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ABSTRACT

The Sechura desert, in the northern part of
Peru, represents a unique system characterized by
minimum precipitation and therefore all the sur-
face water input is regulated by the two rivers, the
Chira and the Piura, draining water from the
Andean part of their catchments. Water inflow in
these two rivers is controlled by seasonal precipi-
tation changes typical for the dry and wet seasons.
Once in every decade, this relatively steady sys-
tem is affected by a phenomenon that is known as
the El Nifio/Southern Oscillation (ENSO). The wet
weather conditions normally present over the
western Pacific move to the east and bring heavy
rainfalls that, as a consequence, bring enormous
water inflow for the Chira and Piura rivers. River
fluvial systems respond to these extremes by
unpredictable changes in the geometry and posi-
tions of the river channels. The present study cov-
ers a total area of 20 000 km? and combines vari-
ous mapping techniques while utilizing diverse
Earth Observation data: (a) multitemporal
Landsat scenes from 1973, 1984, 1985 and 2000-
2001; (b) 6 scenes of ASTER acquired during
2006-2007. Multitemporal Landsat scenes were
used to reconstruct the fluvial networks of the
Chira and Piura Rivers and to classify surface
material in the desert environment. Analysis of
ASTER TIR scenes allowed creation of a mineral
abundance map of quartz-rich, carbonate-rich
and gypsum-rich sediments. The results derived
from a study utilizing diverse and multitemporal
Earth Observation data provided key information
that enabled a synoptic change detection assess-
ment of the lower-catchments areas of the Chira
and Piura Rivers in the Sechura desert during the
past three decades.
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1. INTRODUCTION

The quasi-periodic alterations of the climate in
South America and of the oceanographic conditions
in the eastern Pacific Ocean, referred to as the «FEl
Nifo» phenomenon, are part of a global anomaly in
the ocean-atmosphere interactive system (the El
Nifio-Southern Oscillation, ENSO). The ENSO
system is commonly considered to be the best
example of ocean/atmosphere interaction and one
of the most relevant manifestations of interannual
variability in the global climate system. Although
the ENSO phenomenon is primarily observed in the
equatorial Pacific Ocean and the bordering land
areas, it has been shown that it induces worldwide
climatic anomalies (teleconnections) in tropical and
extra-tropical areas (Barnett, 1981; Horel and
Wallace, 1981; Rasmusson, 1985; Ropelewski and
Halpert, 1987; Kiladis and Diaz, 1989).

The main climate anomalies that characterize the
E1 Nifo phenomenon in South America are related
to a modification of the Walker circulation and to a
southern shift of the Intertropical Convergence
Zone. They include exceptional precipitation in the
normal and semi-arid coastal regions of northwest-
ern Peru and southernmost Ecuador (Waylen and
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Caviedes, 1986) and, on the other hand, significant
rainfall deficits in the Altiplano of southeastern
Peru and Bolivia, the Brazilian northeast, northern-
most South America and southern Central America
(Caviedes, 1973, 1975, 1984, Hastenrath and
Heller, 1977; Francou and Pizarro, 1985;
Ropelewski and Halpert, 1987; Aceituno, 1987,
1988; Rogers, 1988; Quinn and Neal, 1992).

The impacts of the El Nifio phenomenon along
the whole western coast of South America are doc-
umented by catastrophic rainfalls and associated
river floods, records of lake salinity variations,
beach ridge sequences and numerous indications of
alterations in the biotic and physical coastal envi-
ronment. These characteristics and the fact that
many impacts and consequences of the ENSO/EI
Nifo anomalies are catastrophic explain why the
phenomenon has received particular attention in
major current research programs (1GBP-»Global
Change», Research Program on the World Climate,
Tropical Ocean-Global Atmosphere project, etc.).

Recently, remote sensing data have been used in
solving various earth related problems by process-
ing the remotely sensed digital images. Extensive
use has been made of the Landsat series of sensors
(Multispectral Scanner - MSS; Thematic Mapper -
TM; and Enhanced Thematic Mapper Plus -
ETM-+) to characterize diverse sediments and land
use/cover changes in arid regions (Liberti et al.,
2009; Small et al., 2009; Berberoglu and Akin,
2009). The Landsat series of sensors has also pro-
vided a rich historical database extending since
1972; therefore the archive data can be used to
detect landscape changes after catastrophic events.
In contrast to very good temporal resolution (repeat
cycle of Landsat: 16 days for WGS 2 and 18 days
for WGS 1), Landsat has fairly low spectral resolu-
tion, the instrument covers 185 by185 km with
seven broad spectral bands. Six of the bands (30 m
pixel) detect reflected visible and infrared radiation
(0.45 to 2.35 pm). Additionally, there are one to
two thermal infrared bands for TM and ETM+,
respectively.

Therefore, data from the NASA Earth
Observing System (EOS) satellite-based instru-
ments provides an opportunity to collect informa-
tion with high spatial, spectral, and temporal res-
olution and extend geological applications and the
ability to detect diverse rocks and minerals in arid
regions (Katra and Lancaster, 2008). The
Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) instrument
acquires surface data in the visible to near
infrared (VNIR: three bands, 15 m pixel), short-
wave infrared (SWIR: six bands, 30 m pixel), and
thermal infrared (TIR: five bands, 90 m pixel)
wavelength regions of the electromagnetic spec-
trum (Abrams, 2000).
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This paper addresses the problem of classifica-
tion of the major sediment types from the Sechura
desert, NW Peru, based on multitemporal and mul-
tisensor satellite data (e.g., Landsat MSS, Landsat
TM/ETM*, ASTER TIR) to detect ENSO-induced
changes by analyzing the after- and between-event
images. An episodic influx of surface water affects
not only the extent of the moist areas, lakes and
river beds but also the surface mineral composition
(e.g., evaporite evolution, clastic material transport
to ephemeral lakes and consequent aeolian dust
transport). The uniform classification technique
was applied to systematically analyze the Landsat
time-series images to delineate  water
network/water bodies and to define the extent of
these geological classes as evaporites, siliciclastics,
bioclastics, nonactive surface (e.g., crystalline
bedrock, ancient aeolian sediments) and aeolian
material in a mixture with the other rocks.
Furthermore, we have made an effort to differenti-
ate between quartz-rich and carbonate-rich rocks as
well as evaporites by calculating several miner-
alogical indices, including the Quartz Index (QI)
(Hewson et al., 2005), Carbonate Index (CI)
(Ninomia and Fu, 2002) and Gypsum Index (Gyl),
which we newly developed for our study, from
ASTER TIR data acquired in 2006/2007.

ASTER VNIR and SWIR bands were not uti-
lized, as they require calibration techniques differ-
ent from that were applied in the present work.
However, ASTER VNIR and SWIR bands will be
utilized in a future study.

2. REGIONAL SETTING

The Sechura Desert is one of the biggest deserts
in South America. It extends in northwestern Peru
between the Andes Mts. and the Pacific margin.
The desert is 280 km long and approximately 90
km vide, with a maximum width of 180 km. This
area is relatively flat, with elevation ranging
between 0 and 150 m above the sea level. Only iso-
lated crystalline massifs have higher elevation
(Plate 1, page ...). The Sechura Desert was formed
in the area of the emerged Talara and Sechura fore-
arc basins. Marine regression began during the
Pliocene and has continued up to present.
Individual regressive stages are indicated by a sys-
tem of terraces and palaeocoastlines.

The local climate is influenced by the Andean
Mountain Range and the cold Humboldt ocean cur-
rent (also called the Peruvian current). The Andean
Mountain Range blocks precipitation transfer from
the Amazon and the cold Humboldt current is
responsible for reverse temperature stratification,
as it generates significant cloudiness and blocks the
intertropical convergence zone in this part. This
very dry and warm climate is present in the area
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between the cities of Piura and Tumbes, on the
north-western coast of Peru. The situation changes
from December to April as result of the summer
warming of Pacific costal waters but a dramatic
change appears mainly during the ENSO event,
when the temperature increase of surface oceanic
water is more significant. Rainstorms, typical for
the intertropical convergence zone, bring enormous
amounts of surface water that cause significant
damages to the infrastructure, agriculture and other
areas of human activities as well.

The north-western part of Peru is affected by
strong El Nifio rainfalls approximately once in 7-
10 years, however, in the past 150 years, there have
been very strong events in 1891, 1926, 1982/83 and
1997 and a rather strong event also occurred in
1973 (Rein, 2007).

The present morphology of the desert was
formed by exodynamic processes that are predom-
inantly represented by erosional/accumulative
activity of generally ephemeral streams and rivers,
and by aeolian activity. The most important geo-
morphological agents in the desert are the two
rivers (Chira and Piura), that originate in the Andes
Mts., and a system of endorheic depressions domi-
nated by sabkha environment, where seasonal lakes
are formed during flooding (Plate 1, page ...). The
Chira river flows in a relatively narrow valley,
whereas the Piura River forms a quite flat fluvial
fan in the lowest part of its catchment. The area of
this fan is characterised by significant changes of
the river channel during the ENSO events (Rajchl
et al., 2008).

Dune fields that are locally developed in the
desert area are fed by sandy material coming from
the Pacific coast and also by material coming from
the ephemeral lakes. Significant portions of these
fields are destroyed by flooding.

3. MATERIAL SAMPLING
AND ANALYSIS

Over 100 points distributed within the large
study area were documented in the field. In 18
selected points that represented all the major sedi-
ment genesis types (e.g., sediments of fluvial, allu-
vial, aeolian and oceanic origin), surface material
(0-2 cm depth) was collected to examine the min-
eralogy using X-Ray diffraction and to study the
reflectance properties using an ASD FieldSpec 3®
portable spectroradiometer.

The ASD instrument uses three separate spec-
trometers to measure the radiance between wave-
lengths of 0.350 um and 2.500 pm. Five individual
scan spectra were averaged for each output spec-
trum. Radiance spectra were normalized against a
99% Spectralon® white reference to produce rela-
tive reflectance spectra for each measurement. A
common laboratory set-up was used for all the
measurements with an aperture-target distance set
at 15 cm, corresponding to a nominal area of 5 cm
on the target. Illumination was provided by a halo-
gen bulb and was fixed at a distance of 80 cm
directed at the target from an elevation angle of
45°. The effect of the sediment mineralogical com-
position on the spectral properties was studied
(Fig. 1) to choose a suitable band rationing method
for broadband Landsat images (see chapter 5.1.1.)
and to enable discrimination of different sediment
types in the study area.

4. DATA LAYER PREPARATION

Data used for this study include 10 MSS and
TM/ETM* Landsat scenes (Table 1), 6 ASTER
scenes (Table 2), 1:100, 000 scale topographic and
geological maps (Palacios, 1994; Caldas et al,
2000).

ACQUSITION DATE SENSOR MOSAIC NAME SCENE NAME

17.03.1973 MSS LM1011063007307690
MSS_1973

17.03.1973 MSS LM1011064007307690

12.01.1984 MSS LM4011064008401210
MSS_1984

13.01.1984 MSS LM4011064008401810

03.09.1985 TM5 LT5011063008524650_W0O
TM5_1985

05.10.1985 TM5 LT5011064008527850_W0O

20.01.1990% TM5 p011r063_1990
TM5_1990

20.01.1990% TM5 p011r064_1990

25.12.2000% T™M7 ETM+ p011r063_7k20001225_z16

TM7_2000-2001
11.02.2001* T™M7 ETM+ p011r064_7k20010211_z17

Table 1. List of the Landsat data used for the study (downloaded scenes marked with*).
(MSS = Multispectral Scanner, TM = Thematic Mapper, ETM = Enhanced Thematic Mapper).
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ACQUSITION DATE MOSAIC NAME SCENE NAME

16.05.2006 AST14DMO0_00305162006155036_20070807112146_12216
As_16_05_2006

16.05.2006 AST14DMO_00305162006155045_20070807112246_12344

25.05.2006 AST14DM0_00305252006154431_20070807112457_12588
As_25_05_2006

25.05.2006 AST14DM0_00305252006154440_20070807112457_12590

04.01.2007 AST140TH_00301042007154506_20071023110018_19346
As_04_01_2007

04.01.2007 AST140TH_00301042007154515_20071023105248_18210

Table 2. List of the ASTER data used for the study.

The Landsat data were chosen to document the sit-
uation after the strong El Nifio events in 1973,
1982/83 and 1997 (Landsat data acquired in 1973,
1984 and 1985, 2000) and also the dry period of the
ENSO cycle (Landsat data acquired in 1990). Some
of the Landsat scenes were downloaded from the
Global Land Cover Facility web site at Maryland
(http://glcf.umiacs.umd.edu/index.shtml); the rest of
the archive Landsat data was purchased from the
U.S. Geological Survey. ASTER orthorectified
archive data (DMO product available from the U.S.
Geological Survey) acquired in 2006 and 2007 (Tab.
2) were also used for this study.

4.1. Orthorectification

Image-to-image geometric referencing was car-
ried out to ensure co-location of the historical and
recent images. All the Landsat images (MSS, TM
and ETM*) were orthorectified and geocoded to the
Universal Transverse Mercator (UTM) coordinate
system by using SRTM DEM (level 3). A minimum
of 12 regularly distributed ground control points
(GCPs) were identified in the images. Resampling
was performed using a nearest neighbor algorithm.
The transformation had a root mean square (RMS)
error of up to 0.5 pixels, indicating that the image
was accurate to within one pixel.

4.2. Seamless mosaic creation

The Landsat MSS/TM footprint is approximately
180X 180 km?; the ASTER footprint is only
6060 km? and therefore it was necessary to com-
bine multiple scenes into a mosaic for complete
coverage of our large study region in the Sechura
desert. Two orthorectified Landsat scenes with a
minimum cloudiness acquired either at the same
time or at the closest possible date were stitched
together to create seamless Landsat mosaics for
1973 (MSS), 1984 (MSS), 1985 (TM), 1990 (TM)
and 2000-2001 (ETM*) (Table 1).

Creating a seamless mosaic from multitemporal

ASTER data is a more complex issue. No detailed
description or evaluation has been provided for the
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pre-processing issues and mosaicking strategy for
TIR radiance data. Few published studies of
ASTER data have been used in a multi-scene
capacity (Hewson et al., 2005; Scheidt et al.,
2008). The seamlessness of a mosaic is beneficial
for displaying large regions; on the other hand,
appending together radiometrically non-normal-
ized scenes hinders spectral analysis and geologi-
cal interpretation (e.g., detection of the surface
composition). The thermal radiance received by the
ASTER sensor is affected by the emissivity (com-
position) and temperature of the emitting surface.
Therefore, three seamless mosaic stripes (Table 2)
were created instead of one while stitching togeth-
er only scenes with the same date of acquisition.
An atmospheric correction was applied to the
ASTER scenes after mosaicking.

4.3. Atmospheric correction of ASTER TIR
data

The radiation emitted from a surface in the TIR
spectral region is a function of the surface parame-
ters (e.g., emissivity and temperature) and atmo-
spheric parameters (e.g., evaporation and wind).
The emissivity is related to the surface composition
and can thus be used in arid regions for surface
mineral mapping. Thermal atmospheric correction
is used to approximate and remove the atmospher-
ic contributions to thermal infrared data and it is
recommended to perform this correction before
converting the radiance data to emissivity.

We used the ISAC (In-Scene Atmospheric
Compensation) algorithm to atmospherically cor-
rect the ASTER TIR data. The ISAC algorithm was
described by Johnson (1998) and Young (1998) and
was briefly reiterated by Kirkland et al. (2002),
Vaughan et al. (2003) and Bassani et al. (2006).

The main atmospheric effects on TIR radiance
include atmospheric absorption, downwelling
atmospheric irradiance, and upwelling atmospheric
path radiance. The ISAC algorithm assumes that
the atmosphere is uniform over the data scene and
that a near-blackbody surface exists within the
scene. Neither the location of the blackbody nor the
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temperature is known and required for this correc-
tion. All the atmospheric parameters are assumed
to be homogenous across the image.

A single layer approximation of the atmosphere
is used. The algorithm first determines the wave-
length that most often exhibits the maximum
brightness temperature and uses it as the reference
wavelength. Only spectra that have their brightest
temperature at this wavelength are used to calculate
the atmospheric compensation. At this point, for
each wavelength, the reference blackbody radiance
values are plotted against the measured radiances
and a line is fitted to the highest points in these
plotted data. A weighted fit is assigned to weight
regions with denser sampling. The compensation
for this band is then applied as the slope and offset
derived from the linear regression of these data
with the computed blackbody radiances at the ref-
erence wavelength.

The atmospheric upwelling radiance and trans-
mission are approximated using the following tech-
nique. First, the surface temperature of every pixel
is estimated from the data and used to approximate
the brightness temperature using the Planck func-
tion and assuming an emissivity of 1. Next, a line
is fitted to a scatter plot of radiance vs. the bright-
ness temperature. The atmospheric upwelling radi-
ance and transmission are then derived from the
slope and offset of this line.

S. DATA INTEGRATION AND ANALYSIS

The ultimate objective of our study was to use
multitemporal and multisensor (Landsat MMS, TM
and ETM*; ASTER) remotely sensed imagery to
understand geomorphologic and lithologic changes
on synoptic scales. This might allow us to answer
several questions about the effect of the El Nifio
phenomena on fluvial and aeolian cover dynamics
in the Sechura desert. Apart from the original satel-
lite image bands, diverse spectral enhancements
have been tested to improve the identification of
geological (e.g., rock types, mineral content) and
morphological features (e.g., Chira and Piura flu-
vial networks), while taking into account the dif-
ferences in the spectral resolution of the multi-sen-
sor data used in this study. The methods used are
summarized on the flow chart in Plate 2, page ....

5.1. Landsat data analysis

5.1.1. Landsat TM enhancement - band
rationing method

Band rationing is a very simple and powerful
technique in remote sensing. The basic concept of
this technique lies in emphasizing or exaggerating
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an anomaly of the target object (Abrams,1983)
while enhancing spectral differences between rocks
and suppressing topographic effects (Dewidar,
2000; Sabins, 1987). The method divides pixels in
one image by the corresponding pixels in a second
image. Dividing one spectral band by another pro-
duces an image that provides relative band intensi-
ties. The resulting ratio images enhance the spec-
tral differences between bands and clearly portray
the variations of slope of spectral curves between
two bands involved and are independent of the
absolute pixel values.

We studied spectral property of the collected sed-
iment samples (Figure 1) to select those TM band
ratios that allowed the best discrimination among
the sediment types. The absorption features relat-
ed to clay minerals (mainly kaolinite), calcite, gyp-
sum, Fe-Mg clorite (e.g., ferroan) and goethite
were observed.

The ratio of TM band 5/7 (band 5: 1.55-1.75 um;
band 7: 2.08-2.35 um) was used as a measure of the
intensity of the vibrational absorptions in the 2.2 to
2.4 um region and enabled mapping sediments rich
in clay minerals (absorption in 2.206 um) and car-
bonates (absorption in 2.340 um). Additionally, this
band ration emphasizes also gypsum-rich sediments
as they show very high reflection in band TM5 and
smaller absorption in TM7 (Figure 1). All these
minerals were identified as a part of mixtures in allu-
vial, fluvial and ocean-origin sediments.

The TM 5/4 ratio was used to detect minerals
characteristic with ferrous-ion crystal field absorp-
tion. Fe-bearing aluminosilicates cause a flat or
concave-upward spectral reflectance pattern in the
TM band 4 wavelength region (0.76 - 0.90 ym).
The slope of the near-infrared spectra between 1
and 2 um is controlled by these ferrous-related
absorptions in Fe-bearing aluminosilicates (Sultan
et al., 1987). In our case, the only ferrous mineral
identified in the collected sediment samples was
Ferroan (Fe-Mg chlorite, also called Clinochlore-
I1MIIb). This mineral was detected in calcite-rich
sediments and the product of 5/4 ratio highlighted
this particular lithological type.

The electron transition in Fe3* typical for ferric
minerals causes a strong absorption centered
around 0.5 um and a broad absorption at wave-
lengths greater than 0.95 um, respectively (Bishop
and Murad, 1996). The ratio of TM band 3 to band
1 (3/1) employs the reflection (TM3: 0.63 - 0.69
um) and absorption (TMI band: 0.45 - 0.52 um)
bands and helps to highlight ferric-rich lithologies.

XRD analysis proved that goethite was a typical
mineral found in the eolian sediments, therefore the
band ration 3/1 was used to detect this type of
sediments.
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To enhance the natural and cultivated vegetation,
we used the Normalized Difference Vegetation
Index (NDVI) because of its advantages (strong
correlation with vegetation parameters, simplicity
in calculation and interpretation) (Bastiaanssen,
1998). The NDVI provides a gross measure of rel-
ative photosynthetically active vegetation abun-
dance per pixel as a ratio of visible red and near
infrared reflectance. Actively photosynthesizing
terrestrial vegetation typically exhibits low
reflectance in the visible red and high reflectance in
the near infrared wavelengths. The NDVI index
(TM4 - TM3 / TM4 + TM3) was used to highlight
the abundant green photosynthesising vegetation,
which in our case was mostly agriculture and irri-
gated vegetation.

5.1.2. Landsat TM enhancement - texture
analysis

In our study, detection of features that represent
significantly distinct values from the surrounding
pixels in an image, (e.g., river network) and dis-
crimination of surfaces with variations in rough-
ness (e.g., dune fields, coars-grained clastics) was
highly useful. Texture analysis allowing a detection
of these features by assigning them either positive
or negative values can be beneficial. Although a
texture analysis is particularly applicable to radar
data, it has also been found to be useful in the
enhancement of VIS/IR image data. We employed
four different texture algoritms (Iron and Peterson,
1981): the mean Euclidean distance (1%-order
transformation), the variance (2"-order transfor-
mation), the skewness (3"-order transformation)
and kurtosis (4"-order transformation) to the
NIR/SWIR TM bands (TM4, TMS5, TM7). The best
result was achieved in discrimination among the
topographic features and the variability of surface
roughness by applying the mean Euclidean dis-
tance algorithm to a TM 5 SWIR band.

TM band 5 is known to be sensitive to moisture
in soil and vegetation. Salzano et al. (2008) used
TM5 band for discrimination of snow, furthermore
different snow types were classified (e.g., fresh
snow, wind crust, snow with faceted crystals,
unclassified, sun face surface). In our study, a tex-
ture image derived from TMS emphasized differ-
ences among the sediment types which have sifnif-
icantly different physical property (e.g., moisture,
roughness and sparse vegetation cover on sedi-
ments): sediments of fluvial fans, dry aeolian sedi-
ments, bioclastic sediments and crystalline
bedrock.

5.1.3. Landsat TM enhancement - PCA
Principal component analysis (PCA) is a mathe-

matical transformation widely used to enhance mul-
tispectral image data. It has been employed in stud-
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ies dealing with subjects such as discrimination abil-
ity among diverse terrestrial materials (Dewidar and
Frihy, 2003), visualization of land use/land cover
changes without any further enhancement processes
(Dewidar, 2004), and irrigated land inventories
(Visser, 1989; Lourens, 1990).

The method has been primarily used to compress
the multispectral information into the first three
principal components (PC1, PC2 and PC3) by cal-
culating a new coordinate system in which the first
new axis (the first principal component, PC1) max-
imizes the variance of the data along that axis. The
second principal component (PC2) is orthogonal to
the first one and has the second greatest variance,
and so on. The data are decorrelated and it was
found that most of the image variance is confined
to the first few channels. After using this transfor-
mation, most of the information can be simultane-
ously displayed using the screen’s color model (R,
G, B = PC1, PC2, PC3).

By transforming DN distributions around sets of
new multispaced axes, PCA produces totally uncor-
related images (Eklundh and Singh, 1993). It should
also be emphasized that PCA does not reduce the
amount of information and each PC grouping
explains the maximum amount of variance in the
data. This procedure increases the spectral discrimi-
nation ability among terrestrial materials.

The first step was to stack the transformed
images acquired after applying band rationing and
the Euclidean distance algorithm to the TM
Landsat images into one multi-band data set for
each individual temporal TM mosaic (1985, 1990,
2000-2001). Then the PCA method was used to
decorrelate the stacked data sets and to remove
redundancy from the analyzed data set before
applying automatic classification.

5.1.4. Landsat MSS enhancement

The MSS data were used only to delineate the
water network, as the number of bands is limited to
4 (G, R and 2 near infrared bands). The PCA trans-
formation using the original MSS data as input was
applied before automatic classification.

5.1.5. Landsat image automatic classification

To classify land cover, unsupervised classification
was used to automatically group pixels of PCA data
sets into clusters of similar DN values, using a stan-
dard statistical approach, without requesting any
pre-defined classes. The ISODATA (Iterative Self-
Organising Data Analysis Technique) (Tou and
Gonzalez, 1974) clustering method was employed.
This method uses spectral distances in an iterative
process to assign the pixels to classes, until spectral
distance patterns on the image gradually emerge.
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More classes than those of interest are requested
by the classifier to achieve a detailed identification
of the data variation; thus 25 initial classes were
set, and these classes were adjusted to 9 after the
classification (Plate 7, page ...).

5.2. ASTER TIR data analysis

At-surface radiance was then used in three ways
to extract information that could be related to the
composition of the surface materials: 1) a decorre-
lation stretch (DCS) (Gillespie et al., 1986), ii) cal-
culation of the emissivity spectra using the alpha
residual spectra (Kealy and Hook, 1993), iii) calcu-
lation of the TIR mineralogical ratios.

5.2.1. Decorrelation stretch (DCS)

The first step in the analysis was evaluation of
the ASTER TIR data to discriminate the composi-
tional properties of the Sechura desert surface
using a decorrelation stretching (DCS) technique.
The DCS is a transformation of the original data
that removes the high correlation commonly found
in TIR multispectral data sets and allows thermal
and emissivity variations to be distinguished visu-
ally (Gillespie et al., 1986). In this way, decorrela-
tion stretching subdues correlated radiance varia-
tions due to scene temperatures and exaggerates
spectral differences. The summarized results in
Plate 4a, page ... exhibit variations in the miner-
al composition of the surface using the combina-
tion of the TIR channels 14 (R), 12 (G) and 10 (B)
that have been found to be particularly effective for
ASTER TIR data (Rowan & Mars, 2003).

5.2.2. Alpha-derived emissivity (ADE)

Secondly, Alpha Residuals were used to produce
alpha residual spectra that approximate the shape
of emissivity spectra from TIR data. The Alpha-
derived emissivity (ADE) method was developed
by Kealy and Gabell (1990) and Hook et al. (1992).
The approach utilizes Wien’s approximationof the
Planck function so it makes possible to linearize
the approximation with the logarithmus given by
Kealy and Hook (1993). The temperature and
emissivity terms are separated and means are used
to subtract the temperature term out. The alpha
residual spectra are a function of emissivity (€)
only and preserve the shape of emissivity spectra
but have a zero mean. As result, the alpha residu-
als method produces images with alpha values for
every channel instead of actual emissivity value
and doesn’t provide a temperature image.

5.2.3. TIR mineralogical ratios

The alpha-derrived emissivity bands calculated
from ASTER TIR radiance data using the above-
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mentioned method were further utilized. Several
mineralogical indices were used to detect miner-
alogical compositions of quartz-rich, carbonate-
rich and gypsum-rich lithologies.

Quartz and unaltered rocks composed of silicate
minerals typically do not exhibit any spectral fea-
tures in VNIR and SWIR. In contrast, they have
prominent spectral features in the TIR region due
to fundamental asymmetric Si-O-Si stretching
vibrations. Quartz exhibits absorption features (e.
g., emissivity minima) in ASTER bands 10 and 12,
and higher emissivity in bands 11, 13 and 14
(Ninomia et al., 2005). From the spectral emissivi-
ty property of quartz described above, the quartz
rich lithologies can be enhanced using the follow-
ing ratio:

QI = B43/B;o (Hewson et al., 2005)

Major carbonate minerals show spectral emissiv-
ity minima in ASTER band 14 (near 11.4 um for
calcite and 11.2 ym for dolomite) due to the C-O
bending mode (Ninomia et al., 2005). Based on this
finding, the Carbonate Index (CI) can be calculated
from ASTER TIR data:

CI = B3/B 4 (Ninomia and Fu, 2002)

Additionally, some sulfate minerals including gyp-
sum have a very strong absorption in band 11 (near
8.7 um) due to stretching fundamentals. As a result,
they exhibit lower emissivity in band 11 than in
bands 10 and 12 (Ninomia et al., 2005). In our study,
a simple band ratio was calculated in order to
enhance the sediments enriched in gypsum:

Gyl =B2/By

5.3. Definition of land-cover classes

In situ detailed investigations, together with the
synoptic analysis of the Landsat (e.g., mineral
composition) and ASTER TIR scenes (e.g., decor-
relation stretch, alpha-derived emissivity, TIR min-
eralogical ratios), formed the basis for definition of
the land cover classes used in our study. In addi-
tion, XRD analysis together with spectral
reflectance measurements (Chapter 3 and Figure
1) were conducted on 18 samples collected in the
field to resolve the mineralogical composition
(Plate 3 and 4, pages ... and ...). It was found that
the sedimentary types mainly differ in the distribu-
tion of calcite, clay and gypsum and thus the abun-
dance of these minerals in the collected samples
was studied in detail (Plate 4, page ...). As result,
nine land-cover classes were defined; these were
assumed to represent major surface materials
(Plate 6, page ...) detectable by Landsat/ASTER
TIR data in the study area (Plate 7, page ...):

71



72

Water network / water bodies: These are repre-
sented by fluvial channels, permanent and ephe-
meral lakes.

Irrigation channels: additionally, rice fields
could also be classified as water bodies during
the initial phase of cultivation.

Vegetation can be mostly found in the flood-
plain areas of the Chira and Piura rivers as a
result of agricultural activities. The desert in
itself has a relatively flat, mostly vegetation-
free surface, or exhibits distinct associations of
vegetation types (e.g., ancient aeolian deposits).

Non-active surfaces consist of two different
lithological groups:

— Bedrock is a class that includes magmatic and
metamorphic rocks of crystalline massifs:
Mesozoic and Cenozoic sediments of Talara
and Sechura forarc basins characterized by
alternations of sandstones, siltstones and
claystones which are centimeters to decime-
ters thick. This class is exposed in the areas
affected by intensive erosion (e.g., Bayovar
and Paita areas, badland north of San Jacinto,
Plate 1, page ...).

— Ancient (non-active) aeolian deposits: These
are characterized by fine-grained siliciclas-
tics; unlike the young aeolian sediments (des-
cribed below) they contain greater admixtures
of silt and clay. These deposits form the local
elevation east of the city of Piura and are
covered by sparse vegetation. Furthermore,
these deposits are not affected by erosion.

Coarse-grained bioclastics: These outcrops
mostly represent shoal marine deposits (called
“Tablazos”) and are generally composed of
thick-bedded coarse-grained bioclastic limes-
tones with variations in admixtures of siliciclas-
tic material. The shoal marine deposits are
mostly a few meters thick, reaching a maximum
of 20 meters.

Siliciclastics: These are characterized by young
alluvial and aeolian deposits. Alluvial accumu-
lations are represented by channel fills of brai-
ded ephemeral streams and by alluvial fans.
Aeolian accumulations create dune fields that
are elongated according to wind direction. They
form belts up to 30 km long and up 1.5 km
wide. Barchans dominate in these dune fields.
Outside of the dune fields, aeolian material
accumulates as thin sheets. These accumula-
tions are only a few centimeters thick.

Siliciclastics with admixtures of clay minerals:
This material represents a mixture of aeolian

silica-rich material and the other rocks (e. g.,
bedrock, bioclastics, alluvial sediments and the
ancient, non-active aeolian deposits).

» Evaporites (mainly gypsum): Represent depo-
sits accumulated in areas of ephemeral lakes as
result of water evaporation.

»  Evaporites with admixtures of aeolian deposits:
These are the mixing material between aeolian
deposits and evaporites.

6. RESULTS AND DISCUSSION

The present analysis indicates three significant
effects of climatic changes on surface evolution: 1)
changes in extent of aeolian deposits, ii) changes in
the pattern of fluvial channels, iii) changes in the
extent of ephemeral lakes and their deposits. These
findings describe well the spatial-temporal dynam-
ics of the Sechura desert system and are in accor-
dance with other studies performed in desert envi-
ronments (Katra and Lancaster, 2008). An episodic
influx of surface water introduces clastic material
to the ephemeral lakes, while evaporation of sub-
surface brines leads to accumulation of chemical
constituents on and within the subsurface (Rosen,
1994). The sedimentation processes in ephemeral
lakes result in dynamic surfaces that are then vul-
nerable to wind erosion and become productive
areas for aeolian dust. Desert dust has then many
impacts on the climate, ecosystems and also
humans (Goudie and Middleton, 2006).

It is also important to discuss issues related to
data quality and stability, as the multitemporal
images form different sensors were processed to
detect changes in the study area. In our study,
atmospheric correction was applied to ASTER TIR
data only, although variation in phenology and
detector performance between Landsat 5 and 7 was
reported (Teillet et al., 2000). However, this effect,
which can introduce discrepancies into the final
interpretation, was minimized by the two-step
image transformation (band ratios and PCA trans-
formation) applied before the automatic classifica-
tion, thus the absolute DN values were not used to
classify the images.

The final change detection is discussed on the
classified images; furthermore, two after-event
images, although they represent the data acquired
by two different Landsat sensors (Landsat 5 scenes
from 1985 and Landsat 7 scenes from 2000-2001),
they both show consistent results that illustrate the
dynamic processes in the dessert environment.

The more precise change detection focusing on the

pre-processing techniques (e.g., sensor calibration
and atmospheric correction) is planned in a future
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study. This analysis will be applied to extensive time-
series Landsat images, as all the Landsat archive
scenes have been available for free since the end of
2008. Additionally, classification of the ASTER
VNIR and SWIR bands will be also employed to
facilitate detailed mineral discrimination.

6.1. Landsat and ASTER image analysis

The mineralogical composition of the sediments
is primary a determinant of their inherent
reflectance properties. The XRD analysis together
with spectral reflectance measurements conducted
on the sediment samples (chapter 3 and Figure 1)
helped to explain the colour tones in Plate 3, page
... that displays the RGB colour composition of the
mineral indices (R: 5/7, G: 5/4, B: 3/1) calculated
from 1985, 1990 and 2000/2001 temporal TM
mosaics.

The aeolian high-quartz material is rich in
goethite, therefore displays in tones of blue.
Yellowish colour (mixing result between R: 5/7
and G: 5/4) corresponds to calcite-rich lithologies
bearing also ferroan (e.g., coarse-grained bioclas-
tics) and is a result of calcite absorption detected by
TM7 band (bright pixels in 5/7 ratio image) and
ferroan absorption detected by TM4 (bright pixels
in 5/4 ratio image). Red, in our case, mostly corre-
sponds to vegetated agricultural land, as steep
slope between high TMS5 values and low TM7 val-
ues of a vegetation spectral curve (Figure 1) results
in high 5/7 ratio values. Greenish tones correspond
to the “older” lithologies (crystalline bedrock).
They represent the rocks containing Fe-bearing
aluminosicates (e.g., phyllite and gneiss) and in the
5/4 ratio image appear as very bright pixels. Very
light mixing colours between blue/red and
blue/green are then assumed to show mixing mate-
rial between aeolian sediments and the underlying
and/or surrounding geological material (e. g., sili-
ciclastics with admixture of clay minerals).
Evaporites display as magenta (high values in B:
3/1and R: 5/7) and the mixing material between
evaporites and aeolian sediments appears in tones
of pink to light purple in colour.

The differences in extent of the aeolian sedi-
ments in the Landsat scene acquired during a dry
(between-El Nifio) period (1990) and the other one
acquired after El Nifio events (1985 and
2000/2001) are quite visible, as a blue colour cor-
responding to silica-rich aeolian deposits domi-
nates in the dry-period scene from 1990. On the
other hand much fewer green parts are visible and
the yellow colour has almost disappeared in the
image from 1990. Both after-event images (1985
and 2000/2001) then show comparable colour pat-
terns, as the aeolian deposits have smaller extent
and bigger parts of the older lithologies are
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exposed in both images. The extent of the evapor-
ites is greater in the after-event images as they are
the products of water evaporation. The mixing
materials between evaporites and aeolian sedi-
ments remain more or less the same. This shows
that the soil in the areas surrounding the lakes is
persistently saline.

The changes in vegetation and agriculture,
respectively, are also quite significant and indicate
that agricultural activities have been rather exten-
sive along the Piura and Chira rivers during the last
three decades. The final classifications of the
Landsat images from 1985, 1990 and 2000/2001
(Plate 7, page ...) reflect the mineral differences
enhanced by calculating mineral indices (Plate 3,

page ...).

Plate 4, page ... displays the results of ASTER
TIR analysis. In all the three images, silica-rich
material is displayed in tones of red, calcite-rich
material in tones of blue and evaporites in tones of
green. Comparing the three methods (alpha-emissiv-
ity, decorrelation stretch, TIR mineralogical ratios,
Plate 4c, page ...), decorrelation stretch and TIR
mineralogical ratios yield similar information. The
least clear image in terms of mineralogical content
was achieved by displaying alpha-emissivity bands
without employing any additional enhancement
technique. The ratio method seems to be most effi-
cient of all of the three described methods, as the
information is more consistent between the two tem-
poral mosaics (2006 and 2007) and it defines the
mineralogical content in the clearest way.

The TIR ratio image (R: QI, Quartz Index; G:
Gyl, Gypsum Index; B: CI, Carbonate Index)
allowed us to identify the quartz-rich lithologies,
carbonates (blue) end evaporites (green) very well.
Following the colour scheme in Plate 4c, page ...,
the area between the ephemeral lakes (e.g., La
Nifia, S. Ramon, Napique) and the shoreline can be
described as carbonates covered to some extent by
aeolian silica-rich sediments and by a mixture of
aeolian deposits and evaporites. This is in accor-
dance with the geological situation found in the
field. However, as TM7 band covers carbonate as
well as clay mineral absorptions, analysing Landsat
images we were able to classify this area only as
aeolian and aeolian deposits mixing with clays and
evaporites, respectively.

6.2. Changes between 1973-2001
in the study area

6.2.1. Chira and Piura catchments

Changes in the geometry and position of the
Chira and Piura channels are the most significant
indications of high discharges during the ENSO
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events. The Landsat MMS scene from 1973 had
thick cloudiness covering the whole Chira catch-
ment; therefore it was possible to construct the
Chira fluvial system only for 1984, 1990 and
2000/2001. The biggest difference in the Chira
river network can be seen between a low discharge
year 1990 (Plate 8, page ...) and high discharge
years 1984 and 2000/2001 (Plate 8, page ...). We
assume that the ancient/abandoned river channels
are reactivated during El Nifio events. The high
discharge years, 1984 and 2000/2001, exhibit very
similar river network geometry patterns. The dif-
ferences in the positions of low and high discharge
river channels are in the range of hundreds meters
but can reach a maximum of several kilometres.

The fluvial fan of the Piura River is a sedimenta-
ry system where such changes as bifurcations and
avulsions are typical processes of channels evolu-
tion. Based on a channel pattern, this sedimentary
system could be interpreted as a fluvial system with
short-lived anastomosis (Rajchl et al, 2008),
where an anastomosing network of channels is
established during high discharge episodes, com-
monly by formation of crevasse splays and reoccu-
pation of older channels. The best example demon-
strating temporal reactivation of the abandoned
channels can be seen in 1984 (Plate 8, page ...),
when the old channel, which had not been used at
least since the El Nifio event in 1926, was tempo-
rally activated again. The reconstruction of the flu-
vial system from a dry period scene (1990) was the
most problematic, as the major river channel trans-
ported much less water at that time and it was dif-
ficult to differenitate between the main river chan-
nels and artificial irrigation channels.

However, other big differences in the Piura chan-
nel network were detected for the years 1990 and
2000. The analysis shows that the principal chan-
nel of the Piura River moved several kilometres
eastward in that decade (Plate 8, page ...).
Although this could be partially explained by auto-
cyclic evolution of the system associated with ver-
tical aggradation of the fluvial ridge (Mackey &
Bridge, 1995), tectonic tilting of the sedimentary
surface caused by subsidence on normal fault(s)
merging the Sechura Basin from the east could be
also speculated (Bridge & Mackey, 1993; Peakall
et al., 2000).

During floods (Plate 8, page ..., situation from
1973, 1984, 2000), an extensive lacustrine system
forms in zone of endorheic depressions (Plate 8,
page ...). Later, a majority of the originally flood-
ed area is covered by salt accumulation as the
lacustrine water evaporates (compare Plate, 3, 4
and 8, pages ..., ... and ...). The lacustrine system
is also affected by seasonal water table changes
between dry and wet periods. In Plate 5, page ...,
the lakes are flooded at the end of the wet season
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(05/2006); however they became completely dry
within 7 months (01/2007). The previously flooded
area is already covered by newly created evapor-
ites.

6.2.2. The ENSO sediment dynamics

The final classified results of the Landsat TM
data (Plate 7, page ...) prove the findings
described above and allow us to state that, during
the El Nifio cycle, significant changes occur in the
extent, not only of the evaporites, but also of the
aeolian material. During the high discharge period,
an extreme amount of water and sedimentary mate-
rial is brought to the lower catchments of the Chira
and Piura rivers and consequently to the ephemer-
al lakes. In the area of ephemeral lakes, the aeolian
accumulations are partially eroded and redistribut-
ed by water flows during the floods. Outside of the
flooded zones, sheet erosion, which is the effect of
unconfined flows of water running across the sur-
face, causes denudation of aeolian material.

After the high discharge period, the evaporation
in the flooded areas allow rapid formation of new
evaporite sediments and wind transport of sandy
material increases. As result, new aeolian material
covers the older formations and, within short time,
also the newly formed evaporites. This process
continues until a new El Nifio event again brings
enormous amounts of water and material, exposes
the older formations and facilitates new evaporite
formation.

7. CONCLUSIONS

The ENSO phenomenon strongly affects the
environment in the northwestern part of Peru. The
approach employed here, involving a uniform clas-
sification technique applied to Landsat time-series
data and mineral mapping technique applied to
ASTER TIR data, has shown that the fluvial sys-
tem and major surface sediments can be identified;
furthermore, the changes in the landscape occur-
ring after and between the catastrophic events can
be defined by analysing time-series data. The
ASTER TIR mineralogical ratios (QI, Gyl, CI)
allowed identification of quartz-rich, gypsum-rich
and carbonate-rich sediments.

The classification technique combining the
Landsat TM band rationing method with a texture-
enhancing algorithm (Euclidean distance) enabled
delineation of fluvial systems and water bodies.
Furthermore, using this technique we were able to
classify surface materials as evaporites, siliciclas-
tics, bioclastics, non-active surface (e.g., crys-
talline bedrock, ancient acolian sediments), aeolien
material, and aeolien material which is present in
mixtures with other sediments.
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Reconstruction of the fluvial systems of the
Chira and Piura rivers shows that both rivers can
dramatically change their channel geometry and
position by reactivating their ancient/abandoned
channels during floods. The analysis has also
demonstrated that high and low discharge periods
significantly affect not only the water table and
consequent evaporite evolution, but also the spatial
extent of the aeolian deposits. During the high dis-
charge period, the older rocks are exposed to a larg-
er extent and evaporite crusts are created in the pre-
viously flooded areas due to the very rapid evapo-
ration. The sedimentation processes in ephemeral
lakes result in dynamic surfaces that are prone to
wind erosion and, consequently, during the dry
period the aeolian sediments again cover large
areas due to wind transport carrying the material
that was previously transported by the fluvial sys-
tem to the ephemeral lakes during the floods. All
the selected techniques can be employed using
standard, either free or low-cost satellite images
(e.g. Landsat, ASTER).
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RESUME

Le désert de Sechura au nord du Pérou représente
un systeme unique caractérisé par de tres faibles pré-
cipitations. Les eaux de surface y sont concentrées
suivant deux fleuves : le Chira et le Piura, qui drai-
nent les eaux des Andes. L’apport d’eau dans ces
deux rivieres est controlé par les variations saison-
niéres (saison seéche et saison des pluies). Une fois
tous les dix ans environ, ce systeme relativement
stable est affecté par le fameux phénomene EI
Nirio/oscillation australe (ENSO en anglais). Les
conditions climatiques humides qui président norma-
lement sur la zone ouest-pacifique migrent alors vers
Uest ou elles entrainent de tres fortes précipitations
qui ont pour conséquence d’apporter d’importantes
quantités d’eau aux fleuves Chira et Piura. Les sys-
temes fluviatiles répondent a ces changements
extrémes par d’imprévisibles modifications de la
géométrique de leurs chenaux. La présente étude
couvre une surface totale de 20 000 km? et combine
différentes techniques de cartographie a l’aide de
données d’observation de la Terre : (a) scénes
Landsat de 1973, 1984, 1985 et 2000-2001 ; (b) 6
scénes ASTER acquises en 2006-2007. Les scenes
multitemporelles Landsat ont été interprétées pour
reconstruire les réseaux fluviatiles du Chira et du
Piura et classifier les dépots de surface de I’environ-
nement aride. L’analyse des canaux du domaine
infrarouge thermique de ASTER a permis de dresser
des cartes d’abondance en quartz, en carbonates et
en gypse. Les résultats de I’étude des données multi-
sources et multitemporelles fournissent une informa-
tion essentielle sur ['évaluation des changements
dans les parties inférieures des bassins du Chira et
du Piura au cours des trois derniéres décennies.

MOTS-CLES

Analyse multitemporelle, Rapport d’émissivité,
occupation des sols, Désert de Sechura, Nord-
Ouest Pérou, Landsat, ASTER TIR, ENSO.

78

LISTE DES TABLEAUX, FIGURES
ET PLANCHES
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sédiments mesurés en laboratoire.

Planches

Planche 1 : Localisation géographique de la zone
d’étude et de son environnement.

Planche 2 : Schéma du procédé d’analyse des données.

Planche 3 : Compositions colorées Landsat TM
mettant en valeur les minéraux pour 1985 (A),
1990 (B) et 200072001 (C).

Planche 4 : Compositions colorées ASTER TIR :
étalement avec décorrélation (A), émissivité (B),
rapports de bandes ASTER montrant la minéralo-
gie avec correction atmosphérique (C). La végéta-
tion est masquée (gris).

Planche 5 : Analyse des données ASTER TIR: rap-
ports de bandes ASTER montrant la minéralogie
pour mai 2006 — saison humide (A) et janvier 2007 —
saison seche (B). La végétation est masquée (gris).
Planche 6 : Photographies de terrain montrant les
dépots alluviaux de surface (A), roches silicoclas-
tiques cénozoiques (B), le fleuve Chira (C, D), roches
bioclastiques “Tablazos” (E, G), sédiments éoliens le
long de I'océan (G), Evaporites — détail (H).
Planche 7 : Classification de I’occupation des sols
a partir de Landsat TM pour 1985 (A), 1990 (B) et
200072001 (C).

Planche 8 : Modification dans la géométrie des
chenaux de riviere et extension des lacs (1973-
2000/2001).

PHOTO-INTERPRETATION N° 2009/2



EQ

5°s

BRAZIL

el | “ - Wl i
-~

15°s

Plate 1: Geographic setting of the study area and its surrounding.
Planche 1 : Localisation géographique de la zone d’étude et de son environnement.

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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Plate 2: Flow chart documenting the data analysis process.

Planche 2 : Schéma du procédé d’analyse des données.

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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Landsat TMS : Landsat TM5 ETM
(09-10/1985) = (01/1990) - (12/2000-01/2001) o

Plate 3: Mineral composition color scheme for Landsat TM images from 1985 (A), 1990 (B) and 2000/2001 (C).

Planche 3 : Compositions colorées Landsat TM mettant en valeur les minéraux pour 1985 (A), 1990 (B) et
200072001 (C).

Genesis: Fluvial Alluvial Aeolian Coastal  Terliary, ocean origin Alluviallaeclian
A O] @ &
Mineral abundance: CA - Calcite, CL — Clay, GYP - Gypsum

Plate 4: Aster TIR analysis RGB-color schemes: Decorrelation stretch (A), alpha-derived emissivity (B), minera-
logical band ratios derived using the atmospherically corrected alpha residuals images (C). In grey is a vegeta-
tion mask.

Planche 4 : Compositions colorées ASTER TIR : étalement avec décorrélation (A), émissivité (B), rapports
de bandes ASTER montrant la minéralogie avec correction atmosphérique (C). La végétation est masquée

(gris).

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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Genesis: Fluvial Alluvial Aeolian Coastal Terciere, ocean origin Alluvial/aeolian
0] & O] (@] & @
Mineral abundance: CA - Calcite, CL - Clay, GYP — Gypsum

Plate 5: Aster TIR analysis: Mineralogical band ratios for Aster scenes from 05/2006 — wet season (A) and
01/2007 - dry season (B). In grey is a vegetation mask.

Planche 5 : Analyse des données ASTER TIR: rapports de bandes ASTER montrant la minéralogie pour mai
2006 — saison humide (A) et janvier 2007 — saison seche (B). La végétation est masquée (gris).

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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Plate 6: Field photos of the major surface materials: alluvial sediments (A), Cenozoic siliciclastics (B), Chira
river (C, D), bioclastics “Tablazos’ (E, G), Aeolian sediments along the Oceanside (G), Evaporites — detail (H).

Planche 6 : Photographies de terrain montrant les dépots alluviaux de surface (A), roches silicoclastiques
cénozoiques (B), le fleuve Chira (C, D), roches bioclastiques « Tablazos » (E, G), sédiments éoliens le long
de l’océan (G), Evaporites — détail (H).

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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Plate 8: Changes in geometry/position of the river channels and extent of the lakes (1973- 2000/2001).
Planche 8 : Modification dans la géométrie des chenaux de riviére et extension des lacs (1973- 2000/2001 ).

ARTICLE PAGE 64, V. KOPACKOVA et Coll.
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