tion map (centre). Bar 
diagram showing the 
comparison between 
ground truth area and 
��	������
	��	
���
�	��

synthem (right). Refer-
ences: OA%: Overall 
accuracy. K: kappa 
����������
 X!K
 X��

Tuzgle, OT: Old Tuz-
gle, A: Azufre, SA: San 
Antonio; BDC: Basal 
Dome Complex, TI: 
Tuzgle Ignimbrite.
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Figure 6:  a) RGB PC3 
PC2 PC1 over Landsat 
7 data (left). Result-
��
 ��	�����	���
�	�

(centre). Bar diagram 
showing the compari-
son between ground 
truth area and classi-
���
	��	
���
�	��
��-
them (right); b) RGB 
PC3 PC2 PC1 over 
Landsat 8 data (left). 
'�������
 ��	�����	-
tion map (centre). Bar 
diagram showing the 
comparison between 
ground truth area 
	�
��	������
	��	
���

each synthem (right). 
c) RGB PC3 PC2 PC1 
over ASTER data 
(left). Resulting clas-
����	���
�	�
%�����*�

Bar diagram showing 
the comparison be-
tween ground truth 
	��	
 	�
 ��	������

area for each synthem 
(right).

DISCUSSION

Multispectral images were processed in 
�����
 ��
 ����
 ���
 ���������
 ���������

potential for lithological mapping of a 
volcanic area in an isolated region. The 
extremely arid conditions of this region 
and minimal vegetation are encouraging 
for using optical remote sensing proce-
dures for a preliminary lithological map-
ping. Tuzgle volcano was chosen since 
the geology is well known and also be-

New Tuzgle class is confused with Old 
Tuzgle one (Fig. 8f). Azufre class is the 
�����
��	������K
 �
 �	��
 ��
 ��
�	������"��

as Tuzgle Ignimbrite, San Antonio, Old 
Tuzgle and Basal Dome Complex class-
es (Fig. 8d). In conclusion, Basal Dome 
Complex and Azufre synthems are the 
��	����
�����
��	������
%�����
=#�
�*�
^

the other hand, San Antonio, Old Tuzgle 
and New Tuzgle are the groups best cate-
gorized (Figs. 8c, f ). 

���������
 ������
 ��
 	��
 ���
 ��	����-
cation maps distinguished by class has 
been performed (Fig. 8). Omission dia-
grams show low values in San Antonio, 
Old Tuzgle and New Tuzgle classes (Figs. 
8c, e, f ). The other classes show moder-
ate values of omission error. From com-
mission diagrams can be seen that Tuzgle 
Ignimbrite, San Antonio and Old Tuz-
���
��	����
	��
���
#���
��	������
%����
=	�

c, e). Basal Dome Complex class is mis-
taken for Tuzgle Ignimbrite (Fig. 8b) and 
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!����
����	��
	����	�����
����
	
�����-
tant improvement of 12% approximate-
ly respect to the originals. Compositions 
are limitations of this methodology due 
to the similar spectral response. How-
ever these two units have very differ-
ent texture since its nature: a pyroclastic 
���
	�
�	�	
������
�
�����
�	���
����

spatial resolution images (e.g. Spot, Iko-
nos), available for free on Google Earth 
platform for viewing, become a power-
ful tool to check rocks with similar com-
position but different textures, morphol-
ogy and outcrop pattern improving and 
complementing the results of the classi-
��	����
There are no generally accepted limits 
�
 ���
 	����	��
 	
 ��	�����	���
 ������

be, but usually a 70% of overall accura-
cy for each class is considered acceptable 
(Foody 2002, Thomlinson et al. 1999, 
Smits et al. 1999). From supervised clas-
����	���
 �����
 �������
 ����
 /����-
pal Component Analysis, which shown 
the best accuracies, overall accuracies for 
each class were computed (Table 3). Tuz-
gle Ignimbrite, San Antonio and Old Tuz-
���
 ��	����
 	��
 ����������
 ��	�������
!��

low values founded in Basal Dome Com-
plex class (Table 3) are due to the similar 
geochemical composition between this 
class and Tuzgle Ignimbrite. Azufre Syn-
����
��
��	������
������
%|�}��
	���	��

overall accuracy) because these rocks are 
affected by hydrothermal alteration, and 
present snow cover and high slope. These 

from Tuzgle Volcano, principal compo-
��
		�����
�������
��	�����	����
����

the best results being the most power-
ful methodology for lithological map-
ping. This is possible since the principal 
components bands produce more color-
ful color composite images than spectral 
color composite images because the da-
ta is uncorrelated (Liu and Mason 2009), 
so the differences between materials be-
comes more evident. So we propose clas-
�����
�	�
�������
����
������	�
���-
ponent analysis on multispectral satellite 
data for volcanic lithological mapping in 
arid environments. Comparing the three 
multispectral sensors used in this work, 
we achieve better results and more ac-
curacy with ASTER images. This is ex-
pected as ASTER data have wide spec-
tral coverage in the visible near-infrared 
through short-wave infrared to the ther-
mal infrared regions (Fig. 3) and high 
spatial resolution.
By a close interpretation of the results of 
���
����������
��	�����	���
��
�	
�#-
serve that Tuzgle Ignimbrite and Bas-
al Dome Complex classes are confused 
with each other (Figs. 8a, b). The reason 
���
 ����
�����	�����	���
 ��
���
 ��
#���

classes have the same geochemical com-
position. To check the impact of this phe-
����
�
���
��	�����	���
��������
	

new confusion matrix that merges these 
two classes in a new one was performed 
and a new value of overall accuracy was 
�	����	���
 %����	��
 	����	����
 !	#��
 \*�


cause the volcanics have a huge compo-
sitional and textural variation.
��������
 ���������
 ���������
 ����

Landsat 7, 8 and ASTER images were 
tested and the best results are shown in 
this work. Since the validation over sev-
��	�
���������
����������
��
����
��	�

����������
 ��	�����	���
 ����
 /��
 �

multispectral data was the best method-
ology for lithological mapping, as can be 
seen in the overall accuracy values (Table 
2, Fig. 6).
Principal component images are useful 
for reducing data dimensionality, con-
densing topographic and spectral infor-
mation, improving image color presen-
�	���
 	�
 ��	���
 �������
 ������	�

features (Liu and Mason 2009). Principal 
component images are scene dependent 
	�
 ���������
 �	��
 �
 �#�����
 �����-
lation with physically interpretable con-
cepts in the same way that band ratios. 
By visual inspection, it can be seen that 
principal component analysis images dis-
played in RGB enabled the best discrim-
ination between units and the boundar-
ies between them are sharper. Principal 
component analysis has been used as a 
methodology for hydrothermal alteration 
recognition by means of Crosta meth-
od (Crosta and Moore 1989, Loughlin 
1991, Crosta et al. 2003) to identify the 
diagnostic features of hydroxyl-miner-
als, carbonate-minerals and iron oxides 
(e.g. Tangestani and Moore 2001, Crosta 
et al. 2003, Kargi 2007, Moore et al. 2008, 
Tangestani et al. 2008, Pour and Hashim 
2011). Also principal component analysis 
have been used for lithologic mapping, 
revision of lithological boundaries and 
characterizing new lithological units in 
different arid areas (e.g. Namibia, Gomez 
et al.
 \]]}�
 $Q
 ��	�
 !	����	�
 \]]��

Central-Eastern Desert of Egypt, Amer 
et al.
 \]{]*�
 $���������
 ��	�����	���
 ��

principal component bands had be used 
for digital soil mapping (Boettinger et al. 
2008).Principal component vectors are 
����
�������
	�
���������
�	��
�

obvious correlation with physically inter-
pretable concepts (e.g. Schott et al. 2007). 
��������
 #	���
 �
 	��
 ��	�����	���

maps resulting of remote sensing analysis 

Figure 7: Scatter diagram showing 
comission (%) and omission (%) for 
	��
���
���������
���������
���
	��

the Tuzgle volcano synthems.
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same synthem (Table 1, Tuzgle Synthem). 
By means of the visual inspection of the 
images, this synthem was divided in two 
classes because of the spectral differenc-
es between the old and new lavas due to 
the different degree of alteration. New 
Tuzgle class has moderate values of over-
all accuracy, since in this class the pixels 
	��
��	������
������	���
����
^��
!�"���

class. This is because both classes have 
the same composition and they are part 
of the same synthem. 

CONCLUDING REMARKS

Mapping on volcanic regions is indis-
pensable for determine the rock types 
that have been erupted, their spatial dis-
tribution and stratigraphic relationships 
for the assessment of the geologic hazard 
and the exploration of mineral resourc-
es. The peculiar conditions of Puna Pla-
teau (aridity, lack of vegetation, altitude) 
�	��
 ���
�����	�
���������
 ���������

very useful for lithological mapping. Ma-
ny of the volcanoes located at the Puna 
/�	��	�
	��
��������
��
	�����
��
�	������-
ble so an effective remote sensing meth-
odology for preliminary geological map-
ping becomes necessary. 
In the current study, we found that super-
�����
 ��	�����	���
 ����
 ������	�
 ���-
ponent analysis images derived from 
multispectral data is the best practical 
	�
 �������
 �����������
 ���
 �������-
nary lithological mapping. The results 
show that even for unknown arid regions 
considerable amount of information can 
be extracted from Landsat 7, 8 and AS-
TER multispectral data. 
The low costs, data availability and broad 
swath of the multispectral data, make 
them valuable for lithological mapping 
in the Puna Plateau region, despite some 
problems can be found (hydrothermal 
alteration, snow cover, and steep areas). 
Multispectral satellite remote sensing 
methods are a powerful tool for detailed 
��������
		������
������	���
�
��������
��

access or inaccessible and/or large non-
vegetated as Puna Plateau. 
Q�
�������
��	�
�����
���������
�	�
#�

used as time- and cost-effective approach 

composite volcanoes. Finally, New and 
Old Tuzgle classes correspond to the 

factors are the principal problems in clas-
����	���
 ��
 �����	�
 ��	����
 	������
 ��


TABLE 3: ^���	��
	����	��
#�
��	��
���
����������
��	�����	���
����
/��
��	���

for Landsat 7, Landsat 8 and ASTER.
                                                                     Overall Accuracy
 Ti Bdc Sa A Ot Nt
CPA ASTER
CPA LANDSAT 7
CPA LANDSAT 8
Averagevalue

79.35% 15.78% 60.97% 8.29% 85.92% 49.53%
86.56% 14.05% 61.05% 15.09% 75.29% 53.52%
81.3% 11.01% 69.31% 5.24% 76.03% 26.66%
82.4% 13.61% 63.78% 9.54% 79.08% 43.24%

Figure 8: Omission and commission diagrams for: a) Tuzgle Ignimbrite; b) Basal Dome Complex; c) San Anto-
nio; d) Azufre; e) Old Tuzgle; f ) New Tuzgle. 
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Annex I: Confusion matrixes

Confusion matrixes for every image are 

RGB 5/7 5/1 5/4*3/4

RGB PC 3 PC 2 PC 1

Ground Truth

Ground Truth

Classification

Classification

unclassified 349 45 126 26 149 27 722
TI 18587 1524 563 523 308 53 21558
BDC 11585 2231 2854 806 1432 35 18943
SA 2475 2335 7738 823 1918 18 15307
A 2031 679 9912 1144 5046 15 18827
OT 1167 60 1345 1295 11668 68 15603
NT 2002 132 949 1866 9579 1843 16371
Total 38196 7006 23487 6483 30100 2059 107331

unclassified 176 28 35 9 50 4 302
TI 11184 1323 34 208 171 0 12920
BDC 13558 2689 759 825 1292 14 19137
SA 3156 2035 19324 1134 5888 117 31654
A 7848 751 1332 2215 2524 11 14681
OT 2137 179 1850 1944 19087 155 25352
NT 137 1 153 148 1088 1758 3285
Total 38196 7006 23487 6483 30100 2059 107331

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

Confusion Matrix for Landsat 7.
RGB 5/3 5/1 5/7

Ground Truth

Classification

unclassified 259 34 82 15 121 26 537
TI 15015 1083 392 356 196 40 17082
BDC 12314 1998 1675 623 829 32 17471
SA 5070 3272 13990 1571 6332 28 30263
A 3167 493 5533 960 3803 37 13993
OT 962 23 1101 1178 11703 72 15039
NT 1408 103 714 1780 7116 1824 12945
Total 38195 7006 23487 6483 30100 2059 107330

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

RGB 7/5 5/4 3/1
         Ground Truth

Classification

unclassified 205 35 42 26 118 21 447
TI 16271 1532 177 489 432 16 18917
BDC 10742 1494 1423 1073 1166 88 15986
SA 7053 1914 13299 622 4617 42 27547
A 1339 1952 7075 2374 4288 5 17033
OT 1751 63 1304 925 16220 88 20351
NT 834 16 167 974 3259 1799 7049
Total 38195 7006 23487 6483 30100 2059 107330

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

shown. References: TI: Tuzgle Ignimbri-
te; BDC: Basal Dome Complex; SA: San 
Antonio; A: Azufre; OT: Old Tuzgle and 
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RGB PC3 PC2 PC1

Ground Truth

Classification

unclassified 325 22 19 12 63 6 447
TI 24562 2861 650 973 1167 0 30213
BDC 6414 1470 788 2050 2587 40 13349
SA 2430 534 10663 462 1289 6 15384
A 2164 1939 9348 1105 6492 25 21073
OT 1870 163 1718 897 15034 91 19773
NT 431 17 301 984 3468 1891 7092
Total 38196 7006 23487 6483 30100 2059 107331

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

Confusion Matrixfor Landsat 8.
RGB 753

Ground Truth

Classification

unclassified 259 34 82 15 121 26 537
TI 15015 1083 392 356 196 40 17082
BDC 12314 1998 1675 623 829 32 17471
SA 5070 3272 13990 1571 6332 28 30263
A 3167 493 5533 960 3803 37 13993
OT 962 23 1101 1178 11703 72 15039
NT 1408 103 714 1780 7116 1824 12945
Total 38195 7006 23487 6483 30100 2059 107330

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

RGB 4/6 4/2 6/7
Ground Truth

Classification

unclassified 660 83 227 51 241 13 1275
TI 15985 1810 553 1795 1596 1 21740
BDC 14680 3518 4502 1292 3442 21 27455
SA 2793 826 14681 344 7748 22 26414
A 1441 535 1832 780 754 0 5342
OT 2409 234 1651 1310 14548 187 20339
NT 254 1 46 911 1778 1822 4812
Total 38222 7007 23492 6483 30107 2066 107377

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

RGB 2/3 4/5 6/7
Ground Truth

Classification

unclassified 1284 95 308 86 411 14 2198
TI 21080 1729 300 556 579 0 24244
BDC 7082 2459 1307 2352 2890 18 16108
SA 2268 416 11512 968 4654 8 19826
A 4727 1986 7798 458 6748 15 21732
OT 1497 306 2067 991 13038 121 18020
NT 284 16 200 1072 1787 1890 5249
Total 38222 7007 23492 6483 30107 2066 107377

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex
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RGB 4/6 4/7 3/1

RGB PC3 PC2 PC1

Ground Truth

Ground Truth

Classification

Classification

unclassified 350 44 112 29 190 18 743
TI 33390 2327 27592 456 1050 38 64853
BDC 24622 4014 6214 3165 13710 207 51932
SA 43360 5484 32799 1011 5798 21 88473
A 12832 8838 15503 9493 23375 72 70113
OT 29345 5782 9761 5437 62999 173 113497
NT 8447 1445 1969 6222 13316 7674 39073
Total 152346 27934 93950 25813 120438 8203 428684

unclassified 542 53 170 39 130 3 937
TI 102614 9415 3230 7404 6557 103 129323
BDC 27172 7481 4360 3277 5120 0 47410
SA 6574 3185 62529 3191 27075 8 102562
A 12946 7636 20640 5698 21741 42 68703
OT 745 159 2869 4868 55282 413 64336
NT 1754 4 152 1336 4534 7634 15414
Total 152347 27933 93950 25813 120439 8203 428685

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

Confusion Matrix for ASTER.
RGB 3/2 4/1 4/6

Ground Truth

Classification

unclassified 633 104 226 36 308 38 1345
TI 35278 5903 9453 489 1520 73 52716
BDC 51946 9156 6260 5970 9429 98 82859
SA 36522 8395 61931 4581 21847 32 133308
A 2526 1264 3477 7459 7123 177 22026
OT 15751 2140 9051 883 55689 76 83590
NT 9691 971 3552 6395 24523 7709 52841
Total 152347 27933 93950 25813 120439 8203 428685

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex

RGB 4/2 4/5 5/6
         Ground Truth

Classification

unclassified 325 39 67 7 200 15 653
TI 33555 3513 20457 162 3523 6 61216
BDC 52544 9230 16213 9648 30433 67 118135
SA 51208 12717 49490 5293 28638 35 147381
A 1382 334 2086 3647 3495 131 11075
OT 12442 2063 5465 5714 37578 529 63791
NT 889 37 172 1342 16572 7420 26432
Total 152345 27933 93950 25813 120439 8203 428683

  Tuzgle Ignimbrite Basal Dome San Antonio  Azufre  Old Tuzgle New Tuzgle Total
   Complex


